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Editorial on the Research Topic: 


Cancer Vaccines: Time to Think Differently!


Although the advent of checkpoint inhibitors has revolutionised immunotherapy, the surge of optimism has been quickly dampened by the fact that only some cancers and only a proportion of cancer patients truly benefit from these treatments when they are administered as a monotherapy. The era of combined therapy is now upon us and many clinical trials are now combining drugs, vaccines and checkpoint inhibitors with the aim to amplify the ability of the immune system to recognize and eradicate cancer. This Frontiers Research Topic entitled “Cancer vaccines: Time to think differently!” has collated 16 contributions from experts who are exploring a range of novel treatment approaches that are centred on vaccine-based approaches for triggering protective anti-cancer immunity in pre-clinical animal models and patients.

In a mouse model of head and neck squamous cell carcinoma, Jin et al. show that combining radiation and cetuximab (an epidermal growth factor receptor inhibitor) increased intra-tumoral infiltration of NK cells and CD8+ T cell and enhanced the expression of PD-L1 (checkpoint pathway ligand) by tumour cells. As a consequence, this heightened the susceptibility of the tumour to PD-L1 antibody treatment and thereby increased durable tumour regression and the survival of mice when all three treatments were combined. However, this is only one example of many new and different strategies that are currently being investigated, as has been highlighted in the review article by Chen et al. Although the current focus is very much on ‘checkpoint blockade’, there is no doubt that future combination strategies are likely to include metabolic and epigenetic therapies to circumvent immune escape mechanisms and block intricate immunosuppressive mechanisms in the tumour microenvironment (TME), as discussed by Chen et al. or the use of in situ ablation, as discussed by van den Bijgaart et al.

The successful application of platforms employing mRNA-based cancer vaccine technology to SARS-CoV-2 vaccines and the remarkable success of these mRNA-based formulations against COVID-19 has once again highlighted the potency of this novel approach in cancer. This success has reawakened awareness of the potential potency of earlier approaches to vaccines such as the use of dendritic cells (DCs), as shown by Kumbhari et al. who has used a theoretical approach which applies a mathematical model and simulations to demonstrate how vaccine-induced avidity selection can influence tumour clearance. They showed that treatment with immature DCs has the potential to promote the selective expansion of high-avidity cytotoxic T lymphocytes (CTLs) and lead to tumour regression. “Classical” approaches to the generation of DCs for use in immunotherapy may also still leave room for improvement, as discussed by Calmeiro et al. Alternatively, using delivery systems such as the DNA-based ImmunoBody® which directly targets immature DCs in vivo offers the opportunity to simultaneously trigger immunity to two antigens, HAGE and WT1, as described by Almshayakhchi et al. Although predicted epitopes derived from vaccines can be used to monitor CD8+ T cell responses ex vivo in clinical trial settings as a means to gauge the success of T cell vaccines, Lehmann et al. showed that there was no correlation between the ranking of epitopes on the prediction scale and their actual immune dominance. One would therefore need to screen large vaccine-derived peptide pools to increase the accuracy of the targeted response.

Data from murine models presented by Bikorimana et al. demonstrate that thymoproteasome-based proteasomal alterations can trigger potent T cell immunity when used as part of an engineered mesenchymal stromal cell-based vaccine. Although vaccination led to the recruitment of macrophages and DCs, the immunotherapeutic effect was mediated by cross-priming-dependent DCs. It was also noted that an interaction between vaccine and monocytes/macrophages impaired T cell activation, as a consequence of which the depletion of monocytes/macrophages prior to vaccination increased efficacy. In an additional article on the use of DC-based vaccines, Stevens et al. review nearly 20 years of DC-based immunotherapy in lung cancer. They conclude that combining DC-based immunotherapy with other cancer therapies, such as chemotherapy, radiotherapy and/or checkpoint inhibition may potentially improve vaccine efficacy. Clinical studies testing these hypotheses are underway.

Alternative new and previously considered cancer vaccine delivery approaches are also being (re)-evaluated and discussed in the field. Oladejo et al. consider Listeria monocytogenes as a vaccine vector. They discuss recent clinical experience with Listeria-based immunotherapies and recent advances in the development of improved Listeria-based vaccine platforms and their utilization. In an elegant approach by Otterhaug et al., a subunit cancer vaccine is combined with a photochemical compound in a so-called photochemical internalisation (PCI). The intradermal administration of the vaccine is followed by its uptake into skin antigen presenting cells (APCs). Subsequent light treatment disrupts vaccine-containing endosomes and triggers the release of antigen to the cytosol for presentation to major histocompatibility (MHC) class I molecules and stimulation of CD8+ T cell responses. This first-in-human phase I study in healthy volunteers assessed safety, tolerability, and immune responses to PCI vaccination in combination with the adjuvant poly-ICLC. Another approach to cancer vaccination is presented by Zhang et al. who describe a personalized vaccination regime that could be applied for both the therapeutic and prophylactic treatment of lung cancer. This is based on the derivation of lung cancer cells from induced pluripotent stem cells (iPSCs), which are modified to express Cre-dependent tumour antigens. Subsequent viral delivery (e.g. via Adenovirus) of Cre activated exogenous driver mutations and resulted in the transformation of lung cancer cells. This “Virus-Infected Reprogrammed Somatic cell-derived Tumour cell vaccination” (VIReST), primed tumour-specific T cell responses that significantly prolonged survival in mouse models of lung cancer.

Finally, a vaccine cannot be better than its adjuvant. Especially in the context of cancer vaccines, the strength and quality of adjuvants is essential if one is to overcome the self-tolerance barrier of barely immunogenic tumour antigens. As discussed by Cuzzubo et al., the use of carefully selected adjuvants to improve vaccine potency in older patients becomes crucial and although some cancers can be completely protected against by vaccinating early in life, as discussed by Crews et al., the majority will rely on the use of adjuvants capable of inducing efficient and long lasting TRM cells. These may have a progenitor exhausted phenotype such as the one described by León-Letelier et al., which have been shown to control the disease and lead to better responses to PD-1 immunotherapy. Adjuvants may also offer a means to overcome the immune suppressive TME, as discussed by Paston et al.

Cancer develops over many years during which time cells have accumulated numerous genetic alterations and been continuously “sculpted”/modified by the immune system. This leads to the emergence of one fully malignant escapee which then goes on to form a tumour having an immunosuppressive TME. However, although one fully malignant cell represents the origin of tumour growth and spread, many other cells at different stages of potential disease progression remain even if the tumour has been cured. Hence, in addition to the challenging task of eliminating the primary tumour to prevent metastasis and relapse, future treatments will have to take this into consideration. There is no longer any doubt that our lifestyle and age will affect our immune system and the entirety of the soma, all of which will influence our ability to respond to novel combinatorial treatments such as those detailed in this Research Topic. It is our firm belief that we will not be able to cure/eradicate cancer unless we are able to harness ways to implement a more holistic approach to cancer treatments (and cancer prevention in the first place).
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Lung cancer is one of the most commonly diagnosed cancer and despite therapeutic advances, mortality remains high. The long period of clinical latency associated with lung cancer provides an ideal window of opportunity to administer vaccines to at-risk individuals that can prevent tumor progression and initiate long-term anti-tumor immune surveillance. Here we describe a personalized vaccination regime that could be applied for both therapeutic and prophylactic prevention of lung cancer, based on the derivation of lung cancer cells from induced pluripotent stem cells. Stem cells from healthy mice were modified to express Cre-dependent KRASG12D and Trp53R172H prior to differentiation to lung progenitor cells. Subsequent viral delivery of Cre caused activation of exogenous driver mutations, resulting in transformation and development of lung cancer cells. iPSC-derived lung cancer cells were highly antigenically related to lung cancer cells induced in LSL-KRASG12D/+; Trp53R172H/+ transgenic mice and were antigenically unrelated to original pluripotent stem cells or pancreatic cancer cells derived using the same technological platform. For vaccination, induced lung cancer cells were infected with oncolytic Adenovirus or Vaccinia virus, to act as vaccine adjuvants, prior to delivery of vaccines sequentially to a murine inducible transgenic model of lung cancer. Application of this Virus-Infected, Reprogrammed Somatic cell-derived Tumor cell (VIReST) regime primed tumor-specific T cell responses that significantly prolonged survival in both subcutaneous post-vaccine challenge models and induced transgenic models of lung cancer, demonstrating that stem cell-derived prophylactic vaccines may be a feasible intervention for treatment or prevention of lung cancer development in at-risk individuals.

Keywords: lung cancer, vaccine, induced pluripotent stem cells, KRAS, TP53, adenovirus, Vaccinia virus, neo-antigen


INTRODUCTION

Lung cancer remains one of the most fatal malignant tumors. The 2018 GLOBOCAN report suggested that lung cancer is the most commonly diagnosed cancer (11.6% of total cases) and the leading cause of cancer death (18.4% of total cancer deaths) (1) and despite advances in therapeutic approaches, the 5 year survival rate is 16% for the majority of patients whose tumor is not diagnosed at an early, localized stage (2).

Recent immunotherapeutic approaches for the treatment of lung cancer have investigated therapeutic vaccination as a method of controlling disease progression. Theoretically, vaccination strategies are a promising therapeutic option as they can provoke an anergic immune system to activation against one or more tumor cell antigens, resulting in a long-term immune response against the tumor. The majority of these approaches have their basis in targeting specific tumor associated antigens (TAAs) such as epidermal growth factor receptor (EGFR), over-expressed in over half of lung cancer cases, which has been targeted using Cimavax-EGF, an immunogenic recombinant protein vaccine or Mucin-1 (MUC1), also over-expressed in non-small cell lung cancer using Simuvax, a liposomally delivered MUCI peptide. Despite promising early data, these agents have yet to meet primary endpoints in late phase trials (3, 4). TG4010, an alternative MUCI-based vaccine, delivered using a Vaccinia virus (VV) platform is more promising, and evidence of epitope spreading beyond the primary target epitope has been observed clinically (5). The targeting of multiple epitopes will be crucial for successful vaccination strategies to prevent tumor escape from control, however a phase III study investigating a whole cell allogeneic vaccination approach has also failed to demonstrate improved survival (6). The paucity of success of therapeutic vaccination strategies across all cancers can be ascribed to a suboptimal vaccine design, in which inappropriate antigens are targeted or adjuvants are ineffective at breaking immunological tolerance to tumor antigens, and their application in advanced stage disease in which the tumor microenvironment is highly immunosuppressive and refractory to intervention (7). Targeting early pre-malignant lesions, however, may demonstrate more success. These lesions are heavily infiltrated by both adaptive and innate immune cells, with activated phenotypes, suggesting on-going immune responses. Furthermore, immunosuppressive cells are rare at this stage (7).

Recent data suggests a long period of clinical latency of at least 20 years before clinical detection of lung cancer (8). Analysis of the accrual of mutations during lung cancer evolution suggests that lung adenocarcinomas may be particularly suited for early intervention using prophylactic, as opposed to therapeutic vaccination strategies as accrual of known non-synonymous mutations, particularly driver mutations, occur as early molecular events, and 76% of all mutations were detected in all regions of the tumor (9).

We have recently presented a novel, personalized prophylactic vaccination strategy for the prevention of pancreatic ductal adenocarcinoma (PDAC) development in which induced pluripotent stem cells (iPSCs) were induced to PDAC cells via stable knock-in of inactive KRASG12D and p53R172H prior to lineage differentiation and transformation (10). Importantly, we found that the derived murine tumor cells displayed high antigenic similarities to PDAC cell lines derived from the related KPC or KC transgenic mouse model, demonstrating that the process we used to generate autologous vaccination material was sufficient to model neo-antigen accrual, based on the genetic and epigenetic profile of autologous stem cells, during the earliest stages of tumorigenesis. When pre-infected with replicating oncolytic Adenovirus (AdV) and Vaccinia virus (VV), to act as potent immune adjuvants, and administered to pre-malignant animals in a prime-boost Virus-Infected Reprogrammed Somatic cell-derived Tumor cell vaccination (VIReST) regime, we were able to significantly delay disease development in a robust transgenic mouse model of disease, extending life-span of prophylactically vaccinated animals by up to 51%. Given the latency associated with lung cancer development, in addition to the early and homogenous accrual of truncal mutations, we reasoned that lung cancer would also be particularly responsive to prophylactic therapy. Here we present a VIReST regime targeting lung cancer, in which iPSCs from healthy animals were modified to express inactivated common driver mutations KRASG12D and p53R172H (11), prior to differentiation into lung progenitor cells and transformation to tumor cells. The iPSC derived lung cancer cell line was able to mimic the characteristics of the lung cancer cell line established from an early-stage lung cancer model. Pre-infection of these cells with AdV and VV prior to delivery into pre-malignant animals was able to induce potent anti-tumor immune responses that safely delayed tumor development when administered prophylactically using a subcutaneous murine model of lung cancer and when administered prior to disease detection in a complex transgenic model of disease. These data suggest VIReST as an effective alternative to autologous whole cancer cell vaccines, that can be delivered prior to or early in disease development, is antigenically compatible with each patient and can engage immune surveillance mechanisms to detect initiation of lung malignancies.



MATERIALS AND METHODS


Cells and Viruses

Murine embryonic fibroblasts (MEFs) from E13.5 WT mice were cultured using Dulbecco's modified Eagles medium (DMEM) supplemented with 10% fetal bovine serum (FBS). MEF feeder cells were inactivated by mitomycin C (MMC) (10 μg/ml for 2.5 h) (MedChemExpress, HY-13316) treatment. iPSCs were cultured using mES medium (DMEM supplemented with 15% FBS (Gemini, 900–108), leukemia inhibitory factor (LIF) (10 ng/ml) (Thermo Fisher Scientific, PMC9484), β-mercaptoethanol (0.1 mM) (Sigma Aldrich, 60-24-2), 1x non-essential amino acids (NEAA) (Thermo Fisher Scientific, 11140050), 1x Glutamax (Thermo Fisher Scientific, 35050061), Sodium pyruvate (1 mM) (Thermo Fisher Scientific, 11360070).

The LC cell lines KPL 160302S and KPL 160424S were cultured from LSL-KRASG12D/+; Trp53R172H/+ mice that had developed lung cancer after Ad-Cre inhalation. These were maintained in DMEM supplemented with 10% FBS. CV1 (African monkey kidney) cells and JH293 cells were obtained from the American Type Culture Collection (ATCC, VA, USA) and maintained in DMEM containing 10% FBS. KP-LC cells were maintained in DMEM containing 10% FBS. The PDAC cell line TB11381 was cultured from LSL-KRASG12D/+; Trp53R172H/+; Pdx-1-Cre mice that had developed PDAC (12). This was kindly provided by David Tuveson (Cancer Research UK Cambridge Institute, now at Cold Spring Harbor Laboratory) and maintained in DMEM supplemented with 10% FBS. Mouse Ovarian Surface Epithelial Cell Line (MOSEC) was provided by Prof Iain McNeish at Barts Cancer Institute and maintained in DMEM supplemented with 10% FBS. All cell lines were routinely tested for the presence of mycoplasma. Cell lines used or created during this study are listed in Table S1.

The thymidine kinase (TK)-deleted Lister strain Vaccinia virus (VVL15) was described previously (13). VVL15 was further modified by XhoI/EcoRI-mediated removal of the LacZ open reading frame (ORF) from the VV TK shuttle vector pSC65 (GenBank: HC193923.1), which was replaced with red fluorescent protein (RFP) derived by NheI/AflII digestion of pCMV-dsRED-Express (Clontech). The virus was produced as previously described (14). Ad-Cre non-replicative virus was purchased from Vector Biolabs and propagated in our laboratory. Wild-type Adenovirus serotype 5 (Ad5) was described previously (15).



Teratoma Test

A total 1 × 107 of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs were implanted subcutaneously into the right flank of nude male mice. After 2 weeks and 4 days, with diameter of <1.5 cm, tumors were surgically dissected, formalin-fixed, paraffin-embedded, and stained using hematoxylin and eosin (H&E).



Induction of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to Lung Cancer Cells

LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs were cultured on mouse embryonic fibroblasts (MEF) in-mES medium. iPSCs were treated with 0.25% trypsin for 5 min, and the differential adhesion method was used to remove MEF. The basic medium of induction was serum-free differentiation (SFD) media of DMEM/F12 (3:1) (Thermo Fisher Scientific, 11765054) supplemented with N2 (Thermo Fisher Scientific, 17502048), B27 (Thermo Fisher Scientific, 12587010), ascorbic acid (50 μg/ml) (Sigma Aldrich), Glutamax (2 mM) (Thermo Fisher Scientific, 35050061), monothioglycerol (0.4 μM) (Sigma Aldrich, 96-27-5), 0.05% bovine serum albumin (BSA) (Sangon Biotech, 9048-46-8), 1% penicillin-streptomycin. iPSCs were plated onto six-well plates coated by 1% agar to form embryoid bodies in the media of SFD with Y-27632 (10 μM) (R&D Systems, 129830-38-2) and mouse BMP4 (3 ng/ml) (R&D Systems, 5020-BP) for 24 h. Embryoid bodies were induced to endoderm in SFD with Y27632 (10 μM), mouse BMP4 (0.5 ng/ml), mouse bFGF (2.5 ng/ml) (R&D Systems, 3139-FB), mouse Activin A (100 ng/ml) (PeproTech, 120-14) for 72 h on low-adherence plates. Half of the old media was removed, and half new media was added every 36 h. Endodermal cells were then induced to anterior foregut endoderm. Cells were cultured on 0.2% Gelatin-coated, 24-well plates (100,000–150,000 cells/well) in SFD with Dorsomorphin dihydrochloride (1.5 μM) (R&D Systems, 1219168-18-9) and SB431542 (10 μM) (R&D Systems, 301836-41-9) for 24 h, followed by SFD with SB431542 (10 μM) and IWP2 (1 μM) (R&D Systems,686770-61-6) for 24 h. Cells were induced to lung progenitors in the medium of SFD with CHIR99021 (3 μM) (Stemgent,04-0004-10), mouse FGF10 (10 ng/ml) (R&D Systems, 6224-FG-025), mouse FGF7 (10 ng/ml) (R&D Systems, 5028-KG-025), mouse BMP4 (10 ng/ml) (R&D Systems, 5020-BP), and all-trans retinoic acid (ATRA) (1 μM) (Sigma, 302-79-4) for 9 days. The differentiation protocol was based on a previous report (16). On the 10th day of lung progenitor differentiation, non-replicative Ad5-Cre was added at 50 PFU/cell to remove the LSL cassette. After continuous passage, lung progenitors transformed into lung cancer cells. The changes in cell morphology at each stage of induced differentiation were photographed using the light microscope.



Immunofluorescence

At each differentiation stage, cells were fixed with 4% PFA for 15 min at room temperature then washed three times with PBS. The slides of cells were permeabilized with PBS + 0.5% Triton X-100 for 20 min and washed three times with PBS. Slides were blocked with 10% goat serum for 30 min and incubated with the primary antibodies at 4°C overnight (>16 h) diluted in PBS. Following incubation, the slides were rinsed with PBS and incubated with secondary antibodies at 37°C for 1 h. The slides were rinsed with PBS and the cell nucleus was stained with DAPI (Sigma Aldrich). The images were visualized using an Olympus BX41 fluorescence microscope. Dilutions and Catalog numbers for primary antibodies were as follows: Anti-Oct4 antibody (1:200 dilution) (Abcam, ab18976), Anti-Nanog antibody (1:200 dilution) (Abcam, ab80892), Anti-FOXA2 antibody (1:300 dilution) (Abcam, ab108422), Anti-SOX17 antibody (1:50 dilution) (Abcam, ab191699), Human/Mouse/Rat SOX2 antibody (1:200 dilution) (R&D Systems, AF2018), Anti-TTF1 antibody (1:200 dilution) (Abcam, ab76013), Anti-SOX9 antibody (1:200 dilution) (Abcam, ab26414). The secondary antibody: Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) (1:500 dilution) (Abcam, ab150077), Rhodamine (TRITC)-conjugated AffiniPure Bovine Anti-Goat IgG (H+L) (1:100 dilution) (Jackson ImmunoResearch, 805-025-180).



Quantitative Real-Time PCR

At each differentiation stage, total RNA was extracted using Trizol (Invitrogen) and cDNA was synthesized by HiScript Q Select RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, R133-01). qPCR was carried out using the ABI STEPONE PLUS system and the AceQTM qPCR SYBR Green Master Mix (Vazyme, Q111-02). The primers used are listed in Table S2.



Identification of Loxp-Stop-Loxp Cassette Removal After Ad5-Cre Addition

Cells were collected and digested in 500 μl/ tube digestion buffer [distilled water + 50 mM Tris-HCl (PH 8.0) + 100 mM EDTA (PH8.0) + 100 mM NaCl + 1% SDS] + 0.1 mg/ml proteinase K for 30 min at 55°C. Cells were then added 250 μl/ tube saturated NaCl solution and 100 μl chloroform and centrifuged 13,523 g at 4°C for 10 min. The upper supernatant was transferred to another tube and 500 μl isopropanol added prior to centrifugation at 13,523 g for 10 min. The supernatant was discarded and 250 μl 70% alcohol was added for 10 min. The tubes were centrifuged 13,523 g for 5 min. The supernatant was discarded and distilled water was added to dissolve the DNA. DNA concentration was measured using the Nanodrop (Thermo Fisher).

Primers on the both sides of LSL cassette were designed. The bands of activated mutations of KRAS/Trp53 were longer than the bands of wide type with one loxp. The fragments with the complete LSL cassettes cannot be amplified in this PCR system.

Primers for KRAS identification: F: 5′-ATATCCAGTCAACAAAGAATACC-3′, R: 5′-TCCGAATTCAGTGACTACAGATGTACAGAG-3′

Primers for p53 identification: F: 5′-AGCCTGCCTAGCTTCCTCAGG-3′, R: 5′-CTTGGAGACATAGCCACACTG-3′.



Karyotype Analysis

WT iPSC/KP-LC/KPL 160302S/KPL 160424S were cultured to a density of about 80–90%, and treated with colchicine (0.2 μg/ml) for 3 h. Cells were digested with trypsin and collected into centrifuge tubes, pipetted into single cell suspensions, centrifuged at 250 g for 5 min and the supernatant was discarded. Five milliliters 37°C preheated KCl solution (0.075 mol/L) was added. The cell suspensions were mixed uniformly, and the hypotonic treatment performed in the 37°C water bath for 30 min. The cell suspensions were centrifuged and the supernatant discarded. The cell pellets were resuspended with a little residual liquid. One milliliter fixative solution (methanol: glacial acetic acid = 3: 1) was added slowly along the tube wall. The cell suspensions were mixed while dropping, and left to stand for 5 min. Afterwards, the cell suspensions were centrifuged, and the supernatant was discarded. Three milliliters fixative solution was added, and left to stand for 30 min. Again, the cell suspensions were centrifuged, and the supernatant was discarded. Three milliliters fixative solution was added, and left to stand for 30 min. The cell suspensions were centrifuged, and the supernatant was discarded. One milliliter fixative solution was added, and the cells were pipetted to make cell suspensions. The cell suspension was aspirated with a pipette and dropped on cold glass slides at high altitude. The slides were baked in an oven at 80°C for 2 h, digested by preheating trypsin for 30 s, stained by Giemsa for 10 min, rinsed with water, and dried. Finally, the slides were observed and pictured with oil lens.



Transcriptome Sequencing

Cell transcriptomes were sequenced in BGI. Tec, Shenzhen, China. RNA libraries were prepared using an Illumina TruSeq RNA Sample Prep Kit. Briefly, 200 ng total RNA sample was purified by oligo-dT beads, then poly (A)-containing mRNA were fragmented into small pieces with Elute, Prime, Fragment mix. First-strand cDNA was generated by First Strand Master Mix and Super Script II (Invitrogen) reverse transcription. The Second Strand Master Mix was added to synthesize second-strand cDNA (16°C for 1 h). The purified fragmented cDNA was combined with end-repair mix and incubated at 30°C for 30 min. The end-repaired DNA was purified using Ampure XP Beads (AGENCOURT). A-Tailing Mix was then added and samples were incubated at 37°C for 30 min. These samples were incubated with RNA Index Adapter and Ligation Mix at 30°C for 10 min. The end-repaired DNA was purified using Ampure XP Beads (AGENCOURT). Several rounds of PCR amplification with a PCR Primer Cocktail and PCR Master Mix were performed to enrich the cDNA fragments. The PCR products were finally purified with Ampure XP Beads (AGENCOURT).

After the libraries were obtained, they were amplified on cBot to generate a cluster on the flowcell (TruSeq PE Cluster Kit V3–cBot–HS, Illumina). The amplified flowcell was sequenced using the HiSeq 2000 System (TruSeq SBS KIT-HS V3, Illumina) with a read length of 100 bp, producing on average 24M paired-end sequence reads per sample. Sequencing reads were aligned to the mouse genome build mm10/GRCm38 with the HISAT2 aligner (17). The number of reads uniquely aligned (mapping quality score q > 10) to the exonic region of each gene were counted using HTSeq (18), based on GENCODE version 9 mouse gene annotation. Only genes that achieved at least one count per million (CPM) mapped reads in at least one sample were included, leading to 15,687 filtered genes in total. Read counts were further normalized using the conditional quantile normalization (cqn) method (19), accounting for gene length and GC content, with the FPKM (Fragments Per Kilobase of transcript per Million mapped fragments) values derived for genes across the eight samples. The overall gene expression correlations between samples were subsequently calculated. The data of transcriptome sequencing has been uploaded to GEO, the series entry number is GSE151813. The genes expressed at higher levels in KP-LC compared to WT-iPSCs or KP-LC compared to KPL 160424S were analyzed. Tumor-associated antigens such as CTA, CEA were searched among them. Meanwhile, GO analysis was applied to determine highly expressed genes in KP-LC using the https://david.ncifcrf.gov/summary.jsp~website.



Cytotoxicity Assay

Cells were seeded at 4 × 103 to 6 × 103 cells per well in 96-well plates and infected with Ad5/ VVL15-RFP 14–18 h later at starting multiplicity of infection (MOI) of 1,000 PFU/cell. Cells were incubated at 37°C, 5% CO2 incubator for 6 days after viral infection. Cell survival was detected by SpectraMax M5e microplate reader.



Viral Replication Assay

Cells were seeded at 2 × 105 cells per well in 24-well plates. Fourteen to eighteen hours later, cells from three wells were harvested with trypsin and cell number per well-determined. Cells were infected with Ad5 (MOI:10 PFU/cell) for 4 h or VVL15-RFP (MOI: 1 PFU/cell) for 2 h. Twenty-four wells were then switched to DMEM + 10% FBS. The other 24 wells were switched to DMEM + 10% FBS + 200 μg/ml MMC for 2.5 h, and then DMEM + 10% FBS. Cells were collected in triplicate at 24-h intervals up to 96 h after infection, freeze-thawed three times and titrated on JH293 cells for Ad5 or CV1 cells for VVL15-RFP. The Reed-Muench mathematical method was used to calculate the 50% tissue culture infective dose (TCID50) value for each sample (20). Viral burst titers were converted to PFU per cell based on the number of cells present at viral infection.



Cell Proliferation and Plate Colony Formation of KP-LC With Ad5/VVL15-RFP Infection and MMC Treatment

Cells were seeded at 3,000 cells per well in 96-well plates. Fourteen to eighteen hours later, cells were infected with Ad5 (MOI: 50 PFU/cell) for 4 h/VVL15-RFP (MOI: 1 PFU/cell) for 2 h. Then the medium was switched to DMEM + 10% FBS + 200 μg/ml MMC for 2.5 h, and then DMEM + 10% FBS. Cell survival 24 or 72 h after MMC treatment was determined by MTS assay by SpectraMax M5e microplate reader.

In six-well plates, 2.5 × 105 cells per well were seeded. After 14–18 h, cells in 3 wells were digested with trypsin and the average number of cells in each well was calculated. Cells in the remaining wells were infected with Ad5 (MOI: 50 PFU/cell) for 4 h or VVL15-RFP (MOI: 1 PFU/cell) for 2 h. After that, the medium was changed to DMEM + 10% FBS + 200 μg/ml MMC and incubated for 2.5 h, and then the medium was changed to DMEM + 10% FBS. Forty-eight and ninety-six hours after MMC treatment, cells were digested with trypsin and the average number of cells per well was calculated. After counting, the cells were seeded in new six-well plates for plate colony formation experiments. Meanwhile, KP-LC without virus infection and MMC treatment was seeded into six-well plates at 300 or 600 cells per well as a normal control. Six days later, cells of the normal control group grew into visible colonies. The six-well plates were fixed with 4% paraformaldehyde at room temperature for 15 min, and washed twice with PBS. The wells were stained with crystal violet for 20 min, rinsed with tap water and photographed.



Cell Growth Curve

6 × 104 cells/well were cultured in 96-well plates for 5 days in DMEM + 10% FBS. Cell counts were carried out using Incucyte every 2 h.



Soft Agar Colony Formation Assay

Two percent agar and DMEM + FBS were mixed to a final concentration of 0.5% agar and 20% FBS, and the mixture placed in to 24-well plates as a base layer. Cells were trypsinized and suspended in DMEM + 20% FBS. 0.5% agar and cells suspension were mixed to a final concentration of 0.2% agar and added over the solid base layer. DMEM + 10% FBS was added after top layer was solidified. Plates were incubated at 37°C for 2 weeks. Colonies of each well were visualized using an Olympus IX51 microscope, counted and colony forming efficiency (total number of colonies/initial number of cells) was calculated.



Plate Formation Assay

50/100/200 cells/well were seeded in 96-well plates in DMEM + 10% FBS. The plates were then put into Incucyte to take pictures. Two weeks later, colonies of each well were counted, averaged and colony forming efficiency calculated as above.



Wound Healing Assay

3 × 104 cells/well were cultured in 96-well plates for 1 day. Plates were then scratched with the 96 well pin block and put into Incucyte. Pictures were taken every 2 h and relative wound density was calculated.



Western Blot

Cells were seeded at 1 × 106 cells per well in six-well plates. Fourteen to eighteen hours later the cell number per well was determined. Cells were infected with Ad5 (MOI: 50 PFU/cell) for 4 h/VVL15-RFP (MOI: 1 PFU/cell) for 2 h. The medium was switched to DMEM + 10% FBS + 200 μg/ml MMC for 2.5 h, and then DMEM + 10% FBS. Cells were collected at 24 and 72 h after MMC treatment. Cells were lysed by RIPA lysis buffer + PMSF (Solarbio, R0020), and concentration of protein was detected by BCA kit (Solarbio, PC0020). Protein was separated by SDS-PAGE gel (CWBIO, CW0022S), and transferred to a piece of PVDF membrane (BEIJING DINGGUO CHANGSHENG BIOTECHNOLOGY CO., XLL094-2). The membrane was blocked with 10% skim milk for 1 h and incubated with the primary antibodies at 4°C overnight diluted in 5% skim milk.

Following incubation, the membrane was rinsed with TBST 3 times and incubated with secondary antibodies diluted in 5% skim milk at room temperature for 1 h. The membrane was rinsed 3 times with TBST and ECL added (Thermo Scientific, NC15079) prior to exposure (GE Amersham Imager 600). Dilutions and catalog numbers for primary antibodies were as follows: Adenovirus Type 5 E1A Ab-1, Mouse Monoclonal Antibody (1:300 dilution) (Thermo, MS-587-P1), Vaccinia virus (Polyclonal Antibody) (1:300 dilution) (AbD Serotec, 9503-2057), GAPDH Antibody (Mouse Monoclonal) (1:5,000 dilution) (Proteintech, 60004-1-Ig). The secondary antibody: Peroxidase-Conjugated Goat anti-Mouse IgG (1:5,000 dilution) (ZSGB-BIO, ZB-2305), Peroxidase-Conjugated Goat anti-Rabbit IgG (1:5,000 dilution) (ZSGB-BIO, ZB-2301).



In vivo Experiments

All animal procedures were approved by the Animal Welfare and Research Ethics Committee of Zhengzhou University (Zhengzhou, China). Mice were housed in groups in accordance with the regulations for mouse welfare and ethics of Zhengzhou University with 12 h dark-light cycles and free access to food and water.

LSL-KRASG12D/+; LSL-Trp53R172H/+ (KP) mice were kindly provided by David Tuveson. Genotyping was performed using the following primers; KRAS F: 5′-CCATGGCTTGAGTAAGTCTGC-3′ KRAS R 5′-CGCAGACTGTAGAGCAGCG-3′ (550 bp); P53_F: 5′-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3′ P53_R: 5′-CTTGGAGACATAGCCACACTG-3′ (270 bp). This model is modified heterozygous KRASG12D and Trp53R172H on 129 mouse background. These two point mutations were silenced by a loxp-stop-loxp (LSL) cassette in the absence of Cre. 2.5 × 107 PFU Ad-Cre was delivered to 10–12 week (20–28 g) male mice intranasally. After the intranasal inhalation of Ad-Cre, the two mutations were activated and lung cancer developed gradually. To acquire lung cancer cell lines from this model, lungs of KP mice that had been infected with Ad-Cre were surgically dissected at 8 and 16 weeks, and rinsed in PBS twice. Lungs were dissected in a small amount of PBS + 10% BSA and the cells cultured in ACL-4 media (RPMI 1640 with 20 μg/ml insulin, 10 μg/ml transferrin, 25 nM sodium selenite, 50 nM hydrocortisone, 1 ng/ml epidermal growth factor, 10 μM ethanolamine, 10 μM phosphorylethanolamine, 100 pM triiodothyronine, 2 mg/ml bovine serum albumin, 0.5 mM HEPES, 0.5 mM sodium pyruvate and 2 mM glutamine). After 2 passages, ACL-4 media was switched to DMEM + 10% FBS.

Male C57/BL6 mice and nude mice were purchased from Vitalriver.com, Beijing, China.

In subcutaneous tumor models, 4 to 5-weeks old, 16–18 g male mice were randomly assigned to treatment groups and tumor growth was measured using electronic calipers [tumor volume = (length × width2 × π)/6] until tumor volume reached 2,500 mm3 or ulcerated, at which point the animal was sacrificed. For KP lung cancer models, animals were assigned randomly to treatment groups and animal survival was monitored by assessment of animal well-being every other day. In the survival experiments, the animal was sacrificed when one of the following situations occurred: animal was curled up motionlessly, hair became fluffy and messy, animal showed no response to external stimuli, weight loss exceeding 2 g in 2 days. Lung tissue was collected from each mouse to confirm, using H&E staining, that all mice developed lung cancer. Animal caretakers were blinded to treatment groups in all cases.

Statistical analysis was carried out using Graph Pad Prism 5 and SPSS 19.0 software. The results were represented as mean ± standard or deviation (SD) or ± standard error of the mean (SEM). Differences between groups were analyzed using Students' unpaired T-tests or Kaplan–Meier survival analysis. Differences were considered statistically significant when the p < 0.05.



VIReST Vaccinations for Subcutaneous Tumor Experiments

KP-LC cells were infected with Ad5 at an MOI of 50 PFU/cell in serum-free DMEM for 4 h. Following infection, medium was switched to DMEM + 10% FBS + 200 μg/ml mitomycin C (MMC) (Meilun Biotechnology, 50-07-7) and cells incubated at 37°C for 2.5 h. Cells were washed with PBS twice, harvested with trypsin and diluted with PBS to 2 × 106 cells/100 μl. Ad5-infected cells were injected subcutaneously (s.c) as a prime vaccination using 100 μl per inoculation in the right flank of male KP littermates. KP-LC cells were infected with VVL15 at an MOI of 1 PFU/cell for 2 h and then MMC-treated as for AdV-infected cells. Four weeks after prime vaccination, cells treated with VVL15-MMC were injected s.c in the same side as a booster vaccination. Two weeks after boost, KPL160302S/KPL 160424S cells were injected s.c in 100 μl (2 × 106 cells) per inoculation, in the right flank and tumor growth was monitored.



Immunohistochemistry

The tissues were collected at different time points, dipped in isopentane and frozen at −80°C. Tissues were cut into 6 μm sections by freezing microtome (Leica, CM1950). The sections were fixed with −20°C acetone for 10 min, washed three times with PBS. Then the slides were incubated with 3% H2O2 for 8 min, washed twice with PBS and slides blocked with 10% goat serum for 30 min. Slides were incubated with the primary antibodies at 4°C overnight diluted in PBS. Following incubation, the slides were rinsed 3 times with PBS. Polink-2 plus polymer HRP detection system for rat primary antibody (ZSGB-BIO, PV-9004) and DAB kit (ZSGB-BIO, ZLI-9018) were used. The slides were flushed using tap water thoroughly, dyed by hematoxylin, flushed by tap water, differentiated by hydrochloric acid alcohol, dehydrated, and sealed. The images were visualized using an Olympus BX41 microscope. Dilutions and catalog numbers for primary antibodies were as follows: CD4 antibody (1:100 dilution) (BioLegend, 100402), CD8 antibody (1:100 dilution) (BioLegend, 100702).

Ten high-power fields (HPF) were randomly selected from each group to count lymphocytes, three mice per group at each time point. Statistical graphs show the mean ± standard error of the mean (SEM) of each group and compared using independent T-test.



Establishment of Orthotopic Lung Cancer Model

Ad-Cre was intranasally delivered to KRASLSL−G12D/+; p53LSL−R172H/+ (KP) mice between 10 and 12 weeks of age. DMEM + Ad5-Cre + 10 mM CaCl2 were incubated at room temperature for 20 min to form calcium phosphate precipitates. Meanwhile, mice were anesthetized using avertin at 0.45 mg/g body weight for males via intra-peritoneal injection. A total volume of 75 μl containing 2.5 × 107 PFU per mouse was delivered as previously described (21).



Vaccinations for Survival Experiments

Ad5-infected KP-LC, KPL 160302S, or KPL 160424S cells produced as described above were injected s.c, using 100 μl per inoculation, in the right flank of male KP mice 2 weeks 4 days after Ad-Cre inhalation, as a prime. Four weeks later, cells treated with VVL15-MMC were injected subcutaneously in the same side as a boost. For analysis of α-PD1 combination, 600 μg α-PD1 (Bioxcell) was administered to mice intra-peritoneally (i.p.) 2 weeks post-prime and 1 and 3 weeks post-booster injection.



Flow Cytometric Analysis

Splenocytes of three mice vaccinated by KP-LC and 3 mice vaccinated by PBS were stained with CD3e (FITC) (eBioscience, 11-0031-86), CD4 (APC) (eBioscience, 17-0041-82), CD8a (PE) (eBioscience, 12-0081-85), CD44 (eFluor 450) (eBioscience, 48-0441-80), CD62L (PerCP-Cyanine5.5) (eBioscience, 4300748) for 30 min at 4°C. After washing, stained cells were analyzed on an ACEA NovoCyte flow cytometer.



IFNγ Expression Induced by Vaccination

Spleens of three mice vaccinated using KP-LC and three mice vaccinated using PBS 3 weeks after boost were harvested under sterile conditions. Spleens were mashed through 70 μm cell strainers (BIOFIL, CSS010070), centrifuged at and re-suspended in 5 ml of RBC lysis buffer, washed with PBS, centrifuged and re-suspended with T cell media (TCM) (RPMI-1640 + 10% FBS + 1% streptomycin/ penicillin + 1% sodium pyruvate + 1% non-essential amino acids) to a final concentration of 5 × 106 cells/ml.

KP-LC, KPL 160302S, KPL160424S, KPL-234S, and MOSEC as stimulator cells were incubated with TCM + 0.2 mg/ml MMC for 2.5 h. The cells were washed twice with PBS, trypsinized and re-suspended in TCM to a final concentration of 5 × 105 cells/ml. Peptides of K-RAS (GADGVGKSA) (GL Biochem, 492748), B8R (TSYKFESV) (GL Biochem, 492745), OVA(SIINFEKL) (GL Biochem, 492746) were diluted in TCM to 100 μg/ml.

One hundred microliters of each of the splenocyte suspensions were co-cultured with 100 μl of stimulator cell suspension or peptide in a round bottomed 96 well plate. Background contained 5 × 105 splenocytes in 200 μl TCM. The plates were incubated at 37°C, 5% CO2 for 3 days. The plates were centrifuged at 512 g for 5 min. The concentration of IFNγ in supernatants was measured using mouse IFNγ ELISA Ready-SET-Go kit (eBioscience, 88-7314-88).



In vivo CD8+ or CD4+ T Cell Depletion

α-CD8 (TIB2100) or α-CD4 (GK1.5) (Provided by Professor Shengdian Wang, the Chinese Academy of Sciences, Institute of Biophysics) was injected into the abdominal cavity of the KP mice 1 day before prime and two times/week in the interval between prime and boost, and 4 weeks after boost at 200 μg/mouse/time point. CD8+ or CD4+ T cell depletion was confirmed using flow cytometric analysis throughout the experiment.



Mouse Anti-nuclear Antibody ELISA

Three mice vaccinated using KP-LC and three mice vaccinated using PBS had blood collected from tail tips 3 weeks after boost. The blood was coagulated at 37°C for 15 min and centrifuged 20 min at 845 g. Supernatant was serum, and the concentration of anti-nuclear antibody in serum was measured using mouse anti-nuclear antibody kit (Nanjing Senbeijia Biological Technology Co., SBJ-MO134-96T).



Statistical Analysis

GraphPad Prism 6 was used for comparative statistical analysis. Dual condition comparisons were made using the unpaired student T-test. For more than one condition or for an additional variable such as time, one or two-way ANOVAs, respectively were performed, with post-hoc Tukey tests to compare treatment pairs. Survival data was represented by Kaplan-Meier plots with log rank analyses to delineate whether any differences between specific treatment pairs were statistically significant. *p < 0.05, **p < 0.01, and ***p < 0.001.




RESULTS


Lineage Differentiation and Transformation of iPSCs Provides an Antigenically Compatible Whole Cell Lung Cancer Vaccine

We have previously generated a wide type iPS cell line from 129J/C57/BL6 male mice and modified the genome with Cre-dependent LSL-KRASG12D/+; LSL-Trp53R172H/+, to create WT-KP iPSCs. The introduction of driver mutations prior to lineage differentiation had no impact on the pluripotency of iPSCs as demonstrated by the ability to form characteristic teratoma when inoculated into nude mice (Figure 1A). WT-KP iPSCs were directed to differentiation to lung progenitor cells following the protocol shown in Figure 1B. To confirm effective induction, markers of iPSC, endoderm, anterior foregut endoderm (AFE), and lung progenitors (LP) were detected by immunofluorescence (Figure 1C) and RT-qPCR (Figure S1A). iPSC-derived LP cells were then infected with non-replicating Ad5 vector expressing Cre (AdCre) to induce mutant KRASG12D and p53R172H expression and transformation to lung cancer cells (KP-LC) (Figure 1D). Genotyping confirmed the presence of mutant KRAS in the KP-LC cell line and KPL 160302S and KPL160424S cell lines [lung adenocarcinoma cell lines derived from the lung cancer KP transgenic mouse model (21)], but not in LP cells that were not infected with AdCre. Similarly, mutant p53 was detected in KP-LC cell line but not in the AdCre uninfected lung progenitor (LP) cells that do not express mutated p53 (Figure S1B). Furthermore, KP-LC and KPL 160302S, KPL 160424S all had abnormal chromosome profiles (Figure S1C). These three lung cancer cell lines had similar growth rate in vitro (Figure S1D). Investigations into the tumorigenicity of iPSC-derived KP-LC cells demonstrated these cells were able to develop into subcutaneous tumors when inoculated into the flank of KP transgenic littermate mice or C57/BL6 mice that had no pre-disposition to cancer (Figure 1E and Figure S1E), forming tumors pathologically similar to those formed after inoculation of KPL 160302S and KPL 160424S tumor cells derived from the induced KP transgenic lung cancer model (Figure 1E and Figure S1E). Scratch assays to examine in vitro invasion of cells demonstrated that over 90% of the wound of KPL 160424S cells, from an advanced lung cancer model, healed 16 h after scratch. At the same time point, the wound in KPL 160302S cells, which came from an early stage lung cancer model, demonstrated healing at <20% and KP-LC cells showed a 40% heal from scratch (Figure S1F). Both KP-LC and KPL 160302S were able to form colonies in the soft agar (Figure S1G) and plate colony formation assay (Figure S1H). Most importantly, analysis of the transcriptome of KP-LC cells demonstrated a high similarity between KP-LC cells derived from iPSCs and the cell lines derived from the transgenic mouse model (KPL 160302S and KPL 160424S) (Figure 1F). KP-LC cells had the highest similarity with KPL 160302S which came from the early stage lung cancer model (91%), followed by KPL 160424S which came from the advanced lung cancer model (84%). We speculate that KP-LC derived from iPSC retained more neoantigens/tumor-associated antigens similar to cells from early staged lung cancer model because it had not been screened by the immune system. Similarity between KP-LC and untransformed iPSCs (WT iPSC derived from KPC transgenic mice with wild-type KRAS and p53 or WT-KP iPSCs derived from littermate mice with stable insertion of KRASG12D and p53R172H) was lower, demonstrating the limitations of vaccination strategies based on the use of unmodified iPSCs as previously reported (22). Cancer associated genes such as MageE1, Morc2b, Morc4, Cage1, Brdt, IL13ra1, were expressed at significantly higher levels in KP-LC than WT-iPSCs (Figure S2A) and these genes were enriched in several pathways associated with cancer, including the PI3K-Akt signaling pathway, cancer proteoglycans, the Ras signaling pathway, cancer associated MicroRNAs, the Rap1 signaling pathway, HTLV-1 infection, the MAPK signaling pathway and ECM-receptor interactions (Figure S2C). Furthermore, when compared to KPC or KP-AC iPSCs, which were derived in the same way, using the same driver mutations, but induced to pancreatic lineage tumor cells, and TB11381 cells derived from the transgenic pancreatic cancer model with the same driver mutations, concordance was low. This demonstrates that the lineage specific genetic and epigenetic profiles and not the driver mutation per se drive the accumulation of neo-antigens or/and tumor-associated antigens (Figure 1F).
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FIGURE 1. Antigenically relevant lung cancer cells can be derived from murine iPSCs. (A) H&E staining of tissues derived after LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs were subcutaneously injected into nude mice to form teratoma. (B) Schematic of the protocol employed for stepwise differentiation of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to lung cancer cells. (C) Immunofluorescence images to examine expression of markers indicative of stages of induction of lung progenitor cells from iPSC. DAPI was used to stain for nuclear content. (D) Morphology of WT-KP iPSCs, embryoid bodies, anterior foregut endoderm, lung progenitors, and KP-LC. On the 10th day of lung progenitors, cells displayed structures akin to lung buds. Tubular structures could be observed at the 4th generation after infection of Ad5-Cre. Without the infection of Ad5-Cre, lung progenitors gradually became senescent. After serial passage post-infection of Ad5-Cre, cells transformed to lung cancer cells. (E) Subcutaneous tumor growth curve of KP littermates bearing KP-LC, KPL 160302S, and KPL 160424S tumors with the initial dose of 2 × 106 cells/ mouse. Mean ± SEM is shown. N = 7/group. H&E staining of subcutaneous tumors at day 21 is shown beneath the growth curve. (F) Indicated cell lines were subjected to RNA deep sequencing and a transcriptome expression correlation matrix, based on 15,687 filtered genes, was generated.




Oncolytic Viruses Can Successfully Infect and Express Viral Proteins in KP-LC Cells

Lack of immunogenicity plays a central role in therapeutic tumor vaccine failure, thus provision of an effective adjuvant is critical for inducing robust anti-tumor immune activity, even within the pre-malignant environment. Virus-infected cell vaccines, whereby tumor cells are pre-infected with replicating tumor tropic virus prior to delivery as a vaccine, has previously been shown to induce strong anti-tumor immune reactions (23), and we have demonstrated that replicating oncolytic Vaccinia virus (VV) and Adenovirus (AdV) can induce the necessary danger signals and inflammatory environment required for anti-tumor immune induction (10). To validate their use in a lung cancer vaccination regime, we investigated the ability of VV and AdV to replicate in and kill iPSC-derived KP-LC cells in vitro. Both viruses were significantly more cytotoxic in KP-LC cells compared to KPL160302S cells derived from the induced transgenic mouse model (Figure 2A). Consistent with previous reports (15), Ad5 replicated poorly in murine cells, including KP-LC (Figure 2B), but viral protein expression was detected after infection (Figure 2F). VV replicated and expressed viral protein efficiently in KP-LC cells (Figures 2B,F). In order to ensure safety of the vaccination protocol, we completely inhibited ongoing cell proliferation and virus replication using mitomycin-C (MMC) (Figures 2B–E). This had the effect of preventing both cell proliferation and viral replication, but viral protein expression, required for adequate stimulation of anti-tumor immune responses, persisted for at least 72 h post-infection (Figure 2F).
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FIGURE 2. AdV and VV can infect and replicate in transformed iPSCs and mitomycin-C treatment inhibits ongoing replication and tumor cell proliferation. (A) Cytotoxicity of Ad5 or VV on iPSC-derived KP-LC cells and KPL 160302S lung tumor cells. Cell death was determined by MTS assay 144 h post-infection. Mean EC50 values ± SEM are shown. (B) Production of infectious Ad5 or VV virions in KP-LC cells. Cells were infected with virus and were untreated or treated with mitomycin C. Mean viral replication ± SEM was determined at 24 h intervals for 96 h by TCID50 assay. JH293 cells for Ad5 or CV1 cells for VVL15-RFP. (C) Cell proliferation of KP-LC cells after infection and mitomycin-C treatment was determined using MTS assay at 24 and 72 h post-mitomycin C treatment. Mean OD490nm values ± SEM are shown. n = 3/group. (D) Cell proliferation of KP-LC cells after infection and mitomycin-C treatment was determined by cell counting at 48 and 96 h post-mitomycin C treatment. n = 3/group. (E) Plate colony formation of KP-LC cells after infection and mitomycin-C treatment. (F) Viral protein expression was determined in KP-LC or KPL 160302S cells at 24 and 72 h post-infection +/– mitomycin C treatment of cells. Anti-E1A was used to confirm AdV protein expression. Anti-VV coat protein was used to confirm VV protein expression. GAPDH was used as a loading control. **p < 0.01 and ***p < 0.001.




A VIReST Regime Using OV-Infected iPSC-Derived KP-LC Cells Prevents Tumor Growth in Immunocompetent Mice

To demonstrate the principle of prophylactic vaccination, the efficacy of a Virus Infected, Reprogrammed Somatic cell-derived Tumor cell (VIReST) vaccination regime was examined using subcutaneous models of lung cancer in immunocompetent mice. As detailed in Figure 3A, KP littermates that are not disposed to cancer development were immunized at day 0 using AdV-infected, MMC-treated KP-LC cells. Four weeks after prime vaccination, VV-infected, MMC-treated KP-LC cells were injected subcutaneously as a boost. Two weeks following this booster vaccination, lung cancer cell lines KPL 160302S (Figure 3B) or KPL 160424S (Figure 3F) were inoculated into the flank of immunized mice to form subcutaneous tumor and tumor growth measured. While prophylaxis did not completely prevent the growth of tumors after challenge, it was able to delay and impair growth after challenge with a large number of tumor cells compared to PBS vaccination. To determine the mechanisms responsible for efficacy, tumors were analyzed using immunohistochemistry (IHC) at day 24 (KPL 160302S) or 31 (KPL 160424S) after re-challenge. The numbers of CD8+ and CD4+ T cells infiltrating the tumors were analyzed (Figures 3C–E,G–I). In both models, prophylactic vaccination using the KP-LC VIReST regime resulted in a heavier infiltration of both CD8+ and CD4+ T cells, demonstrating that vaccination can induce adaptive immune responses capable of homing to the site of tumor development to impede growth.
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FIGURE 3. A KP-LC VIReST immunization regime can protect against tumor growth in a subcutaneous lung cancer model. (A) KP littermates were immunized with AdV-infected KP-LC cells, followed by a booster immunization using VV-infected KP-LC cells 4 weeks later. Two weeks after boost, mice were challenged using 2 × 106 KPL 160302S or KPL 160424S cells. (B) Mice were treated using the regime shown in (A) and KPL 160302S tumor growth monitored. Mean subcutaneous tumor sizes ± SEM are shown for each group and compared using a 2-way ANOVA with Bonferroni post-hoc testing (n = 7/group). (C) Representative images of immuno-histochemical staining for CD8+ and CD4+ T cells in subcutaneous tumors derived from (B) 24 days post-inoculation. (D,E) Lymphocytes were counted in 10 high power fields (HPFs) randomly selected from each group. Mean ± SEM are shown for each group of CD8+ T cells (D) or CD4+ T cells (E) and compared using an independent T-test. (F) KP littermates (K+/+, PLSL−R172H/+) immunized as in (A) were re-challenged using KPL 160424S tumor cells (n = 7/group). Mean subcutaneous tumor sizes ± SEM are shown for each group and compared using a 2-way ANOVA with Bonferroni post-hoc testing. (G) Representative images of immuno-histochemical staining for CD8+ and CD4+ T cells in subcutaneous tumors derived from (F) 31 days post-inoculation. (H,I) Lymphocytes were counted in 10 HPFs randomly selected from each group of CD8+ T cells (H) or CD4+ T cells (I). Mean ± SEM are shown for each group and compared using an independent T-test. *p < 0.05, **p < 0.01, and ***p < 0.001.




VIReST Using iPSC-Derived Lung Cancer Cells Evokes Anti-tumor Immune Responses in an Induced Transgenic Model of Lung Cancer

We next investigated the KP-LC-based VIReST regime in a more pathologically relevant model of lung cancer using the lung cancer transgenic mouse model previously described (21). KRASLSL−G12D/+; Trp53LSL−R172H/+ mice were intra-nasally (i.n.) infected with Ad-Cre to induce KRASG12D and P53R172H expression within the lung and drive carcinogenesis. H&E staining of lung sections carried out 3–28 weeks after AdCre delivery demonstrated that early lesions could not be detected 3 weeks post-infection (Figure S3) suggesting that disease had not yet developed in these animals or was at an early stage, undetectable by histopathology examination. After 8 weeks, tumors with enlarged nuclei with prominent nucleoli were observed. In contrast, KP mice that were not infected with AdCre did not develop signs of lung carcinogenesis at any age (Figure S3). Based on the observed progression, mice were treated 2 weeks and 4 days post-AdCre infection with a prime-boost VIReST regime as shown in Figure 4A.
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FIGURE 4. A VIReST regime using induced KP-LC tumor cells induces potent anti-tumor immune responses. (A) Schematic representing the immunization protocol. LSL-KRASG12D/+; LSL-Trp53R172H/+ mice were infected with Ad-Cre to induce lung cancer development. Two weeks 4 days later, mice were immunized with AdV-infected, mitomycin C-treated KP-LC iPSC-derived tumor cells, KPL 160302S, lung tumor cells, or KPL 160424S lung tumor cells. Four weeks later, a booster of VV-infected, mitomycin C-treated KP-LC, KPL 160302S, KPL 160424S cells were subcutaneously given. Control animals were treated with PBS at the same time points. (B) Representative images of immunohistochemical staining for CD8+ or CD4+ T cells in lung tissues from immunized cre-infected KP mice 1, 2, and 3 weeks post-boost. (C,D) Lymphocytes were counted in 10 high power fields (HPFs) randomly selected from each group of CD8+ T cells (C) or CD4+ T cells (D). Three mice per time point per group were used. Mean ± SEM are shown for each group and compared using a one-way ANOVA with Tukey post-test. (E) Spleens of KP-LC immunized mice were collected 3 weeks post-boost and stained for CD3, CD8, CD4, CD44, and CD62L. Representative images of flow cytometry were shown. (F) The percentages of effector memory T cells (TEM) (CD44hi; CD62Llo) of (E) are shown (n = 3/group). Mean ± SEM are shown for each group and compared using an independent t-test. (G) Three weeks post-booster vaccination, splenocytes were re-stimulated ex-vivo with growth-arrested lung cancer cells as shown, or mouse ovarian surface epithelial cells (MOSEC) or K-RAS or B8R or OVA peptides or media and IFNγ production measured using ELISA. Three mice per group were analyzed in triplicate and the mean IFNγ production ± SEM is shown. Significance was analyzed using an independent T-test. *p < 0.05, **p < 0.01, and ***p < 0.001.


One, two, and three weeks following booster injection, CD4+ and CD8+ T cell infiltration into the lungs was observed (Figures 4B–D). CD8+ T cell infiltration into lung tissues was significantly enhanced by VIReST treatment at each timepoint. CD4+ T cell infiltration was also significantly enhanced by treatment, but this advantage was lost 3 weeks post-booster vaccination, although it should be noted that both anti-tumor CD4+ populations and TReg inhibitory CD4+ populations will be detected using this method. Of note, the immune response caused by KP-LC vaccination was similar to that induced by KPL 160302S vaccination using the same regime for they both elicited more CD8+ T cells infiltration 1–3 weeks post-booster vaccination and more CD4+ T cells infiltration 1–2 weeks post-booster vaccination. To further investigate the breadth of anti-tumor immunity, splenocytes from immunized mice were gathered 3 weeks post-boost and the T cell effector phenotype (Figures 4E,F) and ex vivo responses to several lung cancer cell lines and specific antigens were determined (Figure 4G). KP-LC VIReST induced more effector CD8+ T cell populations compared to PBS vaccination (Figures 4E,F). In addition, KP-LC VIReST resulted in significantly enhanced IFNγ responses to all lung cancer cell lines and the KRAS epitope (Figure 4G). Of note, IFNγ responses induced by KPL 160424S cells, which was derived from the advanced lung cancer model and had the same driver mutations as KP-LC, was significantly lower compared to other lung cancer cell lines stimulation. KP-LC VIReST also resulted in significantly enhanced IFNγ responses to a mouse ovarian surface epithelial cell line (MOSEC). However, the production of IFNγ induced by MOSEC is significantly lower than KP-LC (Figure 4G). This phenomenon may be caused by some antigenic similarity between MOSEC and mouse lung cancer cell lines and warrants further investigation into shared antigens. Together these results demonstrate the ability of KP-LC VIReST to induce potent anti-tumor immune reactions within the emerging tumor microenvironment (TME) in a physiologically relevant model of lung cancer.



VIReST Can Delay Tumor Development in an Induced Transgenic Lung Cancer Model in a CD8+ and CD4+ T Cell Dependent Manner

To determine treatment efficacy, animals were immunized following the regime shown in Figure 4A and the progression and survival was monitored. The lung tissues of mice were collected 10.5 and 15.5 weeks after Ad-Cre infection. The tumors of the KP-LC VIReST group were significantly smaller than PBS group (Figures 5A,B). KP-LC VIReST was able to delay disease onset and mortality in this model compared to treatment with PBS, increasing median survival time by 17% (Figure 5C and Figure S4). Furthermore, KPL 160302S vaccination also protected this model, increasing median survival time by 21%, but vaccination using KPL 160424S cells did not have a protective function (Figure 5C and Figure S4). This difference may be attributed to the fact that KP-LC and KPL 160302S had a higher similarity at the transcriptome level (Figure 1F) and elicited similar immune responses (Figures 4B–D). MageE1, a cancer-testis antigen (CTA), was expressed at significantly higher levels in KP-LC compared to KPL 160424S (Figure S2B) and as previously, genes differentially expressed by KP-LC and KPL 160424S were enriched in several pathways associated with cancer (Figure S2D). This may form part of the reason why the efficacy of KP-LC is higher than KPL 160424S. Depletion of both CD8+ (Figure 5D) and CD4+ (Figure 5E) T cells reduced the survival advantage afforded by KP-LC VIReST treatment (Figure S5), demonstrating that the induction of adaptive immune responses is vital for treatment efficacy. Given the sensitivity of some lung tumors to immune checkpoint inhibition (ICI), coupled with an impressive induction of adaptive T cell immunity after vaccination, we reasoned that combination treatment of VIReST with ICI may improve overall mortality. Interestingly however, when induced transgenic mice were treated with α-PD1 antibody, no synergy with VIReST treatment was observed and the efficacy was not enhanced (Figure 5F and Figure S5), although the PD1 blockade did improve the survival of animals compared to untreated control animals. This suggests that treatment failure in this model may not be due to PD1-PDL1-mediated T cell anergy and alternative immunotherapeutic approaches may be considered as synergistic partners.
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FIGURE 5. A VIReST regime using iPSC-derived lung tumor cells delays mortality in an induced transgenic model of lung cancer. Ten to twelve week-old KP transgenic mice were immunized using a VIReST regime as shown in Figure 4A. (A) Lung tissues of mice 10.5 or 15.5 weeks post-Ad-Cre infection were collected. Representative images of H&E staining are shown. Tumor tissue is indicated by the arrows. (B) Tumors present in the H&E stained sections were counted. Significance was analyzed using a student's independent T-test. (C) After treatment with PBS/KP-LC/KPL 160302S/KPL 160424S vaccination (n = 20/group for PBS or KP-LC or KPL 160302S; n = 19/group for KPL 160424S), long term survival was monitored. Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was used to determine significance. (D) KP mice were treated with the KP-LC VIReST regime with or without CD8+ T cell depletion and survival monitored as above (n = 20/group for PBS or KP-LC; n = 8/group for depletion). (E) KP mice were treated with the KP-LC VIReST regime with or without CD4+ T cell depletion and survival monitored as above (n = 20/group for PBS or KP-LC; n = 8/group for depletion). (F) KP mice were treated with the KP-LC VIReST regime with or without additional α-PD1 treatment and survival monitored as above (n = 20/group for PBS or KP-LC; n = 8/group for α-PD1 treatment). Kaplan-Meier survival analysis followed by Log rank (Mantel-Cox) tests was used to determine significance. (G) Sera of immunized mice and control mice were analyzed by ELISA for presence of ANAs. *p < 0.05, **p < 0.01, ***p < 0.001, and ns, no significance.


Of note, an important concern in the development of vaccines derived from ‘‘self''-somatic cells is the possibility of breaking immune tolerance against self-antigens. However, none of the immunized mice developed any evident signs of autoimmune disorders and there was no difference in the amount of circulating anti-nuclear antibodies (ANA) detected between immunized and unimmunized mice (Figure 5G), suggesting that the VIReST regimen was not associated with significant risk of induction of autoimmunity. In addition, no tumor formation was detected at the site of inoculation, demonstrating VIReST as a safe approach for prophylactic prevention of lung cancer as depicted in Figure 6.


[image: Figure 6]
FIGURE 6. Schematic of the VIReST regime applied for prophylactic prevention or therapeutic treatment of lung cancer. (A) A schematic of the VIReST regime and how it has been applied in animal models of lung cancer is presented. (B) A schematic of how the proposed VIReST regime would be used clinically is presented.





DISCUSSION

Vaccination strategies for lung cancer have historically been unsuccessful, with no positive reports through large, late stage clinical trials over the last decade. However, our improved understanding of the fundamental processes underlying the cancer-immunity cycle has led to a resurgence of interest in developing cancer vaccination strategies, which will be underpinned by rational approaches to selection of tumor antigen targets and prevention of immune suppression. We have recently described a novel vaccination strategy for pancreatic cancer that overcomes current limitations of antigen selection by creating autologous cancer vaccines directly from stem cells (10). Using two common driver mutations, KRASG12D and P53R172H, we were able to replicate the transcriptome profile of cancer cells isolated from transgenic mice in our stem cell derived pancreatic cancer cells. Here, we extend this protocol to lung cancer and importantly demonstrate that despite the use of the same, albeit ubiquitous, driver mutations, the antigenic profile of subsequent tumor cell lines was highly identical to lung cancer cell lines from induced transgenic models, but not related to pancreatic cancer cells derived in the same manner. This demonstrates that the initiating mutations are less relevant to the ensuing accrual of passenger mutations than the epigenetics and lineage specialization of individual tumors. As driver mutations can be expected to have low immunogenicity, these passenger mutations must be key targets if vaccination strategies are to be successful (10, 24). One of the most important aspects of this vaccination regime is the ability to apply entirely autologous vaccines early, or even prior to, disease development. Early application will be the key to vaccine success, as antigen-specific T cell induction can occur prior to selection of MHCI loss of heterogeneity (LOH) variants, common in the evolution of many cancers (25). It has previously been shown that a large proportion of neoantigens were observed to bind to lost MHCI haplotypes (26). Furthermore, recent evidence supports a model of branched evolution in cancers that leads to variable, but potentially considerable intra-tumoral heterogeneity in different tumor types (27–29). This factor may be less relevant for lung cancer vaccination strategies, as recent analysis suggests that 76% of all mutations can be detected in all region of the tumor (9). However, this characterization also revealed that accrual of non-synonymous mutations occur as early events in the evolution of cancer, thus early treatment potentially targets a large number of immunogenic antigens, prior to immune suppression or evasion, setting up an immune system capable of long-term control of disease.

Early disease management is also vital for avoiding the strongly immunosuppressive environment that occurs later in disease evolution. Indeed, early pre-malignant lesions are heavily infiltrated by immune cells with an activated phenotype suggesting an ongoing anti-tumor response. At this stage, immunosuppressive cells are considered rare (7). To maximize the immunogenicity of the vaccine at this stage, we developed a VIReST protocol, in which the stem cell derived cancer cells were pre-infected with either AdV or VV prior to administration in a prime-boost vaccination regime. Virus-infected cell vaccines, whereby tumor cells are pre-infected with replicating tumor tropic virus prior to delivery as a vaccine, has been shown to provoke high levels of anti-tumor immunity that was not achieved when cells were delivered without infection (23), suggesting that replicating viruses can provide relevant danger signals required for vaccine immunogenicity. We have previously demonstrated that replicating viruses can provide adjuvant danger signals and that sequential application of oncolytic AdV followed by VV provides superior efficacy compared to use of either virus alone or in the reverse order when administered as therapeutics in animal tumor models (15) or as vaccine adjuvants (10). We have also previously shown that the VIReST regime is ineffective in a pancreatic cancer model when stem cell-derived cancer cells are delivered without concomitant viral infection (10).

Given that vaccine efficacy will be most prominent in early stage or pre-malignant disease, a patient selection issue arises. Lung cancers symptoms rarely appear until tumors are at an advanced, often incurable stage. However, a number of developments have led to the introduction of screening techniques that can be applied to high risk individuals, including Low-Dose Cat Scans (LCDT) that have been endorsed for annual use to detect early signs of cancer (30, 31). In this regard, use of personalized vaccine as an adjuvant to surgical removal of pre-cancerous lesions can be envisaged. In addition, circulating tumor DNA can be detected in the early-stage lung cancers based on driver mutations (32, 33), and changes in gene expression levels in the bronchial airway can be identified before tumorigenesis (34, 35). These latter advances may also make it possible to more accurately tailor VIReST to the individual, by identification of driver mutations specific to the individual that can be used to derive the lung cancer cells from iPSCs. Patient tailored treatments will be vital for induction of long-term efficacy, considering the role that environmental factors play in the induction of lung tumors through a range of driver mutations.

The results presented here suggest that it is feasible to create personalized cancer cells from iPSCs without the need for specimens from surgical biopsy, and these induced cancer cells can mimic the original tumor, or potential tumor, to a great extent. In addition to its use as an early-stage, or even prophylactic, vaccine we also expect a role for this technology in the detection of drug sensitivity of specific cancers in vitro.

To increase the efficiency of manufacture, it is possible to source iPSCs with matched HLA molecules from iPSC stocks (36) and safety concerns are addressed by preventing ongoing cell division using MMC treatment prior to application. No tumor growth was observed at the inoculation site in any experiment conducted and circulating ANA levels suggest no autoimmunity was induced by the treatment.

In this study, we showed that KP-LC vaccine evokes anti-tumor T cell responses using both subcutaneous tumor and induced transgenic models of disease (Figure 6A) and significantly extended the survival time of KP-LC vaccinated mice, although notably did not prevent disease related death. This suggests scope for improvement of the regime, that should include optimizing the number of prime-boost cycles applied to the patient and more specific tailoring of iPSCs by introduction of other driver mutations, particularly those associated with genetic inheritance, including EGFR amongst others (37). It is worth noting that vaccination produced by the lung cancer cell line KP-LC derived from iPS cells or the lung cancer cell line KPL 160302S derived from early lung cancer models can both significantly prolong the survival of lung cancer mice, and their effect on CD8+ T cells and CD4+ T cells infiltration are similar. These two cell lines showed the highest similarities at the transcriptome level and so we inferred that the lung cancer cell line induced by iPS cells can largely mimic lung cancer cell lines from early stage tumors. Interestingly, vaccination produced by the lung cancer cell line KPL 160424S derived from advanced lung cancer models cannot prolong the survival of mice and we speculate that lung cancer cells derived from iPS cells or early staged lung cancer had more immunogenic neo-antigens because they had not been significantly screened or edited by the immune system compared with the lung cancer cells from advanced lung cancer. Interestingly, at the transcriptome level, several genes enriched in cancer associated pathways were expressed more highly in KP-LC than KPL 160424S. Thus, iPS cells can be used as a source of cells for individualized preventive or therapeutic vaccination and for the latter case will be extremely valuable when it is difficult to obtain sufficient tumor cells from early stage cancers to create personalized treatments. Further bioinformatical analysis of the transcriptome data generated from this research may prove invaluable in determining important antigen targets for future vaccination strategies.

Immune checkpoint inhibition (ICI) has emerged as a promising and powerful tool for cancer therapy and some lung cancers have been shown to be sensitive to treatment with ICI therapies clinically. Here we were unable to induce synergy when combining VIReST with α-PD1 antibody therapy, suggesting that ultimate treatment failure in our model was not due to PD1-PD-L1-mediated T cell anergy. Indeed, while immune checkpoint inhibition has been adopted for treatment of non-small cell lung cancer (NSCLC), in fact only a small subset of patients respond to treatment (38). Objective responses have been noted to correlate with higher mutational burdens (39) or as a result of involvement of specific driver mutations that result in induction of PD-L1 expression within the TME (40). Thus, genetic analysis of early stage disease may select patient populations expected to respond more effectively to the combination of VIReST and immune checkpoint blockade. There are however, a number of alternative or complementary avenues for further exploration of combination treatments that may improve regime efficacy, including targeting TIM-3 and Lag-3, additional co-inhibitory receptors known to be clinically significant in lung cancer escape from immune control (41) or inhibition of TReg (42) and MDSC suppressive cells (43) within the developing TME.

In summary, we have described a technological platform for the development of highly antigenically related lung cancer cells from iPSCs of healthy individuals and an effective vaccination regime for prevention and treatment of lung cancer (Figure 6B). These tumor cells were developed via introduction of common tumor driver mutations, but the resulting antigenic profile was not dependent on the driver mutation introduced, suggesting that the epigenetics of an individual, specific to tissue lineage, account for the pattern of neo-antigens expressed. Clearly the situation in human patients is far more complex than reflected in the mouse model used in this study and driving tumorigenesis by introducing further driver mutations, to tailor iPSCs even more accurately, is possible. This technology also has potential for therapeutic use, after tumor resection where adequate viable autologous material is not recovered, as a mechanism to prevent tumor recurrence and metastasis after surgery. Determination of patients for primary prophylactic use is more complex, however identified high-risk individuals would be an obvious population for targeted vaccination strategies. Ultimately, the VIReST provides a safe and effective platform upon which to create robust preventative vaccines that are personalized to be most effective at preventing development or eliminating nascent tumors and preventing their recurrence.
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Therapeutic vaccines can elicit tumor-specific cytotoxic T lymphocytes (CTLs), but durable reductions in tumor burden require vaccines that stimulate high-avidity CTLs. Recent advances in immunotherapy responses have led to renewed interest in vaccine approaches, including dendritic cell vaccine strategies. However, dendritic cell requirements for vaccines that generate potent anti-tumor T-cell responses are unclear. Here we use mathematical modeling to show that, counterintuitively, increasing levels of immature dendritic cells may lead to selective expansion of high-avidity CTLs. This finding is in contrast with traditional dendritic cell vaccine approaches that have sought to harness ex vivo generated mature dendritic cells. We show that the injection of vaccine antigens in the context of increased numbers of immature dendritic cells results in a decreased overall peptide:MHC complex load that favors high-avidity CTL activation and expansion. Overall, our results provide a firm basis for further development of this approach, both alone and in combination with other immunotherapies such as checkpoint blockade.
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Introduction

In principle, the immune system can eliminate cancer cells by the activation and expansion of cancer-specific cytotoxic T lymphocytes (CTLs). Immune checkpoint blockade (ICB) immunotherapies, which release T cells from various negative regulatory pathways, have demonstrated impressive clinical successes and have become standard-of-care for many malignancies (1). However, the response to ICB seems to require the pre-existence of anti-tumor T cells (2). Vaccine approaches to generate tumor-specific T cells offer a potential solution towards generating a sufficient anti-tumor T cell response. Dendritic cell (DC) vaccines in particular, offer a means to activate and expand tumor-specific T cells (3). Here we discuss the impact of DC maturation status on vaccine design strategies.

CTLs detect cancer cells by T cell receptor (TCR) recognition of peptides displayed by a major histocompatibility complex (pMHC) on the surface of target cancer cells. Each TCR-pMHC interaction occurs at a particular strength–affinity–with multiple TCR-pMHC interactions occurring for each CTL-target cell interaction. While affinity is a measure of individual TCR-pMHC bonds, avidity is an overall measure of the strength of the TCR-pMHC interaction and as such, depends on the amount of pMHC expressed by antigen presenting cells (4). Importantly, T cell avidity determines the likelihood of successful lysis (5).

Therapeutic peptide vaccines aim to capitalize on the cancer-killing ability of CTLs. Initial results of peptide-based vaccines showed the ability to elicit significant numbers of antigen-specific CTLs, but often lacked measurable clinical successes (6–8). Recent progress in vaccine construction and combinatorial strategies with other immunotherapy agents has shown renewed promise for therapeutic peptide vaccines (3). Our work suggests that the dose and modality of peptide vaccines are key considerations for the design of future clinical interventions.

Early studies of cancer-specific CTLs showed that high-avidity TCRs are necessary to effectively lyse cancer cells that express native antigens at low levels (9). Preferentially selecting for high-avidity CTLs, however, is difficult. Regarding vaccines targeting cancer-associated antigens (CAA), thymic education of CTLs may likely have removed high-avidity T cells from the T-cell repertoire via negative selection (10). As a result, primarily low-avidity CTLs are left to respond to CAA-targeting vaccines. Beyond CAA, recent therapeutic vaccine efforts have focused on targeting somatic mutation-derived neo-antigens (11, 12). As yet, neo-antigen vaccines have largely focused on peptides sought to elicit high affinity TCR responses but have not yet explored the impact of dosage on T-cell repertoire response to the vaccine (13, 14). For both CAA and neo-antigen targeting vaccines, standard dosages typically involve high antigen loads that may non-discriminately favor the expansion of both high and low avidity CTLs. However, lowering the dosage of peptides for vaccination yields sub-therapeutically relevant levels of CTL (15). Together, this highlights the need for further understanding of antigen dosage and context for efficacious vaccine design.

We previously showed that therapeutic vaccine designs were sensitive to DC-associated parameters (16). Given that DCs, which present antigen on their cell surface along with co-stimulatory molecules, facilitate CTL activation, we hypothesized that modulation of DC and peptide dosing could enhance an anti-cancer immune response. We show that by increasing the number of immature DCs (iDCs), the average DC antigen load is lowered, which in turn selects for the expansion of high-avidity CTLs. This observation suggests traditional DC vaccine approaches that intravenously inject ex vivo matured DCs (mDCs) may need to be reconsidered in favor of an injection of iDCs paired with injection of peptide and adjuvant (3, 17). Our work suggests that combinatorial therapy with vaccine antigens and increased immature DCs, either by ex vivo generation or stimulated in vivo, may have efficacy. Thus, our findings suggest an approach that could improve already existing immune-based cancer therapies for increased and more durable clinical responses.



Material and Methods

We previously developed a mathematical model to study how vaccine-induced avidity selection affects tumor clearance (16). This model was calibrated to ex vivo human data from Chung et al. (18) and then validated against data from (19, 20). Here, we extend this model to show that induction of immature DCs may improve current treatments by eliciting high-avidity CTLs. What follows is a brief description of our previously published model. We primarily use parameter estimates from the literature (see Table 1 and the references therein) and estimates generated from our prior analysis of ex vivo human data.


Table 1 | Estimates that are characterized by human data are marked with a superscript H, while estimates based on murine data are marked with a superscript M.





Basic Model

The model consists of three major components: the activation and maturation of DCs (Eqs 1–8); the activation and proliferation of T cells (Eqs 9–16); and the lysis and trogocytosis-mediated MHC stripping of cancer cells by effector CTLs (Eqs 23–25). Figure 1 depicts a schematic of these interactions.




Figure 1 | Block diagram depicting key aspects of our theoretical vaccination model. An injection of peptide vaccine is given intramuscularly with adjuvant. Immature DCs are injected intranodally, prompting an accumulation of antigen by maturing DCs. These maturing DCs then migrate and activate naive T cells in the lymph node, which then proliferate into effector T cells. Effector T cells can both strip peptides off the surface of cancer cells via trogocytosis and kill cancer cells.




Dendritic Cells

To model the activation and maturation of DCs at the injection site (the volume of which is Vtissue), we consider several populations: P, the concentration of vaccine peptides; A, the concentration of vaccine adjuvant; I, the concentration of immature DCs; S, the concentration of semi-mature or “tolerizing” DCs; and Mj, the concentration of maturing DCs presenting j vaccine-associated pMHCs, where j can vary between zero and N. In modelling the interactions between these populations, we assume that immature DCs become semi-mature in the presence of peptide antigen, various danger signals, and tissue-derived immunogenic signals (57, 58). Once in this semi-mature state, we assume DC maturation occurs as a result of vaccine adjuvant. DC maturation signals may in turn affect T-cell priming and activation (19). As a simplifying assumption, we assume that the strategy to optimize DC maturation is successful. That is, we do not model the pharmacodynamics of the vaccine adjuvant. Next, we model the interactions between these populations with an ODE system:

Change in vaccine peptide concentration:

 

Change in adjuvant concentration:

 

Change in immature DC concentration:

 

Change in semi-mature/tolerized DC concentration:

 

Change in mature DC concentration:

 

 

 

 

In Equation 1, vaccine peptides are injected intramuscularly at rate u(t), decay at rate dp, taken up by immature DCs at rate kPi, taken up by mature DCs at rate kp, and are competitively diminished due to consumption by tissue macrophages at rate kPϕ (note that we do not model these macrophages in our study). Here, we assume that iDCs have a greater antigen uptake rate than mDCs (59, 60). In Equation 2, vaccine adjuvants are injected intramuscularly at rate  , taken up by immature DCs at rate kPi, washed out at rate dA, and are lost due to consumption by splenic macrophages at rate kPϕ. In Equation 3, immature DCs are supplied at rate sD, decay at rate   and become semi-mature and acquire vaccine peptides at rate   Here, kD is the rate of peptide presentation, χ is the concentration of non-vaccine peptides, and   is the proportion of peptides presented that are vaccine specific.

In Equation 4, we assume that semi-mature DCs, S, turnover at a rate comparable to mature DCs dD, and mature due to adjuvant at rate   Here,   is the maturation rate due to adjuvant and   is a adjuvant-saturation constant that ensures that for large adjuvant doses, the DC maturation tapers off. In the absence of adjuvant, however, these semi-mature DCs are unlikely to produce a functional T cell response (61). Thus, for the purposes of this study we do not track T cells that become tolerized as a result of these semi-mature/tolerized DCs.

In Eqs 5 and 6, newly matured DCs initially enter the mature DC population presenting one vaccine peptide with subsequent peptides presented at rate   as described above. Additionally, surface peptides degrade at rate dm, which is proportional to the number of presented peptides, j. Finally, mature DCs decay at rate dD. Here, we assume that mature DCs decay faster than iDCs (62).



T Cells

To model the activation and proliferation of T cells both at the lymph node (the volume of which is VLN) and at the tumor site, we first model avidity as a spectrum that varies from j=1 to j=J, corresponding to the lowest and highest avidity states respectively. We then consider several populations: Nj, the concentration of naive CTLs of avidity j;  , the concentration of naive helper T cells of avidity j; NR, the concentration of naive natural regulatory T cells; Tj, the concentration of effector CTLs of avidity j; Hj, the concentration of effector helper T cells of avidity j; R, the concentration of induced regulatory T cells; RN, the concentration of effector natural regulatory T cells; and G, the concentration of positive growth factors. The interactions between these populations are then modelled with an ODE system:

Change in naive helper T cell concentration:

 

Change in naive killer T cell concentration:

 

Change in naive natural regulatory T cell concentration:

 

Change in effector killer T cell concentration:

 

Change in effector helper T cell concentration:

 

Change in natural regulatory T cell concentration:

 

Change in induced regulatory T cell concentration:

 

Change in concentration of positive growth factors:

 

In Equation 9, naive CTLs in the lymph node of avidity j are supplied at rate ρjsT, where ρj is the proportion supplied that have avidity j. These naive CTLs also exit the lymph node at rate dN. The rate at which naive CTLs are activated by mature DCs that have migrated into the lymph node is

 

Migration is modelled with a fixed delay of τm, with   being the proportion that survives migration. For intranodal injections, the value of τm is set to zero. The kinetic interaction rate between naive CTLs of avidity j and mature DCs presenting k vaccine-peptides is kDC with pj,k being the probability of an interaction leading to successful activation. This means the net kinetic rate, kDCpj,k, depends on both T cell avidity, j, and the number of pMHCs presented on a DC, k. Finally, the leading term   accounts for the volume change between the injection site and the lymph node. However, for intranodal injections, this ratio is set to one as there will be no change in volume. In Equation 10, which is similar to Equation 9, naive helper T cells of avidity j are supplied at rate ρjsH, decay at rate dNH, and are activated at the net rate of

 

In Equation 11, which is similar to Eqs 9 and 10, naive natural regulatory T cells (nTregs) are supplied at rate sR, decay at rate dNR, and are activated at the net rate of

 

As we do not account nTregs of different avidities, we sum over the variable j.

Equations 12–16 describe interactions within the tumor site. In Equation 12, naive CTLs undergo nT divisions. The division program is modelled with a fixed delay of τa, with   being the proportion that effectively activate and traffic to the tumor site. As a consequence, not all T cells that exit the lymph node arrive as effector T cells at the tumor site. These assumptions equate to a net supply rate of

 

To account for T-cell hyporesponsiveness, we multiply Equation 20 by   This ensures that antigen accumulation results in diminished effector CTL expansion. We also assume effector CTLs: decay at rate dT; expand due to interactions with positive growth factors at rate kG; and are suppressed by interactions with induced regulatory T cells at rate μ. Given that induced regulatory T cells (iTregs) and effector nTregs have similar suppression rates (63, 64), we assume that nTregs suppress effector CTLs at an identical rate of μ.

In Equation 13, naive helper T cells undergo nH divisions. Following a similar argument to that in Equation 12, the net supply rate of effector helper T cells is

 

These effector helper T cells differentiate into induced regulatory T cells at rate kR; are suppressed by both iTregs and nTregs at rate μ; decay at rate dH; and expand due to interactions with positive growth factors at rate kG.

In Equation 14, following a similar argument to that in Equation 12, effector nTregs enter the system at rate

 

and decay at rate dRN. In Equation 15, iTregs enter the system as differentiated effector helper T cells and decay at rate dR. Finally, in Equation 16, effector CTLs and helper T cells secrete growth factors such as IL‑2 at rates r1 and r2. These growth factors are assumed to decay at rate dG.



Cancer Cells

To model the lysis of cancer cells and trogocytosis of cancer cell MHC by effector CTLs, we consider a population of cancer cells presenting k vaccine-associated peptides, Ck, where k varies from zero to K. The interactions between these cancer cells and effector CTLs are modelled with an ODE system:

 

For k = 1, ···, K – 1,

 

 

In Eqs 23–25, the total cancer population,   grows logistically at rate γ and with carrying capacity κ. As a simplifying assumption, we assume that the number of surface peptides is halved after mitosis, resulting in a net compartmental growth rate of

 

for the population of cancer cells presenting k peptides, Ck. We also assume that surface peptides are regenerated at rate α. To model trogocytosis-mediated MHC stripping, we assume that CTLs and cancer cells presenting k peptides interact at rate kT and additionally assume the number of peptides stripped during this interaction is binomially distributed with probability pT. For brevity we let   denote the probability that a CTL will trogocytose m MHC:peptides off a cancer cell presenting n surface peptides. This allows us to describe the trogocytosis rate as

 

Finally, to model lysis, we let λj,k denote the lysis probability between a cancer cell presenting k peptides and an effector CTL of avidity j and assume that these interactions occur at rate kT. This implies the net kinetic interaction rate depends on both T cell avidity and the amount of pMHC presented by a cancer cell. To model the lysis probability, we assume that the probability of lysis increases with cognate pMHCs but is also modulated by CTL avidity. This can be modelled by assuming a probability function of the form

	

where rj is an avidity-dependent rate parameter chosen so that the lysis probability at maximal levels of cognate pMHC expression, i.e., λj,k varies linearly from ω1 for the lowest avidity CTL to ωJ for the highest avidity CTL.




Functional Forms


Peptide Vaccine Injection Rate

Here, we assume that the vaccine is injected systemically at a fixed dose, u0, and at a regular interval of ζ, which corresponds to the functional form

	



Vaccine Adjuvant Injection Rate

We assume that the vaccine adjuvant is injected at a clinically-relevant fixed dose of 5×105 ng/mL (19), and at a regular interval of η, corresponding to the functional form

	



Peptide Uptake Rates

We previously used ex vivo human data from (22) to estimate a mature DC uptake rate, kP, of 3 × 10−2 (k/μL)-1/day. It is generally understood that immature DCs, relative to mature DCs, have a greater uptake rate (59, 60). To estimate the uptake rate by iDCs, we use in vitro murine data from (23), who note that antigen internalization (as quantified by staining for the antibody YAe) in iDCs is 2.28 times greater than in mDCs. Thus, we assume that the uptake by iDCs, kPi, is 2.28 × kP = 6.84 × 10−2 (k/μL)‑1/day. To account for vaccine clearance by splenic macrophage, we first note the steady-state concentration of non-activated macrophages in mice is estimated to be 1.25 × 10-1 k/μL (24). In (24), the authors also estimate the rate of phagocytosis by non-activated macrophages to be 25.2 (k/μL)‑1/day. Together, these correspond to a splenic macrophage associated vaccine clearance rate, kPϕ, of 25.2 (k/μL)‑1/day × 0.125 k/μL = 3.1875/day.



Activation Probability

The probability of a mature DC presenting k vaccine-associated pMHCs activating a naive T cell of avidity j, pj,k, is modelled with a switch:

	

Here, 1/(Nc – 1) and 1/(J – 1) map j and k from their respective domains to [0,1]. The dimensionless parameter v = 0.05 determines how sensitive our switching function is to pMHC expression. This characterization ensures that and high pMHC levels on DCs stimulate both high- and low-avidity CTLs (20, 65–69) and by contrast, low pMHC expression stimulates mostly high-avidity CTLs (10, 70–72). To reflect this, we assumed that beyond a critical number of pMHCs, Nc, only low-avidity CTLs were stimulated. We set Nc =N / 2 = 350, implying that DCs must have a surface antigen density below 50% to stimulate high-avidity CTLs.



Initial Conditions

We assume that the vaccine is first administered at t = 0, i.e., P(0) = u0, where u0 is the vaccine dose. Our model assumes a large number of immature DCs preexist at the injection site. In (73), the total DC population at steady-state conditions in the dermis is estimated to be approximately 23.4 k/μL. Around 92.74% of this population is expected to immature (74), equating to an initial iDC concentration at the injection site of 21.7 k/μL. Similarly, 7.26% of the total DC population is expected to be mature (74), equating to a total mDC concentration of 1.7 k/μL. For intravenous injections, we use a total DC concentration of 25 DCs/μL (75), and assume that 90% of this population is immature, equating to an iDC concentration of 22.5 DCs/μL and total mDC concentration of 2.5DCs/μL. Finally, for intranodal injections, we use a pre-existing LN iDC count of 25,190 cells, and an mDC count of 32,920 cells (26), which for a control volume of VLN, equates to an iDC concentration of 5.9976 k/μL, and a total mDC concentration of 7.8381 k/μL. Moreover, we assume that within this mature DC population, pMHCs are normally distributed with mean μ = 100 and variance σ2 = 25 (76). As a simplifying assumption, we assume the initial concentration of semi-mature/tolerizing DCs is zero.

To model the scarcity of high-avidity naive T cells, we assume that their availability decreases exponentially. Specifically, we assume Nj(0) = ρjN(0) and   where   Here, the model parameters a and b are chosen so that   and ρ1/ρJ, i.e., the ratio low-avidity to high-avidity T cells, equates to the model parameter RLH. In our simulations, we set RLH to 100, which means that for one high-avidity T cell there are 100 low-avidity T cells. Moreover, naive natural regulatory T cells, NR, make up roughly 5% of the naive helper T cell population (39), thus, we set 

Prior to vaccination, tumor-specific effector T cells exist, albeit at low concentrations (approximately 0.12% of the total CD8+ count) (77). Assuming a total CD8+ count of 600 cells/μL (78), this equates to an initial tumor-specific effector CTL concentration of 0.72 cells/μL. To estimate the initial tumor-specific effector helper T cell concentration, we assume a comparable percentage (i.e., 0.12%) also exists before vaccination. Using a circulating helper T cell concentration of 103 cells/μL (79), this corresponds to an initial tumor-specific effector helper T cell concentration of 1.2 cells/μL. Moreover, approximately 1.5% of this helper T cell pool expresses the natural regulatory T cell phenotype (39), which equates to an initial effector natural regulatory T cell concentration of RN (0) = 1.8 × 10-2 cells/μL. As a simplification, we assume that initially there are no induced regulatory T cells, i.e., R (0) = 0, and that the concentration of growth factor is zero, i.e., G (0) = 0. Finally, to account for the scarcity of high-avidity T cells, we multiply the concentrations of effector CTLs and effector helper T cells by ρj (defined in the above paragraph). Mathematically, Tj (0) = ρj × 0.72 cells/μL and Hj (0) = ρj × 1.2 cells/μL. In other words, initially, for every high-avidity tumor-specific effector T cell, there are 100 low-avidity tumor-specific effector T cells.

Finally, we assume that the total cancer cell concentration is Cinit, with cognate pMHC being normally distributed with mean μ = 148 and variance σ2 = 49. Mathematically, if   then 




Sensitivity Analysis

To understand how DC maturation status affects parameter sensitivity, we conduct sensitivity analysis on our modified model. We account for non-linear interactions between parameters by varying all parameters simultaneously using Latin hypercube sampling (n=250) over the ranges shown in Table 2, and measure sensitivity by calculating Spearman’s rank correlation coefficient (SRCC), ρ, for each parameter against the fold decrease. These simulations use a peptide vaccine dosage of 7 × 105 ng fortnightly, with an iDC dosage of 106 cells/μL injected at the same time as the peptide vaccine. Table 2 shows SRCC ρ for each parameter.


Table 2 | Spearman’s rank correlation coefficient between modified model parameters and fold decreases of simulations when varied simultaneously.



In our previous model, a sensitivity analysis identified antigen presentation by DCs as a key variable for the beneficial therapeutic value of vaccines. Here, we amend our model with the induction of immature DCs, resulting in supraphysiological levels of DCs. The resulting scale difference reduces the power of DC-associated parameters. Additionally, the model is now sensitive to the tumor growth rate, γ, suggesting that characteristics such as proliferative and apoptotic cell rates may affect the clinical response to the therapeutic vaccine.




Results


Modified Mathematical Model

We previously found that the rate of antigen presentation by DCs determined the therapeutic value of an anti-tumor CTL response (16). Here, we hypothesize that inducing high levels of immature DCs would preferentially stimulate naive high-avidity CTLs by increasing the total concentration of mature DCs while lowering the average antigen density per DC. To test this proposed approach, we change Equation 2 in our original model (see Materials and Methods) to include a source term, v(t), which describes the elicitation of immature DCs, either by injection of ex vivo derived DCs or by recruitment of DC progenitors from the bone marrow via cytokine stimulation:

 

As a simplifying assumption, we assume that induced immature DCs (iDCs) are given at a fixed dose v0, and at dosing intervals of ξ hours after the injection of the peptide vaccine, which leads to the functional form:

 

Figure 1 uses a block diagram to depict the key interactions of our model.



Increased immature DC levels yields lower peptide:MHC levels and tumor cell reduction

In our example, we assume our tumor is a melanoma and assume that our vaccine either targets either neo-antigen peptides or classical antigens such as MART1. Initially, we simulate the DC context of the vaccine while leaving the peptide dosage fixed at the previously optimized value of 100 ng daily. Using this low peptide dosing, we effectively fix the pMHC levels on DCs to be low. To assess the robustness of our modified model, we next simulated iDC doses ranging from 103 cells/μL to 1012 cells/μL, with dosing intervals that range from 0 to 24 hours after a peptide injection. For these simulations, we assume that our vaccine adjuvant is delivered at a dose of 105 ng simultaneously with the peptide vaccine.

A global sweep of iDC dosages within these ranges identified multiple iDC induction magnitudes as being optimal, i.e., inducing a >90% decrease in tumor burden (Figure 2A). For example, an iDC induction magnitude of 106 iDCs/μL given at the same time as the peptide vaccine, induced a 97% decrease in tumor burden. Importantly, the substantial reduction in tumor concentration we observed is neither dose dependent nor time dependent within our parameters, with a wide range of iDC concentrations and dosing intervals achieving a high degree of tumor reduction. Indeed, for iDC doses between 102 to 107 k/μL, the percentage decrease in tumor concentration varies minimally from the local optimum regardless of the dosing interval used. We thus find that the temporal robustness of this system centered around iDC induction and high-avidity T cell induction potentially allows for the possibility of introducing other combinatorial therapeutic strategies that may synergize with vaccine strategies, including checkpoint blockade and inducers of immunogenic cell death.




Figure 2 | Simulated induction of iDCs favors tumor reduction. (A) Heatmap depicts predicted tumor cell reduction (fold change) for different iDC dosages when given with 100 ng of peptide daily. Here, the unit ‘k’ denotes 103 cells. (B) Stacked bar chart visualizing the predicted distribution of antigen on mature DCs for various vaccine protocols.



Our initial results demonstrated that increased iDC levels, rather than increased mDC levels, favor robust tumor clearing. We next set to determine if similar results could be recapitulated with clinically relevant vaccine dosages, rather than the 100 ng daily peptide dose identified by our previous model. We first compared pMHC levels in three therapeutic variations: peptide with either no DCs, induction of iDCs, or induction of mDCs with around 6 × 106 DCs (which, for a control volume of VLN =4.2 μL, equates to a concentration of 1.43 × 103 k/μL), a dosing concentration similar to previously used in a clinical setting and within optimal concentrations found in our global sweep above (80). We assume that within this population of ex vivo matured DCs (mDCs), pMHCs are normally distributed with mean μ=100 and variance σ2 = 25 (76). Additionally, we compare peptide dosing concentrations for both an ideal 100 ng daily and a clinically relevant 7 × 105 ng every 2 weeks (20). Our model shows that at both peptide doses, induction of iDCs results in increased pMHC-low mature DCs as compared to no DC or mDC conditions (Figure 2B). This reduced antigen density in the context of the same peptide injection concentrations is due to the significantly increased numbers of mDCs generated by inducing iDCs (Figure 2B). These increased numbers are due to the longer half-life of iDCs as compared to mDCs, which are thought to rapidly decay upon maturation. As a result, the same peptide concentration dispensed over a larger number of DCs results in lower pMHC levels per DC.



Immature DCs Promote High-Avidity T Cells and Tumor Clearance in Clinically Relevant Dosing Schemes

Previously, we showed lower levels of pMHC competitively favor the expansion of high-avidity T cells rather than low-avidity T cells (16). As expected, we find that at both peptide dosing schemes induction of iDCs significantly favors the generation of high-avidity T cells compared to mDCs (Figure 3A). The optimal low dose of 100 ng daily of peptide significantly favors the development of high-avidity T cells, but even with the clinically relevant dosing of 7 × 105 ng every 2 weeks, the induction of iDCs significantly shifts the balance of T cell composition to favor high-avidity T cells. This highlights that while traditional mDC or peptide-only vaccination strategies do increase T-cell induction, they do so at the expense of high-avidity T cells. In reflection of increased expansion of high-avidity T cells, our simulations further demonstrate that iDC induction results in improved cancer cell lysis (Figure 3B).




Figure 3 | Simulated induction of iDCs at clinically relevant vaccination doses yields significant tumor cell clearance. (A) Simulated avidity distribution of effector T cells for various vaccine protocols. (B) Simulated cancer concentrations over time for various vaccine protocols. (C) Simulated avidity distribution of effector T cells and tumor cell reduction (fold change) for different delivery routes. The unit ‘k’ denotes 103 cells.



Finally, we compared vaccine responses in three different delivery routes: intramuscular, intravenous, and intranodal. For intramuscular case, at most, only 4% of DCs are expected to arrive at the LN (81). To model this, we multiply the source terms (described by Eqs 17–20) by 4%. To model intravenous delivery, we modify our initial conditions so that DCs in our model are characterized by blood DC data (75). Finally, to model intranodal delivery, we assume there is no migratory delay between the injection site and the LN (i.e., τm = 0), and that there is no volume change between DC compartment and the LN compartment. Our simulations suggest that in the context of avidity-selection and tumor clearance (see Figure 3C), DC vaccination route is a critical consideration for maximizing vaccine efficiency. iDCs intranodal injections followed by intravenous injection were both preferable over intradermal DC injections. This data highlights the importance of high iDC cell numbers accumulating in the LN in our vaccination model.




Discussion

Cancer immunotherapy is now a routine means of successfully treating tumors of various types in the clinic. However, improved immunotherapies to benefit greater numbers of patients with increased durability are still needed. Despite its tremendous successes, ICB therapy only benefits less than the majority of patients treated (82–84) and presents significant risks for adverse side-effects (85–87). Therapeutic peptide vaccines can robustly induce a tumor-specific CTL response with limited side effects due to induction of an antigen-specific immune response rather than broad immune activation (20). Preferential development of high avidity anti-tumor CTLs enables enhanced tumor cell killing (9, 18). Previously, we showed that vaccine dosages could be optimized to preferentially elicit high-avidity CTLs, unlike standard dosages that elicit low-avidity CTLs (16). In that study, we showed that the efficacy of a dosage-optimized approach depended on DC-related parameters, which motivated us to explore how we could harness immature DCs to boost anti-tumor activity.

High peptide antigen doses have been shown experimentally to result in low avidity and T cell responses (88, 89). However dosing timing strategy has been shown to have a significant effect on the average avidity of a T cell population (90, 91). Other work has shown that modulation of antigen presenting cells is a key component of the induction of high avidity T cells (92). We hypothesized that increasing the magnitude of iDCs given with a dosage-optimized peptide vaccine may enhance CTL responses. It is important to stress that this approach is conceptually different from traditional DC vaccines in which ex vivo matured DCs are injected (3, 17). To assess this approach, we extended our previous model to account for a hypothetical induction of iDCs. We show that induction of iDCs, and not mDCs, can significantly reduce tumor burden, improving upon the performance of a peptide vaccine. A key assumption of our model is that iDCs will have a longer half-life and inducing iDCs will result in a larger overall pool of DCs as compared to the injection of mDCs, which are known to have a shorter half-life (62). Our simulations show that these effects are tied to the increased half-life of iDCs and therefore increased DC levels in general, which results in a lower average antigen density per DC. As such, induction of iDCs favors the preferential stimulation of high-avidity CTLs and tumor cell clearance. In support of our findings, increased circulating DC levels have been associated with increased survival in certain malignancies (93–95). Further experimental or clinical evidence of the relationship between circulating DC levels and vaccination efficacy is needed.

Early cancer vaccines targeting over-expressed CAAs such as MART-1, MAGE, NYE-ESO-1, HER2, and MUC-1 demonstrated mediocre clinical results. Evidence suggests that the T cell repertoire capable of responding to these antigens are primarily composed of low-avidity T cells due to central tolerance of T cells specific for self-antigens (96). Recently, there has been renewed interest in cancer vaccines due to promising results for those targeting neoantigens (97–100). Additionally, encouraging preliminary clinical results have recently been observed in therapeutic approaches combining DC vaccines with checkpoint blockade (101). Our findings suggest that inducing increased iDC levels would benefit vaccines targeting either over-expressed CAAs or neoantigens, as the expansion of high-avidity CTLs would favor clinical responses in both scenarios.

Initial DC vaccines, such as Sipuleucel-T, were major milestones for immunotherapy-based treatments of cancer and demonstrated modest, but meaningful, clinical results (102). While DC vaccines have not achieved widespread therapeutic success, it is unclear if this is a result of targeting TAAs, the influence of previously unknown immunosuppression mechanisms in the tumor microenvironment, or difficult in manufacturing cell products (103). While traditional DC vaccines have been based on ex vivo antigen loading and maturation of autologous DCs, our model finds that injecting iDCs results in a maximal anti-tumor response. We find that intranodal injection, as compared to intradermal or intravenous injection, results in the most T cell activation as it ensures high numbers of DCs are loaded with low pMHC levels. Although repeated intranodal injection of iDCs is not an ideal clinical scenario, it highlights the importance of recent bioengineering efforts to localize tumor antigen vaccination to lymph node sites (104). However, intravenous injection of iDCs did result in substantial tumor burden reduction. We suggest that other alternatives to iDC generation and injection, such as mobilization of bone marrow DC precursors, is an attractive possibility for future consideration in tumor vaccine design. Treatments with cytokines such as Fms-like tyrosine kinase 3 ligand (Flt3L) has demonstrated efficacy in increasing levels of circulating DCs (105–107). Our model suggests that elevated levels of iDCs, rather than mDCs, favors a longer half-life of the circulating DC compartment and results in lower average pMHC levels that would then favor high-avidity T cell generation. Therefore, induction of iDCs by any of several means followed by peptide vaccination and adjuvant for in vivo DC maturation would favor tumor clearance. While our model simplistically accounts for adjuvant as a necessary requirement for DC maturation and activation of T cells, we acknowledge that different adjuvant choices may have highly variable effects on DC activation and downstream T cell differentiation (108, 109).

Our work addresses an important and less appreciated element of cancer vaccines – how vaccine design and administration can select for and enhance the proliferation of high-avidity CTLs. However, there remain many barriers to efficacy with a combination strategy that our model does not consider. For example, we do not account for potential intra-tumoral heterogeneity of antigen expression, factors influencing CTL trafficking to tumor sites, or a multitude of potential immune suppression mechanisms found within tumor microenvironments. Additionally, in modelling the T cell activation we do not explicitly model TCR signaling. Future work will involve incorporating existing validated models of TCR signaling (110), and calibrating these models to avidity data from (111, 112). Defining the minimum complexity of the immune system is challenging, and the model used in this study does not, nor does it aim to account for all known immune interactions.

The mathematical model presented here proposes that increasing the magnitude of iDCs with an optimized peptide vaccine may improve tumor clearance. The model highlights the relative importance of antigen loads on DCs, which facilitate the selective expansion of high-avidity CTLs. While pre-clinical experimental validation of our findings are necessary, our model suggests previously unappreciated aspects of vaccine design that may be necessary for the development of effective cancer treatments.
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Immunotherapy has improved the clinical response in melanoma patients, although a relevant percentage of patients still cannot be salvaged. The search for the immune populations that provide the best tumor control and that can be coaxed by immunotherapy strategies is a hot topic in cancer research nowadays. Tumor-infiltrating TCF-1+ progenitor exhausted CD8+ T cells seem to grant the best melanoma prognosis and also efficiently respond to anti-PD-1 immunotherapy, giving rise to a TIM-3+ terminally exhausted population with heightened effector activity. We tested Porins from Salmonella Typhi as a pathogen associated molecular pattern adjuvant of natural or model antigen in prophylactic and therapeutic immunization approaches against murine melanoma. Porins induced protection against melanomas, even upon re-challenging of tumor-free mice. Porins efficiently expanded IFN-γ-producing CD8+ T cells and induced central and effector memory in lymph nodes and tissue-resident (Trm) T cells in the skin and tumors. Porins induced TCF-1+ PD-1+ CD8+ Trm T cells in the tumor stroma and the presence of this population correlated with melanoma growth protection in mice. Porins immunization also cooperated with anti-PD-1 immunotherapy to hamper melanoma growth. Importantly, the potentially protective Trm populations induced by Porins in the murine model were also observed in melanoma patients in which their presence also correlated with disease control. Our data support the use of cancer vaccination to sculpt the tumor stroma with efficient and lasting Trm T cells with effector activities, highlighting the use of Porins as an adjuvant. Furthermore, our data place CD8+ Trm T cells with a progenitor exhausted phenotype as an important population for melanoma control, either independently or in cooperation with anti-PD-1 immunotherapy.
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Introduction

Melanoma is the most aggressive form of skin cancer, and even though it only accounts for 1%, it is the cause of the majority of the skin cancer-related deaths. The incidence rate of melanoma has risen rapidly in the last three decades, but its mortality has decreased (1), perhaps because of the immunotherapy strategies that have revolutionized melanoma treatment. Since immunotherapy aims to strengthen anti-tumoral activities, successful responses depend on the state of the immune system and in the density of tumor-infiltrating lymphocytes (TILs), particularly of T cells (2). Thus, melanomas often do not respond to immunotherapy due to lack of T cell infiltration, or because T cells have acquired dysfunctional phenotypes (3). Dissecting the specific T cell subsets responsible for anti-tumoral effector functions and understanding the mechanisms that lead them to mediate healthy immunotherapy responses are central objectives of the revolutionary way in which we treat cancer nowadays.

Immunotherapy has helped to better understand the tumor stroma population dynamics pointing out to T cells with and without anti-tumor activity. Long-lasting immune anti-tumoral responses depend on formation of memory T cells, central (Tcm), effector (Tem), and tissue-resident memory (Trm). Trm T cells are long-lived in tissues that have undergone antigenic challenge. Indeed, solid tumors are often infiltrated by CD8+ Trm T cells that are critical to eliminate tumor cells (4, 5). Trm T cells are characterized by the stable expression of CD69 and CD103, which signal for retention in tissues and for rapid effector function (4, 6). However, not all T cells infiltrating the tumor stroma seem to be able to display effector functions, with some populations exhibiting exhausted phenotypes, and Trm T cells can express high levels of PD-1 (7). Exhausted populations were first defined because of expression of this check-point marker, and were originally associated with T cell dysfunction due to chronic antigen stimulation (8). However, based on murine models of chronic viral infection, we are now beginning to understand the different PD-1+ subsets conforming the exhausted T cells, for instance, those recognized as “progenitor exhausted” with a TCF-1+ PD-1+ phenotype, and the “terminally exhausted” TIM-3+ PD-1+ (9, 10). The relevance to separate these subtypes lies in that only the progenitor exhausted T CD8+ population proliferates after anti-PD-1 therapy, resulting in immune control of the chronic viral infection (11–13). Recently, these two subtypes of exhausted CD8+ T cells have been also identified in the infiltrate of murine melanoma (9, 14), and in melanoma, kidney and lung cancer patients (14–16). Similar to the chronic viral model, only the progenitor exhausted CD8+ cells proliferated in response to anti-PD-1 therapy (9). Indeed, a human equivalent population of exhausted CD8+ TCF-7+ (the human ortholog of TCF-1) T cells have been found to predict positive responses to anti-PD-1 immunotherapy and enhanced survival of melanoma patients (17). Although this progenitor exhausted T cells do not display effector functions upon PD-1 blockade, they differentiate into terminally exhausted T cells with potent anti-tumor activities, such as IFN-γ secretion (18, 19). Thus, while both progenitor and terminally exhausted phenotypes are essential, the former seems to sense and trigger anti-PD-1-induced T cell effector functions (9, 10).

One mechanism to induce anti-tumor immune responses and provide long-lasting protection against relapse is by fostering T cell responses through immunization with cancer vaccines, a strategy that potentially could also synergize with immune check-point inhibitors. To achieve an efficient immunization, it is crucial not only to choose the proper antigen, but also a suitable adjuvant (20). Some adjuvants based on pathogen associated molecular patterns (PAMP) have shown protection against tumor growth and enhancement of the immune check-point inhibitors efficacy (21–24), but the synergic mechanisms of these adjuvants with the inhibitors is not completely understood. One adjuvant with a potent effect in a melanoma model is the nontoxic Cholera B subunit (CTB), a non-classical PAMP that activates the immune cells through NLRP3 and FcRγ-CARD9 (25, 26). We have previously demonstrated that an intradermal (i.d.) immunization with CTB and a model antigen promotes an efficient IFN-γ+ CD4+ T-cell response (27), that increase the survival of mice challenged with melanoma associated with a CD4+ Trm response (28–30). However, the participation of CD8+ T cells was not evaluated.

We have also studied the adjuvant capacity of highly purified outer membrane proteins (Porins) from Salmonella enterica serovar Typhi (S. Typhi). Porins are a classical PAMP that induce a potent antibody and T cell specific immune response in mice and humans (31, 32). We have previously reported that Porins were capable to increase the expression of the costimulatory molecules CD86 and CD40 on dendritic cells (DCs) through TLR2 and TLR4 (33). Moreover, Porins were also able to induce Porin-specific CD8+ and CD4+ T cells and antigen-specific CD4 response when used as an adjuvant (31, 34–36). Nevertheless, the capacity of Porins as an adjuvant to induce antigen-specific CD8s has not been tested, nor has the Porins adjuvant strength in a tumor model.

Different skin immunization strategies are able to induce long-lasting CD8+ Trm anti-tumoral responses (37, 38). The capacity of Porins to activate DCs and T cell responses points it out as a good candidate to test in a tumor model. In this study, we designed different immunization strategies aiming to induce Trm responses able to control melanoma initiation and progression. We observed that Porins gave rise to a CD8+ Trm PD-1+ T cell population that also express TCF-1, whose generation marked mice with better control of melanoma growth. Although it is known that Trm with effector functions can be induced in the tumor (38), our data argue that the choice of adjuvant in cancer vaccination can lead to formation of progenitor exhausted CD8+ Trm T cells, and that formation of this population correlates with the capacity to control melanoma cells independently and in cooperation with anti-PD-1 immunotherapy. Remarkably, the populations induced by Porins immunization were also identified in human melanoma patients associated with disease control.



Materials and Methods


Mice

Wild-type C57BL/6 mice were obtained from Unidad de Medicina Experimental, UNAM animal facility. The OT-IxCD45.1+ mice were kindly provided by Dr. J.C. Crispín, Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán (INCMNSZ), and OT-IIxCD45.1+ were kindly provided by Dr. G. Soldevila, Instituto de Investigaciones Biomédicas, UNAM animal facility. All mice were male and age (8–12 weeks)-matched. All animal experiments were performed following the Institutional Ethics Committee and the Mexican national regulations on animal care and experimentation (R-2015-785-008).



Porins Purification

Porins were purified from S. Typhi 9,12, Vi:d. ATCC 9993 (Omp-C and Omp-F) using the method previously published (32). Briefly, S. Typhi was grown in glucose- supplemented minimal A medium and Porins were extracted from the bacteria using buffer with sodium dodecyl sulfate. Proteins were purified by molecular exclusion chromatography using a Sephacryl S-200 column. Chromatographically purified proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lipopolysaccharide content was evaluated using a Limulus Amoebocyte Lysate Assay (Endosafe KTA, Charles River Endosafe Laboratories), and all batches used in the study were negative (detection limit, 0.2 ng LPS/mg protein). Western blot analysis using anti-LPS polyclonal sera confirmed that LPS was not detectable.



Melanoma Culture and Tumor Challenge

B16-F10 or B16-F10-OVA (MO4) melanoma cells were cultured in DMEM containing 10% FBS, 0.1% penicillin/ streptomycin, 0.2% l-glutamine, 0.05% 2-mercaptoethanol, 0.01% sodium pyruvate, 0.1% HEPES, and 0.1% nonessential amino acids. Melanoma tumors were established by subcutaneous (s.c.) injection of 2.5 × 105 cells in the left flank. The tumors width and length were measured using a caliper every 2 days starting at day 7. The tumor volume was calculated as 4/3π (1/2 width)2(1/2 length), in mm3. Tumor appearance was scored daily through manual palpation, and mice with no evidence of tumor by the end of the following period were scored as tumor-free.



Prophylactic Immunization

For prophylactic experiments, mice were challenged with MO4 7 days after the immunization with 30 μg of ovalbumin (OVA) plus adjuvant: 10 μg of Porins or 10 μg of CTB (Sigma-Aldrich), injected s.c. in the left flank. As controls, mice were s.c. injected with OVA, Porins, CTB or PBS. For the re-challenge experiment, the tumor-free OVA + Porins immunized mice at day 28 were re-challenged with MO4 and followed up for 100 days from the first immunization. For the melanoma-associated antigen (MAAs) experiment, mice were injected with 70 nmol of the human/mouse recombinant peptides TRP-2 (AnaSpec) and gp100 (MyBioSource), with or without Porins, 10 and 3 days before challenge with the B16-F10 melanoma cells (39, 40).



Therapeutic Immunization

For therapeutic experiments the MO4 challenge was 7 days prior the immunization (explained above) and followed up for 21 days. The therapeutic immunization was also executed with or without intraperitoneal (i.p.) injection of 100 μg anti-PD-1 monoclonal antibody (mAb) (BioLegend Cat# 114102, RRID:AB_313573), at days 19, 21, and 23, only for the immunized group, followed up for 28 days.



Circulating Lymphocyte Depletion Experiment

OVA + Porins immunized mice received i.p. 100 μg of anti-CD8 mAb (TIB105, Clone 53-6.72, in house) or 250 μg of anti-CD4 mAb (GK1.5, in house) or 250 μg of control mAb (III-10, in house) as follows: 1 day before MO4 challenge, on the day of MO4 challenge and every 3 days after, with the last two injections 4 days apart, up to day 12 or 21, specified in each experiment. The OVA + Porins immunization was 7 or 28 days, or 28 days/boost before the MO4 challenge. At the end of the experiment, tumors and blood were harvested for Trm T cells and circulating lymphocyte identification, respectively.



CD8+ and CD4+ OVA-Specific T Cell Enrichment and Adoptive Transfer

Skin-draining lymph nodes (SDLN), mesenteric lymph nodes and spleen were collected from OT-IxCD45.1+ and OT-IIxCD45.1+ mice and worked separately as described elsewhere (28). Briefly: recovered cells (see below) were incubated for 30 min on ice with homemade rat hybridoma supernatants, for OT-IxCD45.1+ T cells: against CD4, B cells, MHCII-expressing cells, macrophages and NK cells; for OTI-IIxCD45.1+ T cells: against CD8, B cells, MHCII-expressing cells, macrophages and NK cells. Next, cells were poured into Petri dishes previously coated with rat anti-IgG, and non-adherent cells were recovered for injection through the retro orbital vein. Congenic mice received 3 × 106 OT-IxCD45.1+ cells and 3 × 106 OT-IIxCD45.1+ cells intravenously (i.v.). After 24 h, anesthetized mice were i.d. immunized in both ears with 15 μg of OVA with the adjuvant: 5 μg Porins or 5 μg CTB.



Skin and Skin-Draining Lymph Node Processing

Mice were sacrificed at 7 or 28 days post-immunization in the ear, to collect SDLN and skin. SDLN were macerated and filtered, and skin-infiltrating lymphocytes were obtained as previously described (28). Briefly: Skin cell suspensions were obtained by enzymatic digestion with Liberase TL and DNAse, then chopped and incubated under the same conditions. Next, enzymatic digestion was stopped, and cell suspensions were filtered followed by the addition of DNAse. Finally, cells were washed with PBS, counted and stained. SDLN cells were re-stimulated as previously reported (28). Briefly: Cells were incubated for 48 h with 1 mg/ml of SIINFEKL (InvivoGen) and OVA peptide 323–339 (InvivoGen), followed by cell stimulation cocktail plus protein transport inhibitor for 4 h at 37°C. Then the lymphocytes were collected, washed, and stained.



Tumor Processing

At the end of the tumor growth experiments, tumors were harvested and divided in two fractions that were analyzed by immunofluorescence and flow cytometry. TILs were obtained with the method previously documented (21). Briefly: The tumor was chopped and incubated with Collagenase D and DNAse. Finishing the enzymatic reaction, the cell suspension was filtered, followed by the addition of DNAse. The lymphocyte interface from the centrifuged 40/90 Percoll solution was collected, washed, counted and stained.



Flow Cytometry

Cells were stained with anti-CD45-PECy7 (BioLegend Cat# 157613, RRID:AB_2832559), and DAPI (ThermoFisher), mixed with CountBright absolute counting beads (ThermoFisher) and acquired for flow cytometry. Cell surface staining was performed first blocking with FACS and then adding the following antibodies: anti-CD45-PB (BioLegend Cat# 103126, RRID:AB_493535) or -PECy7, anti-CD45.1-Percp-Cy5.5 (BD Biosciences Cat# 560580, RRID:AB_1727489), anti-CD8-FITC (BioLegend Cat# 100705, RRID:AB_312744, Clone 53-6.70), -APC (BD Biosciences Cat# 553035, RRID:AB_398527) or -APC-Cy7 (BioLegend Cat# 100714, RRID:AB_312753), anti-CD4-APC-Cy7 (BioLegend Cat# 100526, RRID:AB_312727), anti-CD44-BV510 (BioLegend Cat# 103043, RRID:AB_2561391), anti-CD62L-PE-Cy7 (BioLegend Cat# 104418, RRID:AB_313103), anti-CD103-PECy7 (BioLegend Cat# 121426, RRID:AB_2563691), anti-CD69-PE (BioLegend Cat# 104507, RRID:AB_313110), anti-PD-1-APC (BioLegend Cat# 135209, RRID:AB_2251944), and anti-TIM-3-PE/DazzleTM594 (BioLegend Cat# 134014, RRID:AB_2632738). LIVE/DEAD Fixable Aqua (Thermofisher) staining was included. To achieve intracellular staining, cell surface staining was first performed, followed by fixation and permeabilization using the intracellular fixation and permeabilization buffer set (Thermofisher), according to the manufacturer’s instructions. Intracellular staining included anti-IFN-γ-APC (BioLegend Cat# 505810, RRID:AB_315404) and anti-TCF-1/7-AF488 (Cell Signaling Technology Cat# 6444, RRID:AB_2797627). Cells were acquired in a BD FACSCanto II or BD FACSAria cytometer (Becton, Dickinson and company). Data obtained from the cytometer was analyzed with FlowJo software (Tree Star, Inc.).



Mice Immunofluorescence Assay

Tumoral tissue was embedded in Tissue-Tek (Sakura) and sections (5 μm) were cut onto charged glass slides (Superfrost Plus Yellow) and rehydrated. Antigen retrieval was performed in citrate buffer pH 6.0 (sodium citrate 10 μM) at 90°C for 20 min. The sections were permeabilized (bovine serum albumin 10 mg/ml, horse serum 5%, Triton 0.5%, and sodium azide 0.02%) for 2 h and incubated with anti-CD8-FITC (BioLegend Cat# 100705, RRID:AB_312744), anti-CD103 (BioLegend Cat# 121426, RRID:AB_2563691), anti-PD-1-APC (BioLegend Cat# 135209, RRID:AB_2251944), anti-TIM-3-PE/Dazzle (BioLegend Cat# 134014, RRID:AB_2632738), anti-GZMB (BioLegend Cat# 372222, RRID:AB_2728389), anti-IFNγ-PE and anti-TCF-1 primary antibodies at room temperature (RT) for 18 h. The anti-CD103, anti-GZMB and anti-TCF-1/7 mAbs were revealed with a secondary antibody, either AF-647 (Jackson ImmunoResearch Labs Cat# 711-585-152, RRID:AB_2340621) or AF-594 (Jackson ImmunoResearch Labs Cat# 711-605-152, RRID:AB_2492288). The nuclei were counterstained with Hoechst (Invitrogen) for 10 min. The sections were mounted with Vectashield (Vector Laboratories).



Human Samples of Melanoma and Skin Control

Twelve paraffin blocks from resection procedures of confirmed melanoma patients were obtained from the Pathology department of Hospital de Oncología Centro Médico Nacional Siglo XXI, and seven healthy control skin samples were obtained from a repository of biological tissues derived from non-cancerous surgical procedures. Both melanoma and skin samples were obtained with approval of our Institutional Scientific and Ethics Board of Reviews (protocol R-2019-785-05). After 2 years of clinical follow up, the melanoma patients were classified as “metastatic” when patients showed cancer spreading to other organs (N = 5) or “disease-free” when there was no tumor evidence after this period of time (N = 7) (Supplementary Table 1).



Immunofluorescence Assays of Human Samples

Fifteen μm control skin or tumor sections were placed in charged glass slides (Superfrost Plus Green). Slides were placed into a stove (70°C) for 40 min in order to remove the paraffin excess. Tissues were rehydrated with a Xylene/ Ethanol train of solvents. Antigen retrieval was performed using citrate buffer pH 6.0 (sodium citrate 10 μM) at 120°C for 20 min. Skin samples were permeabilized for 3 h with a perm solution that contained 10mg/ml bovine serum albumin, 5% horse serum, 0.02% sodium azide, and 0.4% Triton. Following permeabilization the tissues were incubated with different primary antibodies: anti-CD8 (Bio-Rad Cat# MCA351G, RRID:AB_877504), anti-CD103 (LifeSpan, Cat# LS-C45284, RRID:AB_2296301), anti-PD-1 (Abcam, Cat# ab175391, RRID:AB_2868534), anti-CD69 (Abcam Cat# ab52587, RRID:AB_881954), or anti-TCF-1/7-AF-488 (Cell Signaling Technology Cat# 6444, RRID:AB_2797627) for 18 h. Incubation with secondary mAb AF-488 (Jackson ImmunoResearch Labs Cat# 711-545-152, RRID:AB_2313584), AF-594 (Jackson ImmunoResearch Labs Cat# 712-585-150, RRID:AB_2340688), and AF-647 (Jackson ImmunoResearch Labs Cat# 715-605-150, RRID:AB_2340862) was performed for 2 h. When specified, fluorescent conjugated antibody anti-IFN-γ-FITC (SONY BIOTECHNOLOGY, Cat# 3132520, RRID:AB_2868456) was incubated for 2 h. Nuclei were stained with Hoechst (Invitrogen) for 10 min. Sections were mounted with Vectashield (Vector Laboratories) and stored at 4°C. Quantification of positive CD8+ CD103+ CD69+ and CD8+ CD103+ TCF1+ cells was performed in highly infiltrated areas. A total of 100 cells were counted in each infiltrated area, registering positive cells. This process was repeated in three different tissue areas and the mean percentage of triple positive cells was obtained from each patient.



Confocal Microscopy

Micrographs were obtained on a Nikon Ti Eclipse inverted confocal microscope (Nikon Corporation) using NIS Elements v.4.50. Imaging was performed using a 20x (dry, NA 0.8) objective lens. Zoom was performed at 3.4x and Digital Zoom was performed when specified. Images were analyzed using FIJI ImageJ Software (ImageJ software, National Institutes of Health; http://rsbweb.nih.gov/ij/).



Statistics

Statistical analysis was performed using Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was calculated using unpaired two-tailed Student’s t-test for two groups, and one-way or two-way ANOVA with Tukey’s multiple comparison test for more than two groups. Statistical significance for tumor-free percentage was calculated using Log-rank (Mantel-Cox) test. Statistical significance was defined as * p  < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.




Results


Immunization With Porins Elicits Prophylactic and Therapeutic Melanoma Control

We first determined whether the S. Typhi Porins could be used as a PAMP-adjuvant in a murine melanoma model using two different vaccination strategies exemplifying prophylactic and therapeutic approaches. Mice were immunized s.c. in the left flank with the model antigen OVA and the Porins as adjuvant. The same immunization conditions were used for the control groups: OVA-alone, Porins-alone and PBS. In the prophylactic approach, mice were challenged s.c. at the same place with the OVA-expressing B16-F10 melanoma cell line (MO4) 7 days post-immunization and the mice were followed for up to 21 days. The results showed that a prophylactic immunization with OVA + Porins powerfully suppressed tumor growth, with 60% of immunized mice clear of tumor and the rest bearing tumors under 2 mm3 in size (Figure 1A). Meanwhile all control mice had established large tumors.




Figure 1 | Porins as adjuvant induce an effective prophylactic and therapeutic anti-tumoral response. (A) C57BL/6 mice were immunized s.c. in the left back, with OVA + Porins or single inoculated with OVA, Porins or PBS, as control groups. Seven days later, 2.5 x 105 MO4 cells were inoculated s.c. in the same place as the immunization. The tumor volume and the tumor-free mice were scored every 3 days starting on day 7 until day 21. (B) C57BL/6 mice were challenged with MO4 and 7 days later were immunized with OVA + Porins or inoculated with OVA, Porins or PBS. (C) Mice were immunized with either OVA + Porins (N = 7) or PBS and challenged with MO4 cells [as in (A)], and mice that were tumor-free by day 28 (N = 4) were re-challenged with a new dose of MO4 cells. Statistical data were pooled from three independent experiments with three mice per experimental condition. *p < 0.05, ****p < 0.0001.



Effective therapeutic responses are substantially more challenging, and we sought to assess whether the prophylactic protection of Porins was also capable to control already established tumors. For this, mice were first inoculated s.c. with MO4, and 7 days later immunized s.c. with the conditions mentioned above. Again, the combination of OVA + Porins was able to significantly control the tumor growth (Figure 1B). We then tested whether Porins could induce a protective immune memory. Since in the therapeutic experiment all OVA + Porins immunized mice developed small tumors, we evaluated memory in the prophylactic scheme, re-challenging tumor-free mice at day 28 with another MO4 inoculation. We observed that by the end of the 100 days following period, three out of four of the re-challenged mice were still tumor-free (Figure 1C). Altogether, these results support that the Porins from S. Typhi are an efficient prophylactic and therapeutic PAMP-adjuvant, also inducing a long-lasting protective memory against melanoma.



Porins Elicit Circulatory and Tissue-Resident Memory T Cells

To better understand the adjuvant mechanism of Porins, we evaluated its capacity to generate T cell memory subsets that are essential for tumor control. For this, we tracked the immune response of OVA-specific T cells using the well-studied adoptive transfer model of OT-I and OT-II CD45.1+ T cells, which express transgenic TCRs specific for the CD8 and CD4 OVA epitopes, respectively, in CD45.2 mice that were immunized with OVA + Porins 1 day after the adoptive transfer. We observed a 25-fold expansion of CD45.1+ cells in the OVA + Porins group by day 7 that consisted of both OT-I and OT-II T cells (Figure 2A). The OT-I frequency in skin-draining lymph nodes (SDLN) at day 7 and 28 was significantly higher for OVA + Porins compared with PBS (Figure 2B), while OT-II cells were only significantly increased at day 7 (Supplementary Figure 1A). When we evaluated the two main types of circulating memory in SDLN, we observed Tcm (CD44+ CD62L+) and Tem (CD44+ CD62L-) cells only in the OVA + Porins immunized mice, both types by day 7, and mostly Tcm cells by day 28 (Figure 2C). Both OT-I (Figure 2C) and OT-II (Supplementary Figure 1B) observed a similar pattern of memory formation. No memory cells were observed in the control groups (data not shown). We also tested the induced T cells to produce IFN-γ by re-stimulating them ex vivo with CD8 and CD4 specific OVA peptides. IFN-γ−producing cells comprised 25% and 60% of OT-I T cells by days 7 and 28, respectively (Figure 2D). Likewise, we observed IFN-γ+ OT-II T cells (Supplementary Figure 1C), although it was significantly lower than the OT-I response, particularly by day 28 (Supplementary Figure 1D).




Figure 2 | Porins induce circulating and tissue-resident memory T cells. C57BL/6 mice were i.v. transferred with OVA-specific CD8+ CD45.1+ T cells (OT-I) and CD4+ CD45.1+ T cells (OT-II) and a day later, i.d. immunized in both ears with OVA + Porins, and OVA, Porins or PBS as controls. Generation of the following populations was analyzed by flow cytometry in skin-draining lymph nodes (SDLN) (A–D) and skin (E–G) 7 and 28 days post-immunization as marked in the specific figure. (A) OVA-specific CD45.1+, OT-I and OT-II cells. (B) Comparison of SDLN OT-I frequencies induced by the immunization and PBS groups. (C) OT-I Tcm (CD44+ CD62L+) and OT-I Tem (CD44+ CD62L-). (D) IFN-γ positive OT-I cells from SDLN cells re-stimulated with OVA peptides (SIINKFEL and 323-339). (E) OT-I Trm T cells (CD103+ CD69+), with percentage and absolute numbers of CD45.1+ (F) and OT-I Trm T cells (G). Statistical data were pooled from three independent experiments with 3 mice per experimental condition. *p < 0.05, **p < 0.01, ****p < 0.0001.



Since Porins facilitate formation and expansion of circulating memory cells in the SDLN, we also evaluated its capacity to induce Trm T cells (CD103+ CD69+) in the skin, perhaps the most relevant population for melanoma control. We used the same adoptive transfer and immunization strategy explained above, again observing that only the OVA + Porins mice harbored CD45.1+ cells in the skin 7 and 28 days after immunization (Figures 2E, F). Both OT-I and OT-II T cells were able to form Trm T cells (Figures 2E, G; Supplementary Figure 1E), but again with significant reduced percentage for OT-II cells (Supplementary Figure 1F). Thus, Porins reinforce the formation of IFN-γ-producing T cells and a pool of early and lasting Tcm and Tem CD8+ T cells at draining lymph nodes and Trm CD8+ T cells at the site of immunization.



Formation of Functional Trm T Cells Correlates With Melanoma Protection

To address the individual contributions of different memory T cell populations for protection against melanoma growth, we eliminated the circulating CD8+ or CD4+ T cells injecting i.p. eight doses of anti-CD8 or anti-CD4 mAbs. For this, we tested two immunization schemes: 1) 7 days before the MO4 melanoma cell challenge, and 2) 35 days before challenge with one boost at day -28. Similar experimental approaches have previously documented that skin and tumor-infiltrating Trm T cells are resistant to antibody-dependent depletion (38, 41). The efficiency of circulating T cell depletion is shown in Figure 3A and the immunization and T cell depletion schemes in Figures 3B, C (top). We observed tumor growth control in spite of depletion of circulating CD8+ or CD4+ T cells (Figures 3B, C, bottom), seen also by the percentage of tumor-free mice (Supplementary Figures 2A, B). Indeed, we corroborated that tumor-infiltrating CD8+ and CD4+ T cells were not affected by depletion of circulating T cells in the OVA + Porins-immunized mice 21 days post MO4 inoculation (Figure 3D). Worth mentioning, an immunization scheme 28 days before challenge and with no additional boost was not able to control the tumor growth in the absence of the circulating T cells (Supplementary Figure 2C). In order to evaluate Trm formation in the tumor stroma after a prime/boost immunization we evaluate the presence and function of Trm T cells by immunofluorescence (IF) microscopy. As it can be observed in Figure 3E, there is an increased infiltration of CD8+ T cells that express CD103 in the immunized mice compared with control mice. Importantly, the Trm T cell population in the tumor stroma express IFN-γ (Figure 3E) and granzyme B (GZMB) (Supplementary Figure 3A). The Trm formation in the tumors is also not affected by depletion of circulating T cells (Supplementary Figure 3B). Taken together, these data support that Porins strongly shape a tumor stroma Trm T cell milieu associated with the control of tumor growth, that can be explained by an early seeding of functional Trm T cells that need to be reinforced to be protective at late time points.




Figure 3 | Porins induce functional tumor-infiltrating Trm T cells that correlate with tumor growth control. Immunized mice were depleted of CD8+ and CD4+ T cells (A), and tumor control was assessed after two different immunization schemes, 7 days before MO4 inoculation (B) or 35 days before with boosting at day -28 (C). Arrows indicate the anti-CD8 and anti-CD4 mAb injection days. (D) Flow cytometry charts and plots of the frequency of CD8+ and CD4+ TILs. (E) CD103+ (red) CD8+ (green) T cells expressing IFN-γ (cyan) from tumor of the prime/boost immunization scheme (representative immunofluorescence micrographs from a zoomed area) (Scale bar = 20μm). Statistical data were pooled from three independent experiments with 3–4 mice per experimental condition. ***p < 0.001, ****p < 0.0001.



To assess the extent of the Porins-induced melanoma protective T cell populations, we tested the Porins adjuvant capacity against two melanoma-associated antigens (MAA), TRP-2 and gp100, previously reported as critical antigens in cancer vaccine development (42). For this, mice were immunized at day -10 before challenge with the B16-F10 melanoma cell line, according to previously published immunization strategies (39, 40). A boost was executed 7 days after the first immunization, when a Trm population is already established (Figure 2E). We observed better control of melanoma in mice immunized with MAA + Porins than MAA-alone or PBS (Figure 4A). Here, Porins-alone with the boosting scheme showed efficient protection and no clear differences were found with MAA + Porins, suggesting the induction of protective responses by the exogenous antigens but also by tumor endogenous melanoma antigens. Considering that the tumor growth control is independent of circulating T cells and seems to be dependent of T cells seeded in the tumor stroma (Figure 3), we next evaluated the presence of TILs in the immunized mice. Even though in the MAA + Porins group a higher percentage of CD8+ TILs was observed, the tumor-density of total CD8+ T cells was similar among all groups (Figures 4B, C). We did not observe differences among the groups in the total CD4+ T cells (Supplementary Figures 4A, B). Importantly, we observed the CD8+ Trm T cell formation only in the MAA + Porins immunization and the Porins-alone, which are the groups that could control the tumor growth (Figures 4A, D), this was similar with the CD4+ Trm TILs (Supplementary Figures 4A, C) although its frequency was significantly lower (Supplementary Figure 4D). These results illustrate the extent of the use of the Porins as an adjuvant of tumor associated antigens as well as the high correlation of Trm T cells formation with the tumor growth control.




Figure 4 | Porins induce protection against native melanoma antigens. (A) Mice were immunized s.c. with Porins, TRP-2 and gp100, two melanoma-associated antigens (MAA), 10 and 3 days before B16-F10 challenge and the control groups: Porins-alone, MAA-alone and PBS. (B) Flow cytometry analysis of CD8+ TILs assessing the Trm phenotype 21 days after melanoma challenge. Frequencies and absolute numbers per tumor mass are given of CD8+ T cells (C) and CD8+ Trm T cells (D). Statistical data were pooled from two independent experiments with 5 mice per experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Porins Induce Enhanced Adjuvant Protection More Than the Cholera Toxin B Subunit

To put in context the anti-tumor adjuvant capacity of Porins (classical PAMP), we compared it against the CTB (non-classical PAMP), an adjuvant that also promotes the formation of protecting Trm T cells against melanoma (28). Mice were again immunized with each adjuvant and inoculated with MO4 melanoma cells 7 days later (Figure 5A, top). We observed that Porins and CTB exhibit prophylactic protection delaying tumor growth compared with control groups. However, there was a significantly better protection with OVA + Porins than with any other treatment, measured as tumor volume and percentage of tumor free mice (Figure 5A, left and right graphs, respectively). To gain insights into the relevance of the induced memory T cell populations, we compared the capacity of both CTB and Porins to generate CD8+ Trm T cells anticipating to observed more in the OVA + Porins mice correlating with the better protection. We also looked for early signals of exhaustion in this skin-infiltrating population by assessing PD-1 expression. For this, CD45.1+ OT-I and OT-II cells were tracked after adoptive transfer experiments similar to the ones for Figures 2A–C. We observed a greater expansion of skin-infiltrating CD45.1+ cells in OVA + CTB than in OVA + Porins mice at day 7 and 28 (Supplementary Figures 5A–C). Still, we observed a higher efficiency of formation of OT-I Trm in the OVA + Porins immunization group compared with the OVA + CTB (Figures 5B, C), but that was not reflected in absolute numbers because of the greatest expansion of CD45.1+ cells in OVA + CTB mice (Supplementary Figure 5B). Remarkably, we found that the OVA + Porins-induced OT-I Trm have a lower percentage and number of PD-1 positive cells (Figure 5D), also observed with a lower MFI (Figure 5E). Similar data were obtained when cells were harvested 28 days post immunization (Figures 5F–H), suggesting that the enhanced protection conferred by OVA + Porins may be due to the low numbers of CD8+ Trm PD-1+ T cells. Somehow different, the OT-II Trm T cell frequency was greater for OVA + Porins than OVA + CTB, but induced-OT-II Trm T cells with both adjuvants have similar percentages of PD-1 positive cells at day 7 (Supplementary Figure 5D), which became more abundant in the OVA + Porins by day 28 (Supplementary Figure 5E). In summary, even though CTB can promote a superior expansion of OVA-specific T cells in the skin, Porins are capable to promote a greater and more stable population of CD8+ Trm T cells with lower PD-1 expression as an early exhaustion signature, and perhaps because of that, Porins promoted a more efficient control of melanoma.




Figure 5 | Porins induce better adjuvant protection than the B subunit of the Cholera toxin. (A) Mice were immunized subcutaneously with OVA + Porins or OVA + CTB and controls, challenged with MO4 cells and tumor volume and tumor-free mice were scored. Mice were adoptively transferred and immunized as in Figure 2, comparing the OVA + Porins against OVA + CTB immunization. (B) OT-I Trm T cells and PD-1+ cells at day 7 and 28. Percentage and absolute numbers of OT-I Trm T cells (C), OT-I Trm T cells PD-1 positive (D) and the PD-1 normalized MFI from OT-I Trm T cells (E) at day 7; and the same analysis at day 28 (F–H). Statistical data were pooled from three independent experiments with 3–4 mice per experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Porins-Induced Progenitor Exhausted Trm T Cell Population Correlates With an Enhanced Protection

Since CTB and Porins immunization provides a suitable model to compare induced populations with protection, we compared the capacity of both adjuvants to induced native T cell populations without the constraint of a T cell adoptive transfer (28). For this, we first compared the therapeutic protection rendered by OVA + CTB and OVA + Porins in MO4 melanoma, observing again a more proficient protection with the latter (Figure 6A). Next, we assessed whether Porins were also able to induce functional T cells evaluating the formation of IFN-γ-producing T cells. Indeed, we observed IFN-γ-producing CD8+ TILs in both immunizations, but lacking in the PBS control (Figure 6B). Flow cytometry analysis of CD8+ TILs showed a greater frequency of PD-1+ cells in OVA + CTB immunization that is not reflected in absolute numbers (Figures 6C, D). When we assessed the presence of potential terminally exhausted T cells, we were able to observe CD8+ TILs co-expressing PD-1 and TIM-3 in both immunizations with no difference in TIM-3 expression (Figures 6E, F). Importantly, we confirmed the functionality of CD8+ TIM-3+ TILs through expression of IFN-γ and GZMB, although there were no differences between both immunizations (Supplementary Figures 6A, B). IFN-γ secretion has previously been associated with terminally exhausted T cells (9, 10). Thus, this potentially terminally exhausted phenotype was also evaluated in mice immunized with MAA + Porins and with Porins-alone, observing in CD8+ and in CD8+ Trm TILs the co-expression of TIM-3 and PD-1 exclusively for the MAA + Porins immunization condition (Supplementary Figures 7A, B), these phenotypes have already been described in previous studies (43, 44). Nevertheless, the presence of TIM-3+ CD8+ Trm TILs did not correlate with tumor growth control (see Figure 4A and Supplementary Figure 7B).




Figure 6 | Porins induce functional TIM-3+ PD-1+ CD8+ T cells in a therapeutic scheme. (A) Mice were inoculated with MO4 cells and immunized s.c. with OVA + Porin, OVA + CTB or PBS control, data is presented 21 days after the melanoma challenge. (B) CD8+ (green) T cells expressing IFN-γ (red) from tumors (representative immunofluorescence micrographs from a zoomed area). (C) Flow cytometry of CD8+ PD-1+ TILs and (D) their percentages. (E) TIM-3 medium fluorescent intensity (MFI) from CD8+ and CD8+ PD-1+ TILs. (F) CD8+ (green) T cells expressing TIM-3 (red) and PD-1 (cyan) from tumors (representative immunofluorescence micrographs from a zoomed area) (Scale bar = 20μm). Statistical data were pooled from three independent experiments with three mice per experimental condition. **p < 0.01, ****p < 0.0001.



Considering that the TIM-3+ PD-1+ CD8+ TILs induced by Porins did not show correlation with protection, we evaluated the tumor-infiltrating CD8+ T cells with a TCF-1+ progenitor exhausted phenotype. Immunofluorescence staining of the tumor stroma showed CD8+ TCF-1+ cells, solely in the OVA + Porins immunization (Figure 7A). An increase in the TCF-1 MFI in the CD8+ and CD8+ PD-1+ TILs was also observed by flow cytometry in the OVA + Porins condition, but did not reach a statistically difference compared with OVA + CTB (Figure 7B). Considering the higher TCF-1 expression of the OVA + Porins-induced CD8+ TILs, we evaluated if the progenitor exhausted phenotype was derived from a Trm population. We observed a greater infiltrate of CD8+ Trm T cells in OVA + Porins-immunized mice than in OVA + CTB (Figures 7C, D). The same was observed with the percentage and tumor-infiltrate density of the PD-1+ CD8+ Trm T cells (Figures 7C, E). Interestingly, among tumor-infiltrating cells the population that expressed TCF-1 corresponded to the PD-1+ CD8+ Trm T cells, only noticed in the tumors from OVA + Porins-immunized mice (Figures 7F, G; Supplementary Figure 8), which is also supported by the greater TCF-1 MFI of the CD8+ Trm T cells and the PD-1+ subset (Figure 7H). These results indicate that Porins induce a progenitor exhausted Trm T cell population that correlates with tumor growth control.




Figure 7 | Porins-induced tumor-infiltrating TCF-1+ Trm CD8+ T cell correlates with melanoma protection. Vaccination scheme as in Figure 6A, data is presented 21 days after the melanoma challenge. (A) CD8+ (green) T cells expressing TCF-1 (cyan) from tumors (representative immunofluorescence micrographs from a zoomed area) (Scale bar = 20μm). (B) TCF-1 medium fluorescent intensity (MFI) from CD8+ and PD-1+ CD8+ TILs. (C) Flow cytometry of PD-1+ expressing CD8+ Trm T cells. Frequencies and absolute numbers of CD8+ Trm (D) and PD-1+ CD8+ Trm (E). (F) Flow cytometry of CD8+ Trm T cells expressing PD-1+ and TCF-1+. (G) Frequencies and absolute numbers of TCF-1+ PD-1+ CD8+ Trm T cells. (H) TCF-1 MFI from CD8+ Trm and PD-1+ CD8+ Trm. Statistical data were pooled from three independent experiments with 3–4 mice per experimental condition. *p < 0.05, **p < 0.01.





Porins-Induced Progenitor Exhausted Trm T Cell Population Correlates With Anti-PD-1 Immunotherapy Cooperation

Because the tumor-infiltrating progenitor exhausted TCF-1+ PD-1+ CD8+ T cells are documented to be the population that responds to the anti-PD-1 immunotherapy (9, 17), we administrated three doses of anti-PD-1 mAb at days 19, 21, and 23 in mice therapeutically immunized with either OVA + CTB or OVA + Porins (Figure 8A, top) (9). For this experiment, the anti-PD-1 immunotherapy was carried out only in mice harboring tumors of similar size from both immunization protocols to level the starting point of tumor growth, in which we were going to evaluate the response to immunotherapy. We observed that while progression of tumors in OVA + CTB mice was not altered by the anti-PD-1 mAb, immunotherapy halted further tumor growth in the OVA + Porins mice (Figure 8A, bottom). These data support that Porins promote the formation of a CD8+ Trm T cell population with a progenitor exhausted phenotype and function. A clear difference between the immunization conditions tested was the greater capacity of Porins to generate a PD-1-expressing CD8+ Trm T cells that also express TCF-1 (Figures 7F, G; Supplementary Figure 8). Thus, we also evaluated the formation of the TCF-1+ populations in the mice immunized with Porins treated or not with anti-PD-1 mAb. We observed the formation of TCF1+ PD-1+ CD8+ T cells clusters (Figure 8B), as well as an increase in the TCF-1+ CD103+ CD8+ T cells (Figure 8C) in the tumor stroma of mice treated with Porins and anti-PD-1 mAb, suggesting the expansion of this population after the immunotherapy. In contrast the frequency of TIM-3+ PD1+ CD8+ T cell population after the PD-1 blockade was similar that in untreated Porin-immunized mice (Supplementary Figure 9). Altogether these results argue for an important role of the progenitor exhausted Trm T cell population for control of melanoma growth, independently or in cooperation with anti-PD-1 immunotherapy.




Figure 8 | Porins-induced progenitor exhausted Trm CD8+ T cells correlate with enhanced response to anti-PD-1 immunotherapy. (A) Mice immunized and challenged as in Figure 6A were treated with anti-PD-1 immunotherapy (arrows), and tumors were harvested at day 28. Analysis of TCF-1+ (red) CD8+ (green) T cells expressing PD-1 (cyan) (B) or CD103 (cyan) (C) from the tumors of OVA + Porins-immunized mice with or without anti-PD-1 mAb, representative immunofluorescence micrographs from a zoomed area (Scale bar = 20μm). Statistical data were pooled from three independent experiments with 3-4 mice per experimental condition. **p < 0.01, ***p < 0.001.





Progenitor Exhausted Trm T Cells in the Tumor Stroma of Melanoma Patients Also Correlate With Disease Control

We determined whether the Trm T cell populations observed after Porin immunization could also be present in human melanoma tumors. For this, we assessed resection products of five metastatic and seven disease-free melanoma patients after a 2 years follow-up (Supplementary Table 1). We observed an increase of CD103+ CD69+ CD8+ T cells in the tumor stroma of disease-free patients compared with metastatic patients and healthy control skin (CS) (Figures 9A, B; Supplementary Figure 10A). Importantly, the Trm CD8+ TILs of melanoma patients expressed IFN-γ; which were increased in disease-free patients compared with metastatic patients (Figure 9C; Supplementary Figure 10B). We also evaluated the presence of progenitor exhausted T cells. As shown in Figure 10A, there was an increment of TCF-7+ PD-1+ CD8+ T cells in melanoma patients compared with CS (Figure 10A; Supplementary Figure 11A). Remarkably, there is also a significant increment of CD103+ CD8+ TILs that express TCF-7 in disease-free patients compared with CS and metastatic patients (Figures 10B, C; Supplementary Figure 11B). Altogether, these results indicate that the populations induced by Porins immunization are present in human melanoma, in which they also seem to correlate with disease control, supporting the findings observed in the B16-F10 melanoma model and indicating the relevance of the induction or expansion of this population by cancer vaccination strategies.




Figure 9 | IFN-γ-producing Trm CD8+ TILs correlate with disease control in melanoma patients. Merged images of CD103+ (yellow) CD69+ (green) CD8+ (red) (A) and CD103+ (yellow) IFN-γ+ (green) CD8+ (red) (C) TILs from healthy control skin or from melanoma derived from metastatic or disease-free patients (representative immunofluorescence micrographs from a zoomed area) (Scale bar = 20 μm). (B) Percentages of CD103+ CD69+ CD8+ T cells are shown. Statistical data were pooled from a comparison of healthy skin (N = 7), and metastatic (N = 5) and disease-free melanoma patients (N = 7). *p < 0.05, **p < 0.01, ****p < 0.0001.






Figure 10 | TCF-7+ progenitor exhausted Trm CD8+ TILs correlates with disease control in melanoma patients. Merged images of TCF-7+ (green) PD-1+ (yellow) CD8+ (red) (A) and TCF-1+ (green) CD103+ (yellow) CD8+ (red) (B) TILs from healthy control skin or from tumor stroma derived from metastatic or disease-free melanoma patients (representative immunofluorescence micrographs from a zoomed area) (Scale bar = 20μm). (C) Percentages of TCF-7+ CD103+ CD8+ T cells are shown. Statistical data were pooled from a comparison of healthy skin (N = 7), and metastatic (N = 5) and disease-free melanoma patients (N = 7). ***p < 0.001, ****p < 0.0001.






Discussion

A CD8+ T cell signature has traditionally marked good prognosis in many types of cancers (45), but it is only more recently that we are beginning to appreciate the great complexity of T cell subpopulations inhabiting the tumor stroma and the infiltrating lymph nodes. Successful immune-based therapies should expand and rescue effector functions of those populations with the most anti-tumor activity. We showed here that S. Typhi Porins are an effective adjuvant conferring prophylactic and therapeutic protection against melanoma bearing a model antigen (OVA) or native MAAs (TRP-2/gp100) indicating the large spectrum of protection and that includes endogenous antigens. In agreement, Porins were able to induce IFN-γ-producing T cells, Tcm and Tem cells in SDLN as well as the formation of Trm T cells in the skin and in the melanoma stroma.

We observed an early induction of Trm T cells that correlated with tumor protection (37, 38), contrary to studies in which Trm maturation took at least 4 weeks (46). Other authors support circulating CD4+ and CD8+ T cell memory formation as early as 3–5 days after antigen encounter (47–49). We were also able to induce a lasting Trm population, but to achieve an effective anti-tumoral response independently of circulating memory T cells (37, 38), it required a prime/boost scheme most likely to sustain the numbers of Trm cells required for protection (28, 43, 50, 51). Furthermore, we also observed a long-lasting protective memory when we re-challenged tumor free mice, which remained healthy for additional 70 days. Therefore, protection is most likely explained by the expansion of antigen-specific memory T cells in the lymph nodes, which develop into functional Trm T cells seeded in the tumor stroma. Although we did not formally prove that protection is dependent on CD4+ and CD8+ Trm, we have previously reported that protection using the B16-F10 melanoma model is highly dependent on CD8+ T cells, and in a lesser extent also on CD4+ T cells (52). Here, tumor protection was still observed after depletion of circulating T cells but in the presence of functional Trm T cells, suggesting that CD4+ and CD8+ Trm T cells were responsible for protection. Although Tem cells can be present in the tumor stroma, these cells still maintain the potential to recirculate (28, 37). Previous reports also support that Trm T cells are highly relevant for tumor control (4, 5, 37, 43). However it is possible that in the absence of sustain functional Trm, other memory T cell populations could be relevant in tumor protection (37, 38). Supporting the findings in the B16-F10 murine model, we present evidence of the presence of functional IFN-γ-producing Trm T cells in melanoma patients, which are also associated with disease control. This is consistent with previous work correlating infiltrating Trm T cells and survival in immunized melanoma patients (53).

The search for measures to foster cancer control, as with vaccination or immunotherapy, has propelled the hunt for biomolecules that condition T cell effector functions, the identity of the populations that express them, and for strategies to restore their positive responses. CD8+ populations co-expressing markers of exhaustion, memory, effector functions and stemness have been often observed in tumor infiltrates, conceptually framing the idea of an ontogenic flow of exhausted memory cells sustained at the base by those with progenitor potential. Sade-Feldman M et al., defined at least six subpopulations after single cell RNA sequencing of tumor CD8+ T cells from melanoma patients. T cell populations expressing TCF-7 were enriched in immunotherapy responding patients (17). TCF-7+ progenitor exhausted T cells also seem to be the best marker of good prognosis, mainly documented for melanoma, but also for kidney and lung cancer patients (9, 15–17). In addition, the equivalent TCF-1+ exhausted population in mice has the potential to generate a terminally exhausted TIM-3+ population with functional effector function (9, 10). We document here that Porins induce IFN-γ- and GZMB-producing TIM-3+ CD8+ T cells in the tumor stroma; however, we were unable to correlate the density of TIM-3+ cells with neither enhanced or reduced protection. In contrast, the importance of the TCF-1+ Trm T cell populations was highlighted in the comparison between Porins and CTB. Although both Porins and CTB induced CD8+ Trm T cells in the tumor stroma, Porins were highly efficient to form TCF-1+ CD8+ Trm, contrary to CTB. This difference may be at least in part explained by their mechanisms to activate DCs, since Porins induce a transient and CTB a sustained activation (28, 33).

Our findings are also supported by a previous study, in which tumor-infiltrating TCF-1+ PD-1+ CD8+ T cells were capable to control the tumor in response to vaccination (54). Recently, it was determined in mice that one of the TCF-1+ exhausted subsets also express CD69, a tissue-resident memory marker, which is in agreement with our data (14). We also identified a TCF-7+ CD103+ CD8+ progenitor exhausted T cell population in the tumor stroma of human melanoma, which seems to be the equivalent to the progenitor exhausted Trm identified in mice. To the best of our knowledge, this is the first evidence of a CD8+ Trm T cell with a progenitor exhausted phenotype. Furthermore, this human progenitor exhausted Trm T cell also correlated with disease control in melanoma patients. Also relevant is that this protective population can be induced or expanded by immunization strategies that result in better melanoma control, such as the one we tried here with Porins as a cancer vaccine adjuvant.

Although our data support the existence of CD8+ Trm T cells that express the progenitor marker TCF-1, it has been previously reported that in virus and tumor models CD8+ Trm T cells express Blimp-1 (54–56), a transcriptional repressor of the Tcf7 gene that encodes TCF-1. The capacity of Blimp-1 to promote terminally exhausted T cells has been previously documented (16, 57). On the contrary, Blimp-1 has also been associated with stemness, pluripotency, efficient memory T cell response, and lineage decisions in hematopoietic stem cells and in more mature immune cells (55, 58, 59), supporting the co-existence of this transcription factor and TCF-1 in cells that maintain progenitor potential. In this scenario, the studies mentioned above did not evaluate TCF-1 protein expression, and perhaps Blimp-1 only modulates Tcf7 expression to open the way to form downstream populations, which while maintaining progenitor competence also start turning on additional terminal effector functions (56). In future studies, it would be important to determine Blimp-1 expression in the progenitor exhausted Trm CD8+ T cells induced by cancer vaccines.

There are several immunization strategies that induce an effective anti-tumoral response, but only few have been documented to cooperate with anti-PD-1 immunotherapy (21–24). Moreover, the strategies for recovery of TCF-1+ exhausted T cell populations that explain the cooperative mechanisms with PD-1 blockade are only beginning to be elucidated (54). Porins promoted formation of TCF-1+ PD-1+ CD8+ Trm T cells, leading us to assess whether they could also respond to anti-PD-1 immunotherapy. Indeed, we observed that Porins seem to sensitize mice for better control of melanoma growth upon immunotherapy. Worth mentioning, we observed a positive response even though we carried the anti-PD-1 immunotherapy at later times than in most melanoma murine models, when the tumor had already reached a considerable size. These data further highlight the efficacy of the early generation and expansion of progenitor exhausted Trm T cells in the tumor stroma as central for melanoma control independently of anti-PD-1 immunotherapy, but also priming it for additional strategies looking to reinforce anti-tumoral responses. It is interesting how these progenitor exhausted T cells converge as an important population for cancer control in both immunization and immunotherapy strategies. Understanding how these T cell populations are formed and modulated will be decisive for strategies of cooperative therapies, particularly because of the high number of patients with tumors refractory to immunotherapy or that relapse after an initial positive response (3, 60, 61).

In summary, our data highlight the importance of adjuvants in cancer vaccines to sculpt the tumor microenvironment with the appropriate tumor-fighting populations, placing Porins as an adjuvant with the capacity to seed and expand CD8+ Trm T cells with a progenitor exhausted phenotype, which are very proficient to control melanoma growth and display responsiveness to anti-PD-1 immunotherapy (Figure 11). A combination of vaccination and immunotherapy strategies would help patients with aggressive cancers that are not benefited by traditional treatment schemes.




Figure 11 | Model of vaccination strategy protecting against melanoma using Salmonella Typhi Porins. Depicted are the circulating from skin-draining lymph nodes (SDLN), skin and tumor-infiltrating Trm T cell response induced by Porin immunization. Porins as an adjuvant induce a circulating memory T cell response. In addition, the immunization induces a Trm response in the skin and a formation of functional Trm T cells in the tumor. A Porins immunization is capable to induce tumor-infiltrating TIM-3+ PD-1+ CD8+ Trm T cells (potential terminally exhausted Trm) and importantly TCF-1+ PD-1+ CD8+ Trm T cells (progenitor exhausted Trm), being the latter associated with tumor growth control and anti-PD-1 immunotherapy cooperation. Created with BioRender.com.
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In head and neck squamous cell carcinoma (HNSCC) tumors that over-expresses huEGFR, the anti-EGFR antibody, cetuximab, antagonizes tumor cell viability and sensitizes to radiation therapy. However, the immunologic interactions between cetuximab and radiation therapy are not well understood. We transduced two syngeneic murine HNSCC tumor cell lines to express human EGFR (MOC1- and MOC2-huEGFR) in order to facilitate evaluation of the immunologic interactions between radiation and cetuximab. Cetuximab was capable of inducing antibody-dependent cellular cytotoxicity (ADCC) in MOC1- and MOC2-huEGFR cells but showed no effect on the viability or radiosensitivity of these tumor cells, which also express muEGFR that is not targeted by cetuximab. Radiation enhanced the susceptibility of MOC1- and MOC2-huEGFR to ADCC, eliciting a type I interferon response and increasing expression of NKG2D ligands on these tumor cells. Co-culture of splenocytes with cetuximab and MOC2-huEGFR cells resulted in increased expression of IFNγ in not only NK cells but also in CD8+ T cells, and this was dependent upon splenocyte expression of FcγR. In MOC2-huEGFR tumors, combining radiation and cetuximab induced tumor growth delay that required NK cells, EGFR expression, and FcγR on host immune cells. Combination of radiation and cetuximab increased tumor infiltration with NK and CD8+ T cells but not regulatory T cells. Expression of PD-L1 was increased in MOC2-huEGFR tumors following treatment with radiation and cetuximab. Delivering anti–PD-L1 antibody with radiation and cetuximab improved survival and resulted in durable tumor regression in some mice. Notably, these cured mice showed evidence of an adaptive memory response that was not specifically directed against huEGFR. These findings suggest an opportunity to improve the treatment of HNSCC by combining radiation and cetuximab to engage an innate anti-tumor immune response that may prime an effective adaptive immune response when combined with immune checkpoint blockade. It is possible that this approach could be extended to any immunologically cold tumor that does not respond to immune checkpoint blockade alone and for which a tumor-specific antibody exists or could be developed.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) carries a poor prognosis in patients with metastatic or recurrent disease (1, 2). Up to 90% of HNSCC tumors express the epidermal growth factor receptor (EGFR) (3, 4) and EGFR signaling plays a pivotal role in HNSCC cell proliferation (5, 6). Cetuximab is an antibody that binds to the extracellular domain of EGFR where it inhibits EGFR signaling and cell cycle progression and promotes apoptosis in HNSCC tumor cells (7, 8). Clinical studies demonstrate that cetuximab improves survival in patients with metastatic or recurrent HNSCC when combined with chemotherapeutics (9). Cetuximab also intrinsically sensitizes HNSCC cells to radiation therapy (10), and improves survival in patients with locally advanced HNSCC when used in combination with radiation (11, 12). Yet, most HNSCC patients respond only temporarily to cetuximab (9, 13, 14). This results from acquired resistance, despite persistent cetuximab binding to EGFR that is expressed on the tumor cell surface (15, 16). While acquired resistance limits the clinical benefit of cetuximab currently, an improved understanding of the impact of cetuximab on immune recognition of EGFR-expressing tumor cells may lead to development of novel therapeutic combinations for treating HNSCC patients.

Recent clinical data demonstrate that immune checkpoint inhibition with anti–PD-1 improves survival among patients with recurrent or metastatic HNSCC (17). With this treatment, a small percentage of patients with metastatic HNSCC may experience complete and durable tumor response. These results raise the possibility of dramatically improving survival and more consistently achieving curative outcomes for HNSCC patients by developing approaches to increase the rate and depth of response to anti–PD-1 immunotherapy. Immune checkpoint inhibitors are not typically effective in patients with immunologically “cold” tumors, characterized by low levels of T cell infiltrate and/or few mutation-created neo-antigens (18). In order to improve the response to immune checkpoint blockade in such cold tumors, others and we have been developing in situ cancer vaccine approaches (19). In situ vaccination is a therapeutic strategy that seeks to convert a patient’s own tumor into a nidus for enhanced presentation of tumor-specific antigens in a way that will stimulate and diversify an anti-tumor T cell response. The goal is localized destruction of a tumor to enable the destroyed cancer cells to function as a potent immune stimulus and personalized source of antigenicity for tumor-specific adaptive T cell immunity that is able to eradicate metastatic tumors.

Local radiation therapy can serve as a method of in situ vaccination. Recently, numerous case reports and retrospective studies have suggested safety and the potential for enhanced systemic anti-tumor response with combinations of radiation therapy and immune checkpoint blockade (20–27). Several prospective trials have also investigated the combination of radiation therapy and immune checkpoint blockade (28–32). These studies have further supported the safety of combining radiation and immune checkpoint inhibition and have demonstrated that radiation therapy can elicit an in situ vaccine effect when combined with immune checkpoint blockade clinically. For most tumor types, however, it remains to be determined whether and how radiation therapy can be used to elicit a clinically meaningful improvement in the duration, depth, or rate of response to immune checkpoint blockade. In the setting of head and neck cancer, a recently reported study randomized patients with metastatic HNSCC to receive either anti–PD-1 checkpoint blockade alone or in combination with radiation therapy to a single lesion (9 Gy × 3 fractions). The primary endpoint of objective response rate in non-irradiated lesions was not improved with combination therapy in that study (32).

Here, we evaluate a combined modality treatment approach to improve the in situ vaccine effect of radiation in HNSCC. To achieve this we combine: 1) radiation to enhance tumor cell immunogenicity, 2) the tumor-specific mAb, cetuximab, to enhance tumor destruction and antigen presentation by immune cells that express Fc-γ receptor (FcγR) including NK cells and macrophages, and 3) anti–PD-L1 immune checkpoint inhibition to augment and propagate an adaptive anti-tumor immune response.



Material and Methods


Cell Lines and Preparation

Wild-type (WT) MOC1 and MOC2 cells were a kind gift from Dr. Ravindra Uppaluri. huEGFR-expressing cells were generated by transduction of human EGFR (NM_005228.3) along with the puromycin resistance gene via lentivirus using pLV vectors designed in VectorBuilder. Stably transduced MOC1/2-huEGFR cells were selected with puromycin (4 μg/ml, Sigma-Aldrich) and single-cell cloned. MOC1/2-huEGFR cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Corning)/Ham’s F12 (Corning) at a 2:1 mixture with 5% fetal bovine serum (Life Technologies), 1% penicillin/streptomycin (Life Technologies), 5 ng/ml epidermal growth factor (EGF; Gibco), 400 ng/ml hydrocortisone (Sigma-Aldrich), and 5 μg/ml insulin (Sigma-Aldrich). The human HNSCC cell line, SCC6, was cultured in DMEM containing 10% fetal bovine serum, 1 μg/ml hydrocortisone, and 1% penicillin/streptomycin. All cells were cultured in a humidified incubator at 37°C in an atmosphere of 5% carbon dioxide. ATCC guidelines were followed for authentication of all cell lines by monitoring morphology, growth curve analysis, and testing for mycoplasma (33).



Cytotoxicity Assay

In vitro 51chromium (51Cr)-release cytotoxicity assay was performed as previously described (34). Briefly, “target” MOC1/2 and MOC1/2-huEGFR cells were labeled with 51Cr for 2 h and then washed and cultured with or without peripheral blood mononuclear cell (PBMC) “effectors” at indicated ratios (50:1, 40:1, 12.5:1, 10:1) in the presence or absence of cetuximab (0.5 μg/ml). After a 4 h incubation, the media was collected and the presence of 51Cr from lysed target cells was quantified using a beta counter (Packard Matrix 9600). The percent of lysis among target cells was calculated as 100 × (cetuximab treated − spontaneous)/(detergent lysed maximum − spontaneous).



Clonogenic Assay of Radiation Sensitivity

We used a standard clonogenic assay to evaluate for effects of cetuximab on the radiosensitivity of MOC2-huEGFR cells. For this, we followed techniques that others have used to demonstrate the effect of cetuximab in sensitizing in HNSCC cells to radiation (10). Briefly, tumor cells were cultured for 24 h to allow the cells to adhere and then irradiated with indicated doses (0, 2, 4, and 8 Gy). The cells were then replated in the presence of non-specific human IgG or cetuximab (0.5 μg/ml) and allowed to grow for 5-7 days until the 0 Gy control group began forming colonies. The cells were then washed with PBS and stained using 0.5% crystal violet in methanol. Colonies consisting of 50 or more cells were counted, and the surviving fraction was determined as the (number of colonies)/(number of plated cells × plating efficiency).



Murine Tumor Models

Mice were housed in accordance with the Guide for Care and Use of Laboratory Mice and treatments were performed under a protocol approved by the University of Wisconsin Institutional Animal Care and Use Committee. Mice aged 6–8 weeks were purchased from Taconic (C57BL/6, FcγR deficient C57BL/6.129P2-Fcer1gtm1Rav N12).

MOC2 or MOC2-huEGFR tumor cells were engrafted by subcutaneous flank injection of 2x106 tumor cells in 100 μl of PBS. Tumor sizes were measured using digital calipers and tumor volume was calculated as (width2 × length)/2. Treatment began when group tumor size reached 150 to 200 mm3, about 8 to 10 days after tumor cell implantation. The initial day of radiation treatment was defined as “day 1” for all experiments and for tumor response and survival curves. Intratumoral (IT) injections of non-specific human IgG (Sigma-Aldrich) or cetuximab (Eli Lilly) were administrated (50 μg/mouse) in 100 μl of PBS daily from day 6 to 10. Anti–PD-L1 antibody (B7-H1, BioXcell, 200 μg/mouse) was given via intraperitoneal (35) injection at days 0, 4, and 7. Animals were sacrificed when tumor volume exceeded a pre-determined maximum diameter (20 mm). To deplete NK cells, IP injections of 50 μg NK1.1 mAb (PK136, BioXcell) were given at days 0, 5, and 10.



Radiotherapy

Radiation was delivered to tumor-bearing mice using a cabinet orthovoltage X-ray biological irradiator, X-RAD 320 (Precision X-Ray, Inc.). Local radiation to the tumor site was delivered after immobilization and shielding of mice using custom lead jigs that exposed only the tumor + ~5 mm margin. Radiation for in vitro experiments was delivered using an RS225 (Xstrahl) cabinet orthovoltage irradiator and was performed at least 24 h after plating the cells. Media was replaced immediately after radiation delivery.



Immunohistochemistry and Cytokine Analysis

Mice engrafted and treated as above were sacrificed 48 h after treatment completion, and tumor specimens were collected. The tumors were embedded in OCT, flash frozen in liquid nitrogen, cryosectioned and placed on microscope slides. Tumor sections were fixed in cold acetone, rehydrated and blocked using 10% goat serum (Sigma-Aldrich) for 45 min. After washing, sections were incubated with mAb [CD8 (clone 53-6.7), NKG2A/C/E (clone 20d5), and FOXP3 (clone FJK-15s; all from eBioscience)] overnight in 1% goat serum. Following a wash, antigen-antibody complexes were labeled using an anti-rat IgG ImmPRESS kit (Vector Laboratories). The slides were developed with DAB substrate kit (Cell Signaling) for 60 s, counterstained with Mayer’s hematoxylin (Rowley Biochemical) for 30 s, then mounted with Permount (Fisher Chemical). All labeling was performed with primary control IgG antibody as a negative control. Digital pictures of the stained sections were taken at 200× magnification, and analyzed using ImageJ software. A minimum of three high-power field images were captured per tumor sample (n = 4–5 tumors/group). A blinded observer quantified positive labeled cells in each image.

Additional portions of tumor specimens were minced with a surgical blade and disaggregated using 5 mg of collagenase (Sigma-Aldrich) and 500 µg of DNase (Sigma-Aldrich) in 37°C incubator with shaking at 150 RPM for 30 min. Disaggregated tumor cells was strained through a 70 μm filter with 5 ml of RPMI. The samples were centrifuged at 2000 RPM for 5 min and the supernatants were collected. Using ELISA kits and following the manufacturer’s guidelines, cytokine concentrations IFNγ (BioLegend) in disaggregated tumor supernatants were measured using SpectraMax i3 at 450 nm absorbance.



Cell Sorting and Flow Cytometry

Spleens from C57BL/6 mice were harvested, minced, and strained through a 70 μm filter in RPMI-1640 (Corning). Mice peripheral blood was collected from the submandibular vein. Red Blood Cell Lysing Buffer (Sigma-Aldrich) was added to the splenocytes to lyse erythrocytes. NK cells were sorted via negative selection using a magnetic-activated cell sorting (MACS) bead isolation kit (Miltenyi Biotec). To test intracellular IFNγ expression in splenocytes, MOC2-huEGFR cell (5 × 104) were plated in 48-well plates for 24 h. The cells were radiated (8 Gy) and further cultured for 3 days. Splenocytes (1 × 106) from WT or FcγR KO mouse were cocultured with radiated MOC2-huEGFR in the presence of cetuximab (2 μg/ml) for 24 h. The cells were treated GolgiStop™ protein transport inhibitor (BD Bioscience) for 5 h before antibodies staining. Total cells were harvested and treated CD16/32 antibody (BioLegend) for tumor cell non-specific binding.

Flow cytometry was performed using fluorescent beads (UltraComp Beads eBeads, Invitrogen, #01-2222-42) to determine compensation and fluorescence minus one (FMO) methodology to determine gating. Live cell staining was performed using Ghost Red Dye 780 (Tonbo Biosciences) according to the manufacturer’s instruction. Antibodies used for flow cytometry include: anti-CD45-PE-Cy7 (BioLegend), anti-CD3-FITC (BioLegend), anti-NK1.1-BV605 (BioLegend), anti-CD274 (PD-L1)-PE (BD Pharmingen), anti-IFNγ-APC (BioLegend) and Pan Rae1-APC (Miltenyi Biotec). In addition, human IgG (Sigma-Aldrich), cetuximab (Eli Lilly), calreticulin (ThermoFisher), and ULBP (ThermoFisher) were used as primary antibodies and anti-human IgG-PE (eBioscience), anti-rabbit IgG-PE (eBioscience), and anti-goat hamster IgG-PE (eBioscience) were used as a secondary antibody. After live-dead staining, a single cell suspension was labeled with the surface antibodies at 4°C for 30 min, washed three times using flow buffer (2% FBS + 2 mM EDTA in PBS). For intracellular staining, the cells were fixed and stained internal IFNγ with permeabilization solution according to the instruction (BD Cytofix/Cytoperm™). Flow cytometry was performed using an Attune NxT Flow Cytometer (ThermoFisher). Data was analyzed using FlowJo Software.



Real-Time Quantitative PCR

After euthanizing mice, tumor specimens were collected and transferred to tubes containing ceramic beads (Fisher Brand) with 1 ml of Trizol reagent (ThermoFisher). Tumor tissue was homogenized using a Bead Ruptor Elite (OMNI) for 30 s. RNA was isolated using Qiagen’s RNeasy Mini Kit according to the manufacturer’s instructions. The RNA concentrations were determined using a Nanodrop 1000 spectrophotometer (ThermoScientific) and 2 μg of RNA was used to make cDNA using a QuantiTect Reverse Transcriptase Kit (Qiagen). Synthesized cDNA was diluted 1:10 with distilled water and qPCR was performed with 2 µl of diluted cDNA per reaction using the CFX96 Real-Time System (Bio-Rad) with PowerUp SYBR Green master mix (Applied Biosystems). Relative mRNA expression levels of target genes were determined according to the 2−ΔΔCT method using HPRT as a reference gene (36). Primer sequences are listed in Table 1.


Table 1 | List of primers.





Immunoblot and Cell Viability Assay

WT MOC1 and MOC2, MOC1- and MOC2-huEGFR, and SCC6 cells (5 × 105 cells/well) were cultured in a 6-well plate in the absence or presence of human IgG or cetuximab (0.5 μg/ml) for 3 days and stimulated with EGF (30 ng/ml) for 5 min. To check γH2AX expression, cells were incubated with non-specific human IgG control or cetuximab (0.5 μg/ml) for 2 h and then irradiated (8 Gy). After 10 min, the cells were lysed and a Western blot was performed as previously described (37). Antibodies including anti-phospho-ERK (#9101), anti-ERK (#9102), anti-γH2AX (#9718), anti-GAPDH (#2118), and HRP-linked secondary antibodies were obtained from Cell Signaling Technologies.

To evaluate cell viability in vitro, cells (1 × 103 cells/well) were cultured in a 96-well plate in the presence of varied concentrations of cetuximab or 1 μM of ERK inhibitor (Sigma-Aldrich). Conditions were repeated in triplicate. At indicated time points, viable cells were quantified using the Cell Counter Kit 8 (CCK-8, Enzo Life Sciences) according to the manufacturer’s instructions. Absorbance was measured at 450 nm using SpectraMax i3.



Statistical Analysis

Tumor response curves were generated by plotting mean tumor volume and standard deviation. Log-transformed tumor growth over time were modeled and compared between treatment groups using linear mixed-effects models and Tukey method was used to adjust for p values in post hoc pairwise comparison. Surviving fraction was analyzed using a linear mixed model with logarithm base 10 transformation of survival colonies, in which individual samples were modeled as a random effect, while treatment group and radiation dose and their interaction were modeled as fixed effects. The post hoc pairwise comparison analysis was conducted with Tukey adjustment for p-values of the two-way interaction effect between radiation dose and treatment. Observed differences among groups from IHC, qPCR and flow cytometry were analyzed using ANOVA and Tukey’s method for multiple comparison was used to adjust for p values in post hoc pairwise comparison. Student’s t test was used for two-sample comparison. Mouse survival curves were generated using the Kaplan-Meier method. BH’s method for p values adjustments was used to assess the multiple comparisons of survival curves. All statistical tests were two-sided, and 5% (p < 0.05) was set as the level of significance. Statistical analysis was done in R 3.4.2. All experiments were replicated to confirm reported observations and data from the first of replicate studies is shown.




Results


Murine HNSCC Cells That Express huEGFR at the Plasma Membrane Are Resistant to Cetuximab Effects on Cell Viability and EGFR Signaling

To enable testing of the potential immune-based effects of cetuximab (anti-huEGFR antibody) against HNSCC tumor cells, we generated syngeneic murine models of HNSCC that express huEGFR. Because cetuximab does not recognize or antagonize murine EGFR, we expected that these models would be resistant to the effects from cetuximab that are dependent on blockade of EGFR signaling. We hypothesized, therefore, that syngeneic murine HNSCC tumor models expressing huEGFR would enable us to evaluate immune-mediated effects of cetuximab, such as ADCC, without the potentially confounding effects of cetuximab on tumor cell viability and radiation sensitivity.

To begin, we generated huEGFR-expressing MOC1 and MOC2 cell lines by viral transduction. MOC1 and MOC2 have been described previously, with MOC2 being more immunologically “cold” compared to MOC1 and characterized by low MHC1 expression and low levels of tumor infiltrating lymphocytes with a predominance of suppressive regulatory T cells (Tregs) (38, 39). Following transduction to express huEGFR, we confirmed that cetuximab was capable of binding MOC1- and MOC2-huEGFR cells, whereas cetuximab did not bind to WT MOC1 and MOC2 cells (Figure 1A). We observed that expression of huEGFR did not affected the viability of MOC1- and MOC2-huEGFR cells compared to WT MOC1 and MOC2 (Figure 1B). Given that cetuximab can inhibit the viability of huEGFR-expressing HNSCC cells (10), we tested whether cetuximab antagonized the viability of MOC1- or MOC2-huEGFR. We observed that the viability of MOC1- and MOC2-huEGFR tumor cells was not affected by cetuximab (Figure 1C). In contrast, using these same approaches we confirmed that cetuximab binds to and antagonizes the viability of human SCC6 HNSCC cells, which endogenously overexpress huEGFR (Figures 1D, E).




Figure 1 | Murine MOC1 and MOC2 HNSCC cell lines expressing huEGFR at the plasma membrane are resistant to cetuximab effects on cell viability and EGFR signaling. (A) Cell surface expression of huEGFR in the MOC1 and MOC2 murine HNSCC cell lines (MOC1-, MOC2-huEGFR) was detected by flow cytometry using cetuximab (anti-huEGFR mAb). (B) Expression of huEGFR did not altered cell viability of MOC1 and MOC2 compared to parental cells (WT). (C) Cetuximab did not affect the viability of huEGFR-expressing MOC1 and MOC2. (D) The human HNSCC cell line, SCC6, over-expresses huEGFR at a level comparable to that of our murine models, as detected by flow cytometry using cetuximab as a primary antibody. (E) In contrast with our huEGFR-expressing murine HNSCC cells, treatment with cetuximab reduced the viability of human SCC6 cells. (F) Expression of huEGFR modestly increased mEGF-induced ERK phosphorylation in MOC2 cells. (G) Cetuximab did not affect mEGF-mediated ERK phosphorylation in MOC2-huEGFR, whereas cetuximab inhibited ERK phosphorylation in SCC6. (*p < 0.05, **p < 0.01, ***p < 0.001, at least two independent experiments).



Next, we tested the effect of cetuximab on the activation of ERK, a downstream target of EGFR signaling (40, 41). We observed that expression of huEGFR in MOC2 cells resulted in a modest increase in murine EGF ligand-induced ERK phosphorylation compared to WT MOC2 (Figure 1F). While cetuximab suppressed EGF-stimulated ERK phosphorylation in human SCC6 cells as expected, it did not inhibit EGF-induced ERK phosphorylation on MOC2-huEGFR (Figure 1G), consistent with persistent mEGFR signaling in these cells in the presence of cetuximab. In similarly designed studies, we confirmed that mEGF increased ERK phosphorylation in MOC1-huEGFR cells compared to WT MOC1 (Supplementary Figure 1A). We further confirmed that despite no effect of cetuximab on the viability of MOC1- and MOC2-huEGFR, these cells remain sensitive to targeted inhibition of the EGFR signaling pathway when using a small molecule ERK inhibitor (Supplementary Figure 1B). These results suggest that because of endogenous expression of mEGFR, cetuximab binding to huEGFR does not affect EGF-induced mitogenic signaling in MOC1- and MOC2-huEGFR cells.



huEGFR-Expressing Murine HNSCC Cells Are Not Sensitized to Radiation by Cetuximab but Upregulate Type I Interferon and NKG2D Ligands Following Radiation

We evaluated the potential impact of cetuximab on the intrinsic radiosensitivity of MOC1- and MOC2-huEGFR cells. We did not detect any effect of cetuximab on the sensitivity of MOC1- or MOC2-huEGFR cells (Figures 2A, B) or on WT MOC1 and MOC2 cells (Supplementary Figure 2). Consistent with prior reports (10), cetuximab increased the radiosensitivity of human SCC6 cells (Figure 2C). These observations support the critical role of EGFR signaling blockade in the known effect of cetuximab on DNA damage response and on tumor cell sensitivity to radiation (10). Consistent with this, we observed that cetuximab does not affect the production of γH2AX, a marker of DNA double-strand breaks (15), following radiation of MOC2-huEGFR cells (Supplementary Figure 1C).




Figure 2 | Cetuximab does not affect the radiosensitivity of MOC1- and MOC2-huEGFR cells but radiation induces a type I interferon response in these cells. (A–C) Cetuximab did not affect the radiosensitivity on huEGFR-expressing MOC1 and MOC2 but does in SCC6, as measured by in vitro clonogenic assays performed in the presence of human-IgG control or cetuximab (0.5 μg/ml). (D–F) 8 Gy radiation induced Ifnβ expression in MOC1- and MOC2-huEGFR cells and in SCC6 cells in vitro as determined via qPCR at 24, 48, and 72 h after radiation. (G) In MOC2-huEGFR tumors, local radiation (8 Gy) increased bulk tumor mRNA expression of Ifnβ compared to 0 Gy sham radiation. (H) In MOC2-huEGFR cells treated with 8 Gy radiation in vitro, cetuximab did not impact the magnitude or time course of radiation-induced Ifnβ expression. (I) In SCC6 cells, however, cetuximab did increase the effect of radiation in inducing Ifnβ expression at 24 and 168 h after radiation. (mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant, Student T-test, at least two independent experiments).



Activation of a type I interferon response in tumor cells following radiation is critical to the role of radiation in enhancing response to immunotherapies including anti–PD-1/PD-L1 checkpoint blockade (42). To evaluate radiation-induced effects on the immunogenicity of HNSCC cells in vitro, we used qPCR to measure changes in the expression of Ifnβ in murine MOC1- and MOC2-huEGFR and human SCC6 cells exposed to 8 Gy of radiation. We observed that radiation significantly increased Ifnβ expression in each of these cell lines compared to non-radiated controls (Figures 2D–F). We similarly evaluated the effect of radiation on the expression of Ifnβ in MOC2-huEGFR tumors in vivo. For this, mice bearing MOC2-huEGFR tumors (200 mm3) were treated with 8 Gy or sham radiation. After 5 days, the tumors were resected, mRNA was isolated, and gene expression was quantified by qPCR. Consistent with prior reports on the effects of radiation therapy in other tumor models (42, 43), we detected increased Ifnβ expression in MOC2-huEGFR tumors treated with 8 Gy as compared to the non-radiated controls (Figure 2G). We observed no effect of cetuximab on the induction of Ifnβ expression in MOC2-huEGFR cells following 8 Gy radiation delivered in vitro (Figure 2H). In contrast, cetuximab increased the induction of Ifnβ expression in human SCC6 cells following 8 Gy radiation in vitro (Figure 2I), suggesting that the radiosensitizing effects of cetuximab may further enhance the type I interferon response induced by radiation in tumor cells that are sensitive to cetuximab-mediated blockade of EGFR signaling.



Cetuximab and Radiation Cooperate to Enhance the ADCC Anti-Tumor Immune Response

We hypothesized that despite the lack of cetuximab effect on viability or radiosensitivity of MOC1- and MOC2-huEGFR cells, the expression of huEGFR at the plasma membrane of these cells (Figure 1A) could render them susceptible to cetuximab-mediated ADCC. Furthermore, given the potential for type I IFN to enhance the activity of ADCC effector cells (44–46), we hypothesized that radiation might augment cetuximab-mediated ADCC. Importantly the MOC1- and MOC2-huEGFR HNSCC models allow us to test for such a cooperative interaction in the absence of confounding effects of cetuximab on tumor cell viability and radiosensitivity. WT or huEGFR-expressing MOC1 and MOC2 cells were co-cultured with PBMCs and examined using a 51Cr-release assay to evaluate for tumor-specific ADCC elicited by cetuximab (Figure 3A). Cetuximab induced ADCC against huEGFR-expressing MOC1 and MOC2 cells, and this effect was not seen with WT MOC1 or MOC2 cells. These effects correlated with an increase in IFNγ production in sorted NK cells when co-cultured with MOC2-huEGFR and cetuximab or with positive control lipopolysaccharide (LPS), but not when NK cells were co-cultured with cetuximab alone or with MOC2-huEGFR cells alone (Figure 3B).




Figure 3 | Radiation enhances cetuximab-mediated ADCC and activation of NK cells. (A) Cetuximab (0.5 μg/ml) induced ADCC against huEGFR-expressing MOC1 and MOC2 cells but not against WT MOC1 and MOC2 cells in a 51Cr-release assay. Percent of lysis among target tumor cells is presented. (B) Cetuximab increased IFNγ release in media collected after 24 h co-culture of murine NK cells (sorted from splenocytes by MACS) and MOC2-huEGFR in the presence of cetuximab, but not in the presence of non-specific human IgG, as measured by ELISA. Cetuximab alone did not affect IFNγ production compared to PBS (negative control), whereas LPS (positive control) did. (C) Cetuximab-mediated ADCC response was significantly increased against MOC2-huEGFR cells treated with 8 Gy radiation, compared to non-radiated MOC2-huEGFR cells, as determined by 51Cr-release assay on day 3 after radiation or sham radiation. In contrast, radiation did not significantly alter cytotoxicity when combined with non-specific IgG control. (D) mRNA expression of Ifnγ was increased in NK cells sorted from murine spleen and co-cultured for 12 h with radiated (8 Gy) MOC2-huEGFR cells in the presence of cetuximab (0.5 μg/ml), as compared to non-radiated (0 Gy) MOC2-huEGFR cells in the presence of cetuximab, as determined by qPCR. (E) As measured by flow cytometry, radiation increased calreticulin expression at the plasma membrane of MOC2-huEGFR 72 h after radiation, but cetuximab (0.5 μg/ml) did not alter the level of calreticulin at the plasma membrane in these cells, either in with or without radiation (8 Gy). (F, G) 8 Gy radiation induced increased mRNA expression of multiple NKG2D ligands by qPCR (after 48 h to 72 h) and protein expression of the NKG2D ligands RAE1 and ULBP1 at the plasma membrane by flow cytometry (after 72 h of culture) in MOC2-huEGFR tumor cells. (mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant, n. d., not detectable, Student T-test, at least two independent experiments).



Importantly, we observed that irradiation of MOC2-huEGFR cells enhanced the capacity of cetuximab to elicit ADCC against these targets compared to non-radiated MOC2-huEGFR cells (Figure 3C). In agreement with this, we observed increased NK cell expression of the activation marker Ifnγ following co-culture of sorted NK cells with cetuximab and radiated MOC2-huEGFR cells, compared to co-culture with cetuximab and non-radiated MOC2-huEGFR cells (Figure 3D).

We evaluated potential mechanisms whereby radiation might contribute to an enhanced ADCC response. Radiation is known to induce immunogenic tumor cell death (47, 48). We evaluated the plasma membrane translocation of calreticulin as a marker of radiation-induced immunogenic cell death (49) in MOC2-huEGFR cells treated with radiation and/or cetuximab using flow cytometry (Figure 3E). Consistent with prior studies, we observed that radiation increased the expression of calreticulin at the cell surface in MOC2-huEGFR cells. However, in these cells, in which cetuximab does not affect viability or radiosensitivity, we did not observe an effect of cetuximab on this marker of immunogenic cell death either alone or with radiation. Many tumors express NKG2D ligands and these are upregulated by cell stress and enhance the susceptibility of cells to elimination by cytotoxic NK cells (50, 51). We therefore tested whether the enhanced ADCC response observed against MOC2-huEGFR cells following radiation might be associated with increased expression of NKG2D ligands. Following 8 Gy radiation of MOC2-huEGFR, Rae1α/δ, Mill1/2, H60b/c, and Ulbp1 all exhibited significantly increased gene transcription by qPCR (Figure 3F) and we confirmed increased expression of RAE1 and ULBP1 proteins at the plasma membrane in these cells by flow cytometry (Figure 3G). Transcription of other NKG2D ligands including Rae1β, Rae1γ, and H60a was not detected in MOC2-huEGFR tumors. These data indicate that radiation promotes cetuximab-mediated ADCC and this may result in part from a novel effect of radiation enhancing the susceptibility of tumor cells to NK cell-mediated cytotoxicity by increasing expression of NKG2D ligands.



NK Cell-Dependent Increase in the Local Anti-Tumor Effect of Radiation Therapy by Cetuximab

To test for cooperative immune-mediated anti-tumor effects of radiation and cetuximab, we implanted MOC2-huEGFR tumors in C57BL/6 mice. When the average tumor volume reached 150-200 mm3, tumors were treated with local radiation (8 Gy) or sham radiation and daily IT injections of cetuximab or non-specific control human IgG antibody (50 μg/injection) on days 6–10 after radiation (Figure 4A). Cetuximab alone showed no significant effect on tumor growth compared to non-specific control human IgG and local radiation alone resulted in mild tumor growth delay (Figure 4B). Compared to these treatments, the combination of radiation and cetuximab resulted in significantly increased tumor growth delay and improved overall survival (Figure 4B). We evaluated the potential impact of different routes of cetuximab delivery on this cooperative therapeutic interaction with radiation. Both intraperitoneal (35) and IT injections of cetuximab delayed the tumor growth and were not significantly different from one another (Figure 4C).




Figure 4 | Cooperative therapeutic interaction between cetuximab and radiation in the MOC2-huEGFR model. (A) Mice bearing MOC2-huEGFR tumors were treated with radiation (8 Gy) or sham radiation (0 Gy), and non-specific human IgG or cetuximab (50 μg) were injected IT on days 6–10 after radiation. (B) Cetuximab alone showed no effect on tumor growth compared to non-specific control IgG and radiation slightly delayed tumor growth. When given together, radiation + cetuximab significantly increased this delay in tumor growth and increased overall survival (n = 7–10/group). (C) No difference was observed in tumor response using either systemic delivery of cetuximab by IP injection or local delivery by IT injection when MOC2-huEGFR tumor-bearing mice were treated with 8 Gy tumor radiation or sham radiation on day 1 and non-specific human IgG or cetuximab (50 μg) on days 6–10 (n = 4/group). (D, E), Tumor infiltrating CD8+ T cells and NK cells were detected by immunohistochemistry in tumors harvested on day 12 after 8 Gy radiation or sham radiation. Scale bar indicates 100 µm. (F) Mice bearing MOC2-huEGFR tumors were treated with 8 Gy radiation daily from days 1 to 3. Non-specific human IgG or cetuximab (50 μg) were injected IT on days 6–10 after radiation. (G) Radiation (8 Gy × 3 fractions) + cetuximab significantly increased tumor growth delay and increased overall survival (n = 5/group). (H, I) Tumor infiltrating CD8+ T cells and NK cells were increased following combined radiation (8 Gy × 3 fractions) + cetuximab, however the degree of NK infiltrate in tumors appeared to be reduced at this time point compared with 8 Gy × 1 fraction in E. (mean ± STDEV, *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant, multiple comparison by ANOVA with post hoc Tukey, at least three independent animal experiments).



To assess differences in the tumor immune infiltrate among mice receiving radiation and/or cetuximab, tumor tissue was collected on day 12 after radiation from a separate cohort of mice and immunohistochemistry was performed. Consistent with prior studies, we observed a modest increase in CD8+ T cells in tumors treated with radiation alone (19), and this effect was enhanced in tumors treated with the combination of radiation and cetuximab (Figure 4D). In contrast, radiation and cetuximab treatments alone did not affect tumor infiltration by NK cells, but the combination of cetuximab and radiation significantly increased tumor infiltration by NK cells (Figure 4E). These results demonstrate that pairing cetuximab with radiation increases MOC2-huEGFR tumor response, despite no effect of cetuximab on the viability or radiosensitivity of this tumor model (Figures 1B and 2B) and this augmented response is associated with increased tumor infiltration by both CD8+ T cells and NK cells in MOC2-huEGFR tumors.

Previous studies indicate that in some settings three fractions of 8 Gy radiation may be more effective in activating a type I IFN response and anti-tumor immune response compared to a single 8 Gy fraction (42). We evaluated the impact of cetuximab when combined with an 8 Gy × 3 fraction radiation regimen (Figure 4F). We observed that this combination treatment resulted in enhanced tumor regrowth delay and a significant increase in overall survival compared to cetuximab alone or 8 Gy × 3 fractions of radiation alone (Figure 4G) as well as significantly increased tumor infiltration by CD8+ T cell and NK cells (Figures 4H, I). However, the number of tumor-infiltrating NK cells was lower in cohorts treated with 8 Gy × 3 compared to 8 Gy × 1 (Figures 4E, I). Interestingly, we observed that upregulation of NKG2D ligands in MOC2-huEGFR tumors following 8 Gy × 3 fractions of radiation was comparable to or greater than that achieved by a single 8 Gy fraction (Supplementary Figures 3A, B). However, expression of MHCI, which is inhibitory to NK cells, was increased to a greater extent following 8 Gy × 3 fractions as compared to a single 8 Gy fraction (Supplementary Figures 3C, D).



NK Cells, Host FcγR, and huEGFR Are Required for the Cooperative Interaction of Radiation and Cetuximab Therapy

We hypothesized that the effect of cetuximab in augmenting anti-tumor response to local radiation in MOC2-huEGFR tumors was mediated, at least in part, by NK cells. To test this, we treated mice bearing MOC2-huEGFR tumors with 8Gy and daily IT injections of cetuximab as in Figure 4A and compared the effect of this treatment with that observed in a cohort of mice depleted of NK cells (Figure 5A). We confirmed that IP administration of anti-NK1.1 antibody depleted NK cells but not CD3+ cells (Figures 5B, C). Depletion of NK cells resulted in a complete loss of the cooperative therapeutic interaction between cetuximab and radiation in treating MOC2-huEGFR tumors (Figures 5D, E). Similarly, we tested the necessity of tumor cell expression of huEGFR in this cooperative therapeutic interaction by treating mice bearing WT MOC2. We observed no differences between treatment with radiation and cetuximab versus radiation and non-specific control human IgG in these tumors, indicating that huEGFR expression was necessary for the cooperative therapeutic interaction between cetuximab and radiation in vivo (Figure 5F). Using FcγR-deficient C57BL/6 mice, we also confirmed that the cooperative therapeutic effects of radiation and cetuximab require expression of FcγR on the host-animal’s immune cells (Figure 5G). Notably, co-culture of splenocytes with radiated MOC2-huEGFR cells in the presence of cetuximab resulted in increased expression of IFNγ in not only NK cells but also in CD8+ T cells (Figure 5H). This activation of both NK and T cells was dependent upon splenocyte expression of FcγR (Figure 5H). This indicates that although radiation induced NKG2D ligand expression in MOC2-huEGFR, direct effector engagement of these cells via antibody-FcγR binding is required to activate NK cells. This further suggests that in vitro activation of innate FcγR-expressing cells could secondarily activate adaptive effector T cells, which do not express FcγR. Collectively, these results demonstrate an NK-cell mediated, FcγR-dependent, cooperative therapeutic interaction between to local radiation and cetuximab in huEGFR-expressing tumors.




Figure 5 | The cooperative therapeutic interaction between radiation and cetuximab in MOC2-huEGFR tumors requires huEGFR, host expression of FcγR, and NK cells. (A) Intratumoral cetuximab treatments, with or without intraperitoneal anti–NK1.1 antibody (50 μg), were administrated on indicated day after tumor radiation. (B, C), Peripheral blood was collected to confirm the selective depletion of NK cells (mean ± STDEV, *p < 0.05, **p < 0.01, ***p < 0.001, Student T-test). (D, E) The combination of cetuximab and radiation did not improve anti-tumor response or overall survival in mice depleted of NK cells (n = 10/group). (F, G), Treatment was administered as per Figure 4A (n = 4–5/group). (F) Expression of huEGFR was required to elicit anti-tumor response to combined radiation (8 Gy) and cetuximab treatment. (G) Combined radiation (8 Gy) and cetuximab did not improve response compared to radiation alone in MOC2-huEGFR tumors when delivered in host syngeneic mice that were lacking FcγR expression. (H) Co-culture of splenocytes from WT or FcγR KO mice with radiated MOC2-huEGFR (8 Gy) in the presence of cetuximab (2 µg/ml) for 24 h results in increased expression of IFNγ in NK and CD8+ T cells among WT but not FcγR-deficient splenocytes. Expression of IFNγ was analyzed using flow cytometry (mean ± STDEV, *p < 0.05, ***p < 0.001, n. s., not significant, Student T-test, at least three independent animal experiments).





Radiation Combined With Cetuximab Augments Response to Anti–PD-L1 Checkpoint Inhibition

In MOC2-huEGFR tumors treated with combined cetuximab and radiation, we evaluated markers of immune activation and suppression. Even though combination therapy promoted CD8+ T cell and NK cell infiltration compared to radiation alone (Figure 4D), we observed no differences in Ifnγ gene expression or IFNγ cytokine production in tumors treated with radiation alone or radiation plus cetuximab (Figure 6A). We hypothesized that suppressive features in the immunologically “cold” MOC2-huEGFR tumor microenvironment or on these tumor cells might be blunting the activation of adaptive anti-tumor immunity among the increased number of tumor-infiltrating lymphocytes observed after combined radiation and cetuximab.




Figure 6 | Anti-tumor immune response to anti–PD-L1 immune checkpoint blockade is enhanced by combined treatment with radiation and cetuximab in MOC2-huEGFR tumors. (A) Combined radiation (8 Gy) and cetuximab therapy did not increase Ifnγ expression in bulk tumor compared to radiation alone on day 12 after radiation as determined by qPCR (left) and ELISA (right)—despite greater infiltration of these tumors by NK and T cells (see Figure 4D) (mean ± STDEV, *p < 0.05, **p < 0.01, ***p < 0.001, multiple comparison by ANOVA with post hoc Tukey). (B) FOXP3+ cells were analyzed from tumor immunohistochemistry of Figure 4D. A non-significant trend was observed toward an increase in FOXP3+ cells among tumors treated with radiation or radiation plus cetuximab (mean ± STDEV, *p < 0.05, **p < 0.01, ***p < 0.001, multiple comparison by ANOVA with post hoc Tukey). (C) Radiation induced Pd-l1 expression in MOC2-huEGFR cells treated with 8 Gy, as measured by qPCR (mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Student T-test). (D) MOC2-huEGFRs were treated with 8 Gy radiation and stimulated with non-specific human IgG or cetuximab (2 μg/ml) 3 days before flow cytometry analysis. PD-L1 expression was observed to increase following radiation with no effect noted from cetuximab on this response (mean ± STDEV, *p < 0.05, **p < 0.01, ***p < 0.001, multiple comparison by ANOVA with post hoc Tukey). (E) Anti–PD-L1 antibody increased anti-tumor response elicited by radiation and cetuximab in MOC2-huEGFR tumor-bearing mice resulting in tumor regression and (F) a durable survival benefit with this triple combination compared to single or dual agent control treatments (n = 7–10/group). (G) Naïve (n = 3) and disease-free mice (Tx, n = 3) were rechallenged by subcutaneous right flank MOC2 cell injection and left flank MOC2-huEGFR cell injection. The percentage of complete response is shown (*p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant, at least three independent animal experiments).



By immunohistochemistry we quantified FOXP3+ cells, which include regulatory T cells (Tregs), but we identified only a non-significant trend toward an increase in this population at day 12 following radiation or radiation plus cetuximab (Figure 6B). Following in vitro radiation of MOC2-huEGFR cells, however, we did identify a significant increase in the mRNA expression of programed death-ligand 1 (Pd-l1) (Figure 6C). This resulted in a radiation-induced increase in the cell surface expression of PD-L1 and this was not altered when radiation was delivered in the presence of cetuximab (Figure 6D). We hypothesized that this radiation-induced expression of PD-L1 on tumor cells might blunt the activation of an adaptive anti-tumor immune response in vivo following combined treatment with radiation and cetuximab. To test this, we administered systemic anti–PD-L1 therapy (200 µg IP, days 0, 4 and 7 after radiation) in combination with radiation and cetuximab in syngeneic mice bearing MOC2-huEGFR tumors. We observed enhanced tumor regression and increased overall survival in mice treated with the combination of radiation, cetuximab, and anti–PD-L1 antibody as compared to mono- or dual combinations of these treatments (Figures 6E, F). This combined treatment led to complete tumor regression in 30% (n = 3/10) of mice bearing the immunologically cold, MOC2-huEGFR tumor, whereas no complete response was observed in tumor-bearing naive mouse (Figure 6G).

Among these mice rendered disease-free, we tested for an adaptive anti-tumor memory response by re-engrafting these mice and age-matched naïve controls with MOC2 and MOC2-huEGFR in the upper right flank and upper left flank (both outside of the prior treatment field), respectively. We observed that all disease-free mice rejected both the MOC2 and MOC2-huEGFR cells compared with 100% engraftment among control mice. These data suggest a potent adaptive anti-tumor memory response against antigen(s) shared by MOC2-huEGFR and MOC2, consistent with an in situ vaccination effect.




Discussion

We generated huEGFR-expressing syngeneic murine models of HNSCC for the purpose of evaluating immune-mediated therapeutic interactions between radiation and the anti-huEGFR antibody, cetuximab. These murine models uniquely enable evaluation of such immune-mediated mechanisms because they are not sensitive to the potentially confounding effects of cetuximab on tumor cell viability or radiosensitivity. This results from the inability of cetuximab to bind and antagonize mEGFR. In their persistent expression of huEGFR at the plasma membrane but lack of sensitivity to anti-proliferative and radiosensitizing effects of cetuximab, these huEGFR-expressing murine tumor models are phenotypically analogous to human HNSCC tumor cells with acquired cetuximab resistance (52, 53). We acknowledge many differences between our murine models and clinically acquired resistance to cetuximab in human HNSCC. Notably, acquired resistance to cetuximab often results from activation of alternative ErbB family signaling pathways leading to persistent ERK activation (35). In contrast, our murine models achieve this through persistent ERK activation downstream of mEGFR. However, with an understanding of such limitations, these huEGFR-expressing syngeneic murine tumor models can serve as a unique tool for evaluating immune-mediated mechanisms of cetuximab and the interaction of these mechanisms with radiation or other therapeutic modalities in syngeneic mice. Given the known and potentially confounding effects of cetuximab in inhibiting EGFR+ HNSCC tumor cell viability and in sensitizing these cells to radiation (7, 8, 10), we are not aware of any alternative syngeneic HNSCC model that would allow for testing of the interaction between radiation and cetuximab-mediated ADCC.

In patients with HNSCC, an adaptive immune cell tumor infiltrate is associated with improved treatment outcomes (54–56). Here, we observe that cetuximab alone does not alter NK cell infiltration of the MOC2-huEGFR tumor or reduce growth of this tumor, but is capable of eliciting ADCC against HNSCC tumor cells independent of its roles in blocking EGFR signaling or enhancing radiosensitivity. When combined with local radiation, cetuximab increased both NK cell and CD8+ T cell tumor infiltration in vivo and enhanced ADCC response to cetuximab in vitro. This may result from effects of radiation that enhance the susceptibility of tumor cells to ADCC, including activation of a type I IFN response, induction of immunogenic cell death in neighboring tumor cells, and increased expression of NKG2D ligands. We observed that radiation gradually increased IFNβ in MOC2-huEGFR out to 168 h and this effect was not modified by the presence of cetuximab. Therefore, in vivo, we hypothesized that the susceptibility of radiated tumor cells to ADCC would be highest at a delayed time point (when the type I IFN response was maximal). This expectation was also influence by our prior observations testing the timing of radiation and tumor specific antibody response, where we observed greater anti-tumor immune effect when tumor-specific antibody delivery was delayed rather than concurrent with radiation (19). Indeed, when we combined radiation and delayed administration of cetuximab (days 6–10 after radiation) in vivo for treatment of our MOC2-huEGFR HNSCC model, we observed improved tumor response and overall survival.

We did not observe curative treatment effects from combined radiation and cetuximab in the spontaneously metastatic MOC2-huEGFR HNSCC model. This suggests that radiation and cetuximab did not fully stimulate activation of tumor-specific T cells, perhaps due to simultaneous activation of suppressive mechanisms. Indeed, we observed increased Pd-l1 expression in MOC2-huEGFR cells following this treatment regimen in vivo (Figure 6C). Studies examining tumor surface PD-L1 expression have suggested that IFNβ and IFNγ produced from immune cells stimulate PD-L1 expression on tumors (57, 58). Another group observed that radiation elicits PD-L1 expression on melanoma and glioblastoma (59). In the present study, we observed that radiation increases IFNβ and PD-L1expression in murine models of HNSCC. We hypothesize that in these tumor models IFNβ production, induced in tumor cells by radiation, increases PD-L1 expression through autocrine and/or paracrine signaling mechanisms. Consequently, increased PD-L1 in these tumors may blunt to development or effect of an adaptive immune response following radiation and cetuximab. This may explain the benefit of anti–PD-L1 therapy when added to this radiation and cetuximab combination treatment, despite no apparent therapeutic efficacy of anti–PD-L1 when used alone in this immunologically “cold” tumor model.

PD-1/PD-L1 engagement is a well-known immune checkpoint for T cells and recent studies also show inhibitory effects of PD-1/PD-L1 on NK cell activation and viability (60). Inhibition of the PD-1/PD-L1 axis in HNSCC has resulted in a ~20% response rate and improved overall survival and anti–PD-1 therapy is now approved for frontline treatment of recurrent or metastatic HNSCC (17). In the immunologically “cold” MOC2-huEGFR model (39), we found that anti–PD-L1 monotherapy does not elicit an anti-tumor response (Figure 4C), despite gradually increased endogenous Pd-l1 expression on growing tumor. However, by enhancing tumor cell susceptibility to NK cell killing and by increasing tumor infiltration and activation of NK cells, the combination of radiation and cetuximab therapy triggers recruitment and activation of CD8+ T cells, priming an adaptive response to “cold” tumors and enabling durable tumor eradication when combined with anti–PD-L1 therapy. With this combination treatment, 100% of mice exhibited anti-tumor response and 30% were cured. Unlike the combination of radiation and cetuximab alone, the adaptive immune response unleashed by combination with anti–PD-L1 conveyed immunologic memory to those mice that were cured and this adaptive response was equally effective against huEGFR+ or huEGFR-deficient variants of the eradicated tumor line. We speculate that we do not observe 100% cure among mice treated with radiation, cetuximab, and anti–PD-L1 checkpoint blockade due to the effects of additional mechanisms of immune inhibition, potentially including alternative immune checkpoint receptor-ligand interactions, and we will further evaluate approaches to overcoming these in future studies.

In support of the generalizability of our observations, we have previously reported preclinical studies demonstrating a therapeutic interaction between radiation and tumor-specific anti-GD2 antibody in murine models of melanoma and neuroblastoma (19). That effect was also NK-cell dependent. However, anti-GD2 antibody is not commonly delivered in conjunction with radiotherapy. On the other hand, cetuximab is the only tumor-specific antibody that is specifically approved for concurrent use with radiotherapy. This is based on a prior randomized clinical study that demonstrated improved overall survival in patients with locally advanced HNSCC treated with cetuximab and radiation, as compared to radiation alone (11). This effect has been thought to result predominantly from effects of cetuximab on tumor cell viability and radiosensitivity (10, 61–64). Our data now suggest that at least a component of this proven cooperative therapeutic effect may be immune-mediated.

In our prior study of the interaction of radiation and anti-GD2 antibodies (19), we did also evaluate the interaction of radiation and cetuximab, demonstrating a therapeutic effect against cetuximab-resistant human HNSCC tumor cells that expressed huEGFR at the cell surface. However, due to a lack of suitable syngeneic murine models at that time, those studies were performed in immunodeficient nude mice that have NK cells but lack T cell immunity. This precluded evaluation of the potential mechanisms of interaction between innate and adaptive immunity following combined treatment with radiation and cetuximab and did not allow for testing of the potential benefit of combining this approach with additional immunotherapies including PD-1/PD-L1 checkpoint blockade. We developed the MOC1- and MOC2-huEGFR tumor models specifically to overcome these limitations and to enable these preclinical investigations of therapeutic mechanisms whereby the combination of radiation and cetuximab might elicit a more robust in situ vaccine effect and prime adaptive response to immune checkpoint blockade.

Our results are consistent with previous studies showing that FcγR is required to activate NK cells (44). Although some studies have demonstrated that stimulation of NKG2D can trigger activation of NK cells even in the absence of FcγR (45), we observed that in FcγR-deficient NK cells the exposure to cetuximab and radiated tumor cells did not effectively activate IFNγ expression, despite up-regulation of NKG2D ligands on the radiated tumor cells. Our data suggest that the increased production of IFNγ in NK cells exposed to cetuximab and radiated tumor cells may contribute to activation of CD8+ T cells, as this effect that was dependent upon antibody and FcγR expression. This suggests that cetuximab and potentially other tumor-specific antibodies may augment the in situ vaccine effect of radiation therapy (23, 30). Given the availability of tumor-specific antibodies for a wide variety of tumor types, this portends tremendous translational potential for combining radiation and tumor-specific antibodies to achieve greater local and systemic tumor control.

Early phase clinical data has suggested safety for the combination of radiation, cetuximab, and anti–PD-1 checkpoint blockade (65), albeit with a fractionated approach to radiation therapy. Our results suggest that patients with metastatic HNSCC may benefit from treatment with combinations of radiation, cetuximab, and immune checkpoint blockade, including those patients with immunologically “cold” tumors not responding to anti–PD-1 therapy alone and those with acquired resistance to cetuximab but persistent tumor cell expression of huEGFR (Figure 7). This observation will lead an opportunity to optimize such treatment combinations, through future studies evaluating the varied dose-dependency of radiation effects on tumor cell expression of type I interferon, NKG2D ligands, PD-L1, and other markers of tumor cell susceptibility to innate and adaptive anti-tumor immunity.




Figure 7 | Summary of an in situ vaccine regimen combining radiation and cetuximab for the treatment of an immunologically “cold” HNSCC murine tumor model. Our huEGFR-expressing syngeneic murine HNSCC tumor models enable evaluation of immune-mediated mechanisms whereby cetuximab may elicit immune-dependent therapeutic effects because cetuximab is able to bind the huEGFR on these cells but does not antagonize mEGFR that is endogenously expressed. This eliminates experimentally confounding effects of cetuximab on EGFR signaling pathways. The MOC2-huEGFR tumor model is phenotypically analogous to an immunologically “cold” human HNSCC tumor with acquired cetuximab resistance. Cetuximab is capable of binding huEGFR on these cells but this does not affect cell viability or radiosensitivity. However, cetuximab is able to elicit ADCC against MOC2-huEGFR cells and this is enhanced when the tumor cells have been radiated. Radiotherapy alone can act as an in situ vaccination and induces tumor infiltration by CD8+ T cells and NK cells and increases surviving tumor cell susceptibility to both T and NK cell recognition and killing by increasing tumor cell expression of type I interferon and immune susceptibility markers including NKG2D ligands. This in situ vaccine effect of radiation is increased by combination with cetuximab, although this combination alone does not lead to durable tumor control. This results at least in part from increased expression of PD-L1 in the tumor following combined radiation and cetuximab treatment. Addition of anti–PD-L1 immune checkpoint inhibitor therapy to the combination of radiation and cetuximab overcomes this limitation and enables curative response with evidence of adaptive anti-tumor memory in some mice. These results indicate that the in situ vaccine effect of radiation may be augmented by combination with tumor-specific antibodies through more effective engagement of innate immune effectors that convert an immunologically cold tumor microenvironment to one that is immunologically “warm” and responsive to immune checkpoint blockade. ICI, immune checkpoint inhibitor; IFNβ, interferon beta; ISFs, immune susceptibility factors; mEGF, murine epidermal growth factor; MHCI, major histocompatibility complex I; NK, natural killer cells; RT, radiation; Teff, effector T cells.
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Background and Aims

Photochemical internalization (PCI) is a technology for inducing release of endocytosed antigens into the cell cytosol via a light-induced process. Preclinical experiments have shown that PCI improves MHC class I antigen presentation, resulting in strongly enhanced CD8+ T-cell responses to polypeptide antigens. In PCI vaccination a mixture of the photosensitizing compound fimaporfin, vaccine antigens, and an adjuvant is administered intradermally followed by illumination of the vaccination site. This work describes an open label, phase I study in healthy volunteers, to assess the safety, tolerability, and immune response to PCI vaccination in combination with the adjuvant poly-ICLC (Hiltonol) (ClinicalTrials.gov Identifier: NCT02947854).



Methods

The primary objective of the study was to assess the safety and local tolerance of PCI mediated vaccination, and to identify a safe fimaporfin dose for later clinical studies. A secondary objective was to analyze the immunological responses to the vaccination. Each subject received 3 doses of HPV16 E7 peptide antigens and two doses of Keyhole Limpet Hemocyanin (KLH) protein. A control group received Hiltonol and vaccine antigens only, whereas the PCI groups in addition received fimaporfin + light. Local and systemic adverse effects were assessed by standard criteria, and cellular and humoral immune responses were analyzed by ELISpot, flow cytometry, and ELISA assays.



Results

96 healthy volunteers were vaccinated with fimaporfin doses of 0.75–50 µg. Doses below 17.5 µg were safe and tolerable, higher doses exhibited local tolerability issues in some study subjects, mainly erythema, and pain during illumination. There were few, and only mild and expected systemic adverse events. The employment of PCI increased the number of subjects exhibiting a T-cell response to the HPV peptide vaccine about 10-fold over what was achieved with the antigen/Hiltonol combination without PCI. Moreover, the use of PCI seemed to result in a more consistent and multifunctional CD8+ T-cell response. An enhancement of the humoral immune response to KLH vaccination was also observed.



Conclusions

Using PCI in combination with Hiltonol for intradermal vaccination is safe at fimaporfin doses below 17.5 µg, and gives encouraging immune responses to peptide and protein based vaccination.





Keywords: photochemical internalization, vaccine delivery, peptide vaccines, immunologic adjuvant, multifunctional T-cells, phase I study photochemical enhancement of T-cell responses



Introduction

T-cell-mediated immunity is important for the control of cancer and infections by viruses, intracellular bacteria and parasites. Hence, vaccines against such diseases should be designed to induce proper T-cell responses. T-cell responses can readily be induced by vaccines based on viral vectors and nucleic acids. In contrast, subunit vaccines based on polypeptide antigens are generally good at generating antibody responses, but cellular immune responses, and especially CD8+ T-cell responses, are often inadequate. An important reason for this may be insufficient presentation of exogenously added vaccine antigens on MHC class I molecules on antigen presenting cells (APCs). Such presentation generally requires that the antigen is present in the cytosol of the APCs. Although some specialized dendritic cells has the ability to translocate antigens to the cytosol [reviewed in (1)], in most APCs the antigens stay inside intracellular vesicles in the APC with poor access to the cytosol.

Photochemical internalization (PCI) is a technology where endocytosed molecules can be released into the cell cytosol via a light-induced process (2). The endosomal escape induced by PCI results in enhanced access for antigens to the MHC class I presentation pathway (3, 4), as well as strongly enhanced CD8+ T-cell responses in mice (3–9). Vaccination with PCI is based on the utilization of an amphiphilic membrane-docking photosensitizing molecule (TPCS2a or fimaporfin) (10) in combination with the vaccine antigen. After endocytosis, the PCI-photosensitizer and the antigen co-localizes to endosomes and lysosomes. Light-controlled activation of the photosensitizer results in reactions with molecular oxygen (O2) and generation of reactive oxygen species (ROS) (11). These ROS species can induce lipid peroxidation and permeabilization of the vesicle membranes, ultimately leading to the release of the endosomal content into the cytosol [reviewed in (12, 13)]. The fimaporfin photosensitizer is also used to enhance the efficacy of cytotoxic drugs, and is under clinical development for cancer therapy (14).

In addition to proper antigen presentation, the upregulation of co-stimulatory molecules and the production of cytokines are necessary signals for a proper priming of CD8+ T-cells (15). For polypeptide-based vaccination the two latter signals can be provided by immunological adjuvants inducing activation and maturation of APCs (16). Certain adjuvants can also to some degree induce cross presentation of peptide and protein antigens on MHC class I (17), but this effect is often not sufficient for a proper priming of CD8+ T-cells after vaccination. It therefore seemed logical to combine the enhanced MHC class I presentation provided by PCI with an adjuvant with a strong APC activating effect. As shown in pre-clinical experiments, combining PCI with poly(IC) based adjuvants gives a strong synergistic effect on the CD8+ T-cell response to vaccination (Selbo et al., manuscript in preparation). Somewhat surprisingly, in these experiments it also was found that PCI also improved helper T-cell and antibody responses

Here we present results from a phase I clinical study in healthy volunteers, showing that PCI-based peptide and protein vaccination with a poly(IC) based adjuvant is safe and results in enhanced cellular and humoral immune responses, similar to what has been observed in animal studies.



Materials and Methods


Study Design and Participants

This was an open label, phase I study to assess safety, tolerability, and immune response to vaccination with fimaporfin-induced PCI with antigens and adjuvant in healthy volunteers. The clinical study was done at Covance Clinical Research Unit Ltd., Leeds, UK and participants were recruited through their subject database and via advertisement on the Covance website and in social media. All subjects gave written informed consent and the trial was conducted in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice. The study was approved in the UK by Medicines and Healthcare Products Regulatory Agency (CTA 34788/0006/001-0015) and the North East–York Research Ethics Committee (16/NE/0198). The ClinicalTrials.gov Identifier was NCT02947854.

The primary objective of the study was to assess the safety of PCI mediated vaccination. The safety endpoints were: Adverse events (graded according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE v4.03); laboratory safety evaluations; vital sign assessments; and local tolerance as assessed by pain, erythema, edema, induration, and ulceration. The secondary objective of the study was to analyze the immunological responses to PCI-mediated vaccination, with endpoints of: induction of antigen-specific T-cells measured by enzyme-linked ImmunoSpot (ELISpot) quantification of interferon-gamma (IFN-γ) releasing cells; and induction of KLH-specific antibodies.

The inclusion criteria included: Caucasian males or females, between 18 and 55 years of age, body mass index between 18.0 and 32.0 kg/m2, body weight between 50 and 100 kg, and evaluated to be in good health. In addition, because the HPV16 E7 peptide antigens used are known to contain HLA-A2 restricted epitopes (18), subjects had to be human leukocyte antigen A2 (HLA-A2) positive to be included in the fimaporfin dose-finding part of the study (not a criterion in the safety run-in part, see below). The exclusion criteria included: i) known previous exposure to KLH or HPV16; ii) pregnancy or breastfeeding; iii) any medication (including steroids) within 14 days of the first dose administration, that could interfere with the study procedures or compromise safety.



Materials

The PCI photosensitizer fimaporfin [meso-tetraphenyl chlorin disulfonate (TPCS2a)] was obtained from PCI Biotech (Oslo, Norway). Fimaporfin was provided at 30 mg/ml in 3% polysorbate 80, 2.8% mannitol, 50 mM Tris, pH 8.5 (Amphinex formulation) and was kept light protected at 2–8°C. The adjuvant poly-ICLC (Hiltonol) is a synthetic double-stranded RNA complex of poly(IC) stabilized with poly-L-lysine polylysine and carboxymethylcellulose (19). Hiltonol 2 mg/ml was purchased from Oncovir (Washington DC, USA) and kept at 2–8°C (when aliquoted it was used within 14 days). The vaccine antigens employed in the clinical study were: Human papillomavirus type 16 (HPV16) oncoprotein E71-35: MHGDTPTLHEYMLDLQPETTDLYCYEQLNDSSEEE and HPV16 E762-98: DSTLRLCVQSTHVDIRTLEDLLMGTLGIVCPICSQKP both produced according to Good Manufacturing Practice by PepScan (Lelystad, Netherlands). The HPV16 E7 peptides were stored at -70°C. Keyhole Limpet Hemocyanin 1 mg/ml (KLH: Immucothel®) was obtained from Biosyn Arzneimittel GmbH (Fellbach, Germany) and stored at 15–20°C.



Study Procedures

The vaccine components were mixed at the bedside within 15 min prior to injection using sterile, endotoxin-free 0.9% NaCl as diluent: 1) KLH Mix consisted of Hiltonol (50 µg), KLH (100 mg), and fimaporfin (0.75–50 µg); 2) HPV16 E7 Mix consisted of Hiltonol (50 µg), HPV16 E71-35 (100 µg), HPV16 E762-98 (100 µg), and fimaporfin (0.75–50 µg). After gentle mixing by hand, 150 µl was aspirated into a 0.3 ml syringe with a 30G needle (BD MicroFine® 39, Becton Dickinson, Franklin Lakes, USA) and injected intradermally (ID) to the subjects. 20 h (± 4 h) later, each injection site was exposed to 652 nm red light, delivered from a CE-marked PCI Biotech laser (produced by Modulight, Tampere, Finland). When not illuminated, the injection sites were covered by dark clothing, a bandage or dressing, for 14 days after the injections.

As is outlined in Figure 1 the clinical study was conducted in two parts, the first part being a safety run-in to select the fimaporfin starting dose for the dose-finding part of the study. The run-in part was a sequential group, fimaporfin dose-reduction study to evaluate the safety and tolerability (pain and local reactions) of the components of PCI (fimaporfin and light), in the absence of antigen, when administered alone and in combination with Hiltonol. The fimaporfin doses tested (50 and 100 µg) were selected as they are known to be effective in mice and tolerable in minipigs (data not shown). Eight subjects were enrolled in two fimaporfin dose groups (Table 1); four subjects received 100 µg and four subjects received 50 µg. On day 1, each subject received a single ID dose of fimaporfin and a single ID dose of a mixture of Hiltonol and fimaporfin, at 2 separate injection sites. The illumination dose of 1 J/cm2 was fixed, however the irradiance regimen was different in each fimaporfin subgroup, where two subjects received the dose as 5 mW/cm2 for 200 s and the other two as 10 mW/cm2 for 100 s.




Figure 1 | Patient disposition. The flow of study subjects through the different phases of the study is outlined. Each study subject participated in one group only. The arrows depict the temporal relationships for the consecutive treatment of the different groups. As described in detail in the main text the study started with a safety run-in part (gray boxes) where a dose of 50 µg fimaporfin was found to be tolerated. The main study (white boxes) was then started with this dose, but because of the appearance of vaccination site ulcers in some subjects the dose was reduced to 25 µg. Also this dose was not tolerated, due to the occurrence of ulcers and pain during illumination. The fimaporfin dose was therefore reduced to 2.5 µg. This dose was well tolerated, and the dose was escalated (green boxes) up to 17.5 µg, which was not tolerated due to the development of erythema of a size that exceeded the cohort stopping criteria. Due to initial promising signs of immune responses in the 2.5 µg dose cohort, also the lower doses of 0.75 and 1.5 µg fimaporfin were included in the study (light red boxes). In parallel with the first dose cohorts a control group, receiving the vaccine without fimaporfin, was performed (yellow boxes). Based on the results obtained during the study the control group and several of the fimaporfin dose groups were extended with six or four additional study subjects (as indicated on the figure), meaning the at the end of the study a total of 12 subjects had been treated in the control group and 10, 12 and 12 in the 2.5, 5 and 7.5 µg dose groups, respectively.




Table 1 | Safety run-in treatment doses.



Subsequently, a fimaporfin dose-finding part was performed to evaluate the safety, tolerability and immune responses when PCI was combined with the vaccine antigens and adjuvant. An antigen-adjuvant control group was included to enable a comparison of effects with and without PCI. The starting dose of fimaporfin and illumination was determined based on results from the safety run-in part of the study and fimaporfin doses of 0.75–50 µg were tested with a light dose of 1 J/cm2. Overall, each subject received two doses of the KLH vaccine and three doses of HPV16 E7 vaccine (unless safety concerns or stopping criteria were met) given at separate, rotating injection sites in the upper arms and on the belly. The vaccine mixes were given as ID injections with 2 weeks between vaccinations.

Blood samples were drawn pre-treatment, 14 days after each vaccination and at the end of the study, 4 weeks after the last vaccination. Clinical assessments for safety as well as immunology endpoints were performed before and after each vaccination. Participants remained in the clinic from the day before dosing and for 24 h post ID dosing (control group), or 6 h post light exposure on day 2, 16, and 30, and returned for non-residential visits the following day and up to 4 weeks after last dosing.



Safety Measures in the Study

For safety reasons a sequential-group, sentinel dosing design was chosen for the dose-finding part of the study, as the impact of antigens and adjuvant in the presence of the photosensitizer fimaporfin and illumination was unknown. This part was conducted with two sentinel subjects, dosing cohorts of 1, 1 and 4 subjects on different days. Available safety data from the first sentinel subject ≥ 40 h post light dosing was evaluated by the investigator before dosing started for the second sentinel subject, and available safety data from the second sentinel (≥ 40 h post light dosing) was evaluated before dosing started for the remaining four subjects in the dose group. Similar evaluations of available safety data were done prior to the second and third dosing occasions for the second sentinel subject and the remaining four subjects within each dose group.

Prior to the second and third dosing of each individual, available safety data from the previous dosing in the individual was evaluated. If there were safety concerns in individual subjects, subsequent doses of one or both antigen/adjuvant combinations were not given to that particular subject. Subjects were withdrawn from dosing if they experienced a serious adverse event (SAE) or had clinical signs of hypersensitivity reaction or cytokine release syndrome grade 3 or above considered to be possibly related to study treatment, or if they had grade 3 local administration site reactions or the presence of local administration site ulceration [as defined by the CTCAE criteria (Version 4.03 or later)].

Between each dose cohort, a Safety Review Committee (SRC) consisting of a minimum of the investigator, a sponsor representative, an independent immunologist, and a medical monitor, reviewed safety and tolerability data from a minimum of four subjects in the last dose group (up to at least 40 h after second dosing). An interim safety report, summarising results from all required safety assessments, was provided, and any clinically significant results were discussed before next dose cohort. Separate dose escalation decisions were made for each antigen. A minimum of 7 days separated the dosing of the last subject receiving their second dose in one group and dosing of the first subject in the next group.

Dose escalation would stop, or a lower dose be selected if ≥ 1 grade 3, or ≥ 2 grade 2, AEs of a similar nature within a dose group was considered related to the study drug. In addition, if ≥ 2 subjects in a group had grade 3 local administration site reactions (as defined above), presence of local administration site ulceration, or were not able to tolerate the complete light application, the dose would not be escalated. When the stopping criteria for a dose cohort were met, all subjects in that cohort discontinued further treatment. Doses where the stopping criteria were not met were regarded as safe and tolerable.



Safety Assessments

Safety monitoring included vital signs and clinical laboratory evaluations, physical examinations and 12-lead ECGs. Any adverse event (AE) and remedial actions required were recorded, and any clinically significant abnormalities identified during the course of the study were followed up until they returned to normal or could be clinically explained. Local tolerability at the dosing sites was assessed prior to and after each ID injection and light application (2, 6, 24, and 48 h post ID and light dosing), and involved evaluation of pain, erythema, edema, induration, and ulceration following individual scales for each measure. Local tolerability events of grade 3 included: Pain: Prevents daily activity or necessitated repeated use of narcotic pain reliever; Erythema: More than 100 mm; Edema: More than 100 mm; Induration: height: >1 mm. Local tolerability ratings of ≥ Grade 3 and/or the presence of ulceration were recorded as adverse events. Assessment of pain intensity at the injection site before, during, and after light exposure was assessed using a visual analogue scale (VAS) from 0 to 100 mm.



Immune Monitoring Analysis


Peripheral Blood Mononuclear Cells Isolation and Storage

Blood was collected in sodium heparin tubes from subjects prior to the vaccination (day 1) and post-vaccination on days 15, 29, 43, and 56. Peripheral blood mononuclear cells (PBMCs) for immune monitoring were isolated within 8 h of venipuncture by standard density gradient centrifugation using Histopaque (Sigma-Aldrich, St. Louis, USA). PBMCs were cryopreserved in Cell recovery (ThermoFisher, Waltham, USA) or CTL ABC (CTL, Shaker Heights, USA) freezing medium using Mr. Frosty (Sigma-Aldrich, St. Louis, USA). Cells were initially frozen at -80°C and transferred to liquid N2 within 18–48 h.



ELISpot Analysis

To assess cellular immunity, an interferon-γ (IFN-γ) ELISpot assay was done to determine responses to HPV16 E7 and KLH. Cryopreserved PBMC samples were thawed in a 37°C water bath until a small piece of ice remained. The PBMCs were then immediately transferred to a 15 ml Falcon tube, and 10 ml (37°C) AIM-V medium (Thermo Fisher Scientific, Waltham, USA) containing 0.5 U/ml benzonase nuclease (Sigma-Aldrich, St. Louis, USA) was added drop-wise. Cells were centrifuged 10 min at 450 × g at room temperature (RT) and re-suspended in 10 ml AIM-V (37°C) (without benzonase). After a new centrifugation, cells were re-suspended in AIM-V (37°C) at 2x106 cells/ml, split into 5 ml aliquots in 50 ml tubes (with the cap not completely closed to enable CO2 exchange) and maintained overnight (20–24 h) in a cell incubator with a humidified atmosphere containing 5% CO2 at 37°C (20, 21). Counting of viable cells was performed using trypan blue staining.

For the IFN-γ ELISpot assay the Human IFN-γ ELISpotPLUS (ALP) kit (3420-4ALP-10, Mabtech, Nacka Strand, Sweden) was used according to the manufacturer’s instructions. Shortly, the overnight rested cells were resuspended, and an aliquot was removed for cell counting. Cells were centrifuged at 450 g and re-suspended in AIM-V medium (37°C) at 2x106 viable cells/ml. Then, 100 µl of each sample was added to the wells in the precoated ELISpot plate, 100 µl of AIM-V (37°C) containing concentrated stimulants was added for triplicate testing per condition and the plates were incubated for 20–22 h at 37°C. The HPV16 E7 peptides (the same as used for the vaccination) were dissolved in DMSO and added to the cell samples for a final concentration of 10 µg/ml, with a final DMSO concentration of 1.2%.

KLH was reconstituted in sterile solvent supplied in the kit and added to cell samples for a final concentration of 100 µg/ml. Concanavalin A (1 µg/ml final; Sigma-Aldrich, St. Louis, USA) and CEFx peptides (1 µg/ml final) (JPT Peptide Technologies Berlin, Germany) were added to the samples in separate wells as positive controls, while cells incubated with medium only served as a negative control. Each batch of tested subjects (typically 3 subjects at a time) was accompanied by testing the same PBMCs from a healthy donor (reference sample) against medium, CEFx, and ConA. Testing results of this reference control revealed robust and similar antigen and mitogen responses at all testing dates. The next day cells were removed from the plate and the wells were washed 5 times with PBS before the addition of 100 µl 1 µg/ml biotinylated monoclonal Antibody 7-B6-1 working solution. Following incubation at RT for 2 h and 5 washes, the plates were incubated with Streptavidin-ALP for 1 h before washing again. The plates were developed until spots emerged (usually around 3 min) using the substrate BCIP/NBT dissolved in deionized water. Plates were left to dry in the dark and spots were enumerated at ZellNet Consulting Inc. (Fort Lee, USA) with a KS ELISpot reader (Zeiss, Thornwood, USA), using Software version KS ELISpot 4.9.16 following the International harmonization guidelines for ELISpot plate evaluation (22).

The Limit of Detection (LOD) in the ELISpot assay was determined from the actual trial subjects tested. Using the spot counts in the negative control wells from all the samples, the median spot count was calculated to be 5. Therefore, using a signal: noise ratio of 3:1 for defining the LOD, 15 spots was considered the LOD for this study. This LOD was used as the basis for calculations of response rates.

Two definitions for an antigen-specific response were used: i) A statistical Distribution-Free Resampling (DFR) test in the setting where triplicate wells were available for all antigens (23). The DFR test provides two results: I. for any statistical difference [DFR(eq) testing results, less stringent], and II. for statistical differences which are at least 2-fold above the negative control [DFR(2x), more stringent testing] ii) An empirical rule of 2-fold or greater difference between the mean antigen spot counts compared to the mean negative control spot counts. For both tests, the average antigen spot count had to be greater than or equal to the global LOD of 15 spots to be considered a response.

The response to treatment was defined with the following rules: i) If there was no pre-existing response measured on day 1), but there was a response, measured at any of the following time points ii) If there was a pre-existing response, a response measured at any of the following time points had to be at least 2x as high as the response measured on day 1.



Flow Cytometry Analyses

To assess functional responses of CD4+ and CD8+ T-cells in response to stimulation with HPV16 E7 peptide pools, flow cytometry analysis was performed. Thawed PBMC samples were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM, Lonza, Basel, Switzerland), supplemented with 2mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin (all from Life Technologies, Waltham, USA), and 10% human serum albumin (Albuman®; Sanquin Plasma Products BVAmsterdam, Netherlands) and plated in 6-wells plates (days 29, 43, and 57 were separately put into culture). The cells were stimulated with peptide pools consisting of HPV16 E7 1-35 (35-mer) + E7 61-82 (22-mer) + E7 64-98 (35-mer). The next day T-cell growth factor (TCGF; ZeptoMetrix, Buffalo NY, USA) and Interleukin-15 (IL-15; Peprotech, London, UK) was added to the bulk cultures as described previously (24, 25). The cells were cultured for 10 days (only medium with Albumin was added when required, mostly on day 7). Thawed PBMC samples (1–4 x 106 cells/ml) from the corresponding day 15 samples were used for monocyte adherence in 48-wells plates (0.5 ml/well) to be used as APCs. These monocytes were cultured in X-vivo 15 medium (Lonza, Basel, Switzerland) and incubated with 800 IU/ml Granulocyte-macrophage colony stimulating factor (GM-CSF; Invitrogen, Waltham, USA) for 3 days and subsequently loaded overnight separately with the following peptide pools: i) HPV16 E7 1-35 (10-mer peptides): 1-10, 2-11, 5-14, 7-16, 10-19, 11-20, 15-24, 20-29, 26-35; ii) HPV16 E7 62-98 (10-mer peptides): 62-71, 63-72, 70-79, 73-82, 77-86, 78-87, 80-89, 82-91, 85-94, 89-98; iii) HPV16 E7 (22-mer peptides): 1-22, 11-32, 21-42, 61-82, 71-92, 77-98. Monocytes loaded with Staphylococcus enterotoxin B (SEB, Sigma) served as a positive control, and monocytes in X-vivo 15 medium only as a negative control. The 10-days cultured PBMCs were harvested, resuspended in IMDM with Albumin (2 x 106 cells/ml) and added to the peptide loaded monocytes (0.5 ml/well). Brefeldin A was added after 1 h (final concentration 10 µg/ml) to prevent cytokine secretion, and the cells were after overnight stimulation harvested and subjected to intracellular cytokine staining (24, 25). Staining was done for the following markers: T-cell markers CD3, CD4, and CD8; cytokines IFN-γ, TNF-α and IL-2; and activation markers CD154 and CD137. A time-gate was set to exclude any regions of sheath flow fluctuations that could result in false-positive or false-negative events (gating tree shown in Supplementary Figure 1). To determine whether samples were reactive to HPV16 E7 (or the positive control SEB), measured T-cell responses were considered positive if they consisted of ≥10 events within the gate, and their frequency was at least twice that in the matched negative control (medium only). Reported results are background-subtracted except if noted otherwise.



KLH IgG Antibody Analysis

Serum samples collected from subjects before vaccination, 14 days after each vaccination and at the end of the study (6 weeks after last KLH vaccination) were analyzed for anti-KLH IgG using an ELISA assay (Alpha Diagnostics, San Antonio, USA). The ELISAs were performed with dilutions of positive and naïve anti-KLH IgG human serum samples and the subject samples were tested in 5 dilutions. The ELISA plate was read using a Spectramax 340PC plate reader at 450 nm. The anti-KLH IgG in a sample was determined using an antibody cut titration method. The concentration of each sample was calculated, and the average of diluted samples was determined.





Results


Subject Disposition

As outlined in Figure 1, In total 96 healthy volunteers participated in this study; 8 in the safety run-in part and 88 in the fimaporfin dose-finding part of the study. In this dose-finding part, 12 of the 88 subjects were enrolled in the control group and 76 subjects were treated with different doses of fimaporfin (Figure 1 and Table 2). The 8 subjects in the safety run-in part received fimaporfin alone or in combination with Hiltonol as shown in Table 1. In the 100 µg fimaporfin dose group, four adverse events of grade 1 local ulceration in three patients were reported, in addition to injection site paresthesia (one event) and extravasation (one event) all being suspected as related to study treatment (Table 3). In the 50 µg group, no ulcerations or other prominent local reactions were observed, and 50 µg was therefore selected as the starting dose for the fimaporfin dose-finding part of the study. There were no apparent differences in safety events between subjects receiving illumination at 5 mW/cm2 and subjects being illuminated with 10 mW/cm2; and an irradiance of 5 mW/cm2 for 200 s, giving an illumination dose of 1 J/cm2, was chosen for the dose-finding part of the study. Although there were few patients in this safety run-in part of the study, the results indicated that the local reactions observed were mainly due to the photochemical treatment with fimaporfin, since there was no clear difference between the injection sites with or without Hiltonol.


Table 2 | Baseline characteristics and dose groups assignment of subjects in the fimaporfin dose-finding part.




Table 3 | Any Related TEAEs reported in Safety Run-In part.



As shown in Figure 1 the subjects enrolled into the fimaporfin dose-finding part were divided over 10 cohorts, each consisting of 6–12 healthy volunteers, who received fimaporfin doses from 0.75 µg to 50 µg. The control group (n=12) received Hiltonol and vaccine antigens only, whereas the fimaporfin groups received PCI (fimaporfin + light) in addition to Hiltonol and vaccines. All groups received the same dose of Hiltonol and vaccine antigens, and up to five injections (Figure 2).




Figure 2 | Treatment and blood sampling schedule. Subjects could receive three doses of HPV vaccine, and two doses of KLH vaccine given at 2 weeks intervals. Blood samples were collected pre- and post-vaccination at the time points indicated by red arrows.





Safety and Tolerability of PCI Mediated Vaccination

ID vaccination with PCI was safe and well tolerated (Table 4), and no SAEs were reported in the study. Overall, 27 of the 88 subjects (30.7%) in the dose-finding part reported 53 treatment emergent AEs (TEAEs), of which 34 were local symptoms and 19 were systemic reactions. The majority of the reported events were classified as mild, but 4 subjects in the highest dose groups (25 µg and 50 µg fimaporfin) reported five moderate TEAEs that were classified as related to the study treatment; four of these events were local reactions at the injection site. Systemic AEs related to study treatment were all mild except 1 moderate event of procedural site reaction (25 µg). Only 2 of the reported systemic symptoms (headache and procedural reaction) were reported by ≥ 2 subjects. There were 13 more different systemic AEs, each one reported by one subject, and only at one time-point. All laboratory abnormalities were classified as not related to the study intervention.


Table 4 | Any TEAEs related to study treatment reported by ≥ 2 subjects.



In the 50 µg dose group stopping criteria were met, as two subjects developed injection site ulceration grade 2 at one or both injection sites (three events) (Tables 5 and 6). The dose was therefore reduced to 25 µg, which significantly decreased the side effects. Although stopping criteria were not met, this dose was deemed as poorly tolerated with regards to pain during illumination. Two subjects at this dose were not able to receive the full light dose at one or both injection sites (one of the subjects was withdrawn from the study due to pain during illumination). Because of the pain issue with the 25 µg fimaporfin cohort, the fimaporfin dose was substantially reduced, to 2.5 µg, and a dose escalation was performed from this dose level. The 2.5 µg dose was well tolerated, as were doses of 5, 7.5 and 12.5 µg. At 17.5 µg three subjects developed local administration site reactions of erythema that were generally mild, but exceeded 10 cm (Figure 3), thereby meeting the dose stopping criteria.


Table 5 | Total 14 subjects discontinued dosing either due to development of AEs or Dose stopping criteria being met in the cohort.




Table 6 | Subject Treatment Disposition.






Figure 3 | Development of vaccination site erythema induced discontinuation of treatment in the 17.5 µg dose cohort. The figure shows an example of erythema > 10 cm developed after PCI-mediated vaccination in the 17.5 µg fimaporfin dose group. Vaccination was performed on the belly, and the picture was taken after the second vaccination, 24 h after illumination. The black circle denotes the illuminated area.



Although pain was generally not a problem at doses lower than 25 µg fimaporfin, pain scores during illumination were variable between subjects, and mild pain was also observed in some subjects in the lower dose groups. The pain usually vanished immediately after the end of light application.

As will also be apparent from Figure 1, altogether 14/88 (15.9%) subjects in the fimaporfin dose-finding part discontinued dosing; seven subjects discontinued due to AEs (all being local injection site events) and seven subjects due to their study cohort reaching predefined stopping criteria (50 and 17.5 µg dose groups) (Tables 5 and 6). Discontinuation AEs were ulcerations (moderate) in two subjects in the highest dose group (50 µg), mild erythema in three subjects [17.5 µg (n=2) and 7.5 µg (n=1)], and pain during light application in two subjects [not able to receive the full light dose (25 µg)]. None of the subjects in the 50 µg dose completed the full HPV or KLH vaccination regimen, and in the 17.5 µg dose group, one subject received only one HPV dose, four subjects received two doses and only one subject completed all three HPV doses. In addition, one subject in the 7.5 µg dose group did not receive the third HPV dose.

Taken together, PCI could be safely applied to intradermal vaccination in humans, with no unexpected and mostly mild systemic AEs. At higher dose levels there were some local tolerability issues, but doses below 17.5 µg fimaporfin were well tolerated and are suitable for use in later studies.



Immune Responses to KLH and HPV16 E7 Peptide Vaccination

The humoral response to KLH was measured in the control and 2.5-12.5 µg fimaporfin dose groups. The titer of circulating KLH-specific IgG antibodies increased in all the study subjects after the second vaccination. However, as compared to the control group, the response in vaccinated patients co-treated with PCI at a fimaporfin dose of 12.5 µg displayed a >3-fold higher KLH antibody titer at days 28 [p=0.039, t-test (unpaired, two-tailed)] and 43 (p=0.030) (Figure 4A). Notably, the response in the 12.5 µg fimaporfin group was more consistent with strong responses observed in all subjects, while a rather weak antibody response (< 5000 units) was observed in two of the six subjects in the control group (Figure 4B).




Figure 4 | Antibody response to KLH vaccination. The presence of anti-KLH IgG was analysed by ELISA as described under Materials and Methods. Vaccinations were performed at days 1 and 15. (A) Geometrical mean (+/- SEM) of IgG titres in different fimaporfin dose groups. (B) IgG titres at the different time points in single study subjects in the control (black lines) and the 12.5 µg fimaporfin (red lines) groups.



Antigen specific T-cells responses were analyzed by IFN-γ ELISpot as well as by multiparametric flow cytometry. Vaccination in the absence, or with low doses, of fimaporfin did not result in mean HPV-specific T-cell reactivity detectable above the LOD (15 spots per 200,000 cells, see Materials and Methods) in the ELISpot assay (Figure 5). However, a T-cell response was detected in the groups receiving co-treatment with 12.5 and 17.5 µg fimaporfin, amounting to mean spot count between 20 and 30 spots per 200,000 cells. The PCI enhanced response to HPV peptide vaccination was first observed 14 days after the second vaccination (day 29), reached a peak 2 weeks after the third vaccination (day 43), and declined at day 57 (28 days after the third vaccination). The HPV reactivity in the 17.5 µg dose group seems to taper off to a larger degree than in the 12.5 µg group, which is likely due to the missing third vaccination dose in five of six subjects the 17.5 µg fimaporfin group. In the 25 and 50 µg dose groups the ELISpot results did not seem to differ from what was observed in the control group. Thus, there seem to be a peak of immune enhancement in the 12.5–17.5 µg dose range.




Figure 5 | ELISpot responses against HPV16 E7 by cohorts and timepoint. PBMCs from the study subjects were isolated before and at different time points after vaccination, and subjected to ELISpot analysis after re-stimulation with the HPV E7 peptides used for the vaccination, as described under Materials and Methods. The spot counts for each sample were background corrected for simplified interpretation by subtracting the mean of the negative control wells from each donor from each antigen measurement from that donor. If the difference was <0, it was set to a value of 0. Each panel shows the result for an individual dose group. The lines indicate median values with the upper and lower quartiles indicated by the boxes. Mean values are shown as black diamonds. Group 25 µg A received the normal light dose of 1 J/cm2 at an irradiance of 5 mW/cm2, group 25 µg B received a light dose of 0.5 J/cm2 at an irradiance of 2.5 mW/cm2.



Using the response criterion defined in Materials and Methods, the number of responders to HPV vaccination in the different dose groups was assessed based on the ELISpot results. As can be seen from Figure 6A, PCI co-treatment at doses of 12.5 or 17.5 µg fimaporfin strongly increased the number of subjects responding to vaccination. While only 8% of the control subjects showed a response, the response rate in the 12.5 and 17.5 µg dose groups was 83% and 67%, respectively. Figure 6B shows the kinetics of the responses, indicating that a considerable number of responses were seen already after two vaccinations, but that adding a third vaccination further increased the response rate. The number of responders to vaccination with KLH was also assessed by ELISpot. There was a significant response rate in all study groups, including 50% of the control group. However, this was increased to 100% when PCI co-treatment with 12.5 and 17.5 µg fimaporfin was given (Supplementary Figure 2).




Figure 6 | Percentage of responders to HPV16 E7 vaccination. (A) Based on the IFN-γ ELISpot analysis (re-stimulation with the HPV16 E7 peptides used for vaccination), the percentage of responders to the vaccination within each dosage group was calculated using as response definition: HPV response at any time after day 1; no pre-existing response. 2-fold empirical rule with median sport counts > 20 spots per 200,000 cells (see also Materials and Methods). (B) The kinetics of the response for each dose group, using the DFR(2x) response criterion (see Materials and Methods).



In order to determine the phenotype of the T-cells responding to vaccination, PBMCs from the control group, the 2.5 µg and the 12.5 µg fimaporfin dose groups were stimulated in vitro and re-stimulated with different HPV16 E7 peptide mixes before being evaluated by multiparametric flow cytometry The 2.5 µg fimaporfin group was selected in addition to the control group and the 12.5 µg fimaporfin group since CD8 responses have been observed already at this dose level in mouse studies (Høgset, unpublished). The functional markers analyzed were the cytokines IFN-γ, IL-2 and TNF-α as well as the activation markers CD137 and CD154. Since the cell expansion step employed in this assay introduces possibilities for skewing of the samples, we did not use this assay for performing exact quantitative comparisons of differences in response, but rather a qualitative assessment of T-cell reactivity was performed.

The flow cytometry analysis revealed HPV-specific CD4+ T-cell responses in all tested subjects, with the exception of a borderline response in one of the control subjects (#205; Supplementary Figure 3). Thus, with this very sensitive assay there was no obvious difference in CD4+ T-cell responses between the control and the PCI treated groups, in contrast to what was observed with the more stringent ex vivo ELISpot assay.

The results also indicate that a significant fraction of the CD4+ T-cells co-express multiple functional markers, and following stimulation with HPV16 E7 22-mer, the proportion of cells simultaneously expressing all four functions (CD154, IFN-γ, IL-2, and TNF-α) or the combinations of CD154, IFN-γ and TNF-α and CD154, IL-2 and TNF-α appears to be larger in the 2.5 and 12.5 µg dose groups, as compared to the control group (Supplementary Figure 4).

CD8+ T-cell responses to the positive control SEB were relatively consistent across time-points for individual subjects for the production of IFN-γ, TNF-α, and CD154, with the expression of IL-2 and CD137 being less consistent (Supplementary Figure 5). There seemed to be a lower reactivity to the SEB antigen in some of the subjects in the 12.5 µg dose group (notably subjects 244, 245, and 248). This might indicate a lower quality of the cells in these samples, but the fact that some of these samples show an HPV E7 response for functional markers (Figure 7) may indicate that the low response seen with the SEB positive control was due to natural individual variations in the SEB response rather than an impairment of the cell samples. A CD8+ T-cell response to the HPV16 E7 22-mer peptides at least at one time-point was detected in three of the six tested control subjects and in 6/6 and 4/6 subjects in the 2.5 µg and 12.5 µg fimaporfin groups, respectively (Figure 7). While no subjects in the control groups developed a response at two or more timepoints, such responses were observed for 3/6 subjects both in the 2.5 and in the 12.5 µg dose groups (Figure 7). Furthermore, 1/6 and 2/6 subjects exhibited HPV E7 22-mer-specific responses at all 3 time-points tested in the 2.5 and 12.5 µg dose groups, respectively (Figure 7).




Figure 7 | CD8+ T-cell responses to HPV16 E7 peptides. The expression of IFN-γ, IL-2, TNF-α, and CD154 was assessed in CD8+ T-cells following stimulation with HPV16 E7 22-mer peptides (described under Materials and Methods) for each analyzed sample. Results for the three time-points [d(ay)29, d43, d57] are indicated by the colored bars: d29 dark blue, d43 light blue, and d57 green. All measurements have been background-subtracted.



While the cells in the control group samples produced only CD154 or IFN-γ, samples from the 2.5 µg dose group exhibited any of the four functional markers (IFN-γ, IL-2, TNF-α, CD154), with subject 225 (d43) producing both IFN-α and IL-2, and subject 228 (d43) producing both IFN-γ and TNF-α. Samples from the 12.5 µg dose groups showed production of any of the four functional markers, in some cases with co-production of IFN-γ and CD154 (243 d43), IL-2 and CD154 [subject 243 (d57)], or even IFN-γ, TNF-α, and CD154 [subject 243 (d29), subject 244 (d29)].

The multifunctionality of the CD8+ T-cell response to HPV E7 22-mer stimulation was further analyzed using pie charts highlighting all the possible combinations of functional markers measured. Figure 8A illustrates the resulting pie charts for those samples that yielded a positive response (see Figure 7). The Figure 8A pie charts appear to have a higher diversity of responses than the Figure 7 histograms might indicate; this is due to the fact that the pie chart data is not background-subtracted. The results indicate that at least some of the cells co-express multiple functional markers, as visualized by the turquoise-to-red pie segments. Such multi-functional cells represent a larger proportion of total responding CD8+ T-cells in subjects that were treated with PCI (2.5 and 12.5 µg dose groups) than in control subjects, with the proportion of cells expressing any combination of three or four functional markers being about 4 times higher in the 12.5 µg dose group than in the control group (Figure 8B).




Figure 8 | Analysis of CD8+ T-cell multifunctionality. PBMCs were incubated with pools of HPV peptides for 10 days, re-stimulated with HPV E7 22-mer peptides, stained with antibodies recognizing various surface and functional markers (CD3, CD4, CD8, IFN-γ, TNF-α, IL-2, CD154), and analysed by flow cytometry as described under Materials and Methods. (A) Assessment of the co-expression of CD154, IFN-γ, IL-2, and TNF-α. The pie charts illustrate the relative representation of cells co-expressing all four, different combinations of three, different combinations of two, or only a single of these functional markers within total functional cells (i.e. all cells that are positive for CD154 and/or IFN-γ and/or IL-2 and/or TNF), for those samples that had measurable CD8+ T-cell responses to HPV16 E7 peptide re-stimulation as defined in Materials and Methods. The data are not background-subtracted. (B) Percentage of CD8-cells expressing multiple (≥3) functional markers. Results are shown for each subject defined as a responder under the criteria described in Materials and Methods.






Discussion

It has previously been shown that the PCI technology with the photosensitizing compound fimaporfin (TPCS2a) gives a strong enhancement of MHC class I presentation of peptide antigens in antigen presenting cells in vitro (4), and that this effect can be exploited to improve the CD8+ T-cell response to peptide and protein vaccination in mice (3–9). The present work represents the first study to translate these pre-clinical findings into the clinical setting, through a phase I dose-finding study using the PCI technology for vaccination with peptide and protein antigens in combination with the adjuvant poly-ICLC (Hiltonol). The primary objective of the study was to assess the safety of intradermal vaccination with PCI in combination with Hiltonol, and to define a fimaporfin dose suitable for use in later clinical studies. The results showed that the use of the PCI/Hiltonol combination in humans was safe, with generally mild adverse events localized at the site of vaccination, and identified fimaporfin doses lower than 17.5 µg as well tolerated, with higher doses being less tolerable due to local reactions. The secondary objective of the study was to assess immune responses induced by PCI-mediated vaccination, and the results indicated that the employment of PCI increased the number of subjects that exhibited a T-cell response to an HPV long peptide vaccine over what was achieved with the antigen/Hiltonol combination without PCI. Moreover, the use of PCI seemed to result in a more consistent and multifunctional CD8+ T-cell response.

It is well established that photodynamic therapy of e.g. skin cancer can induce substantial pain in a significant fraction of the patients and that high dose photochemical treatment doses can induce skin ulcers (26). Thus, in the clinical study we first conducted a safety run-in part in order to define a photochemical dose that would be tolerable as the starting dose for the main study part (fimaporfin dose-finding part). For the run-in study, a starting dose of 100 µg fimaporfin was selected, as this dose has been shown to induce immune responses in mice; and also had good tolerability in minipigs. However, in the present study, the highest doses of fimaporfin (50 and 100 µg) were not tolerated due to development of ulcers at the injection site. Ulcerations have also been reported with other vaccination technologies using adjuvants (27) and is not uncommon e.g. in a setting of therapeutic cancer vaccination. Although the local tolerability was significantly better at the 25 µg dose, it was still not deemed acceptable due to pain during illumination in some of the study subjects. The starting dose for the fimaporfin dose escalations was therefore reduced to 2.5 µg, which was well tolerated, as were doses of 5, 7.5, and 12.5 µg. Development of mild erythema was seen at 17.5 µg and dose escalation stopping criteria for the study were met as these exceeded 10 cm in longest diameter. Fimaporfin doses of 0.5 and 1.5 µg fimaporfin were also tested, and as could be expected these doses exhibited excellent tolerability, with only mild local reactions and negligible pair being observed.

Local tolerability events increasing with the fimaporfin dose levels was the only safety issue observed with the PCI vaccination regimen tested, systemic adverse reactions were generally mild and of a character that is expected in a vaccination study. Thus, PCI-mediated vaccination with fimaporfin doses below 17.5 µg can safely be further explored in humans.

As the secondary objective of the study we assessed various aspects of the immune response to PCI-mediated vaccination. Here, the most interesting finding was that PCI vaccination with a fimaporfin dose of 12.5 µg led to an almost 10-fold increase in the percentage of study subjects exhibiting a T-cell response to HPV16 E7 peptide vaccination, as compared to a control group receiving the same vaccine without PCI. A positive effect was seen also in the 17.5 µg group despite that only 1/6 subjects in this group received the full HPV peptide vaccination schedule.

It is known that HPV E7 synthetic long peptide vaccination leads to strong CD4+ T-cell responses, but that with such antigens it is much more difficult to induce CD8+ T-cell responses (25, 28, 29). Thus, the enhanced overall T-cell response (IFN-γ ELISpot) observed in the 12.5 and 17.5 µg fimaporfin groups probably to a large degree represents an effect on the magnitude of the HPV-specific CD4+ type 1 T-cell response. The occurrence of CD4+ T-cell responses were also corroborated by the more sensitive, but less stringent, flow cytometry analysis, where most subjects in the analyzed groups (except one subject in the control group) exhibited strong CD4+ T-cell responses. Increased antigen-specific CD4+ T-cell responses after PCI treatment have also been observed in pre-clinical studies with protein antigens (Selbo et al., manuscript in preparation).

In the present work also a significant increase in the IgG antibody response to the KLH protein antigen was observed. A similar effect has been observed in several pre-clinical studies with protein and long peptide antigens used in combination with poly(IC) (Selbo et al., manuscript in preparation). The mechanism behind the stimulation of antibody responses may include an enhancement of CD4+ T-cell responses, potentially stimulating B-cells to produce antibodies (30).

The main cellular effect of the PCI technology is inducing endosomal permeabilization, among other things leading to enhanced MHC class I antigen presentation (4, 5). Given that endocytic vesicles are important in the MHC class II presentation pathway, it may seem counter-intuitive that PCI should enhance CD4+ T-cell responses. There may however be several explanations for this. Firstly, during illumination there will be a light dose gradient downwards and sideways in the tissue. This means that APCs located at different locations in the tissue will receive different “doses of PCI”. Thus, the situation in the vaccination area may well be that some APCs (near to the light source) will receive a high “PCI dose” permeabilizing all endocytic vesicles and leading mainly to MHC class I presentation in these cells (maybe at the expense of class II presentation). Other cells will receive an intermediate “PCI dose” giving both MHC class I and II presentation in the same cell, and some cells located “far away” from the injection/illumination site (e.g. deeper in the tissue), may receive antigen, adjuvant and fimaporfin but only a small light dose, meaning that the “default” MHC class II presentation will dominate in these cells. Furthermore, PCI-induced stimulation of CD4+ T-cell responses may occur through several mechanisms. i) The photochemical treatment in itself can have a general immunostimulatory effect e.g. by the induction of cytokine production [e.g. IL-6 (5);] and by the upregulation of activation markers on APCs (4). ii) A substantial fraction of MHC class II presentation may take place by pathways involving antigen localization in the cytosol (31), and presentation mediated by such pathways may be enhanced by PCI, because of increased availability of antigens in the cytosol. iii) Various forms of photochemical treatments have been shown to induce autophagy (32), and autophagy is known to be involved in some types of MHC class II antigen presentation (33, 34).

Taken together, the aggregated effects, measurable in blood samples, of these possible different processes may lead to a stimulation both of CD8+ T-cell, CD4+ T-cell and antibody responses. In most vaccination settings stimulation of all these branches of the immune system would be highly advantageous.

In contrast to the finding of an enhanced antibody response observed in the present study, earlier studies on PCI-mediated immunization with adjuvant-free particle- (6) or liposome- (7) based vaccines have indicated that PCI may have a negative effect on humoral immune responses to the ovalbumin (OVA) antigen, and also that that the effect of PCI on CD8+ T-cell responses is independent of CD4+ T-cells (9). The reason for the seemingly different effects of PCI on antibody production has so far not been elucidated, but one possibility is that it may be related to the use of poly(IC) based adjuvants in the studies showing av positive effect of PCI on antibody production.

Earlier clinical experience with HPV16 E7 peptide vaccination have shown that it is difficult to induce CD8+ T-cell responses to HPV16 E7 peptides in humans, with response rates of 11% (25) and 50% (28) being reported using vaccines containing nine HPV16 E6 plus four HPV16 E7 peptides. Thus, as discussed above it was expected that the IFN-γ response detected by ELISpot analysis in the present study using only two HPV16 E7 peptides was mostly contributed by CD4+ T-cells. Therefore, the flow cytometry analysis was employed to explore the effect of the PCI treatment specifically on CD8+ T-cell responses. Samples from three selected study groups were selected for this analysis, which was performed using the same methodology as used in the above cited studies (25, 28). As could be expected from previous studies with HPV E7 peptides (24, 27) in general the CD8+ T-cells responses observed in the present study were weak (<0.5% positive cells), while the CD4+ T-cell responses seemed much more robust, with up to 15% positive cells in same samples. The flow cytometry analyses revealed HPV-specific CD8+ T-cell responses in 50% of the subjects in the control group, however, such responses were likely to be weak since they could be detected at only one time point. In comparison, for the CD8+ T-cell responses the groups of subjects co-treated with fimaporfin had a tendency of a higher overall response rate, and exhibited more robust responses, with responses seen at several time points and to more than one of the analyzed markers. Apparently, these responses were of better quality than the responses in the control group, as reflected in the multifunctionality of the responses measured. A similar effect on functionality has been observed also in several animal studies (Selbo et al., manuscript in preparation). Given the importance of the functionality of the CD8+ T-cells for effective immune responses to tumors and viral infections (35–37) this finding is very encouraging for the future exploration of PCI-mediated vaccination in therapeutic vaccination settings.

In conclusion, this clinical study demonstrates that the use of PCI in combination with a poly(IC) based adjuvant is safe and can enhance both cellular and humoral immune responses to ID vaccination over what is achieved with a vaccine given without PCI. As shown in animal studies the properties of the PCI technology may be especially useful for enhancing the effect of polypeptide based therapeutic cancer vaccines (Selbo et al., manuscript in preparation), and based on the positive clinical results in the present study, this will be explored in further clinical studies.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by North East–York Research Ethics Committee, UK (16/NE/0198). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

TO and AH contributed to conception and design of the clinical study including immune monitoring analysis plan, immune data interpretation, wrote the first draft of the manuscript and final manuscript. TO was the project manager for the clinical study. SJ contributed to ELISpot assay design, ELISpot data analysis and interpretation, flow cytometry analysis and data interpretation as well as to the manuscript. MW contributed to flow cytometry analysis and data interpretation as well as to the manuscript. MH, AN, and VE contributed to data acquisition by ELISpot analysis. SBo and NL contributed to data acquisition by flow cytometry and analysis. PS provided scientific input and contributed to manuscript writing and final approval of manuscript. SvdB contributed to data interpretation and to the manuscript. HO contributed to design of the clinical study and safety monitoring. All authors contributed to the article and approved the submitted version.



Funding

The study was funded by PCI Biotech AS. PCI Biotech has received funding from the Norwegian Research Council for a Project (Project no. 269817) including the present study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.576756/full#supplementary-material



References

1. Gros, M, and Amigorena, S. Regulation of Antigen Export to the Cytosol During Cross-Presentation. Front Immunol (2019) 10:41. doi: 10.3389/fimmu.2019.00041

2. Berg, K, Selbo, PK, Prasmickaite, L, Tjelle, TE, Sandvig, K, Moan, J, et al. Photochemical internalization: a novel technology for delivery of macromolecules into cytosol. Cancer Res (1999) 59(6):1180–3.

3. Hakerud, M, Waeckerle-Men, Y, Selbo, PK, Kundig, TM, Hogset, A, and Johansen, P. Intradermal photosensitisation facilitates stimulation of MHC class-I restricted CD8 T-cell responses of co-administered antigen. J Control Release (2014) 174:143–50. doi: 10.1016/j.jconrel.2013.11.017

4. Haug, M, Brede, G, Hakerud, M, Nedberg, AG, Gederaas, OA, Flo, TH, et al. Photochemical Internalization of Peptide Antigens Provides a Novel Strategy to Realize Therapeutic Cancer Vaccination. Front Immunol (2018) 9:650. doi: 10.3389/fimmu.2018.00650

5. Waeckerle-Men, Y, Mauracher, A, Hakerud, M, Mohanan, D, Kundig, TM, Hogset, A, et al. Photochemical targeting of antigens to the cytosol for stimulation of MHC class-I-restricted T-cell responses. Eur J Pharm Biopharm (2013) 85(1):34–41. doi: 10.1016/j.ejpb.2013.02.002

6. Bruno, C, Waeckerle-Men, Y, Hakerud, M, Kundig, TM, Gander, B, and Johansen, P. Photosensitizer and Light Pave the Way for Cytosolic Targeting and Generation of Cytosolic CD8 T Cells Using PLGA Vaccine Particles. J Immunol (2015) 195(1):166–73. doi: 10.4049/jimmunol.1500431

7. Hjalmsdottir, A, Buhler, C, Vonwil, V, Roveri, M, Hakerud, M, Wackerle-Men, Y, et al. Cytosolic Delivery of Liposomal Vaccines by Means of the Concomitant Photosensitization of Phagosomes. Mol Pharm (2016) 13(2):320–9. doi: 10.1021/acs.molpharmaceut.5b00394

8. Hakerud, M, Selbo, PK, Waeckerle-Men, Y, Contassot, E, Dziunycz, P, Kundig, TM, et al. Photosensitisation facilitates cross-priming of adjuvant-free protein vaccines and stimulation of tumour-suppressing CD8 T cells. J Control Release (2015) 198:10–7. doi: 10.1016/j.jconrel.2014.11.032

9. Varypataki, EM, Hasler, F, Waeckerle-Men, Y, Vogel-Kindgen, S, Hogset, A, Kundig, TM, et al. Combined Photosensitization and Vaccination Enable CD8 T-Cell Immunity and Tumor Suppression Independent of CD4 T-Cell Help. Front Immunol (2019) 10:1548. doi: 10.3389/fimmu.2019.01548

10. Berg, K, Nordstrand, S, Selbo, PK, Tran, DT, Angell-Petersen, E, and Hogset, A. Disulfonated tetraphenyl chlorin (TPCS2a), a novel photosensitizer developed for clinical utilization of photochemical internalization. Photochem Photobiol Sci (2011) 10(10):1637–51. doi: 10.1039/c1pp05128h

11. Agostinis, P, Berg, K, Cengel, KA, Foster, TH, Girotti, AW, Gollnick, SO, et al. Photodynamic therapy of cancer: an update. CA Cancer J Clin (2011) 61(4):250–81. doi: 10.3322/caac.20114

12. Jerjes, W, Theodossiou, TA, Hirschberg, H, Hogset, A, Weyergang, A, Selbo, PK, et al. Photochemical Internalization for Intracellular Drug Delivery. From Basic Mechanisms to Clinical Research. J Clin Med (2020) 9(2):528–79. doi: 10.3390/jcm9020528

13. Sosic, L, Selbo, PK, Kotkowska, ZK, Kundig, TM, Hogset, A, and Johansen, P. Photochemical Internalization: Light Paves Way for New Cancer Chemotherapies and Vaccines. Cancers (Basel) (2020) 12(1):165–87. doi: 10.3390/cancers12010165

14. Sultan, AA, Jerjes, W, Berg, K, Hogset, A, Mosse, CA, Hamoudi, R, et al. Disulfonated tetraphenyl chlorin (TPCS2a)-induced photochemical internalisation of bleomycin in patients with solid malignancies: a phase 1, dose-escalation, first-in-man trial. Lancet Oncol (2016) 17(9):1217–29. doi: 10.1016/S1470-2045(16)30224-8

15. Mescher, MF, Curtsinger, JM, Agarwal, P, Casey, KA, Gerner, M, Hammerbeck, CD, et al. Signals required for programming effector and memory development by CD8+ T cells. Immunol Rev (2006) 211:81–92. doi: 10.1111/j.0105-2896.2006.00382.x

16. Khong, H, and Overwijk, WW. Adjuvants for peptide-based cancer vaccines. J Immunother. Cancer (2016) 4:56. doi: 10.1186/s40425-016-0160-y

17. Datta, SK, Redecke, V, Prilliman, KR, Takabayashi, K, Corr, M, Tallant, T, et al. A subset of Toll-like receptor ligands induces cross-presentation by bone marrow-derived dendritic cells. J Immunol (2003) 170(8):4102–10. doi: 10.4049/jimmunol.170.8.4102

18. Ressing, ME, Sette, A, Brandt, RM, Ruppert, J, Wentworth, PA, Hartman, M, et al. Human CTL epitopes encoded by human papillomavirus type 16 E6 and E7 identified through in vivo and in vitro immunogenicity studies of HLA-A*0201-binding peptides. J Immunol (1995) 154(11):5934–43.

19. Houston, WE, Crabbs, CL, Stephen, EL, and Levy, HB. Modified polyriboinosinic-polyribocytidylic acid, an immunological adjuvant. Infect Immun (1976) 14(1):318–9. doi: 10.1128/IAI.14.1.318-319.1976

20. Wegner, J, Hackenberg, S, Scholz, CJ, Chuvpilo, S, Tyrsin, D, Matskevich, AA, et al. High-density preculture of PBMCs restores defective sensitivity of circulating CD8 T cells to virus- and tumor-derived antigens. Blood (2015) 126(2):185–94. doi: 10.1182/blood-2015-01-622704

21. Santos, R, Buying, A, Sabri, N, Yu, J, Gringeri, A, Bender, J, et al. Improvement of IFNg ELISPOT Performance Following Overnight Resting of Frozen PBMC Samples Confirmed Through Rigorous Statistical Analysis. Cells (2014) 4(1):1–18. doi: 10.3390/cells4010001

22. Janetzki, S, Price, L, Schroeder, H, Britten, CM, Welters, MJ, and Hoos, A. Guidelines for the automated evaluation of Elispot assays. Nat Protoc (2015) 10(7):1098–115. doi: 10.1038/nprot.2015.068

23. Moodie, Z, Price, L, Gouttefangeas, C, Mander, A, Janetzki, S, Lower, M, et al. Response definition criteria for ELISPOT assays revisited. Cancer Immunol Immunother (2010) 59(10):1489–501. doi: 10.1007/s00262-010-0875-4

24. Welters, MJ, Kenter, GG, de Vos van Steenwijk, PJ, Lowik, MJ, Berends-van der Meer, DM, Essahsah, F, et al. Success or failure of vaccination for HPV16-positive vulvar lesions correlates with kinetics and phenotype of induced T-cell responses. Proc Natl Acad Sci USA (2010) 107(26):11895–9. doi: 10.1073/pnas.1006500107

25. van Poelgeest, MI, Welters, MJ, Vermeij, R, Stynenbosch, LF, Loof, NM, Berends-van der Meer, DM, et al. Vaccination against Oncoproteins of HPV16 for Noninvasive Vulvar/Vaginal Lesions: Lesion Clearance Is Related to the Strength of the T-Cell Response. Clin Cancer Res (2016) 22(10):2342–50. doi: 10.1158/1078-0432.CCR-15-2594

26. Borgia, F, Giuffrida, R, Caradonna, E, Vaccaro, M, Guarneri, F, and Cannavo, SP. Early and Late Onset Side Effects of Photodynamic Therapy. Biomedicines (2018) 6(1):12–28. doi: 10.3390/biomedicines6010012

27. Petrovsky, N. Comparative Safety of Vaccine Adjuvants: A Summary of Current Evidence and Future Needs. Drug Saf (2015) 38(11):1059–74. doi: 10.1007/s40264-015-0350-4

28. Welters, MJ, Kenter, GG, Piersma, SJ, Vloon, AP, Lowik, MJ, Berends-van der Meer, DM, et al. Induction of tumor-specific CD4+ and CD8+ T-cell immunity in cervical cancer patients by a human papillomavirus type 16 E6 and E7 long peptides vaccine. Clin Cancer Res (2008) 14(1):178–87. doi: 10.1158/1078-0432.CCR-07-1880

29. Kenter, GG, Welters, MJ, Valentijn, AR, Lowik, MJ, Berends-van der Meer, DM, Vloon, AP, et al. Vaccination against HPV-16 oncoproteins for vulvar intraepithelial neoplasia. N Engl J Med (2009) 361(19):1838–47. doi: 10.1056/NEJMoa0810097

30. Parker, DC. T cell-dependent B cell activation. Annu Rev Immunol (1993) 11:331–60. doi: 10.1146/annurev.iy.11.040193.001555

31. Leung, CS. Endogenous Antigen Presentation of MHC Class II Epitopes through Non-Autophagic Pathways. Front Immunol (2015) 6:464. doi: 10.3389/fimmu.2015.00464

32. Kessel, D. Apoptosis, Paraptosis and Autophagy: Death and Survival Pathways Associated with Photodynamic Therapy. Photochem Photobiol (2019) 95(1):119–25. doi: 10.1111/php.12952

33. Vyas, JM, Van der Veen, AG, and Ploegh, HL. The known unknowns of antigen processing and presentation. Nat Rev Immunol (2008) 8(8):607–18. doi: 10.1038/nri2368

34. Munz, C. Antigen Processing for MHC Class II Presentation via Autophagy. Front Immunol (2012) 3:9. doi: 10.3389/fimmu.2012.00009

35. Seder, RA, Darrah, PA, and Roederer, M. T-cell quality in memory and protection: implications for vaccine design. Nat Rev Immunol (2008) 8(4):247–58. doi: 10.1038/nri2274

36. Wimmers, F, Aarntzen, EH, Duiveman-deBoer, T, Figdor, CG, Jacobs, JF, Tel, J, et al. Long-lasting multifunctional CD8(+) T cell responses in end-stage melanoma patients can be induced by dendritic cell vaccination. Oncoimmunology (2016) 5(1):e1067745. doi: 10.1080/2162402X.2015.1067745

37. Panagioti, E, Klenerman, P, Lee, LN, van der Burg, SH, and Arens, R. Features of Effective T Cell-Inducing Vaccines against Chronic Viral Infections. Front Immunol (2018) 9:276. doi: 10.3389/fimmu.2018.00276



Conflict of Interest: TO and AH are employees of PCI Biotech AS and own shares and share options in the Company. AH and PS are inventors on several patents and patent Applications on the PCI Technology. HO and SJ work as consultants for PCI Biotech, and SJ is working for ZellNet Consulting, Inc. VE is an employee of PCI Biotech.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Otterhaug, Janetzki, Welters, Håkerud, Nedberg, Edwards, Boekestijn, Loof, Selbo, Olivecrona, van der Burg and Høgset. 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) and the copyright owner(s) 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.




ORIGINAL RESEARCH

published: 19 January 2021

doi: 10.3389/fimmu.2020.596303

[image: image2]


Thymoproteasome-Expressing Mesenchymal Stromal Cells Confer Protective Anti-Tumor Immunity via Cross-Priming of Endogenous Dendritic Cells


Jean-Pierre Bikorimana 1, Nehme El-Hachem 2,3, Abed El-Hakim El-Kadiry 4, Jamilah Abusarah 5, Natasha Salame 6, Riam Shammaa 7,8,9* and Moutih Rafei 1,4,5,10*


1 Department of Microbiology, Infectious Diseases and Immunology, Université de Montréal, Montreal, QC, Canada, 2 Centre Hospitalier Universitaire (CHU) Ste-Justine Research Center, Université de Montréal, Montreal, QC, Canada, 3 Genomics Institute of Precision Medicine, American University of Beirut, Beirut, Lebanon, 4 Department of Pharmacology and Physiology, Université de Montréal, Montreal, QC, Canada, 5 Department of Microbiology and Immunology, McGill University, Montreal, QC, Canada, 6 Department of Biomedical Sciences, Université de Montréal, Montreal, QC, Canada, 7 Department of Family and Community Medicine, University of Toronto, Toronto, ON, Canada, 8 Canadian Centers for Regenerative Therapy, Toronto, ON, Canada, 9 Intellistem Technologies Inc., Toronto, ON, Canada, 10 Molecular Biology Program, Université de Montréal, Montreal, QC, Canada




Edited by: 
Stephanie E. B. McArdle, Nottingham Trent University, United Kingdom

Reviewed by: 
Izumi Ohigashi, Tokushima University, Japan

Severine Loisel, Université de Bretagne Occidentale, France

*Correspondence: 
Moutih Rafei
 moutih.rafei.1@umontreal.ca
 Riam Shammaa
 riam.shammaa@ccrttoronto.ca

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 19 August 2020

Accepted: 14 December 2020

Published: 19 January 2021

Citation:
Bikorimana J-P, El-Hachem N, El-Kadiry AE-H, Abusarah J, Salame N, Shammaa R and Rafei M (2021) Thymoproteasome-Expressing Mesenchymal Stromal Cells Confer Protective Anti-Tumor Immunity via Cross-Priming of Endogenous Dendritic Cells. Front. Immunol. 11:596303. doi: 10.3389/fimmu.2020.596303



Proteasomes are complex macromolecular structures existing in various forms to regulate a myriad of cellular processes. Besides degrading unwanted or misfolded proteins (proteostasis), distinct immune functions were ascribed for the immunoproteasome and thymoproteasome (TPr) complexes. For instance, antigen degradation during ongoing immune responses mainly relies on immunoproteasome activity, whereas intrathymic CD8 T-cell development requires peptide generation by the TPr complex. Despite these substantial differences, the functional contribution of the TPr to peripheral T-cell immunity remains ill-defined. We herein explored whether the use of mesenchymal stromal cells (MSCs) engineered to exhibit altered proteasomal activity through de novo expression of the TPr complex can be exploited as a novel anti-cancer vaccine capable of triggering potent CD8 T-cell activation. Phenotypic and molecular characterization of MSC-TPr revealed a substantial decrease in MHCI (H2-Kb and H2-Dd) expression along with elevated secretion of various chemokines (CCL2, CCL9, CXCL1, LIX, and CX3CL1). In parallel, transcriptomic analysis pinpointed the limited ability of MSC-TPr to present endogenous antigens, which is consistent with their low expression levels of the peptide-loading proteins TAP, CALR, and PDAI3. Nevertheless, MSC-TPr cross-presented peptides derived from captured soluble proteins. When tested for their protective capacity, MSC-TPr triggered modest anti-tumoral responses despite efficient generation of effector memory CD4 and CD8 T cells. In contrast, clodronate administration prior to vaccination dramatically enhanced the MSC-TPr-induced anti-tumoral immunity clearly highlighting a refractory role mediated by phagocytic cells. Thus, our data elute to a DC cross-priming-dependant pathway in mediating the therapeutic effect of MSC-TPr.




Keywords: mesenchymal stromal cell, thymoproteasome, cancer vaccine, antigen cross-presentation, cross-priming, efferocytosis, clodronate





Graphical Abstract | MSC-TPr administration to immunocompetent mice leads to the recruitment of myeloid cells (macrophages and DCs) via a myriad of soluble mediators including chemokines. Although DC recruitment and cross-priming is beneficial to trigger anti-tumoral immunity, the interaction between MSC-TPr and monocytes/macrophages impairs T-cell activation. Depletion of macrophages by clodronate re-establishes full anti-tumoral immunity leading to complete protection.




Introduction

Initially, the proteasomal machinery was believed to strictly coordinate proteolysis via the degradation of aberrant cytoplasmic proteins (1). This perception quickly evolved with the emergence of additional proteasomal functions including the regulation of transcriptional activities, cell cycle and division, DNA repair, immunity, development/differentiation as well as organelle biogenesis (1–4). In contrast to yeast, which harbors a single proteasomal form, mammals can express three types of proteasomes: i) the constitutive proteasome (CPr: β1, β2, and β5), ii) the immunoproteasome (IPr: β1i, β2i, and β5i), and iii) the thymoproteasome (TPr: β1i, β2i, and β5t) (1, 5). Whereas the CPr complex is expressed in all eukaryotic cells, the IPr subunits are constitutively detected in antigen-presenting cells or assembled de novo in eukaryotic cells following interferon (IFN)-gamma stimulation. Compared to the CPr, the proteolytic activity of the IPr readily generates peptides fitting snugly in major histocompatibility (MHC)I grooves, which ensures efficient immune surveillance and pathogen clearance by CD8 T cells (1). TPr biogenesis, on the other hand, is restricted to cortical thymic epithelial cells (cTECs) (1, 6, 7). Its role is vital for positive selection of CD8 thymocytes as mice deficient in β5t exhibit aberrant CD8 T-cell development (CD4 T cells are not affected) despite normal thymic architecture and MHCI expression on cTECs (7, 8). The latter observations in β5t-deficient mice led to the conclusion that the unique and poor chymotrypsin-like activity of the TPr provides a set of MHCI-associated peptides completely distinct from those generated by the CPr or IPr complexes and dedicated to CD8 T-cell development (7, 8). It is however unclear whether the benefits of TPr are merely limited to the development of functional CD8 T cells or can also be exploited in immunotherapy to activate peripheral CD8 T cells. Additional studies are therefore required to investigate whether molding of peripheral CD8 T-cell immunity can be mediated by the TPr.

To this extent, we opted for culture-adapted non-hematopoietic mesenchymal stromal cells (MSCs) as a working model since they: i) can be harvested by a simple low volume aspirate from mice, ii) exhibit rapid in vitro proliferation, iii) require minimal culture conditions, iv) display minimal senescence through multiple passages, and v) are highly permissive to a variety of genetic engineering methods (9, 10). Besides, MSCs can switch gears and behave as conditional antigen-presenting cell upon IFN-gamma licensing, buttressing their rationale use in the context of antigen presentation (11). We show in this study that TPr-expressing MSCs (MSC-TPr) can indeed capture and cross-present peptides derived from soluble antigens. This acquired antigen presentation potential confers decent anti-tumor protection in immunocompetent mice. However, these elicited anti-tumor responses result from a delicate balance between phagocyte-mediated efferocytosis and endogenous DC cross-priming.



Materials and Methods


Animals and Ethics

All female C57BL/6NCrl and Balb/c mice (6–8 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and housed in a pathogen-free environment at the animal facility of the Institute for Research in Immunology and Cancer (IRIC). All experimental procedures and protocols were approved by the Animal Ethics Committee of Université de Montréal.



Cell Lines and Reagents

The EG.7 T-cell lymphoma, the AP2 retroviral plasmid and the 293-GP2 packaging system were kindly provided by Dr. Jacques Galipeau (University of Wisconsin-Madison, WI, USA). The A20 B-cell lymphoma was purchased from ATCC (Manassas, VA). All cell culture media and reagents were purchased from Wisent Bioproducts (St-Jean-Baptiste, QC, Canada). All flow-cytometry antibodies were purchased from BD Biosciences (San Jose, CA, USA). These include PE anti-CD11b (clone KH95, catalog no. 553574), PE anti-CD11c (clone HL3; catalog no. 557401), PE anti-CD31 (clone MEC 13.3; catalog no. 553373), APC anti-CD44 (clone IM7; catalog no. 561862), PE anti-CD45 (clone 30-F11; catalog no. 553081), PerCP-Cy™5.5 anti-CD62L (clone MEL-14; catalog no. 560513), PE anti-CD73 (clone TY/23; catalog no. 550741), anti-CD90.1 (clone OX-7; catalog no. 551401), PE anti-CD105 (clone MJ7/18; catalog no. 562759), PE anti-H2-Kb (clone AF6-88.5; catalog no. 553570), PE anti-H2-Db (clone KH95; catalog no. 553574), PE anti-I-Ab (clone AF6-120.1; catalog no. 553552), PE anti-CD80 (clone 16-10A1; catalog no. 553769), PE anti-CD86 (clone GL1; catalog no. 553692), and PE anti-PD-L1 (clone MIH5; catalog no. 558091). All ELISA kits and western blot antibodies were purchased from R&D Systems (Minneapolis, MN, USA). The 25-D1.16 antibody was purchased from Biolegend (San Diego, CA, USA). PolyFect and the RNeasy mini kit were purchased from Qiagen (Toronto, ON, Canada). The chicken egg white ovalbumin (OVA) protein, Cell Lytic™ lysis buffer, lipopolysaccharide (LPS) and Accutase® were purchased from Sigma-Aldrich (St-Louis, MI, USA). Recombinant GM-CSF was purchased from PeproTech (Rocky Hill, NJ, USA). Polybrene was purchased from Cedarlane (Burlington, ON, Canada). The OVA Alexa Fluor™ 647 Conjugate was purchased from ThermoFisher (Mississauga, ON, Canada). The SIINFEKL peptide was synthesized by Genscript (Piscataway, NJPiscataway, NJ, USA). The chemokine array was purchased from RayBiotech (Peachtree Corners, GA, USA). The CD8 T-cell isolation kit was purchased from StemCell Technologies (Vancouver, BC, Canada). The Bradford reagent was purchased from Bio-Rad (Hercules, CA, USA). Liposomes and liposome-Clodronate were purchased from Liposoma Research (Amersterdam, The Netherlands).



Generation of Bone Marrow–Derived Dendritic Cells

To generate dendritic cells (DCs), the tibia/femur bones of 8 weeks old C57BL/6 female mice were flushed. Collected bone marrow (BM) cells were plated in 10-cm Petri dishes containing 10 ml of complete RPMI 1640 medium (10% fetal bovine serum (FBS), 1% sodium pyruvate, 1% HEPES, 1% non-essential amino acids, 1% l-glutamine, 1% penicillin-streptomycin, and 5 μM β-mercaptoethanol) supplemented with 50 ng/ml of recombinant GM-CSF (PeproTech). The media was changed at days 3 and 6 of culture prior to the induction of DC maturation using 1 ng/ml of LPS (Sigma) added at day 8 for 12 h.



Generation of BM-Derived MSCs

In order to generate MSCs, femurs of 6–8 weeks old female C57BL/6 mice were isolated and flushed with Alpha Modification of Eagle’s Medium (AMEM) supplemented with 10% FBS, and 50 U/ml of penicillin-streptomycin in a 10 cm cell culture dish (CellStar), then incubated at 37°C. Two days later, non-adherent cells were removed and the media was replaced every 3 to 4 days until the cells reached 80% confluency. Adherent cells were detached using 0.05% trypsin and expanded until a uniform MSC population is obtained. Generated MSCs were validated by flow-cytometry for the expression of CD31, CD44, CD45, CD73, CD90, and CD105.



Engineering MSCs to Express the TPr Subunits

The AP2 retroviral construct, containing the green fluorescent protein (eGFP) as a marker for retroviral expression, was designed to contain the genes coding for the three murine TPr subunits (β1i, β2i, and β5t) separated by the viral T2A sequence (Figure 1A) (12). Both AP2 and pVSV-G (encoding the viral envelop protein) were used to co-transfect the GP2-293 packaging cell line using PolyFect (Qiagen) according to the manufacturer’s protocol. Supernatants containing the virus were collected 48 h post-transfection and centrifuged at 1,500 rpm for 5 min at 4°C to remove cell debris. An ultracentrifugation at 25,000 rpm for 90 min at 4°C was then conducted to concentrate the virus 10-fold. Passage 5 MSCs were plated at 50–60% and transduced with the concentrated virus in a minimal volume containing 5 μg/ml of Polybrene (Cedarlane). Transduction efficiency was confirmed by eGFP expression and immunoblotting of the TPr subunits. Similar steps were followed using the empty AP2 construct backbone to generate control (Ctl) MSCs.




Figure 1 | Engineering and characterizing MSC-TPr. (A) A cartoon representing the cloning strategy used to generate the TPr retroviral construct. (B) Phenotypic analysis of MSC-TPr after gene-modification. (C, D) Comparative analysis for the expression levels of MHCI molecules on Ctl MSC versus MSC-TPr. (E) Representative Western-blot depicting the expression of the three TPr subunits in 1) cTECs (positive control), 2) Ctl MSCs, and 3) MSC-IPr. For the experiment in (D), n = 6/group with ***P < 0.001.





Cytokine and Chemokine Analyses

For cytokine and chemokine profiling, 15 cm culture petri dishes containing 80–90% confluent MSC-β5t or Ctl MSCs were grown in serum-free media for 24 h at 37°C. Collected supernatants were then analyzed using luminex by Eve Technologies (Calgary, AB, CA) or commercially-available chemokine arrays (RayBiotech) according to manufacturer’s instructions.



RNA Extraction and Sequencing

Total RNA was isolated from 106 cells using RNeasy® mini kit (QIAGEN) according to manufacturer’s instructions. Following total RNA quantification by QuBit (ABI), 500 ng of total RNA was used for library preparation. Quality of total RNA was assessed with the BioAnalyzer Nano (Agilent) and all samples had a RIN above 8. Library preparation was done with the KAPA mRNAseq stranded kit (KAPA, Cat no. KK8420). Ligation was made with 9 nM final concentration of Illumina index and 10 PCR cycles was required to amplify cDNA libraries. Libraries were quantified by QuBit and BioAnalyzer. All librairies were diluted to 10 nM and normalized by qPCR using the KAPA library quantification kit (KAPA; Cat no. KK4973). Libraries were pooled to equimolar concentration. Sequencing was performed with the Illumina Hiseq2000 using the Hiseq Reageant Kit v3 (200 cycles, paired-end) using 1.7 nM of the pooled library. Around 40 M paired-end PF reads were generated per sample. Library preparation and sequencing was made at the IRIC Genomics Platform.



Bioinformatics Analysis

Raw RNA-seq counts from reads aligned to the mouse genome (mm10 assembly) were generated with Htseq-count (PMID: 25260700). Differentially expressed genes between TPr and Ctl MSCs were calculated by DESeq2 (PMID: 25516281). Pre-ranked gene set enrichment was performed as recommended for RNA-seq data (PMID: 16199517). Custom R scripts were used to filter highly redundant biological processes. A false discovery rate of 0.05 was considered as an acceptable threshold for further investigation. All analyses were conducted in R (v3.6) or Python (v3.7) programming language. The ggplot2, ClusterProfiler and dplyr packages were used for data visualization. Student’s t-test was performed for normally distributed data to compute the p-value and the Benjamini-Hochberg procedure was used for adjusting the statistical inference of multiple comparisons.



Detection of MHC-Peptide Complexes on the Surface of Pulsed MSC-TPr

To detect the SIINFEKL/MHC-I complex at the cell surface, MSC-TPr or Ctl MSCs were pulsed with the OVA protein (5 mg/ml) or the SIINFEKL peptide (2.5 μg/ml) at 37°C for different time points. The supernatants were discarded and the cells were washed twice with PBS prior to adding fresh medium. The signal for SIINFEKL/MHCI complex on cell surface was monitored by flow-cytometry at 1, 3, 6, 9, and 24 h post-pulsing using the 25-D1.16 antibody (Biolegend). To detect the increase in peptide-MHCI complex formation on H2-Kb and H2-Dd molecules, the cells were pulsed with OVA (5 mg/ml) for 1 h prior to detection of the H2-Kb/H2-Db levels by flow-cytometry at 1, 3, 6 and 24 h post-washing (chase).



Monitoring Antigen Uptake and Processing

To evaluate the cells ability to up-take antigens, MSC-TPr or Ctl MSCs were seeded at 4 × 104 cells/well in a 12 well plate (Corning) and incubated with 1 μg/ml of Alexa Fluor®647-conjugated OVA. At the end of incubation time, treated cells were then detached and washed four times with cold PBS containing 2% FBS. Fluorescence was detected by BD FACS Diva on CANTOII and analyzed by FlowJoV10.



Antigen Presentation Assay

For the antigen cross-presentation assay in vitro, Ctl MSCs or MSC-TPr cells were seeded at 25 × 103 cells per well in a 24-well plate (Corning). The following day, plated cells were washed and pulsed with 5 mg/ml of OVA or 2.5 μg/ml of the SIINFEKL peptide. At the end of the pulsing period, the cells were washed prior to their co-culture with 106/ml CD8 T-cells purified from the spleen of OT-I mouse or immunized mice using the CD8α+ positive isolation kit according to the manufacturer’s protocol. The supernatants were collected three days later to quantify IFN-gamma levels by ELISA.



Peritoneal Lavage and CellTrace™ Analysis

To specifically assess in vivo efferocytosis, 106 CellTrace™-labelled MSC-TPr were intraperitoneally (IP)-injected in immunocompetent 6–8 weeks old female C57BL/6 mice (n = 3/group). Clodronate or control liposomes (50μl/20g mouse) were delivered the day before (13). Four hours following MSC admninistration, mice were sacrificed and peritoneal lavage was conducted using 30 ml of serum-free RPMI. Collected cells were centrifuged at 1 500 rpm for 10 min and the cell pellets washed twice with PBS. Recovered cells were then analyzed by flow-cytometry to detect CD11b+ cells exhibiting a positive CellTrace™ signal.



Generation of Heat-Killed MSCs

Ctl MSCs and MSC-TPr were heat-killed as previously described (13). Briefly, ready for injection MSCs (re-suspended in sterile PBS) were incubated in a water bath at 50°C for 15 min. Cell death was confirmed by annexin-V and the absence of peptide-MHC complexes on their cell surface.



Cancer Cell Lysate Preparation

To prepare the A20 cell lysate, 50 × 106 cells were collected by centrifugation at 1 500 rpm for 10 min and the cell pellets washed twice with PBS to remove traces of FBS. The pellets underwent 5 cycles of freeze and thaw using liquid nitrogen and boiling water respectively. After removing large particles using 70 μM cell strainers followed by an additional filtration with a 0.45 μM filter, the lysate was quantified using Bradford reagent then aliquoted and stored at -80°C until use.



Immunization and Tumor Challenge

For all prophylactic vaccination studies, 6–8 weeks old female C57BL/6 mice (n = 10/group) or Balb/c mice (n = 10/group) were IP-injected at day 0 and 14 with OVA- (5 mg/ml) or tumor lysate- (1 mg/ml) pulsed MSC-TPr versus Ctl MSCs. Two weeks following the second vaccination, mice were subcutaneously (SC) challenged with 5 × 105 EG.7 or A20 cells and tumor growth was assessed two to three times per week. To detect memory CD4 and CD8 T cells, blood samples isolated from immunized mice were stained with CD44 and CD62L and analyzed by flow-cytometry.

To block efferocytosis during immunization, 6–8 weeks old female C57BL/6 mice (n = 10/group) were IP-injected with liposome-clodronate or control liposome one day prior to immunization (50μl/20g mouse) (13). Two weeks later, the same process was repeated, followed by tumor challenge (5 × 105 EG.7 cells) one week following the second immunization. All tumor-free mice were then re-challenged 10 weeks later (total of two EG.7/A20 challenges). A similar approach was followed to block DC cross-priming except that animals were IP-injected with 30 μg of anti-CD11c antibodies or isotype control.



Statistical Analysis

P-values were calculated using the one-way analysis of variance (ANOVA) for most experiments unless otherwise mentioned. Statistical significance is represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. Statistical tests used for bioinformatic analysis are described in their corresponding sections.




Results


Phenotypic Characterization of TPr-Expressing MSCs

Although genetic modification of MSCs to express the TPr subunits (β1i, β2i, and β5t; Figure 1A) did not alter their original mesenchymal phenotype (Figure 1B; Figure S1), lower levels of H2-Kb and H2-Db were detected on the surface of MSC-TPr in comparison to Ctl MSCs (Figures 1C, D). In addition, expression of the TPr by MSCs (Figure 1E) did not induce MHCII (I-Ab), CD80, CD86 or PD-L1 expression (Figure S2), nor caused unusual alterations in their responsiveness to IFN-gamma treatment (Figure S3). When analyzed for their secretome profile, MSC-TPr expressed higher levels of VEGF (Figure 2A), in addition to CCL2, CCL9, CXCL1, LIX, and CX3CL1 while CXCL12 was decreased (Figures 2B, C). These results indicate that TPr expression in MSCs alters their MHCI expression and secretion of various soluble immune mediators.




Figure 2 | Analysis of MSC-TPr secretome. (A) Luminex quantification of various cytokines secreted by Ctl (black) or MSC-TPr (red). (B) Analysis of various chemokines secreted by Ctl versus TPr-expressing MSCs using commercial chemokine arrays. (C) Quantification of chemokines selected from (B). For (A, C), n = 6/group with **P < 0.01 and ***P < 0.001.





TPr Expression May Limit the Ability of MSCs to Process and Present Endogenous Antigens

Given the pleiotropic functions mediated by the proteasome, we next questioned the impact of de novo TPr expression on the overall transcriptional profile of MSCs. In sum, 885 and 1042 genes were significantly down- and up-regulated respectively (Figure 3A) affecting various biological processes (Figure 3B) and pathways as shown by pre-ranked Gene Set Enrichment Analysis (Figure 3C). Given our interest in antigen presentation, we mainly focused on pathways related to protein degradation (Figure 3D) and observed enhanced expression of genes encoding for the alpha and beta subunits of the 20S proteasomal complex (Psma1, Psma3-7, Psmb3, Psmb7, and Psmb10). Interestingly, most of these genes are associated with the proteasome ubiquitin-independent protein catabolism pathway, which was recently reported to depend on β5t expression (14). This may suggest that in MSC-TPr, degradation of various client proteins may preferentially occur via the ubiquitin-independent pathway especially with the observed decrease in the expression of several genes regulating protein poly-ubiquitination (Birc2, Birc3, Papr10, and Ubr5; Figure 3D). These observations are also in agreement with the decreased ability of the MSC-TPr in processing and presenting endogenous antigens and the low expression levels of various genes involved in the endoplasmic reticulum-associated protein degradation (ERAD) pathway (Figure 3D). The relevance and/or significance for the existence of such ubiquitin-independent degradation pathway in MSC-TPr is unclear. However, this catabolic pathway may be a default mechanism for the degradation of various endogenous proteins involved in DNA and chromatin structure, metabolism, immunity, cell cycle and apoptosis, which may not require a fast-adaptive response for their proteostasis control (15). Overall, transcriptomic analysis suggests that TPr expression negatively impacts endogenous protein catabolism and presentation by MSCs, which explains the previously observed decrease in MHCI on their cell surface (Figures 1C, D).




Figure 3 | Transcriptomic analysis of MSC-TPr. (A) Volcano plot showing the estimated fold changes (x-axis) versus the minus log10 of the adjusted p-values (y-axis) from DEseq analysis. Significant genes with absolute value of log2 fold-changes greater or equal to 0.5 are shown in red. (B) Major biological processes groups modulated in MSC-TPr compared to Ctl MSCs. CS refers to cytoskeleton whereas CC means cell cycle. (C) Plot showing the enriched GO biological processes from an unbiased GSEA analysis of the differentially expressed genes between MSC-TPr and Ctl MSCs. The FDR threshold is set to 0.05. Features are ranked by the enrichment score from the KS test (x-axis). (D) A series of heat-maps representing the z-scored expression level of the differentially expressed genes from various processes. Up-regulated and down-regulated genes are highlighted in red and blue respectively.





MSC-TPr Can Present Peptides Derived From Exogenous Soluble Proteins

The intriguing observation of diminished endogenous antigen processing and presentation led us to quantify the expression of various genes involved in the peptide-loading machinery (16). With the exception of tapasin (Tapbp), expression of the transporter associated with antigen processing (Tap)1 and Tap2, Protein-disulfide Isomerase-associated (Pdai)3 and calreticulin (Calr) were down-regulated in MSC-TPr (Figure 4A). We next monitored the kinetics of SIINFEKL-H2-Kb complex formation at the cell surface of MSC-TPr following SIINFEKL or OVA pulsing. Although SIINFEKL pulsing increased the formation of the peptide-MHCI complex on the surface of MSC-TPr in a timely fashion (Figure 4B), the same SIINFEKL-MHC complex was undetected following OVA pulsing (Figure 4C) despite efficient protein uptake (Figure S4A). These observations are consistent with the impaired OT-I T-cell activation using OVA-pulsed MSC-TPr (Figure 4D). Since SIINFEKL is a strong and stable peptide immunogen unlikely to be generated by the poor chymotrypsin-like activity of the TPr complex, we hypothesized that CD8 T cells isolated from animals immunized using OVA-pulsed MSC-TPr would respond to other OVA-derived peptides without avail (Figure 4E). Given these unexpected data, we next validated the ability of MSC-TPr to present other OVA-derived peptides by assessing their cell surface level of MHCI molecules following protein pulsing (reflecting formation of MHC-peptide complexes). A pulse-chase experiment revealed the progressive appearance of H2-Kb/H2-Db levels on the surface of OVA-pulsed MSC-TPr (Figure 4F), which was substantially higher than Ctl MSCs (Figure S4B). Collectively, these results suggest that TPr expression in MSCs instills a distinct peptide repertoire unlikely to trigger peripheral CD8 T-cell activation.




Figure 4 | Evaluating the antigen cross-presentation ability of MSC-TPr. (A) Transcript quantification of genes involved in antigen presentation. (B, C) Representative flow-cytometry analysis of the SIINFEKL/H2-Kb complex following pulsing with the SIINFELK peptide (B) or OVA protein (C). Black histograms represent the population in question without peptide/protein pulsing (t=0). The red dotted lines represent the threshold level according to non-pulsed controls. (D, E) An antigen-presentation assay conducted using MSC-TPr following pulsing with the SIINFEKL peptide (2.5 μg/ml) or OVA protein (5 mg/ml). Quantification of IFN-gamma production was conducted following MSC-TPr co-culturing with OT-I CD8 T cells (D) or CD8 T cells isolated from mice immunized using OVA-pulsed MSC-TPr. (F) Flow-cytometry analysis of H2-Kb and H2-Db following OVA pulsing. For (A, D, E), n = 5/group with *P < 0.05, **P < 0.01 and ***P < 0.001.





Prophylactic Vaccination of Macrophage-Depleted Animals Confers Potent Long-Term Protection Against T-Cell Lymphoma

Since MSC-TPr can efficiently uptake and process soluble OVA, yet are unable to activate CD8 T cells in vitro, we next interrogated their therapeutic utility against the E.G7 (OVA-expressing EL4 thymoma) T-cell lymphoma model (Figure 5A). In contrast to OVA-pulsed Ctl MSCs, which failed in providing a meaningful anti-tumor effect, prophylactic vaccination using OVA-pulsed MSC-TPr significantly delayed tumor growth with a 30% survival rate reached beyond 120 days (Figures 5B, C). To define the basis of this prolonged survival, we next quantified the levels of effector (CD44hiCD62L-) and central memory (CD44hiCD62L+) T cells in treated animals. The level of effector memory CD4 and CD8 T cells in the blood of mice vaccinated using OVA-pulsed MSC-TPr was 9 and 16%, respectively, in comparison with 4.8 and 9.2% in mice vaccinated using OVA-pulsed Ctl MSCs and 6 and 5.6% in un-vaccinated mice (Figures 5D, E).




Figure 5 | Testing the protective efficacy of MSC-TPr against T-cell lymphoma. (A) Schematic diagram representing the prophylactic vaccination schedule. (B) Prophylactic vaccination against EG.7 cells. C57BL/6 mice were vaccinated using OVA-pulsed Ctl MSCs (green) or MSC-TPr (red). Non-immunized animals injected with the EG.7 tumor cells are shown in black. (C) Kaplan-Meier survival curve of the experiment shown in (B). (D, E) Flow-cytometry assessment of effector and central memory CD4 (D) and CD8 (E) T cells. Ctl mice are shown in black, Ctl MSCs in green and MSC-TPr in red. The main bars represent the mean ± SEM. (F) Schematic diagram representing clodronate use with prophylactic vaccination. (G) Prophylactic vaccination against EG.7 cells. Vaccinated C57BL/6 mice receiving liposome are shown in red whereas clodronate-treated mice are shown in green. Non-immunized control animals injected with the EG.7 tumor cells are shown in black. (H) Kaplan-Meier survival curve of the experiment shown in (G). (I) Prophylactic vaccination against A20 cells. Vaccinated Balb/c mice receiving liposome are shown in red whereas clodronate-treated mice are shown in green. Non-immunized Ctl animals injected with the A20 tumor cells are shown in black. (H) Kaplan-Meier survival curve of the experiment shown in (I). For (B. C, G, J), n = 10/group. For (D, E) n = 7/group with *P < 0.05 and **P < 0.01.



The fact that MSC-TPr can elicit modest anti-tumor responses without any apparent ability to activate CD8 T cells in vitro strongly indicates cross-priming of “bystander” immune cells in vivo. Although the immunomodulatory function of MSCs is mostly driven by soluble mediators and/or contact factors (13, 17–19), previous pre-clinical studies revealed the importance of macrophages in supporting MSC-mediated immunosuppression either through efferocytosis of apoptotic MSCs or via IL-10 secretion in response to MSCs-derived chemokine interactome (13, 20). Considering the pivotal role of macrophages in promoting MSCs immunosuppression, we next examined the impact of MSC-TPr vaccination following monocyte/macrophage depletion by clodronate administration (Figure 5F). Indeed, phagocyte depletion enhanced the anti-tumor response induced by OVA-pulsed MSC-TPr in both syngeneic (Figures 5G, H) and allogeneic models (Figures 5I, J) despite secondary re-challenges. These data thus confirm a major suppressive role mediated by phagocytic cells in response to MSC-TPr vaccination.



DC Cross-Priming Is Indispensable to the Anti-Tumor Effect of MSC-TPr

Since clodronate administration enhances dramatically the anti-tumor response elicited by MSC-TPr, we next validated efferocytosis of injected cells directly in vivo. Hence, an experiment was designed in which CellTrace™-labelled MSC-TPr were injected into immunocompetent syngeneic mice undergoing control liposome or clodronate injection followed by a peritoneal lavage (Figure 6A). Analysis of collected cells 4 h later confirmed the absence of myeloid cells in clodronate-treated animals but revealed the presence of two distinct CD11b+ cell populations in control liposome-treated mice (Figure 6B) with only CD11bhi cells staining positive for CellTrace™ (Figure 6C). This salient observation led us to formulate the hypothesis that the therapeutic efficiency of MSC-TPr relies on a balance between efferocytosis and cross-priming of professional antigen-presenting cells. Indeed, OVA-pulsed BM-derived DCs successfully activated CD8 T cells derived from MSC-TPr-vaccinated animals, which was further enhanced if clodronate-treated donor mice are used (Figure 6D). Given that phosphatidylserine (PIS) can serve as an “eat-me” signal to monocytes/macrophages, we next quantified the levels of PIS on the surface of live versus heat-killed MSC-TPr (21). The basal level of PIS on live MSC-TPr was substantially higher than that on Ctl MSCs and further enhanced after heat-killing (Figure 6E) along with a loss in H2-Kb detection on the cell surface (Figure 6F). These observations served as impetus to compare the anti-tumor ability of heat-killed MSC-TPr (dead cells with high PIS cell surface levels but no chemokines) versus live MSC-TPr delivered to mice pre-treated with anti-CD11c antibodies as a means to functionally impair DC cross-priming (22). Both treatments impaired the anti-tumor efficacy of the vaccine (Figure 6G) clearly indicating that the fate of the immune response induced by MSC-TPr results from a delicate balance between efferocytosis mediated by a subset of CD11hi phagocytes known for mediating immune-suppression, and DC cross-priming responsible for eliciting a pro-inflammatory response.




Figure 6 | Evaluating the cross-priming ability of MSC-TPr. (A) Schematic diagram representing the experimental design for efferocytosis analysis. (B) Analysis of CD11b+ cells collected from the peritoneum of vaccinated mice. (C) Flow-cytometry assessment of CD11b+ exhibiting a CellTrace™ signal. (D) An antigen presentation assay conducted using DCs and CD8 T cells isolated from liposome-/clodronate-treated and vaccinated mice. (E) Quantification of the Annexin-V signal on live versus heat-killed Ctl (gray) or MSC-TPr (red). (F) Flow-cytometry assessment of H2-Kb on the surface of live (gray) versus heat-killed (red) MSC-TPr. (G) Prophylactic vaccination against EG.7 cells. C57BL/6 mice (n = 6/group) were vaccinated using OVA-pulsed heat-killed MSC-TPr (green) or following administration of CD11c to deplete DCs (red). Ctl MSCs are shown in black and OVA-pulsed MSC-TPr in blue. For (D, E), n = 5/group with *P < 0.05, **P < 0.01 and ***P < 0.001.






Discussion

The discovery of a unique and conserved TPr complex despite constant evolution of adaptive immunity has offered an altered and well accepted peptide model for intrathymic positive selection of competent CD8 T cells (23, 24). However, the impact of the TPr on the proteome and/or transcriptome to pervasively affect given cellular functions besides providing a unique set of MHCI peptides remains a matter of debate (14, 25). Here, we report for the first time the therapeutic use of the TPr complex to mount protective anti-tumor responses using both syngeneic and allogeneic MSCs. Although TPr expression in MSCs did not alter their original mesenchymal phenotype, a wide landscape of transcriptional changes affecting various biological functions including endogenous antigen presentation was observed. We further highlight key roles for host-derived phagocytes and professional antigen-presenting cells in orchestrating the balance for MSC-TPr effector functions (Graphical Abstract).

Our results are in agreement with the notion that the TPr complex provides a unique peptide repertoire exhibiting low affinity to the CD8 T-cell receptor (26). This is best exemplified by the inability of MSC-TPr to activate CD8 T cells derived from transgenic or vaccinated animals (26). The impaired activation capacity of MSC-TPr could not be due to an absent OVA-derived peptide repertoire as OVA pulsing enhanced MHCI levels on the surface of MSC-TPr indicating de novo peptide-MHCI complex formation. If we presume that the peptide repertoire generated by MSC-TPr is mainly composed of weak agonists or antagonist peptides, then DC-based activation of CD8 T cells derived from MSC-TPr-vaccinated animals shed light on a “bystander” role for MSC-TPr instead of their direct involvement in antigen presentation in situ.

Clearance of dying cells by phagocytes (efferocytosis) have recently sparked significant interest in the controversial field of in vivo-mediated effector functions of MSCs (20). This concept stipulates the need for the induction of MSC apoptosis in vivo in an MHC/HLA-independent fashion but requiring the paracrine effect of granules released by activated cytotoxic cells (20). This concept of inflammation-induced MSC-TPr apoptosis is inconsistent with our syngeneic model as we administered MHC-matched MSCs to naïve animals with no apparent signs of inflammation. An alternative explanation may, in part, involve the higher PIS content on the surface of MSC-TPr, which can serve as an “eat-me” flag signal especially if combined with enhanced recruitment of myeloid cells (phagocytes and DCs) via specific chemokines such as CCL2, CX3CL1, and CCL9 (13, 21). This is consistent with the improved anti-tumor responses observed in phagocyte-depleted animals and the lack of therapeutic effects using heat-killed MSC-TPr. If phagocytes impair the anti-tumor response of the vaccine and MSC-TPr cannot behave as an antigen-presenting cell in vivo, then how can animals develop a protective OVA-specific CD8 T-cell response? The simplest explanation lies in endogenous DC cross-priming as animals undergoing anti-CD11c treatment are incapable of mounting protective anti-tumor responses (22). Besides, the loss of function observed with heat-killed MSC-TPr also indicate the need for metabolically-fit cells secreting specific chemokines and perhaps other soluble growth factor to recruit and cross-prime endogenous DCs.



Conclusion

Our findings provide clear evidence that TPr-based proteasomal alterations can trigger potent T-cell immunity when used as part of an engineered MSC-based vaccine. By modulating the antigen processing activity and chemokine secretion profile of MSCs, TPr expression coordinates an indirect but efficient pro-inflammatory response exploiting MSCs as a “living vector with a therapeutic payload” potentially delivering antigen fragments to host-derived DCs. Investigating the nature and exact involvement of the “eat-me” signals as well as the role played by individual chemokines would further define the molecular landscape of this interaction.
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Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.596303/full#supplementary-material



References

1. Murata, S, Takahama, Y, Kasahara, M, and Tanaka, K. The immunoproteasome and thymoproteasome: functions, evolution and human disease. Nat Immunol (2018) 19(9):923–31. doi: 10.1038/s41590-018-0186-z

2. Princiotta, MF, Finzi, D, Qian, SB, Gibbs, J, Schuchmann, S, Buttgereit, F, et al. Quantitating protein synthesis, degradation, and endogenous antigen processing. Immunity (2003) 18(3):343–54. doi: 10.1016/S1074-7613(03)00051-7

3. López-Otín, C, Blasco, MA, Partridge, L, Serrano, M, and Kroemer, G. The hallmarks of aging. Cell (2013) 153(6):1194–217. doi: 10.1016/j.cell.2013.05.039

4. de Verteuil, DA, Rouette, A, Hardy, MP, Lavallée, S, Trofimov, A, Gaucher, É., et al. Immunoproteasomes shape the transcriptome and regulate the function of dendritic cells. J Immunol (2014) 193(3):1121–32. doi: 10.4049/jimmunol.1400871

5. de Verteuil, D, Muratore-Schroeder, TL, Granados, DP, Fortier, MH, Hardy, MP, Bramoulle, A, et al. Deletion of immunoproteasome subunits imprints on the transcriptome and has a broad impact on peptides presented by major histocompatibility complex I molecules. Mol Cell Proteomics (2010) 9(9):2034–47. doi: 10.1074/mcp.M900566-MCP200

6. Takahama, Y, Ohigashi, I, Murata, S, and Tanaka, K. Thymoproteasome and peptidic self. Immunogenetics (2019) 71(3):217–21. doi: 10.1007/s00251-018-1081-3

7. Xing, Y, Jameson, SC, and Hogquist, KA. Thymoproteasome subunit-β5T generates peptide-MHC complexes specialized for positive selection. Proc Natl Acad Sci USA (2013) 110(17):6979–84. doi: 10.1073/pnas.1222244110

8. Nitta, T, Murata, S, Sasaki, K, Fujii, H, Ripen, AM, Ishimaru, N, et al. Thymoproteasome shapes immunocompetent repertoire of CD8+ T cells. Immunity (2010) 32(1):29–40. doi: 10.1016/j.immuni.2009.10.009

9. Tschöpe, C, Miteva, K, Schultheiss, HP, and Linthout, SV. Mesenchymal stromal cells: a promising cell source for the treatment of inflammatory cardiomyopathy. Curr Pharm Des (2011) 17(30):3295–307. doi: 10.2174/138161211797904136

10. Hao, L, Sun, H, Wang, J, Wang, T, Wang, M, and Zou, Z. Mesenchymal stromal cells for cell therapy: besides supporting hematopoiesis. Int J Hematol (2012) 95(1):34–46. doi: 10.1007/s12185-011-0991-8

11. Stagg, J, Pommey, S, Eliopoulos, N, and Galipeau, J. Interferon-gamma-stimulated marrow stromal cells: a new type of nonhematopoietic antigen-presenting cell. Blood (2006) 107(6):2570–7. doi: 10.1182/blood-2005-07-2793

12. Galipeau, J, Li, H, Paquin, A, Sicilia, F, Karpati, G, and Nalbantoglu, J. Vesicular stomatitis virus G pseudotyped retrovector mediates effective in vivo suicide gene delivery in experimental brain cancer. Cancer Res (1999) 59(10):2384–94.

13. Giri, J, Das, R, Nylen, E, Chinnadurai, R, and Galipeau, J. CCL2 and CXCL12 Derived from Mesenchymal Stromal Cells Cooperatively Polarize IL-10+ Tissue Macrophages to Mitigate Gut Injury. Cell Rep (2020) 30(6):1923–34.e4. doi: 10.1016/j.celrep.2020.01.047

14. Ohigashi, I, Tanaka, Y, Kondo, K, Fujimori, S, Kondo, H, Palin, AC, et al. Trans-omics Impact of Thymoproteasome in Cortical Thymic Epithelial Cells. Cell Rep (2019) 29(9):2901–16.e6. doi: 10.1016/j.celrep.2019.10.079

15. Sánchez-Lanzas, R, and Castaño, JG. Proteins directly interacting with mammalian 20S proteasomal subunits and ubiquitin-independent proteasomal degradation. Biomolecules (2014) 4(4):1140–54. doi: 10.3390/biom4041140

16. Barral, DC, and Brenner, MB. CD1 antigen presentation: how it works. Nat Rev Immunol (2007) 7(12):929–41. doi: 10.1038/nri2191

17. Galipeau, J, and Sensébé, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities. Cell Stem Cell (2018) 22(6):824–33. doi: 10.1016/j.stem.2018.05.004

18. Rafei, M, Campeau, PM, Aguilar-Mahecha, A, Buchanan, M, Williams, P, Birman, E, et al. Mesenchymal stromal cells ameliorate experimental autoimmune encephalomyelitis by inhibiting CD4 Th17 T cells in a CC chemokine ligand 2-dependent manner. J Immunol (2009) 182(10):5994–6002. doi: 10.4049/jimmunol.0803962

19. Rafei, M, Hsieh, J, Fortier, S, Li, M, Yuan, S, Birman, E, et al. Mesenchymal stromal cell-derived CCL2 suppresses plasma cell immunoglobulin production via STAT3 inactivation and PAX5 induction. Blood (2008) 112(13):4991–8. doi: 10.1182/blood-2008-07-166892

20. Galleu, A, Riffo-Vasquez, Y, Trento, C, Lomas, C, Dolcetti, L, Cheung, TS, et al. Apoptosis in mesenchymal stromal cells induces in vivo recipient-mediated immunomodulation. Sci Transl Med (2017) 9(416):eaam7828. doi: 10.1126/scitranslmed.aam7828

21. Zhou, Y, Fei, M, Zhang, G, Liang, WC, Lin, W, Wu, Y, et al. Blockade of the Phagocytic Receptor MerTK on Tumor-Associated Macrophages Enhances P2X7R-Dependent STING Activation by Tumor-Derived cGAMP. Immunity (2020) 52(2):357–73.e9. doi: 10.1016/j.immuni.2020.01.014

22. Wu, J, Wu, H, An, J, Ballantyne, CM, and Cyster, JG. Critical role of integrin CD11c in splenic dendritic cell capture of missing-self CD47 cells to induce adaptive immunity. Proc Natl Acad Sci U S A (2018) 115(26):6786–91. doi: 10.1073/pnas.1805542115

23. Kondo, K, Ohigashi, I, and Takahama, Y. Thymus machinery for T-cell selection. Int Immunol (2019) 31(3):119–25. doi: 10.1093/intimm/dxy081

24. Kasahara, M, and Flajnik, MF. Origin and evolution of the specialized forms of proteasomes involved in antigen presentation. Immunogenetics (2019) 71(3):251–61. doi: 10.1007/s00251-019-01105-0

25. Apavaloaei, A, Brochu, S, Dong, M, Rouette, A, Hardy, MP, Villafano, G, et al. PSMB11 Orchestrates the Development of CD4 and CD8 Thymocytes via Regulation of Gene Expression in Cortical Thymic Epithelial Cells. J Immunol (2019) 202(3):966–78. doi: 10.4049/jimmunol.1801288

26. Sasaki, K, Takada, K, Ohte, Y, Kondo, H, Sorimachi, H, Tanaka, K, et al. Thymoproteasomes produce unique peptide motifs for positive selection of CD8(+) T cells. Nat Commun (2015) 6:7484. doi: 10.1038/ncomms8484



Conflict of Interest: RS is the founder of IntelliStem Technologies Inc. (Toronto, ON, Canada).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Bikorimana, El-Hachem, El-Kadiry, Abusarah, Salame, Shammaa and Rafei. 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) and the copyright owner(s) 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.




REVIEW

published: 03 February 2021

doi: 10.3389/fonc.2020.584367

[image: image2]


Enhancing the Efficacy of Tumor Vaccines Based on Immune Evasion Mechanisms


Jianyu Chen 1, Honghao Zhang 1, Lijuan Zhou 1, Yuxing Hu 1, Meifang Li 1, Yanjie He 1 and Yuhua Li 1,2*


1 Department of Hematology, Zhujiang Hospital, Southern Medical University, Guangzhou, China, 2 Bioland Laboratory (Guangzhou Regenerative Medicine and Health Guangdong Laboratory), Guangzhou, China




Edited by: 
Graham Pawelec,  University of Tübingen, Germany

Reviewed by: 
Sadhak Sengupta, Triumvira Immunologics, Inc., United States

William J. Magner, University at Buffalo, United States

*Correspondence: 
Yuhua Li
 liyuhua1974@outlook.com
 orcid.org/0000-0002-0982-6680

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Oncology


Received: 17 July 2020

Accepted: 22 December 2020

Published: 03 February 2021

Citation:
Chen J, Zhang H, Zhou L, Hu Y, Li M, He Y and Li Y (2021) Enhancing the Efficacy of Tumor Vaccines Based on Immune Evasion Mechanisms. Front. Oncol. 10:584367. doi: 10.3389/fonc.2020.584367



Tumor vaccines aim to expand tumor-specific T cells and reactivate existing tumor-specific T cells that are in a dormant or unresponsive state. As such, there is growing interest in improving the durable anti-tumor activity of tumor vaccines. Failure of vaccine-activated T cells to protect against tumors is thought to be the result of the immune escape mechanisms of tumor cells and the intricate immunosuppressive tumor microenvironment. In this review, we discuss how tumor cells and the tumor microenvironment influence the effects of tumor infiltrating lymphocytes and summarize how to improve the efficacy of tumor vaccines by improving the design of current tumor vaccines and combining tumor vaccines with other therapies, such as metabolic therapy, immune checkpoint blockade immunotherapy and epigenetic therapy.
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Introduction

Immunotherapy aims to initiate or reinitiate the self-sustaining cycle of tumor immunity, and there is great expectation that this approach will cure various tumor types. Many tumor-targeting approaches exist, but few tumor therapies induce as durable activity as immunotherapy. Safe and robust tumor vaccines have held great promise for tumor immunotherapy.

Tumors are known for their accumulation of genetic alterations and loss of normal cellular regulatory processes (1). These events can lead to the expression of tumor antigens, resulting in peptides that bind to major histocompatibility class I (MHC-I) molecules on the surface of tumor cells (2). These tumor specific peptide-MHC-I complexes can be recognized by CD8+ T cells (3). The aim of tumor vaccines is to expand the tumor-specific T cell pool from the naïve pool and reactivate existing tumor-specific T cells in dormant or unresponsive states. Despite tremendous potential of tumor vaccines for tumor immunotherapy, the clinical outcomes in some patients remain suboptimal. In the past, this may be attributed to the selection of tumor antigen, as traditional tumor vaccines mainly target tumor-associated antigens (TAAs), which can be detected on both tumor cells and normal cells (4, 5). Currently, the development of sequencing technologies and different bioinformatics algorithms have accelerated the identification of neoantigens and the construction of neoantigen tumor vaccines (6, 7). Neoantigens are highly immunogenic because they are only expressed on tumor cells and do not present in normal cells, hence bypassing central thymic tolerance (4). Clinical trials have shown that neoantigen vaccine strategies successfully increase the frequency and activity of tumor-specific cytotoxic T lymphocytes (CTLs) (8, 9). However, tumor development is a dynamic progression. Owing to the immune suppression and escape mechanisms of tumor tissues, neoantigen vaccines alone may not be able to apply expected anti-tumor protection, even if host immune systems have been activated, for the reason that the vaccine alone fails to ensure that the activated T cells home to the tumor bed and exert anti-tumor effects within the tumor.

In fact, the immune response in tumors is precisely regulated in a cancer-immunity cycle. First, the tumor antigens should be released and presented by antigen presenting cells (APCs) to T cells through the T cell receptor (TCR) in order to prime and activate the tumor-specific effector T cells. Second, activated effector T cells must be trafficked to tumor bed and infiltrate into the tumors to specifically recognize the tumor cells. Last, the effector T cells kill the tumor cells (10). Tumor vaccines should go through the above immunity cycle to produce a tumor killing effect. Unfortunately, many tumor specific T cells have become victims of immune suppression and immune escape mechanisms, which means that the vaccine-activated T cells become exhausted or dysfunctional before they exert tumor-killing effects. This is one of the most important reasons for tumorigenesis, recurrence and metastasis in relation to both tumor cell-intrinsic factors and the tumor microenvironment (TME). In this review, we mainly focus on the key aspects of how tumor specific T cells are controlled by the tumor cells and tumor microenvironment and are manipulated to enhance the anti-tumor immunity of tumor vaccines to implement new clinical strategies.



Modulation of T Cell Function by Tumors

Tumor evasion immunity comprises both tumor cell-intrinsic alterations and TME modification. These components form a complex immunosuppressive network in tumors, which together limits the activation of and induces the dysfunction of T cells. Figure 1 shows how tumors influence the function of effector T cells.




Figure 1 | Regulation of T cells by tumors. The key aspects of how tumors influence the function of effector T cells are illustrated. 1) Abnormal alterations of MHC-I molecules in tumor cells can help evade the recognition of T cells. 2) A series of factors in TME can inhibit the maturation of APCs, thus defecting the priming and activating of effector T cells. 3) Tumor blood vessels act as physical barriers affecting the infiltration of T cells into the tumor bed. The vascular endothelial growth factors generated by tumor derived blood vessels can result in multiple changes within the vessels and thereby drive T cells depletion. 4) Abnormal cytokines and chemokines in TME can influence the infiltration of T cells. In tumors lacking in the infiltration of effector T cells, the expression of chemokines involved in the recruitment of T cells are significantly reduced. 5) Negative cellular components are key cellular mediators reshaping the immunosuppressive TME. 6) Dysregulated metabolism pathways in tumor cells can lead to insufficient nutrients in TME. What’s more, the specialized metabolism of tumor cells establishes an unfriendly TME to effector T cells, which further increases the living stress of effector T cells. 7) Effector T cells infiltrating in TME are frequently in exhaustion state and accumulating evidence implies such reprogramming to be the consequence of aberrant epigenomes such as methylated. TCR, T cell receptor; MHC-I, major histocompatibility class I molecules; APCs, antigen presenting cells; MDSCs, myeloid-derived suppressor cells; Tregs, regulatory T cells.




Inhibition of Recognition, Priming, and Activation

Tumorigenesis is the process of continuous tumor cell evolution. A series of changes may occur in tumor cells to evade the recognition of immune cells. MHC-I molecules presented on the surface of tumor cells are key proteins for CD8+ T cell recognition. However, MHC-I molecule abnormalities have been found to occur at a relatively high frequency in tumor cells, including the loss or downregulation of MHC-I molecules (11, 12). This leads to the conclusion that alterations of MHC-I molecules stand for a common immune-escape mechanism of tumor cells (13). Actually, the expression of MHC-I molecules is the result of a proper antigen processing machinery (APM) and any alterations in the APM may lead to the deficiency of antigen processing and cause immune escape. For example, transporter associated with antigen processing (TAP) plays an important role in the transportation of proteins and the alteration of TAP can induce a sharp decrease of the MHC-I/b2m-peptide complexes expressed on tumor cells (14, 15). Indeed, the deficiency of TAP can be found in a variety of tumors such as head and neck carcinoma, gastric cancer and cervical carcinoma (14–17). Apart from the above gene regulatory mechanisms, the presentation of tumor antigens can be affected by other tumor cell biological processes. For example, the expression of TAP, latent membrane protein (LMP), Tapasin and MHC-I molecules are recovered after histone deacetylase inhibitor (HDACi) treatment, suggesting that epigenetic repression is also involved in the mechanism of tumor MHC-I molecules loss (18).

In addition to the intrinsic tumor cell factors, a series of factors in the TME, such as regulatory T cells (Tregs), disrupt the antigen presentation process, leading to insufficient T cell activation. Cross-presentation of tumor antigens by dendritic cells (DCs) is considered important in the early stage of tumor immune recognition because DCs acquire, process, and present tumor antigens to TCR and provide co-stimulatory factors to prime and boost the CD8+ T cells. However, CTLA-4 expressed on Tregs can suppress such immune response through the interaction with co-stimulation factors CD80 and CD86 expressed on DCs. When combined, the expression of CD80 and CD86 on DCs will be downregulated, thus impairing DC function and inhibiting T cell stimulation (19, 20). Moreover, a novel study uncovered that the antigen-specific Tregs activated by DCs can form a strong interaction with DCs. Such strong binding can remove the peptide-major histocompatibility complex class II (pMHCII) complexes from the surface of DCs and thereby decrease the antigen presentation efficiency of DCs (21). The upregulation of lymphocyte activation gene-3 (LAG-3) expression on activated Tregs is also a factor that acts as an immune regulatory protein (22).

Other components in TME may also influence the activation of effector T cells. Metabolic stress, including hypoxia and glucose deficiency, can cause downregulation of MHC-I molecules on tumor cells. Such alteration is accompanied by the loss of sensitivity of tumor cells to the upregulation of MHC molecules mediated by interferon (IFN)-γ (23). Programmed cell death 1 ligand (PD-L1) and Programmed cell death 2 ligand (PD-L2) expressed on tumor cells and other cells are also indispensable factors that inhibit proliferation and cytokine production of programmed cell death (PD)-1 expressing T cells (24).



Inhibition of Trafficking and Infiltration to Tumor Bed

Chemokines and cytokines regulate the trafficking and infiltration of immune cells into the TME. Researchers have found that in tumors lacking in the infiltration of CD8+ T cells, the expression of chemokines involved in the recruitment of effector T cells was significantly reduced (25), implying their critical roles in tumor progression. On the one hand, chemokine expression is regulated by environmental cues in the TME. In transplanted melanoma mouse model, Barreira da Silva et al. showed that the dipeptidylpeptidase (DPP4) produced by stromal cells within the tumor inactivated chemokine CXCL10, leading to the reduction of T cell infiltration (26). On the other hand, chemokine expression can be regulated by tumor cell-intrinsic epigenetic and genetic mechanisms. Tumor epigenetic silencing often includes zeste homologue2 (EZH2)-mediated histone modifications and DNA methyltransferase 1 (DNMT1)-mediated DNA methylation. Using the ovarian cancer mouse models, researchers found repression of T helper 1 (Th1)-type chemokines CXCL9 and CXCL10 produced by tumor cells caused by the above epigenetic silencing. The finding indicates that there exists a negative association between tumor-infiltrating CD8+ T cells and epigenetic silencing (27). A similar change was found in C-C motif chemokine ligand (CCL)5, where DNA methylation reduced the expression of CCL5 and caused tumor-infiltration lymphocyte desertification (28). Moreover, using a genetically engineered mouse melanoma model, researchers found that oncogenic pathway is another approach displayed by tumor cells to control chemokine expression. In the melanoma model, the activation of β-catenin resulted in poor expression of CCL4, which is important for the migration of CD103+ DCs, and subsequently limited the activation and infiltration of effector T cells (29).

Another reason accounting for the defective T cell infiltration to the tumor sites could be the presence of physical barriers. Like normal tissues, tumors need to obtain nutrients and oxygen and excrete metabolic wastes to maintain their survival, and the generation of tumor-associated neo-vasculature can meet these needs. However, such blood vessels are produced under the condition of an unbalanced mix of proangiogenic signals (1) and can act as physical barriers to the transportation of T cells into the tumor bed. When T cells enter the tumor vessels, a series of changes in the tumor vasculature repress T cell activity and induce T cell exhaustion. First, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) are needed for the extravasation of T cells and upregulation of ICAM-1 has been associated with good prognosis of cancer patients (30–33). However, tumor-derived blood vessels can generate vascular endothelial growth factors (VEGF) to inhibit the expression of adhesion molecules and thus prevent T cells from infiltrating into the tumor (34). Second, as within the tumor, inhibitory regulatory molecules such as PD-L1, PD-L2, galectin-9, indoleamine 2,3-dioxygenase 1 (IDO-1), and human B7 homolog 3 (B7-H3) (35–39) can be upregulated on vascular endothelial cells to directly inhibit T cell activity. VEGF-α can also induce the expression of thymocyte selection-associated high mobility group box (TOX) protein in T cells, thereby driving T cell depletion (40). Third, Fas-L expressed on tumor endothelial cells can directly cause T cell apoptosis (41). Finally, tumor blood vessels are known for their unique characteristics, such as slow and irregular blood flow, microvascular disorders, lack of basement membranes and abnormally thick membranes in blood vessels (42), which together result in insufficient oxygen supply in blood vessels and the accumulation of metabolic waste, leading to the impairment of T cells. What’s more, these factors would trigger the release and activation of pro-angiogenic growth factors (43) and further deepen the damage to T cells, as demonstrated above.



Impairment of T Cell Function and the Induction of Dysfunctional T Cells

Tumor cells rely on metabolic networks to maintain their proliferation, and various metabolism pathways are dysregulated in tumor cells due to their irregulated genetic landscape. Like tumor cells, having enough nutrients is essential for normal metabolic activity and anti-tumor immune response of T cells. However, the competition for nutrients between tumor cells and T cells can affect the immune response, and depletion of nutrients in the TME can also lead to insufficient immune response and tumor progression. Glucose is a major energy source, and it plays an important role in maintaining normal cellular functions and supporting cellular bioenergy. Even when oxygen is sufficient, tumor cells utilize glucose via glycolysis, which is called the Warburg effect (44). The glycolytic enzyme hexokinase 2 (HK2) overexpressed in tumor cells ensures the high efficiency of glycolysis in tumor cells and at the same time inhibits the glucose uptake of T cells (45, 46). Long-term glucose deficiency results in low T cell response and impairs the production of cytokines, allowing tumors to acquire immune escape properties. In addition to glucose, amino acids and lipids are also metabolic sources competed for by tumor cells and T cells. For example, IDO is expressed in many tumors and can catabolize tryptophan (47). Lower concentrations of tryptophan in extracellular environment can inhibit the proliferation of CD8+ T cells and promote the differentiation of Tregs by activating general control nonderepressible 2 (GCN2) kinase (48). Lipid rafts in the cell membrane of T cells are required to form immune synaptic tissues (49), while the growing tumor cells also need fatty acids to synthesize cell membranes or other molecules (50). The disturbance of lipid homeostasis may therefore result in a reduction of effector T cells.

In addition to nutrient depletion, the specialized metabolism of tumor cells also establishes a hypoxic, acidic TME (44) that is unfriendly to the anti-tumor immune response. In other words, besides promoting the growth of tumor cells, the unique metabolic programs can also prevent the development of an effective anti-tumor response. For example, the reduced blood flow and Warburg effect can result in a hypoxia state in the TME. Earlier studies have indicated that hypoxia can lead to the deficiency of mTOR signaling in T cells which can drive the anergy of effector T cells (51, 52) while promoting the development of Tregs (53). The aberrant Warburg effect of tumor cells produces lactic acid to be exported into the extracellular space, which can result in an acidic TME. The resultant acidification of TME can induce the apoptosis of T cells and suppress T cell function by the inhibition of nuclear factor of activated T cells (NFAT) upregulation and the inhibition of p38 and JNK/c-Jun activation (54, 55). Lactic acid has also been shown to interfere with the maturation of DCs (56) and increase the frequency of forkhead box P3 (FoxP3)+ Tregs (57). Research has shown an increased expression of PD-L1 on tumor cells by the accumulation of lactic acid (58).

In addition to tumor cells, MDSCs and Tregs are two key cellular mediators in the immunosuppressive TME. The function of Tregs has been described above. Here, we discuss how MDSCs shape the intra-tumoral immune landscape to impair the function of T cells. MDSCs deplete amino acids in the TME that are essential for T cell function. MDSCs are characterized by the expression of enzyme arginase 1 (Arg1) (59). L-arginine is the substrate of Arg1, and excessive Arg1 leads to the depletion of L-arginine in the TME, which is of significant importance for the maturation of T cell receptor ζ-chain (TCRζ) and can therefore result in impaired T cell growth and differentiation (59). Moreover, MDSCs can deplete the extracellular cysteine pool to limit the activation of T cells (60). Inducible nitric oxide synthase-2 (iNOS2) produced by MDSCs can release high level of nitrogen monoxide (NO), which can interrupt T cell function by interfering with T cell JAK/STAT signaling proteins and can induce T cell apoptosis (61). MDSCs can also induce the proliferation of Tregs by secreting soluble factor IL-10 to further downregulate the activation and expansion of T cells (62).

Tumor vaccines can potentially induce efficient antitumor immunity by recruiting and activating immune cells. However, the mechanisms demonstrated above can be utilized by tumors to turn effector T cells into exhausted ones, which can be characterized by the deficiency of response to TCR stimulation, the production of cytokines and the upregulation of inhibitory factors. This condition can be associated with the loss of tumor growth control. In the following section, we consider how different strategies can modulate tumor vaccine function to better boost antitumor immunity.




Strategies to Improve Tumor Vaccine Efficacy

Currently, strategies have been used in pre-clinical experiments and clinical trials to improve the anti-tumor efficacy of tumor vaccines. Here, we discuss how these strategies influence the responsiveness of tumor vaccines against tumors. Table 1 shows the related strategies.


Table 1 | Strategies enhancing the anti-tumor efficacy of tumor vaccines.





Improve the Design of Current Tumor Vaccines


Vaccines Based on Both MHC-I–Specific Tumor Antigens and MHC-II Specific Tumor Antigens

At present, most tumor immunotherapy is aimed at activating CD8+ T cells. With improved understanding of the immunology, recent studies have highlighted the role of CD4+ T cells in tumor clearance. The activation of an effective anti-tumor immune response not only needs helper T cells to recruit the killer T cells but also needs them induce killer T cells into the activation state in which they are capable of killing tumor cells (63, 64). In other words, killer T cells should synergize with the helper T cells to activate a robust and durable immune protection.

Studying mouse models of human tumors, researchers found that vaccines act more effectively when both helper and killer T cells are activated. Using the KP9025 sarcoma mice model, researchers indicated that the administration of vaccines with a mixture of KP.mLAMA4 (MHC-I specific tumor antigen) and KP.mITGB1 (MHC-II specific tumor antigen) provided more effective protection against tumor challenge than administration of each the antigen alone. What’s more, spleen from mice vaccinated with the mixture antigens contained more functional CD8+ T cells than the mice receiving only MHC-I specific tumor antigen. These results demonstrated the crucial role of CD4+ T cell in activating CD8+ T cells and helping them mature into CTLs (65), which may be the results of more efficient uptake and presentation by APCs (66, 67). In another study using the B16F10 tumor-bearing mice models, MHC class II-restricted neo-epitope-encoding RNA vaccines were injected into the mice. Compared with the control group, MDSCs and FoxP3+ Tregs were markedly reduced in the experimental group, indicating that the induction of CD4+ T cells could help overcome tumor-associated immune suppression, which in turn resulted in a more efficacious tumor control (68).

In fact, CD4+ T cells can indirectly promote anti-tumor responses, as the cytokines and co-stimulatory factors secreted by CD4+ T cells largely dictate the quality of CTLs. For example, IL-2 secreted by Th1 is essential for maintaining the growth and proliferation of CD8+ T cells (69). Moreover, Th1 can help promote the recruitment and infiltration of CD8+ T cells through the secretion of IFN-γ (70). Furthermore, tumor-specific CD4+ T cells can also secrete IL-4 to recruit macrophages as well as establish long-term memory immune responses to tumors (71, 72). In fact, immunotherapy based on mutation-specific CD4+ T cells has been proven effective in clinical trials. In patient 3737 experiencing widely metastatic cholangiocarcinoma, tumor infiltrating lymphocytes (TILs) containing approximately 25% mutation-specific Th1 cells were transferred, and the patient received tumor regression and experienced disease stabilization (NCT01174121) (73). Patrick A. Ott enrolled ten patients with previously untreated high-risk melanoma in a phase I study. In the study, they used long peptides leading to the activation of both CD8+ and CD4+ T cells. Of six patients treated with the vaccines, four had no recurrence at the follow up of 25 months after vaccination, while the two patients experiencing recurrent disease subsequently received anti-PD-1 therapy and achieved complete tumor regression (NCT 01970358) (8).

In conclusion, CD4+ T cells can help promote the effector function of CTLs and reshape the TME to overcome negative regulation, both of which can amplify the anti-tumor response of T cells. The reasons why tumor vaccines targeting CD4+ T cells are difficult to synthesize can be summarized into the following aspects. First, most tumors lack the expression of MHC-II molecules (68). Another factor may be the specificity of neoantigens in tumor cells. At present, most tumor neoantigens capable of stimulating effector T cells belong to MHC-I restricted molecules, and they can only be recognized by effector T cells. In contrast, few MHC-II restricted tumor neoantigens have been found. One of the obstacles is that the existing MHC-II antigen prediction algorithms find it difficult to identify MHC-II restricted tumor-specific antigens that function as neoantigens for CD4+ T cells (74).

Thinking of the importance of CD4+ T cells in antitumor immunity, it is urgent for us to deepen the understanding of the underlying principles of immunology and overcome technical difficulties before applying such vaccines into clinical practice.



Re-Assembling Tumor Vaccines With Nanoparticles to Enhance the Immunogenicity

Due to the intricate immunosuppressive TME, the therapeutic effects of a majority of tumor vaccines are quite limited. The immunosuppressive TME inhibits not only the antigen uptake and presentation but also the activation and infiltration of lymphocytes in vivo. Therefore, new methods are expected to improve the effectiveness of current immunotherapies, and thus, nanoparticles have been in extensive use in recent years. Compared to traditional tumor vaccines, re-assembled tumor vaccines are armed with the following advantages brought by nano-materials.

First, nanoparticles can be loaded with different adjuvants and molecules, making them novel vectors for different types of tumor vaccines, such as peptide vaccines, RNA vaccines (75, 76). Molecules such as chemical drugs and immune checkpoint inhibitors can be loaded into the vectors with the vaccines to achieve synergistic antitumor effects. Liu X. et al. constructed a tumor nano-vaccine composed of antigenic peptide, CpG-ODN, and cationic polymer nanoparticle. Using breast carcinoma 4T1 models, they found that the injection of the nano-vaccine significantly promoted the infiltration of CTLs in the tumor and could help prevent tumor recurrence and pulmonary metastasis (77). Xie X. et al. developed a novel therapeutic vaccine co-encapsulating epitope peptide and PD-1 antibody with self-healing microcapsule. With the synergism of epitope peptide, PD-1 antibody, and the unique self-healing feature of the microcapsule, a single dose of the vaccine led to the recruitment of activated APCs and significantly improved the infiltration of tumor-specific CTLs. The results indicated that such new vaccine platform could serve as a promising immunotherapy modality for anti-tumor treatment (78).

Second, nanoparticles serve as safeguards to protect the adjuvants from being degraded in the biological environment and precisely deliver the therapeutic ingredients to a particular place to improve the immune response (79). Some particles may also release the coated ingredients according to the conditions of the environment, such as pH and oxygen content, to better adapt to the harsh TME. Keman Cheng developed a therapeutic peptide assembling nanoparticle that can sequentially respond to the tumor microenvironment. The basic of the nano-vaccine was a short D-peptide antagonist of programmed cell death-ligand 1 (DPPA-1), an inhibitor of idoleamine 2,3-dioxygenase (NLG919). When exposed to the acidic tumor microenvironment, the material became swollen. The material would soon collapse due to the cleavage of the peptide substrate by matrix metalloproteinase 2 (MMP-2), which is upregulated in tumor stroma. Such a subtle design guarantees the controllable release of the ingredient and provides a favorable circumstance for CTLs to survival and become activated (80).

Third, nano-materials can serve as an immunotherapeutic platform that can reshape immunosuppressive TME (81, 82). The low response rate of current tumor immunotherapy can partly account for the immunosuppressive factors in TME. To better overcome this, Chanyoung Song developed an injectable immunotherapeutic nanogel. The nanogel was injected in the dissected empty space after removing approximately 90% of the primary tumor by surgery in 4T1 triple-negative breast cancer and TC1 cervical cancer mice models. Compared with the groups without injected the nanogel, the original immunosuppressive TME of the experimental group was reverted into the immunogenic one, including increased levels of infiltrating CTLs and upregulated expression of cytokines. Moreover, the percentage of immunosuppressive cells such as MDSCs and M2 macrophages decreased after treatment (83).

Lastly, because the size of the nanoparticles is similar to that of the pathogens, the injection of the nanoparticles can promote the presentation of antigens, which can in turn induce the production of more effective, long-lasting tumor specific CTLs (84). Altogether, the modified tumor vaccines can effectively activate the host immune response and induce the death of tumor cells. The re-assembled tumor vaccines distributed in tumors reprogram the immunosuppressive networks and increase immune cells infiltration.

In spite of the fact that nanoparticles have enhanced the anti-tumor immune response in preclinical models, there remains difficulties before fully applying them to clinical use. One of the most important factors may be the selection of material compositions. The safety of the materials should achieve the certifications of the FDA. The materials should be biodegradable and their degradants must also be non-toxic to humans without leading to biological immune rejection. In addition to safety, the physical properties of these materials such as cation density and surface activity, need to be further optimized to better enhance the antitumor effect of the immune system.




The Combination of Tumor Vaccines and Other Therapies


The Combination of Tumor Vaccines and Metabolic Therapy

Both tumor cells and T cells are in desperate need of anabolic and energetic to maintain their survival and growth. Tumor cells are known to have unique metabolisms, and differences in cellular metabolism between tumor cells and immune cells can serve as a basis to better improve the antitumor effect.

The unique Warburg effect of tumor cells causes hypoglycemia and hypoxia in the TME (44). TILs must adapt to this environment to survive and exert anti-tumor function. By analyzing the CD8+ T cell metabolism 30 days after vaccine treatment in melanoma-bearing mice, Zhang et al. found that the intensity of glycolysis metabolites declined in CD8+ TILs while the peroxisome proliferator-activated receptor (PPAR)-a signaling and fatty acid (FA) catabolism metabolites increased, implying that CD8+ TILs switched to these modes of metabolism to preserve their effector functions under the pressure of hypoglycemia and hypoxia in TME. They further confirmed this conclusion by adding fenofibrate, a PPAR-a agonist, to increase FA catabolism. Indeed, the addition of fenofibrate largely improved the antitumor function of vaccines compared to the vaccinated, tumor-bearing group (85). Glutamine has long been used for metabolism therapy due to its crucial role in cell metabolism (86, 87). 6-diazo-5-oxo-L-norleucine (DON) is the most widely studied broad-spectrum glutamine antagonist and has been used in clinical trials (88, 89). However, DON was then abandoned as an antitumor agent due to its toxicity, especially gastrointestinal symptoms (88, 90). Robert D. Leone then developed a prodrug of DON, JHU083, which could only be activated in the TME. Blocking of glutamine metabolism led to the inhibition of wide-ranging metabolism and the disruption of NADP(H) homeostasis while robustly enhancing the function and effectiveness of TILs and acquiring a long-lived, highly activated phenotype. This difference may be due to the lack of plasticity in tumor metabolism (91).

In conclusion, metabolism is integrated in cellular processes and determines the fate of both tumor cells or immune cells. Deeper insights into the mechanisms of the differences between tumor cell and immune cell metabolism will help yield new targets for therapy.



The Combination of Tumor Vaccines and Chemeric Antigen Receptor T Cells Therapy

CAR-T therapy is another successful attempt at immunotherapy. At present, dramatic clinical responses have been achieved in non-Hodgkin’s lymphoma (NHL), adult and pediatric patients with relapsed and refractory (R/R), B-cell acute lymphoblastic leukemia (B-ALL), and chronic lymphocytic leukemia (CLL) (92–94). However, relapse has become one of the obstacles that hinders the development of such therapy. It is well known that engraftment and persistence of CAR-T in vivo are the keys to successful tumor eradication. However, the frequency of CAR-T cells declined in vivo after transfer (95). The combination of tumor vaccine and CAR-T therapy will be a leap forward for tumor immunotherapy, as the combination can complement the shortcomings of each therapy alone and synergistically enhance anti-tumor ability. For example, unlike effector T cells activated by tumor vaccines which engage HLA-peptide complexes, CAR-T cells have the ability to recognize antigen on any HLA background and are therefore more broadly applicable to patient populations with diverse HLA background (96). They can also target tumor cells that downregulate MHC-I molecules, which is a major mechanism that contributes to tumor escape from vaccine therapy (97). Likewise, the administration of tumor vaccine improves the engraftment and persistence of CAR-T cells to partly overcome CAR-T cell exhaustion in the TME. Actually, a large number of studies have proved that this combination strategy is feasible.

K. Reinhard recently reported claudin (CLDN) 6 as a target for CAR-T cell therapy. In the study, the researchers designed 2nd generation CLDN6-CAR engineered human T cells as well as a liposomal CLDN6-encoding RNA vaccine. Their data established that the addition of tumor vaccine induced a profound expansion of circulation CAR-T cells and showed complete rejection of tumors with higher median survival. The administration of tumor vaccine enabled tumor control at lower CAR-T cell doses (98).Similar results have been shown in other studies using WT1-specific CAR-T cells combined with DC vaccine pulsed with WT1236Y peptide (99) and CMV/CD19 bispecific T cells combined with CMV peptide vaccine (100). In each study, the post-transfer of vaccine enhanced the therapeutic efficacy of CAR-T cells targeting tumor antigens via CAR-T cell expansion and activation. An important goal of immunotherapy is to establish immune memory to protect against tumor recurrence. In addition to the enhancement in anti-tumor ability, vaccines have been shown to increase the numbers of memory T cells and decrease the number of terminally differentiated T cells, implying that vaccines can promote immunologic memory in CAR-T cells (101). Clare rechallenged the long-term surviving mice with tumor cells in the contralateral site 100 days after the initial treatment, and they found that the mice were completely resistant to rechallenge with the same tumor cells, suggesting that the administration of vaccine did generate a memory response in the surviving mice (102).

The concept of the combination of tumor vaccine and CAR-T cell therapy to specifically eradicate malignant cells has been repeatedly demonstrated in animal models but was sometimes questioned due to the results of trials in humans. In a phase 1/2 study of WT1236Y peptide vaccine involving 26 patients, a patient suffered from an immune-related, but manageable, adverse event (103). Therefore, there remains the possibility that the synergism of tumor vaccine and CAR-T therapy may be associated with increased toxicity. The combination of vaccine and CAR-T therapy has been applied in a relapsed pediatric acute lymphoblastic leukemia clinical trial (NCT01195480). In the CD19CAR CTL therapy with irradiated EBV transformed lymphoblastoid cell lines (LCL) vaccination cohort, four of six patients had detectable CAR-T cells in the blood until 1–3 months after infusion and showed a significantly improved persistence compared with the cohort without vaccination. However, while the usage of vaccine improved the persistence of CAR-T cells somewhat, it was inadequate to induce the proliferation of CAR19 CTLs needed for an effective antitumor response (104). Such results require us to take how to mitigate such risks into more careful consideration and to refine the combination therapeutic strategies, including the doses of tumor vaccine and CAR-T cells in combination therapy, the injection time and the injection sequence.



The Combination of Tumor Vaccines and Immune Checkpoint Blockade Immunotherapy

Growing preclinical and clinical trials have combined tumor vaccines with ICBs in the attempt to reinvigorate exhausted T cells, and many support the assumption that the combination of ICBs and tumor vaccines have the ability to synergistically improve the clinical outcome (105–108). The immune checkpoint pathway plays an important role in maintaining immune tolerance and deciding the fate and function of T cells (109). Herein is discussed the optimal timing and sequencing of the combination of ICBs and tumor vaccines to obtain the maximum therapeutic benefits.

Because the preparation of tumor vaccines will take a long period of time, ICBs have always been the priority selection in the clinic, followed by tumor vaccines. However, studies have shown that the initial state of T cells is one of the main reasons affecting the effect of combination treatment. Vivek Verma et al. (110) uncovered the phenomenon that when PD-1 was blocked first, the anti-tumor effect of the tumor vaccines was abrogated due to the decrease rate of CD8+ T cells and defective T cell activation. The blockade of PD-1 under sub-optimally activated CD8+ T cell conditions would lead to the presence of dysfunctional PD-1+CD38hiCD8+ T cells, resulting in the failure of antigenic stimulation response and defective effector functions (111). Researchers have found that such populations of T cells are associated with resistance to anti-PD-1 therapy. If treated appropriately with tumor vaccines before PD-1 inhibitors, the resistance to the PD-1 inhibitors will be resolved. This finding implies that proper sequencing of immunomodulatory agents is necessary for ideal clinical outcomes. In a therapeutic strategy for the clinical use of PD-1 inhibitors combined with tumor vaccines, it may be better to use tumor vaccines before PD-1 inhibitors, or at least use them at the same time. However, we come to a totally opposite conclusion in another experiment using ARF-Fc anti-CTLA-4 mAb where if anti-CTLA-4 mAb was given with the peptide vaccines simultaneously, not only the CTLA-4+ Tregs but also the CTLA-4+CD8+ T cells were depleted. Giving the anti-CTLA-4 mAb treatment several days before the vaccine stimulation resulted in the depletion of Tregs and the expansion of antigen-specific CD8+ T cells in vitro and led to an enhanced anti-tumor effect in vivo (112). Whether all the ICBs would undergo the above changes when combined with the tumor vaccines needs to be further confirmed. However, these reports do provide unique insights into the normalization of the combined immunomodulatory agents.

In conclusion, correct timing and sequence of ICBs treatment and tumor antigen vaccines are important factors influencing the effect of tumor immunotherapy. Such normalization should be based on the kinetics of immune checkpoints and effector T cell activation.



The Combination of Tumor Vaccines and Oncolytic Viruses

To better improve the antitumor efficacy of tumor vaccines, the ability to alter the immunosuppressive TME is the most attractive feature. When compared with other immunotherapies, OVs seem to be more ideal antitumor immunity inducers. OVs have been shown to overcome the issues regarding immunosuppressive TME, which often encountered by T cell therapies.

OVs can promote antitumor T cell responses through multiple mechanisms. First, OVs can promote T cell priming. Due to the defective antiviral responses, tumor cells are susceptible to virus infection. The enzymes and factors required for rapid cell division are often highly expressed in tumor cells, providing viruses with a replicative advantage in the tumor cells (1). Once the infection is established, continuous replication of viruses will at last lead to oncolysis. When the tumor cells are broken, the damage associated molecular patterns and tumor antigens will be released into the TME, which can contribute to the maturation and function of DCs, leading to the priming of tumor-specific T cell response (113, 114). Second, OVs induce a pro-inflammatory TME that can increase T cell trafficking and infiltration. Chemokines and cytokines regulate the trafficking and infiltration of immune cells into the TME. Studies have shown that the infection of OVs elicits potent type I interferon responses (115, 116), which can stimulate the production of T cell recruiting chemokines. Inflammatory factors such as tumor necrosis factor (TNF) and interleukin-1β (IL-1β) can also be induced by OVs, which in turn upregulate the expression of selectin on endothelial cells and provide an important signal for T cell infiltration (117–119). The presence of physical barriers is another critical reason accounting for the defective T cell infiltration. However, Ilkow et al. found that the vesicular stomatitis virus (VSV) can selectively destroy cancer-associated fibroblasts (CAFs), which are key components of immunosuppressive tumor stroma (120). Their depletion can represent yet another means by which OVs increase the infiltration of T cells. Last, OVs improve the recognition of tumor cells. To avoid T cell recognition, tumor cells can downregulate MHC class I expression and other components involved in the antigen processing and presentation pathway. OVs have the ability to reverse these effects, likely by inducing type I interferon production (121, 122).

Bringing together the above concepts, combined treatment with OVs can be a promising strategy for reverting immunosuppressive TME and enhancing the antitumor capabilities of tumor vaccines. In B16-OVA melanoma mouse models, combination treatment of VSV-GP, a chimeric vesicular stomatitis virus (VSV) pseudotyped with the glycoprotein (GP) of the lymphocytic choriomeningitis virus, with an ovalbumin (OVA) peptide-loaded dendritic cell (DC) vaccine (DCVacc) significantly increased the numbers of tumor-infiltrating, highly activated T cells while relatively reducing the number of Tregs. Researchers observed that several proinflammatory cytokines increased in the VSV-GP-treated group (123). Using a pre-clinical ovarian cancer mouse model, the combination of vaccine and antigen-armed oncolytic Maraba virus elicited robust tumor-specific CD8+ T cell responses and led to unique immunological changes that correlated with improved clinical outcome of ovarian cancer patients (124). These findings pointed to a key role of OVs to help exert systemic immunologic effects and improve survival. OVs can also serve as adjuvants for tumor vaccines. Erkko Ylösmäki et al. physically attached tumor-specific peptides onto the viral envelope of the virus and found that by coating the viral envelope with therapeutic peptides, the antitumor immunity in the tumor microenvironment can be significantly enhanced (125).

In conclusion, the synergism of tumor vaccine and OVs can combine the advantages of both approaches. The viruses activate the immune response and reshape the TME, and the therapeutic antitumor vaccine direct the immune response towards the neoantigens. Currently, numerous oncolytic viruses have been applied in early phase clinical trials (126–128). Unlike standard drugs, such live viruses have unique challenges. They are live viruses and can proliferate during clinical administration, making it difficult to establish safe and effective dosing guidelines. Moreover, the immune response induced by OVs can be further divided into antitumor immune response and antiviral immune response. On the one hand, viruses help induce immune response against tumor cells. On the other hand, the response to neutralize virus toxicity may block virus replication and the ongoing infection of tumor cells (129). Hence, more careful attention should be taken in the establishment of this combination therapeutic regimen to balance the immune responses and maximize the advantages of the combination therapy. Moreover, compared to agents that directly kill tumor cells, immune-mediated antitumor responses will be much slower. Therefore, more appropriate clinical indicators are needed to capture therapeutic responses of the combination therapy.



The Combination of Tumor Vaccines and Epigenetic Therapy

Immune cells infiltrating in the TME are frequently in an exhaustion state and accumulating evidence indicates that such reprogramming can partly be the consequence of aberrant epigenomes. As a result, epigenetic therapy has the potential to reverse the exhausted immune T cells caused by aberrant epigenomes. At present, histone deacetylase inhibitors (HDACi) and hypomethylating agents have been approved by the FDA and have brought epigenetic therapy to the front of tumor therapies. Collectively, the synergistic effect of epigenetic drugs on tumor vaccines can be concluded in the following points.

First, epigenetic therapy helps restore the HLA class-I antigen processing machinery expression on tumors. For example, hypomethylating agents have been shown to have the ability to upregulate tumor antigens as well as antigen processing and presentation genes (130, 131). Similarly, in the glioma implantation mouse model, Ting Sun et al. found upregulated expression of antigen processing and presenting associated molecules on the surface of the glioma tumor cells in the HDACi-treated group, such as TAP1, TAP2, and MHC-I, thereby enhancing the specific lysing efficacy of the immune cells and in turn potentiating the immune response (132). Interestingly, Ailsa et al. (133) uncovered that HDACi mediated tumor cells apoptosis could stimulate the uptake by APCs and that the combination of HDACi and immune-activating antibodies to promote the function of APCs could enhance the proliferation and survival of cytotoxic T cells. Second, epigenetic therapy can modulate the immunosuppressive TME. Both hypomethylating agents and HDACi have been shown to increase the number of natural killer (NK) cells in the tumor bed while reducing the percentage of tumor-infiltrating MDSCs and Tregs (134–136). Tumor cells can epigenetically silence the expression of chemokines to impair the infiltration activity of immune cells. However, pharmacological inhibition of histone deacetylase in tumor cells was shown to increase the expression of chemokines, thus attracting peripheral infiltrating T cells to the tumor bed (27). Last, apart from regulating T cell extrinsic factors, epigenetic therapy can act on TILs directly by re-invigorating exhausted T cells (137) and decreasing the activation induced cell death in TILs (138). However, it is worth mentioning that epigenetic therapy can also suppress the immune response. For example, the administration of hypomethylating agents prior to allogeneic transplantation can relieve graft versus-host disease (GVHD) through inducing the production of Tregs (139), which implies that it is necessary to balance the pro-immunogenic and immunosuppressive functions in clinical use.

Generally, clinical agents that can be used in conjunction with tumor vaccines should have the characteristics below. First, they act directly upon the T cells to enhance the adaptive anti-tumor immune response. Second, they relieve the tumor-induced immunosuppression, which in turn provides a suitable immune microenvironment for anti-tumor immune cells to help them work properly. Considering the fact that some drugs may also produce cytotoxic effect on immune cells, it is critical to ensure that appropriate dosages are used in the combination therapy.




Discussion

In the TME, T cells are key cellular components that extensively crosstalk with tumor cells. Recent successes have fueled interest in improving the durable anti-tumor ability of tumor vaccines. Advances in the understanding of immune regulation mechanisms provide solid foundation for the development of novel tumor vaccine combination therapy strategies. However, the occurrence and development of tumors is a dynamic evolution process characterized by genetic instability (1). Due to the immune escape mechanism of tumor cells, tumor vaccines alone may not exert expected tumor killing effects, which is one of the factors that hinders the application of tumor vaccines. In the upcoming era, the application of tumor vaccines should be combined with other therapies such as chemotherapy, radiation therapy, molecular targeted drugs and other immunotherapies to produce a more durable anti-tumor immune response and improve the prognosis of cancer patients.

Although combined treatments have achieved anti-tumor effects and prolonged survival time in pre-clinical animal models, questions exist in clinical translation. The most important point is that the immune background of the animal models is quite different from that of humans. Although patient-derived tumor xenograft (PDX) models have been widely applied in tumor immunology research, the dosage and usage in animal models still require a long time to verify their feasibility in human beings, which greatly extends the time for clinical translation. Second, due to the complexity of tumor immunotherapy and the heterogeneity of patients in the clinic, more precise predictive biomarkers still need to be explored to better identify the standard to combine for different treatments. They can also help to determine which treatments are suitable for patients in early clinical diagnosis to develop personal treatment options for different patients. The occurrence and development of tumors is a complex process. Under the pressure of immune survival, a series of changes will happen in tumor cells to avoid immune responses. These lead to challenges in clinical work of how to adjust the combined treatment regimen in time according to different biological changes in tumor cells to maximize the effect of combined treatment. Third, like predictive biomarkers, appropriate indicators should also be developed in the clinic to assess the effect of combination therapy. Finally, a perfect combination treatment regimen needs to be developed based on the cancer immunity cycle to decide which treatment should be included. In other words, such regimens should include activating the endogenous immune response, promoting immune cell infiltration, increasing tumor sensitivity to therapy, reducing tumor burden and maintaining long-term immunity. This requires clinicians to have an accurate grasp of the combination treatment regimen. Continuous studies on tumor immune mechanism and clinical translation are needed to overcome the questions of how to combine different treatments; whether each of the treatment should be added sequentially or concurrently; and whether each of the treatments should be added continuously of intermittently. In general, the biological toxicity of each treatment should be minimized while the synergistic effects of each treatment should be maximized.
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Dendritic cell (DC)-based antitumor vaccines have proven to be a safe approach, but often fail to generate robust results between trials. Translation to the clinic has been hindered in part by the lack of standard operation procedures for vaccines production, namely the definition of optimal culture conditions during ex-vivo DC differentiation. Here we sought to compare the ability of three clinical grade serum-free media, DendriMACS, AIM-V, and X-VIVO 15, alongside with fetal bovine serum-supplemented Roswell Park Memorial Institute Medium (RPMI), to support the differentiation of monocyte-derived DCs (Mo-DCs). Under these different culture conditions, phenotype, cell metabolomic profiles, response to maturation stimuli, cytokines production, allogenic T cell stimulatory capacity, as well as priming of antigen-specific CD8+ T cells and activation of autologous natural killer (NK) cells were analyzed. Immature Mo-DCs differentiated in AIM-V or X-VIVO 15 presented lower levels of CD1c, CD1a, and higher expression of CD11c, when compared to cells obtained with DendriMACS. Upon stimulation, only AIM-V or X-VIVO 15 DCs acquired a full mature phenotype, which supports their enhanced capacity to polarize T helper cell type 1 subset, to prime antigen-specific CD8+ T cells and to activate NK cells. CD8+ T cells and NK cells resulting from co-culture with AIM-V or X-VIVO 15 DCs also showed superior cytolytic activity. 1H nuclear magnetic resonance-based metabolomic analysis revealed that superior DC immunostimulatory capacities correlate with an enhanced catabolism of amino acids and glucose. Overall, our data highlight the impact of critically defining the culture medium used in the production of DCs for clinical application in cancer immunotherapy. Moreover, the manipulation of metabolic state during differentiation could be envisaged as a strategy to enhance desired cell characteristics.
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Introduction

Dendritic cells (DCs) comprise several subsets of highly specialized professional antigen-presenting cells with superior capacity to acquire, process and present antigens to naïve T-lymphocytes (T-cells) (1). Considering their capacity to elicit strong antitumor immune responses, DCs have been extensively used in immunotherapeutic strategies to fight cancer (2, 3). Currently, there are four main approaches exploring DCs in oncologic treatments: 1) non-targeted protein and nucleic acid-based vaccines captured by DCs in vivo; 2) direct targeting of antigens to DCs in vivo; 3) vaccines composed of ex vivo produced DCs, matured and loaded with tumor antigens; 4) biomaterial based platforms to recruit and program endogenous DCs (4). Among these approaches, ex vivo generated DCs are used in nearly 97% of the registered clinical trials, leukapheresis-isolated CD14+ monocytic precursors being the primary source to produce monocyte-derived DCs (Mo-DCs) (5).

Notwithstanding the good safety profile of DC antitumor vaccines, the rate of success in inducing clear therapeutic outcomes has been inconstant, with effective responses observed in less than 15% of the cases (5). Several factors have been suggested to explain this outcome: patients with a severely compromised immune system; the multitude of tumor immunosuppressive mechanisms that actively dampen DC functionality; the antigens selected as targets; the limited immunostimulatory abilities of Mo-DCs; and the lack of clinical standard operating procedures (cSOPs) for DCs production (6, 7).

The nonexistence of cSOPs for ex vivo manipulation of DCs results in a plethora of protocols that differ in the source of precursors, differentiation and maturation stimuli, antigen nature and loading procedures and, finally, route of administration (5). While extensive research has been performed on the impact of cytokines and growth factors used for DC differentiation and maturation, the relevance of culture media to these processes has been underestimated. Evidence has emerged demonstrating that the metabolism influences DC differentiation, with several connections established between cell metabolic state and their functional specialization [reviewed in (8)]. Hence, it is reasonable to expect that the culture media used during Mo-DCs production may impact their metabolism and inherently their phenotype and functional capacities. Most of our knowledge on ex vivo Mo-DC differentiation comes from culture settings comprising fetal bovine serum (FBS). However, for clinical purposes it is crucial to substitute serum or serum components of animal origin, in order to avoid immune reactions and transmission of infectious diseases (9). The use of autologous human serum (HS) can also be undesirable, as many factors that influence DC differentiation and maturation differ between patients and thus contribute to cell product variability (10, 11).

To overcome these limitations, several clinical grade serum-free media (SFM), have become commercially available, allowing to operate according to good manufacturing practice (GMP) conditions. Despite the extensive use of these SFM in the production of clinical grade DCs, very few studies directly compare them for their ability to influence differentiation and cell functional abilities (12–15). In this study, we analyzed the impact of three different SFM (DendriMACS, AIM-V, and X-VIVO 15) on the production of Mo-DCs. We show that the distinct media impact the phenotype, response to maturation stimuli and consequently the immunostimulatory capacities of produced cells. When compared to DendriMACS, immature DCs (iDCs) produced in X-VIVO 15 or AIM-V express higher levels of CD11c, CD86, and major histocompatibility complex (MHC)-I, while presenting lower levels of CD1a and CD1c. Upon stimulation with alpha cytokine cocktail, AIM-V and X-VIVO 15 DCs presented higher expression of CD86, C-C chemokine receptor 7 (CCR7) and superior production of interleukin (IL)-12p70. Such characteristics enable these DCs to polarize CD4+ T cells toward T helper cell type 1 (Th1) subset, prime antigen-specific CD8+ T cells, and activate natural killer (NK) cells in a superior way. The observed phenotypical and functional differences correlate with the cell’s metabolic status, as revealed by combined metabolomics profiling of culture media and intracellular extracts.

Hence, this study highlights the need of rationally selecting the medium used in the production of clinical grade DCs according to the desired immunostimulatory abilities and therapeutic goals.



Methods


Culture Media

Four culture media were tested in this study: AIM-V (Gibco, Waltham, MA USA), X-VIVO 15 (Lonza, Basel, Switzerland), DendriMACS (Miltenyi Biotec, Bergisch Gladbach, Germany) and Roswell Park Memorial Institute Medium (RPMI) 1640 (Gibco, MA, USA). AIM-V, X-VIVO 15 and DendriMACS are SFM, used in clinical DC-based immunotherapy. RPMI is the most used culture medium in pre-clinical DC research and it was supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin, 2 mM glutamax, 1 mM sodium pyruvate, and 1× MEM non-essential amino acids (all from Gibco).



Cell Isolation and Culture

To obtain human monocytes and T cells, peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (GE Healthcare, Chalfont St. Giles, UK) gradient centrifugation from buffy coats of healthy volunteers. Buffy coats were provided by the Portuguese Blood and Transplantation Institute (IPST) following an established protocol allowing access to buffy coats for scientific research with academic purposes only. The buffy coats were not specifically obtained for the present study and were provided without any personal detail from the donor.

Monocytes and T cells were isolated by positive selection using CD14 and CD3 antibody-coated magnetic beads (Miltenyi Biotec), respectively, as described by the manufacturer. T cells were maintained in RPMI medium until co-cultured with DCs. Monocytes were cultured at a density of 1 × 106 cells/ml in the different culture media supplemented with 250 U/ml of IL-4 (Peprotech, London, UK) and 400 U/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech), for differentiation into immature DCs (iDCs). Each medium was refreshed every 2 days and DCs maturation was induced at day 6 of culture, by adding 50 ng/ml of tumor necrosis factor (TNF)-α (Biolegend), 25 ng/ml of IL-1β (Biolegend), 20 ng/ml of polyinosinic:polycytidylic acid (Poly-I:C) (Novus Biologicals, Abingdon, UK), and 100 ng/ml of interferon (IFN)-γ (Peprotech).



Flow Cytometry

Cell staining was performed using fluorescence-conjugated antibodies, specifically CD1a-Alexa Fluor 488, CD14-PE, CD11c-APC, CD1c-FITC, CD16-APC, CD86-Alexa Fluor 488, CD83-PE, CD80-PerCP/Cy5.5, CD40-APC, human leucocyte antigen (HLA)-DR-Alexa Fluor 488, HLA-ABC-APC, CCR C-C chemokine receptor 1 (CCR1)-Alexa Fluor 488, CCR2-PerCP/Cy5.5, CCR5-APC, CCR7-PerCP/Cy5.5, chemokine receptor (CXCR4)-PE, CD3-PE, CD4-PerCP/Cy5.5, CD8-APC, CD69-FITC, CD25-APC, forkhead-box-P3 (FoxP3)-FITC, T-box protein expressed in T-cells (T-bet)-PE (all from Biolegend). Isotype-matched antibodies were used as controls. Briefly, 0.2 × 106 monocytes, DCs or T cells were washed and stained with 3 µl of fluorescence-conjugated antibodies in phosphate-buffered saline (PBS) + 1% FBS for 30 min at 4°C, in the dark. Cells were subsequently washed, resuspended in PBS + 1% FBS and analyzed in an Accuri C6 flow cytometer (BD Bioscience, San Jose, CA, USA). For intracellular staining, Fix&Perm (Thermo FisherScientific, Waltham, MA, USA), a fixation and cell permeabilization kit, was used as described by the manufacturer. Data were analyzed with FlowJo™ software (version 10) and results presented as percentage of positive cells or mean fluorescence intensity (MFI) after subtraction of isotype control values.



Phagocytosis Assay

The human bladder cancer cell line, UM-UC3 (ATCC, Manassas, VA, USA), was labeled with 0.75 μM carboxyfluorescein succinimidyl ester (CFSE) in PBS, during 20 min at 37°C. Excess dye was quenched by adding culture medium containing 10% FBS and then cell-washed twice with PBS. Cell death was induced by heating cells at 60°C for 30 min and then apoptotic/necrotic cells were added for 2 h at 37°C, in a 2:1 ratio to iDCs differentiated with the different media. After co-culture, iDCs were labeled with APC-conjugated anti-HLA-DR antibody and their phagocytic capacity was assessed by flow cytometry as the percentage of HLA-DR+ DCs positive for CFSE fluorescence.



Cytokine Analysis

The transcriptional levels of IL12B, TNF, IL10, and transforming growth factor beta 1 (TGFB1) genes were analyzed by quantitative real-time polymerase chain reaction (qPCR) on DCs differentiated and maturated in the different media. RNA was extracted with NZY Total RNA Isolation kit (Nzytech, Lisbon, Portugal), according to the manufacturer’s instructions. RNA concentration was measured by OD260 using a NanoDrop spectrophotometer (ThermoScientific, Wilmington, DE, USA) and samples were kept in RNA Storage Solution (Ambion, Foster City, CA, USA) at −80 °C until further use. cDNA was obtained by reverse transcription of 1 µg of total RNA using the NZY First-Strand cDNA Synthesis Kit (Nzytech). qPCR reactions were performed on a Bio-Rad CFX Connect equipment (Bio-rad, Hercules, CA, USA) and gene transcription changes were analyzed using the built-in CFX Maestro software, as previously described (16). Results were normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene, experimentally determined with Genex software (MultiD Analyses AB, Göteberg, Sweden) as the most stable for the used treatment conditions. Primer sequences (Supplementary Table 1) were designed using Beacon Designer software version 7.7 Premier Biosoft International (Palo Alto, CA, USA) and thoroughly tested.

The secretion of IL12p70 by mature DCs and IFNγ by T cells after co-culture with matured DCs was analyzed by ELISA Max Deluxe Kits (Biolegend, London, UK), according to the manufacturer instructions.



Mixed Leukocyte Reaction (MLR)

To assess T cell proliferation, allogenic T cells were stained with CFSE before being co-cultured with matured DCs for 5 days at 10:1 ratio. All co-cultures were carried out in U-bottomed 96-well plates with a final volume of 200 µl of RPMI medium. The percentage of positive T cell subtypes and their activation and proliferation was analyzed by flow cytometry.

At the end of the co-culture period, cells were stained with anti-CD4 and anti-CD8 antibodies. Additionally, anti-T-bet, anti-Foxp3, and anti-CD25 were also used to evaluate Th1 and T regulatory lymphocytes (Treg) subsets. To measure T cell activation, allogenic T cells were co-cultured with matured DCs for 18 h at a 10:1 ratio and then stained for CD4, CD8 and CD69 activation marker.



Cytolytic Assays

To address the capacity of DCs to prime and expand antigen-specific CD8+ T cells, autologous HLA-A2+ CD8+ and CD4+ T cells were co-cultured for fourteen days at 10:1:1 ratio with matured DCs previously loaded with short (ELAGIGILTV) or long (GHGHSYTTAEELAGIGILTVILGVL) Melan-A peptides. All co-cultures were carried out in 24-well plates with a final volume of 1 ml of X-VIVO 15 supplemented with 10% FBS. The percentage of Melan-A-specific CD8+ T cells was analyzed by flow cytometry, using Pro5 HLA-A*02:01 – ELAGIGILTV Pentamer – Biotin (Proimmune, Oxford, UK) as described by the manufacturer. The cytolytic activity was evaluated after 24 h of co-culture of these stimulated T cells and Melan-A-loaded H1650 lung cancer cell line at 50:1 ratio by lactate dehydrogenase (LDH) release assay (Biolegend), as described by the manufacturer.

To assess the effect of each medium in the capacity of DCs to activate NK cells, autologous HLA-A2+ NK cells were co-cultured with matured DCs for 24 h at 5:1 ratio. These co-cultures were carried out in U-bottomed 96-well plates with a final volume of 200 µl of RPMI medium. DC-NK cell bidirectional crosstalk was addressed by analyzing the impact of cell interaction on the DC expression levels of CD86, MHC-I and MHC-II and on the NK cell expression levels of CD69 and CD25. The NK cytolytic activity was evaluated after 24 h of co-culture of these stimulated NK cells and H1650 lung cancer cell line or Panc1 pancreatic cancer cell line at 10:1 ratio by LDH release assay.



Metabolomic Analysis

At the end of the DC differentiation period, medium was collected and centrifuged at 300g for 5 min to collect floating cells. Supernatants were stored at −80°C for further extraction and cells were washed 3 times with cold PBS and immediately extracted using a biphasic extraction protocol with methanol/chloroform/water (1:1:0.7), as previously described (17). The resulting polar extracts were dried under vacuum in a SpeedVac concentrator (Eppendorf, Hamburg, Germany) and stored at −80°C until analysis. Cell conditioned media was thawed and subjected to a protein-precipitation procedure as described elsewhere (18). The resulting supernatants were vacuum dried and stored at −80°C until nuclear magnetic resonance (NMR) acquisition. Respective cell-free medium was processed in the same conditions and used to assess metabolite consumption and excretion by cells.

For NMR analysis, the dried samples were resuspended in 600 μl of deuterated PBS (100 mM, pH 7.4) containing 0.1 mM 3-(trimethylsilyl) propanoic acid (TSP-d4), and 550 μl of each sample were transferred to 5 mm NMR tubes. All samples were analyzed in a Bruker Avance III HD 500 NMR spectrometer (University of Aveiro, Portuguese NMR Network), operating at 500.13 MHz for 1H observation, at 298 K, using a 5 mm TXI probe. Standard 1D 1H spectra with water presaturation (pulse program “noesypr1d” from Bruker library) were acquired and processed as previously described (19). Metabolite assignment was based on matching spectral information to reference spectra available in Chenomx (Edmonton, Canada), BBIOREFCODE-2–0–0 (Bruker Biospin, Rheinstetten, Germany) and the Human Metabolome Database (HMDB) (20).

Principal Component Analysis (PCA) was carried out in SIMCA-P 11.5 (Umetrics, Umeå, Sweden) to identify sample clusters, while signal integration, performed in Amix-Viewer 3.9.15 (Bruker Biospin, Rheinstetten, Germany), was employed to provide quantitative information on metabolite levels and variations. For media samples, only statistically significant variations (p < 0.05) with an absolute effect size larger than 1 (calculated as described in ref (21)) were considered.



Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM) of the indicated number of experiments. Comparisons between two groups were made by the two-sided unpaired Student’s t test and multiple group comparisons by one-way ANOVA analysis, with a Tukey multiple comparison post-test. Statistical analysis was performed using GraphPad Prism, version 6 (GraphPad Software, San Diego, CA, USA). Significance levels are as follows: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001




Results


Different SFM Distinctly Impact the Phenotype of iDCs

Monocytes were cultured with GM-CSF and IL-4 in three different SFM, specifically AIM-V, X-VIVO-15, and DendriMACS, or with FBS-supplemented RPMI. After 6 days of differentiation, iDCs were analyzed for their morphological appearance and expression levels of CD14, CD16, CD1a, CD1c, and CD11c. The yield of differentiation as well as the viability (>80%) was similar between all four tested media (data not shown). Cells cultured in X-VIVO 15, AIM-V, or DendriMACS were found to be adherent and with elongated shape, in contrast to iDCs differentiated in RPMI that were rounder and mainly non- or loosely adherent (Figure 1). Differentiation of monocytes toward an iDC phenotype was observed for all the tested media, as proved by the downregulation of CD14 and CD16 and the increased expression of the DC markers CD1a, CD1c, and CD11c (Figure 2). Graphics for mean fluorescence intensity (MFI) as well as statistical analysis are provided in Figure S1. However, the expression levels of DC markers are quantitatively different between media. Cells cultured in RPMI present a significant higher expression of CD1a, CD1c, and CD11c, when compared to SFM-iDCs (Figure S1). Of all SFM, DendriMACS elicited the highest levels of CD1c and CD1a, while X-VIVO 15 and AIM-V cultured cells presented an increased expression of CD11c. Importantly, all the three SFM induced two distinct populations regarding the expression levels of CD11c, with this output being particularly evident for cells differentiated in X-VIVO 15 (Figure 2).




Figure 1 | Representative images of immature dendritic cells (iDCs) at day 6 of culture. Monocytes were cultured with GM-CSF and IL-4 in three different serum-free media (SFM)—AIM-V, X-VIVO-15, and DendriMACS—and with FBS-supplemented RPMI, for 6 days. Human iDCs differentiated in SFM are adherent and present a similar elongated morphology, while DCs differentiated in RPMI present a round shape with decreased cell adherence. X-VIVO 15, AIM-V, DendriMACS, RPMI. Images were obtained by wild-field microscope Zeiss AXIO Observer. Magnification: 100×. Scale = 50 μm.






Figure 2 | Phenotypic comparison of immature dendritic cells (iDCs) generated in different culture media. Monocytes were cultured with GM-CSF and IL-4 in three different good manufacturing practice (GMP) serum-free media (SFM)—AIM-V, X-VIVO-15, and DendriMACS—and with FBS-supplemented RPMI. After 6 days of culture, expression levels of CD14, CD16, CD1c, CD1a, and CD11c were analyzed by flow cytometry. Viable cells were gated according to their morphological properties. Black line corresponds to isotype control and red line represents specific expression of tested cells. The histograms are representative of at least three independent experiments and the mean fluorescence intensity (MFI) of the performed experiments is presented.



The capacity of DCs to endocyte extracellular material, such as apoptotic/necrotic tumor cells, is critical for their role in antitumor immunity and is an indicator of functional quality of ex-vivo differentiated DCs. Therefore, we tested the impact of the different GMP SFM and of RPMI on iDCs capacity to endocyte apoptotic-labeled cancer cells, as previously described (22). The results indicate that iDCs produced with the three SFM present a similar capacity to internalize apoptotic/necrotic tumor cells. After 2 h of co-culture, 23,5% ±5,6 (AIM-V), 30,6% ±3,5 (X-VIVO 15) and 32,2% ±4,1 (DendriMACS) of iDCs presented engulfed material (Figure S2). However, these values are significantly lower (p<0,05; p<0,01) than the ones observed for iDCs produced in serum-supplemented RPMI (89,4%). These results clearly indicate that the absence of serum during DC differentiation negatively modulates their endocytic capacity.



Culture Media Used during DC Differentiation Affects Their Response to Maturation Stimuli

To address whether culture media used during DC differentiation impacts their response to maturation stimuli, cells obtained with the different media were treated with a maturation cocktail frequently used in clinical trials, comprising TNF-α, IL-1β, poly I:C, and IFN-γ. Cell maturation profile was subsequently assessed by analyzing the expression levels of: CD40, CD80, CD83, CD86, MHC-I, and MHC-II; the chemokine receptors CCR1, CCR2, CCR5, CCR7, and CXCR4; and the transcription levels of IL12B, TNF, IL10, and TGFB. The production of IL12p70 was also assessed.

Before maturation, the levels of CD83, CD40 and MHC-II were found to be similar between iDCs produced with the four media. In contrast, iDCs differentiated with AIM-V presented a significantly higher basal expression of the co-stimulatory molecule CD86: vs. X-VIVO 15 p<0,001; vs. DendriMACS p<0,0001, and vs. RPMI p<0,0001 (Figure 3 and Figure S3). In a similar way, cells produced in RPMI were shown to express significantly higher levels of CD80 than X-VIVO 15 iDCs (p<0,01) and AIM-V iDCs (p<0,05). Although not statistically different, X-VIVO 15 and AIM-V iDCs consistently presented inferior levels of CD80 and CD40 and a slightly higher expression of MHC-I and CD83.




Figure 3 | Impact of different culture media on the response of dendritic cells (DCs) to maturation stimuli. DCs differentiated with the four tested media were matured as described in methods section. The expression of CD80, CD83, CD86, CD40, MHC-I and MHC-II was assessed by flow cytometry. Black line corresponds to respective isotype control, red line represents specific expression on immature DCs (iDCs) and blue line the expression on mature DCs (mDCs). Final analysis was performed including only viable cells based on their morphological properties. The histograms are representative of at least four independent experiments. In red, MFI values for iDCs and in blue MFI values for mDCs.



All the culture media supported an increase in the expression of co-stimulatory and MHC molecules upon treatment of cells with the maturation cocktail. However, the observed increases presented distinct magnitudes, with RPMI-differentiated DCs being the ones that strongly respond to the used stimuli. On the other hand, DCs produced with DendriMACS appear to be somehow resistant to maturation, presenting a smaller increase upon stimulation, particularly for CD86 expression. Cells differentiated with X-VIVO 15 and AIM-V, albeit not maturing as effectively as RPMI DCs, substantially increased the expression of CD40, CD80 and CD83.

A switch in chemokine receptor profile is another hallmark of DC maturation, allowing their relocation from inflamed tissues to draining lymph nodes (23). To migrate to lymph nodes, maturing DCs should upregulate CCR7 to respond to the lymphoid chemokines C-C motif ligands 19 and 21 (CCL19 and CCL21), while downregulating CCR1, CCR2, and CCR5. Therefore, the impact of culture media on the expression of CCR1, CCR2, CCR5, CCR7, and CXCR4 was evaluated by flow cytometry. As shown in Figure 4 and Figure S4, analyzed media elicited a distinct basal chemokine receptor profile in iDCs and induced different responses upon maturation. Basal levels of CCR2, CCR5 and CCR7 are significantly higher in cells differentiated in FBS-supplemented RPMI, while no differences were observed between iDCs produced in SFM. As expected, cell maturation caused a downregulation of CCR1 that was observed for all the media. In contrast, CCR7 is upregulated in SFM cultured cells and slightly downregulated in cells matured in RPMI. Importantly, despite the observed decrease, RPMI mDCS maintained a higher CCR7 expression than any of the SFM conditions (Figure S4). Regarding CCR5 expression, it was preserved in X-VIVO 15 and DendriMACS mDCs, decreasing in RPMI mDCs and surprisingly increasing in AIM-V mDCs.




Figure 4 | Chemokine receptors profile of immature (iDCs) and mature (mDCs) dendritic cells. CCR1, CCR2, CCR5, CCR7 and CXCR4 expression levels were assessed by flow cytometry. Black line corresponds to respective isotype control, red line represents specific expression in iDCs and blue line the expression on mDCs. Final analysis was performed including only viable cells based on their morphological properties. The histograms are representative of four independent experiments. In red MFI values for iDCs and in blue MFI values for mDCs.



Considering that cytokines produced by DCs are crucial to their immunomodulatory properties, we also characterize the impact of culture media on the transcription levels of IL12B, TNF, IL10, and TGFB, and on the release of IL-12p70 upon maturation. The transcription of anti-inflammatory IL10 and TGFB was not significantly affected, while IL12B and TNF mRNA levels were strongly upregulated upon maturation in all tested media (Figure 5A). Among SFM, X-VIVO 15 and AIM-V supported the strongest increase in IL12B and TNF transcription, being significantly higher than those observed in DendriMACS mDCs. In accordance with these results, and despite some interindividual variability, DCs differentiated and matured in X-VIVO 15 or AIM-V were found to systematically produce higher amounts of IL-12p70 upon maturation (Figure 5B). Taken together, our data clearly indicate that from all the studied SFM, only X-VIVO 15 and AIM-V promoted an effective DC maturation with the used cocktail.




Figure 5 | Impact of different culture media on mature dendritic cells (mDCs) transcription levels of IL12B, TNF, IL10, and TGFB, and on the production of IL12p70. Immature dendritic cells (iDCs) were maturated with a cocktail of TNF-α, IL-1β, Poly-I:C, and IFN-, for 24 h Then, both cells and culture supernatants were collected for analysis. (A) The transcription levels of IL12B, TNF, IL10, and TGFB were assessed by qPCR. Results are presented as mean log2 values of fold changes relatively to respective iDCs. Each value represents the mean ± SEM from four independent experiments. (B) The production of IL-12p70 by mDCs cultured in X-VIVO 15, AIM-V, DendriMACS, and RPMI was determined in culture supernatants by ELISA. Results are presented as mean ± SEM of at least four to five independent experiments. Statistical significance: *p < 0.05; ***p < 0.001; ****p < 0,0001 for iDCs vs mDCs cultured in the same medium; #p < 0.05; ##p < 0.01 for comparison among mDCs.





Culture Media Influence the Functional Capacities of Produced DCs

We also sought to address whether the capacities of DC to stimulate T cells were affected by the media used during their production. For this, allogenic mixed leucocyte reactions (MLR) were performed and T cell proliferation, phenotype and IFN-γ production were analyzed. As expected, independently of the used media, T cells that were stimulated with mDCs proliferated more than the T cells without stimulus (alone) (Figures 6A–C). Despite not being statistically significant, mDCs cultured in X-VIVO 15 and AIM-V induced a higher proliferation of T cells (79.98%±4.11; 85.93%±1.62, respectively) than mDCs cultured in DendriMACS and RPMI (66.48%±8.81; 59.25%±9.19, respectively). Looking at each lymphocyte population individually, mDCs cultured in AIM-V induced higher CD4+ T cell proliferation, while mDCs cultured in X-VIVO 15 induced superior proliferation of CD8+ T cells (Figures 6B, C). Lymphoid activation antigen CD69 levels were also assessed to infer about T cells activation status (24). Culture media effects were similar to those observed for T cell proliferation with T cells (CD4+ and CD8+) stimulated with mDCs produced in X-VIVO 15 and AIM-V, presenting higher expression of CD69 (Figures 6D–F). The capacity of mDCs to polarize T cells toward Th1 or Treg was evaluated by the presence of T-bet+ and Foxp3+CD25+ cells, respectively, within the CD4+ T cell population. As shown in Figures 6G, H, mDCs cultured in X-VIVO 15 and AIM-V, elicited higher percentages of Th1 cells and a lower polarization of Treg, when compared to mDCs cultured in DendriMACS or RPMI. Accordingly, T cells stimulated with X-VIVO 15 and AIM-V mDCs were also found to produce significantly higher amounts of IFN-γ, a cytokine canonically produced by Th1 and cytotoxic T-lymphocytes (CTL) (Figure 6I). This superior capacity of X-VIVO 15 and AIM-V DCs to activate T cells strongly correlates with their more pronounced maturation status.




Figure 6 | Functional capacities of mDCs generated in X-VIVO 15, AIM-V, DendriMACS and RPMI. (A–C) iDCs were treated for 24 h with maturation cocktail and then co-cultured with autologous T cells in a 1:10 ratio. Proliferation of T cells was determined after 5 days of co-culture by analyzing the percentage of total (A), CD4+ (B) and CD8+ (C) T cells that presented a decrease in CFSE fluorescence (n=4). (D–F) Activation of total (D), CD4+(E), and CD8+ (F) T cells was assessed by the expression of CD69 activation marker after 18 h of co-culture with mDCs. (G, H) The capacity of mDCs to polarize T cells toward Th1 (CD4+T-bet+) or Treg (CD4+CD25+FoxP3+) phenotype was assessed by flow cytometry. Results are expressed as percentage of Th1 (G) and Treg (H) cells within T lymphocytes. (I) The production of IFN-γ was determined by ELISA test in supernatants of 5 days co-cultures. Results are presented as mean ± SEM of at least four independent experiments. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for T cells vs T cells + mDCs from each medium; #p < 0.05; ##p < 0.01 for comparison among T cells + mDCs.



Next, we addressed the capacity of DCs to prime and expand antigen-specific CD8+ T cells followed by the analysis of their cytolytic activity over tumor cells. Co-culture of autologous T-cells with Melan-A loaded mDCs differentiated in X-VIVO 15 or AIM-V resulted in superior priming of antigen-specific CD8+ T cells (Figure 7A). Accordingly, these CD8+ T cells also shown enhanced cytolytic activity over cancer cells presenting Melan-A (Figure 7B). Finally, as DCs and NK cells establish a bidirectional crosstalk that enhances the activation status of both cell type, we analyzed DC maturation and NK activation after their interaction. The interaction with autologous NK cells resulted in enhanced maturation status of X-VIVO 15 and AIM-V mDCs (Figure S5A). In turn, mDCs produced in X-VIVO 15 were the more effectives in increasing NK activation markers CD69 and CD25 (Figure S5B). This correlates well with cytolytic assays since as shown in Figures 7C, D, NK cells co-cultured with X-VIVO 15 or AIM-V mDCs present higher cytolytic activity over Panc-1 and H1650 cancer cells.




Figure 7 | Priming of antigen-specific CD8+T cells and NK cytolytic activity after interaction with mDCs generated in X-VIVO 15, AIM-V, DendriMACS and RPMI. (A, B) iDCs were loaded with Melan-A short or long peptides and treated for 24 h with maturation cocktail and then co-cultured with autologous CD8+ and CD4+ cells for 14 days. (A) The percentage of primed and expanded Melan-A-specific CD8+ T cells was determined by flow cytometry using Pro5 HLA-A*02:01 – ELAGIGILTV Pentamer—Biotin plus Streptavidin-PE (n=3). (B) Primed CD8+ T cells were co-cultured with Melan-A-loaded H1650 lung cancer cell line at 50:1 ratio and their cytolytic activity was determined using LDH release assay (n=3). (C, D) iDCs were treated for 24 h with maturation cocktail and then co-cultured with autologous NK cells at a 1:5 ratio. After 24 h, NK cells were co-cultured with H1650 non-small cell lung cancer cell line (C) or Panc1 pancreatic cancer cell line (D) at 10:1 ratio, and their cytolytic activity was determined using LDH release assay (n=3). Results are presented as mean ± SEM. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for mDCs vs mDCs + peptides or NK cells vs NK cells + mDCs from each medium; #p < 0.05, ###p < 0.001, ####p < 0.0001 for comparison among different NK cells + mDCs conditions.





DCs Generated in Different Culture Media Have Distinct Metabolic Activity and Composition

To assess the metabolic status of DCs produced in the different media, we performed an NMR metabolomic analysis of conditioned media (exometabolome) and of cell extracts (endometabolome), on day 6 of differentiation. The scores scatter plot resulting from applying principal component analysis (PCA) to the 1H‐NMR spectra of media supernatants evidenced a clear separation between groups, indicating substantial differences in media composition (Figure 8A). For a more detailed analysis of cells consumption/excretion behavior, spectral integration was carried out and metabolite variations were calculated by comparing each conditioned media with its acellular counterpart (Figure 8C). Pyruvate was the substrate preferred by all cells, being consumed to similar extent from all tested media (~2-fold decrease in cell-conditioned vs. acellular medium). Glutamine and isoleucine were only consumed by cells differentiated in X-VIVO 15 or AIM-V, while AIM-V DCs additionally consumed glucose and leucine. As for metabolites released into the medium, all SFM-differentiated cells excreted lactate, formate and alanine, whereas X-VIVO 15 and AIM-V DCs additionally released 2-oxoisocaproate and 2-oxoisoleucine (catabolic products of leucine and isoleucine). Acetate was excreted by AIM-V DCs only.




Figure 8 | NMR-based metabolomic analysis of immature dendritic cells (iDCs) generated in different media. (A) Scores scatter plot obtained by principal component analysis (PCA) of spectral data from the different cell-conditioned media at day 6 of cell differentiation. (B) Scores scatter plot obtained by PCA of spectral data recorded for intracellular aqueous extracts of DCs cultured in different media for 6 days. (C) Metabolites consumed (negative bars) and excreted (positive bars) during the differentiation of Mo-DCs. Variations are expressed as fold change in relation to acellular media counterparts. (D) Relative intracellular levels of metabolites showing significant differences among the tested SFM, as assessed by integration of 1D 1H NMR spectra. Statistical significance: *p < 0.05, **p < 0.01 for comparison among DCs from the different media.



NMR analysis of cell extracts further showed DCs generated in different media to have distinct intracellular metabolic profiles. The PCA scores scatter plot (Figure 8B) shows that AIM-V and X-VIVO 15 DCs cluster together in the positive side of PC2, while DendriMACS and RPMI DCs, with scores in negative PC2, separate along the PC1 axis. The main quantitative differences between the 4 groups, as assessed by comparing normalized signal areas, are shown in Figure 8D. Most differences regarded the levels of amino acids. Among SFM-cultured cells, DendriMACS DCs displayed the highest levels of glutamine, alanine, aspartate, tyrosine, and branched chain amino acids, whereas AIM-V DCs contained the lowest amounts. On the other hand, intracellular levels of glycine were lower in DendriMACS DCs than in AIM-V and X-VIVO 15 DCs. Additionally, AIM-V and X-VIVO 15 DCs contained significantly higher levels of myo-inositol than DendriMACS DCs, while the glucose content was greater in X-VIVO 15 DCs than in all others. Intracellular levels of lactate, glutamate, formate and succinate did not vary significantly between SFM-cultured cells (Figure S6).




Discussion

Fully defining culture conditions in which differentiation and maturation occur should be the first step toward the standardization of clinical grade DC production. In order to reduce the variability of a cellular product and to avoid possible immune reactions and transmission of infectious diseases, SFM are commonly used to produce clinical grade DCs (13, 14, 25). However, despite the likely impact of these SFM on the phenotype and functional abilities of produced DCs, very few studies directly compared them (13, 15). Here, we have shown that different SFM elicit a distinct metabolic state on DCs, conditioning cell phenotype, response to maturation stimuli and by consequence their T cell and NK cell immunostimulatory abilities (Figure 9). SFM were previously shown to support the differentiation of CD14+ monocytes into Mo-DCs without major impact in the cell yield and viability (12, 13, 15). In accordance with these observations, no differences were found between the yield obtained in the three tested SFM and FBS-supplemented RPMI. Nonetheless, the capacity of SFM-differentiated iDCs to engulf apoptotic/necrotic cells was clearly compromised. This can be due to the absence of serum bridging molecules, such as complement component C1q, Gas6, Protein S, and milk fat globule-EGF factor 8, that are known to indirectly mediate the recognition of dying cells by phagocytes (26–28). Thus, co-culture with necrotic tumor cells may not be the optimal antigen loading strategy for DCs produced in SFM.




Figure 9 | Overview of the work: (1) moDCs were differentiated from buffy coat isolated CD14+ monocytes using different serum free media (SFM) supplemented with IL-4 + GM-CSF. (2) Phenotype, apoptotic tumour engulfment capacity and metabolic profiles were analysed on immature DCs (iDCs). (3) iDCs were matured with alpha DC cocktail and phenotype, cytokine production and T and NK cells stimulatory abilities were assessed. (4) Results: Different SFM generate moDCs with distinct phenotypes and functional abilities. DCs with superior immunostimulatory abilities are produced in media evoking enhanced catabolism of amino acids and glucose. Conclusion: Definition of adequate culture medium is crucial for the production standardization of antitumor DC-based vaccines.



Herein, we demonstrated that the phenotype of iDCs and mainly their behavior upon maturation presented substantial differences between tested media, which is then translated into distinct immunostimulatory capacities. When compared to DendriMACS DCs, cells produced in X-VIVO 15 or AIM-V were found to express higher levels of CD11c, CD86, and MHC-I, while presenting lower levels of CD1a and CD1c. Upon maturation, X-VIVO 15 and AIM-V DCs also expressed higher levels of CD86 and CCR7, presenting an enhanced capacity to secrete IL-12p70. In a previous work, DCs differentiated in serum-supplemented media were shown to present inferior levels of CD1a, when compared to cells differentiated in AIM-V (29). This difference was attributed to the activation of peroxisome proliferator-activated receptor γ (PPARγ) by components of lipoproteins present in serum or FBS. Our results do not corroborate these observations since all SFM elicited significantly lower levels of CD1a vs. FBS-supplemented RPMI. Therefore, lipids used in the formulation of SFM, namely mono- and polyunsaturated fatty acids, may be activating PPARγ in a way that exceeds the effect caused by serum lipoproteins (30). The expression of CD1a has also been positively correlated with a superior capacity of DCs to produce IL-12p70 and to promote Th1 polarization (31, 32). However, this assumption was recently challenged by data showing that genetic polymorphisms affect CD1a expression without compromising DCs Th1 polarizing capacities, or that IL-12p70 secretion and CD1a positivity are dissociated (33, 34). Our results support these latter observations, given that a higher expression of CD1a was found in RPMI and DendriMACS DCs. Nevertheless, these cells marginally produced IL-12p70 upon maturation and were clearly inferior in polarizing IFN-γ–producing T cells.

The low number of DCs present in T cell areas of lymphoid organs after intradermal or subcutaneous injection is pointed as a limiting factor to the efficacy of antitumor DC-based vaccines (35). Additionally, DCs expressing high levels of CCR7, the key regulator of DC migration toward secondary lymphoid tissues, elicit more effective antigen-specific immune responses and lower the required DC dosage during immunization (36, 37). Thus, DCs chemokine profile assumes particular relevance for the success of the clinical approach. In our experimental settings, CCR7 was slightly upregulated upon maturation in all tested SFM. CCR7 modulation on DCs is largely dependent on the stimuli used to mature cells. For instance, prostaglandin E2 (PGE2) was shown to be required for an effective receptor upregulation, with this molecule being part of the most frequently used maturation cocktail in clinical trials (IL1-β, IL-6, TNF-α; and PGE2) (38). However, PGE2 restrains the capacity of Mo-DCs to produce IL-12p70 (39). To surpass this drawback, the maturation cocktail used in this study has been proposed as a good compromise solution between migratory capacity and the production of the cytokine (40). Apart from the upregulation of CCR7, cell migration from peripheral tissues to lymph nodes also requires a coordinated downregulation of inflammatory chemokine receptors, such as CCR1 and CCR5. Accordingly, CCR1 was downregulated after DC maturation, independently of the media used. Surprisingly, DCs differentiated in AIM-V medium presented an increased expression of CCR5 upon maturation. Even though this may hamper the migration of injected DCs toward lymph nodes, it could facilitate their interaction with NK cells (41). This must be carefully contemplated, considering that in pre-clinical studies DC-NK crosstalk has been shown to be crucial for DC-based antitumor vaccines efficacy (42). Indeed, we showed that co-culture of AIM-V and X-VIVO 15 mDCs with autologous NK cells significantly enhanced their cytolytic activity. In accordance with the role played by IL-12p70 on NK cell activation (43), NK-activating capacity of AIM-V and X-VIVO 15 mDCs closely correlates with their higher production of this cytokine. Furthermore, as extensively reported in literature (44–47), we observed that DCs expressing higher levels of CD80, CD83 and CD86 (in our experimental settings those produced in AIM-V or X-VIVO 15) present superior capacity to polarize Th1 subset and to prime antigen-specific CD8+ T cells. Of note, DCs produced in all media tested showed the capacity to internalize and process long Melan-A peptide, cross-presenting resultant antigen on MHC-I molecules. This cross-presenting capacity is of particular relevance if tumor lysates or apoptotic tumor cells were used as antigen source during the production of the DC vaccine (5).

Recently, numerous evidence have demonstrated that cellular metabolism modulates DC functions, as well as their development and differentiation [reviewed in (8, 48)]. Differentiation of monocytes into Mo-DCs relies on the activation of mammalian target of rapamycin (mTOR) complex 1 (mTORC1) (49, 50), being supported by a catabolic metabolism dependent on oxidative phosphorylation (OXPHOS). In turn, upon activation, DCs shift to an aerobic glycolytic state where tricarboxylic acid (TCA) intermediates such as citrate, succinate and fumarate, contribute to the upregulation of co-stimulatory surface molecules, cytokine production and T cell stimulatory capacity (51, 52). In the present study, we have hypothesized that the phenotypical and functional differences observed between DCs produced in the different media could relate to their distinct metabolic status, induced during differentiation. One of the most noticeable differences, as assessed by metabolomics profiling, regarded amino acid metabolism. Unlike DendriMACS DCs, which did not use extracellular amino acids, AIM-V DCs and, to lower extent, X-VIVO 15 DCs were found to consume glutamine and branched chain amino acids (BCAA). Additionally, the intracellular levels of these and other amino acids were lower in X-VIVO 15 and/or AIM-V DCs, corroborating their higher catabolism. Glutamine consumption and intracellular use (glutaminolysis) likely reflect its anaplerotic channeling into the TCA cycle, to support OXPHOS and energy generation. As for BCAA, their catabolism has been recently reported to exacerbate the inflammatory properties of activated macrophages (53). Therefore, it is plausible to speculate that an increased catabolic rate of valine, leucine, and isoleucine in AIM-V or X-VIVO 15 DCs could contribute to their superior T cell stimulatory abilities. Another major difference between the DC groups compared regarded glucose consumption and intracellular levels. Only DCs differentiating in AIM-V consumed extracellular glucose, while showing the lowest intracellular levels, which, together with prominent lactate excretion, suggest higher glycolytic activity in these cells. This may possibly correlate with the observed higher basal expression of co-stimulatory molecules, as well as with the superior capacity of these cells to acquire a full mature phenotype following cytokine stimulation. Also, it should be noted that lactate, generated by LDH-catalyzed reduction of pyruvate, has been recently shown to be an important carbon source for CD8+ T cells proliferation and activation (54). As all cells took up pyruvate to similar extents, it is likely that higher lactate production and release originates from enhanced glutaminolysis, glycolysis and/or use of intracellular glycogen (55). Furthermore, AIM-V DCs were seen to excrete acetate, which could result from pyruvate, especially in conditions of metabolic overflow (56). Interestingly, acetate has been shown to be required for optimal CD8+ T cell function in the immune system (57). Finally, AIM-V and X-VIVO 15 DCs presented significantly higher intracellular levels of myo-inositol than DendriMACS DCs. This polyalcohol is a precursor molecule for inositol phosphates and other second messengers with important roles in T cell development (58), therefore, its putative relation to DCs immunostimulatory properties should not be ruled out.



Conclusion

The present study delivers novel insights into the impact of culture conditions in the production of clinical grade DCs. Our data show that DC phenotype and functional abilities, such as the capacity to activate autologous NK cells and to prime antigen-specific CD8+ T cells, are strongly influenced by the GMP SFM used during DC differentiation and correlate with evoked metabolic status. Definition of culture conditions is therefore a critical step in the production of DCs for clinical application in cancer immunotherapy.
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CD8+ T cell immune monitoring aims at measuring the size and functions of antigen-specific CD8+ T cell populations, thereby providing insights into cell-mediated immunity operational in a test subject. The selection of peptides for ex vivo CD8+ T cell detection is critical because within a complex antigen exists a multitude of potential epitopes that can be presented by HLA class I molecules. Further complicating this task, there is HLA class I polygenism and polymorphism which predisposes CD8+ T cell responses towards individualized epitope recognition profiles. In this study, we compare the actual CD8+ T cell recognition of a well-characterized model antigen, human cytomegalovirus (HCMV) pp65 protein, with its anticipated epitope coverage. Due to the abundance of experimentally defined HLA-A*02:01-restricted pp65 epitopes, and because in silico epitope predictions are most advanced for HLA-A*02:01, we elected to focus on subjects expressing this allele. In each test subject, every possible CD8+ T cell epitope was systematically covered testing 553 individual peptides that walk the sequence of pp65 in steps of single amino acids. Highly individualized CD8+ T cell response profiles with aleatory epitope recognition patterns were observed. No correlation was found between epitopes’ ranking on the prediction scale and their actual immune dominance. Collectively, these data suggest that accurate CD8+ T cell immune monitoring may necessitate reliance on agnostic mega peptide pools, or brute force mapping, rather than electing individual peptides as representative epitopes for tetramer and other multimer labeling of surface antigen receptors.
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Introduction

T cell immune monitoring has a long and successful track record in murine models in which defined experimental conditions, small model antigens, and work with inbred mouse strains expressing few restriction elements (MHC molecules) simplified the task (1). The magnitude of scope is entirely different when the outbred human population is to be studied, largely due to the immense diversity in complexity restriction elements (human leukocyte antigens, HLA) and the of the antigenic systems, such as viruses. To comprehensively monitor T cell immunity to SARS-CoV-2, for example, this virus’ entire proteome, 9,871 amino acids long (2), would need to be considered. In this report, we confined ourselves to a single protein of HCMV, pp65, which is “only” 561 amino acid long, and to subjects who shared a common HLA-A*02:01 restriction element, but differed in the remaining HLA class I alleles.

Monitoring CD4+ T cell immunity is relatively simple. When the test antigen of interest is added as a protein to peripheral blood mononuclear cells (PBMC), the antigen presenting cells (APC) contained in the PBMC will acquire, process, and present the antigen (3). Unfortunately, this is not the case for ex vivo CD8+ T cell detection. CD8+ T cells evolved to recognize antigens actively bio-synthetized within host cells, as opposed to antigens that APC acquire from their surroundings. Thereby CD8+ T cells can survey ongoing protein synthesis in the cells of the body, permitting them to identify virally-infected or malignant cells, so as to kill them. During protein synthesis, defective byproducts also arise that are degraded by the proteasome into peptide fragments. Such peptides are loaded onto HLA class I molecules, and transported to the cell surface to be displayed to CD8+ T cells (4). Protein antigens are not suited to recall in vivo-primed CD8+ T cells within PBMC because exogenously added proteins are not efficiently presented to CD8+ T cells in the context of class I molecules. Instead, the CD8+ T cell epitopes need to be added as 8–11 amino acid long peptides that they can bind directly to cell surface expressed HLA class I molecules. From this requirement the need arises to select the “right” peptides for ex vivo CD8+ T cell immune monitoring: those very same epitopes that have induced a CD8+ T cell response in vivo. Missing the “right” peptides, or only partially covering them, has the consequence that the antigen-specific CD8+ T cell repertoire could go partially or entirely undetected.

Selecting the “right” peptides for CD8+ T cell immune monitoring is an inherently intricate task. HLA class I molecules are encoded by three genetic loci, HLA-A, HLA-B, and HLA-C, for which a multitude of alleles exist in the human population (5). Each allelic HLA class I molecule has a unique peptide binding specificity (6). As there are barely two humans with an identical HLA-type, there should be barely two humans who present the same array of epitopes. Protecting the species, T cell epitope recognition evolved to be highly individualized (7). Peptide selection for comprehensive CD8+ T cell immune monitoring must therefore account for the unique HLA allele composition in each test subject.

A mainstream effort for identifying the “right” peptides for CD8+ T cell monitoring is reliant upon in silico epitope predictions. As the peptide binding motifs for most HLA alleles are well-defined, predictions can be made as far as which peptide sequence of an antigen can bind to a given HLA allele, thus constituting a potential T cell epitope. Search engines have been made available to the scientific community to rank peptide sequences for their predicted binding strength to most HLA alleles, thus narrowing in on a finite set of epitopes. A critical assumption for epitope predictions is that peptides that rank high in their respective HLA allele binding score will be those that are being targeted most by CD8+ T cells. The data presented in this study challenge this hypothesis supporting the conclusions reached by Mei et al. (8).

Beyond doubt, a peptide needs to be able to bind to an HLA allele to be a candidate for T cell recognition. However, whether a peptide sequence of a protein antigen that has HLA-binding potential indeed becomes an epitope recognized by T cells is defined by many additional factors (9). Limitations exist on the level of antigen presentation, including whether that exact peptide is indeed generated through natural antigen processing, and whether it is produced in quantities that can outcompete other peptides, including self-peptides, for binding to the respective HLA molecules. It has been shown that different class I alleles present in an individual can compete with each other for epitope dominance (10). Limitations also exist on the level of the pre-immune T cell repertoire available to engage in antigen recognition. The duration and abundance of epitope presentation will also affect the ensuing CD8+ T cell response, being regulated both by a virus’ replication biology, and the host’s ability to control the virus. The CD8+ T cell response is dynamic (11). Therefore, it can be expected that only a fraction of peptides with HLA class I binding properties will elicit strong CD8+ T cell responses, becoming dominant epitopes. Other presented peptides might induce a weaker, subdominant, barely detectable, cryptic, or no CD8+ T cell responses at all. As all antigen-specific CD8+ T cells can be expected to contribute equally to the host’s defense, irrespective of their fine specificity, comprehensive immune monitoring must not focus on a single or few epitopes, but should instead accommodate all epitopes of an antigen targeted by CD8+ T cells in an individual in order to assess the entire antigen-specific T cell pool.

Next to predictions in silico, experimentally verified epitopes have been used as a guide to select peptides for CD8+ T cell immune monitoring. Over the years, T cell lines and clones specific for many viral antigens have been isolated and their epitope specificity compiled in databases (12, 13). Selection of such previously verified epitopes for immune monitoring is based on the assumption that epitope recognition, including epitope hierarchy, is constant in subjects who express the corresponding HLA allele. In other words, if an HLA-X-restricted peptide Y has been identified as an immune dominant epitope in an HLA-X positive subject Z, this peptide Y will also be immune dominant in HLA-X positive subjects V and W. Such predictable immune dominance prevails in simple murine models when inbred mice are studied that express minimal restriction element diversity (14). However, predictable epitope dominance is lost as soon as restriction element diversity rises through interbreeding these inbred mouse strains. In such F1 mice, aleatory epitope recognition prevails (15): T cells in each F1 mouse respond in an unpredictable, dice-like fashion (alea means dice in Latin) to epitopes to which the parental strains responded predictably. Aleatory epitope dominance may also apply to humans due to their diverse restriction element makeup (16). Therefore, in the present study of HCMV pp65 epitope recognition in HLA-A*02:01-positive individuals, we also compare the peptides that the CD8+ T cells actually target in our cohort with previously verified epitopes.

The third approach for CD8+ T cell immune monitoring is not to select peptides at all, but to systematically test all possible peptides of the antigen. This can be done by using mega peptide pools consisting of hundreds of peptides that cover entire proteins of a virus. By necessity, this approach has become standard recently in the first real world challenge on clinical T cell immune monitoring: trying to study T cell immunity induced by SARS-CoV-2 infection. This crude approach is simple and practical, yet permits comprehensive assessment of the entire expressed antigen-specific T cell repertoire in outbred populations, without requiring customization to HLA types of individuals, but it does not reveal the epitope specificity of the antigen-reactive T cells.

In this study, we applied an agnostic approach in which all possible peptides were tested individually on each subject in a “brute force” high-throughput manner (17). The ability to test hundreds, even thousands of peptides individually on a subject is a recent technological advancement. The hurdles that needed to be overcome included limitations in PBMC numbers available from a subject, access to extensive custom peptide libraries, high-throughput-capable T cell assay platforms, and automated data analysis. We have developed and report here large-scale epitope mapping strategies that can be readily adopted even in small academic laboratories operating on tight budgets. Empowered by the ability to experimentally verify CD8+ T cell epitope utilization at the highest possible resolution in the well-studied HCMV pp65 T cell immune monitoring model, we set out to compare the epitopes actually recognized with those that are predicted, or assumed to be recognized based on existing data.

A protein of HCMV, pp65 is as far as CD8+ T cell recognition goes arguably one of the best studied model antigens: over the decades, 31 epitopes have been experimentally verified for the HLA-A2 allele alone (these are listed in Supplementary Table 1, including the corresponding references). Moreover, while the understanding of the rules for peptide binding to most HLA alleles is overall advanced, they are by far best established for HLA-A2. In this study, therefore we focus on the actual CD8+ T cell recognition of pp65 epitopes in HLA-A2 positive subjects, asking the question whether previously defined epitopes or binding predictions suffice to guide the selection of individual peptides for immune monitoring purposes. We assume that lessons learned from the best studied model antigen have implications for still less characterized foreign antigens, such as those of the SARS-CoV-2 virus, or tumor/self-antigens. We draw attention to how incomplete our appreciation of an individual’s expressed epitope space currently is even when it comes to a well-studied foreign antigen. Epitope utilization in anti-self/cancer antigen recognition can be expected to underly the same rules, plus T cell repertoire limitations caused by negative selection by abundantly presented self-peptides. Our data suggest that neither epitope predictions, nor reliance on known epitopes suffice, but rather that the agnostic route is best suited for comprehensive CD8+ T cell immune monitoring for foreign antigens, and by inference, tumor antigens as well.

HLA multimers (tetramers, pentamers, dextramers) are frequently used for CD8+ T cell monitoring. Consisting of HLA molecules loaded with a peptide epitope, multimers constitute the T cell-receptor (TCR) ligand that can be used to selectively stain antigen-specific T cells (18). This technique is invaluable for the in-depth phenotypic analysis of the antigen-specific T cells via flow cytometry (19), but its limitation is that it requires epitope utilization to be predictable, either based on previously defined, or on in silico predicted epitopes. The data communicated in the following call into question whether such predictions are accurate even in the case of the arguably best-defined model antigen, pp65. We argue that the agnostic use of peptide libraries is needed for reliable CD8+ T cell monitoring, along with the utilization of techniques that are suited for work with such mega peptide pools, including ELISPOT, ICS, and the AID tests.



Materials and Methods


Peripheral Blood Mononuclear Cells

PBMC from healthy adult human donors were from CTL’s ePBMC library (CTL, Shaker Heights, OH, USA). The PBMC had been collected by HemaCare Blood Donor Center (Van Nuys, CA) under HemaCare’s IRB and sold to CTL identifying donors by code only while concealing the subjects’ identities. The donors’ age, sex, ethnicity, and HLA type are shown in Supplementary Table 2. HLA typing was contracted to the University of Oklahoma Health Science Center (Oklahoma City, OK). The ten subjects for this study were selected according to their HCMV-positive status. The frozen cells were thawed following an optimized protocol (20) resulting in viability > 90% for all samples. The PBMC were resuspended in CTL-Test™ Medium (from CTL), developed for low background and high signal performance in ELISPOT assays. The number of PBMC plated into the ImmunoSpot® (ELISPOT) experiments was 3 × 105 PBMC per well.



Peptides and Antigens

Five hundred fifty-three nonamer peptides, spanning the entire amino acid (a.a.) sequence of the HCMV pp65 protein in steps of single a.a. were purchased from JPT (Berlin, Germany) as a FastTrack CD8+ T cell epitope library. These peptides were not further purified following their synthesis; however, individual peptides were analyzed by JPT using LC-MS. The average purity of these peptides was 56%. These peptides were delivered as lyophilized powder with each peptide present in a dedicated well of a 96-well plate, distributed across a total of six 96-well plates. Individual peptides were first dissolved in 50 μl DMSO, followed by addition of 200 μl of CTL-Test™ Medium so as to generate a “primary peptide stock solution” at 100 μg peptide/ml with 20% v/v DMSO. From each of these wells, a “secondary, 10X peptide stock solution” was prepared using a 96-well multichannel pipette, in which peptides were at a concentration of 2 μg/ml, with DMSO diluted to 0.4%. On the day of testing, 20 μl from each well was transferred “en block”, with a 96-well multi-channel pipette into pre-coated ImmunoSpot® assay plates containing 80 μl CTL-Test™ Medium. Finally, 100 μl of PBMC (containing 3 × 105 cells) in CTL-Test™ Medium was added resulting in a test peptide concentration of 0.2 μg/ml with DMSO present at 0.04% v/v.

UV-inactivated entire HCMV virions (HCMV Grade 2 antigen from CTL) at 10 μg/ml was used to recall HCMV-specific CD4 cells. CPI (from CTL) was used as a positive control because, unlike CEF peptides, CPI elicits T cell recall responses in all healthy donors (21). CPI is a combination of protein antigens derived from CMV, influenza and parainfluenza viruses, and was used at a final concentration of 6 μg/ml in ImmunoSpot® assays.



Human IFN-γ ImmunoSpot® Assays

Single-color enzymatic ImmunoSpot® kits from CTL were used for the detection of antigen-induced IFNγ-producing CD8+ T cells. Peptides or pp65 were plated at the above specified concentrations into capture antibody-precoated assay plates in a volume of 100 μl per well. These plates with the antigen were stored in a CO2 incubator for less than 1 h until the PBMC were thawed and ready for plating. The PBMC were added at 3 × 105 cells/well in 100 μl CTL-Test™ Medium followed by a 24 h activation culture at 37°C and 9% CO2. Thereafter the cells were removed, IFNγ detection antibody was added, and the plate-bound cytokine was visualized by enzyme-catalyzed substrate precipitation. After washing, the plates were air-dried prior to scanning and counting of spot forming units (SFU). ELISPOT plates were analyzed using an ImmunoSpot® S6 Reader, by CTL. For each well, SFU were automatically calculated by the ImmunoSpot® Software using its Autogate™ function (22). The data are expressed as SFU per 3 × 105 PBMC, whereby each SFU corresponds to the cytokine footprint of an individual IFNγ-producing T cell (23).



Statistical Analysis

As SFU counts follow Gaussian (normal) distribution among replicate wells, the use of parametric statistics is appropriate to identify positive and negative responses, respectively (24). The 553 individual peptides of the pp65 nonamer peptide library were tested in single wells. For these peptides, the threshold for a positive response was set at SFU counts exceeding 3 SD of the mean SFU count detected in 18 replicate media control wells, the latter defining the background noise of the test system. This cut off criterion for weak (cryptic) responses renders the likelihood for false positive results at 0.3%. Dominant responses were defined by exceeding 10 SD, and subdominant responses between 5 and 10 SD of the negative control. Simple linear regressions were preformed to examine relationships between variables.



HLA-Binding Predictions

We assessed peptide-HLA I presentation by predicting peptide-HLA I binding using HLA I allele-specific profile motif matrices (25). We considered that a given peptide binds to a specific HLA I molecule when its binding score ranks within the top 3% percentile of the binding scores computed for 1,000 random 9-mer peptides (average amino acid composition of proteins in the SwissProt database). Peptide binding to experimentally defined HLA-A*02:01 restricted epitopes was predicted using netMHCIpan (25) an IEDB analysis resource (12), reporting percentile binding score. The lower the percentile binding score the better the binding. We selected netMHCIpan because it is the NIH’s official recommended site that was created based on the consensus of earlier epitope prediction algorithms. Moreover, netMHCIpan allows to target more MHC I molecules for peptide binding predictions than any other method.



Previously Defined Epitopes

Epitope data for HLA-A2-restricted CD8+ T cell recognition was obtained from IEDB (12) with the following search settings: positive response only; host human; MHC I allele, HLA-A*0201, source species HCVM, source antigen: pp65. Only peptides 9 a.a. long were considered.




Results and Discussion


Experimental Design

Systematic CD8+ T cell epitope mapping for the HCMV pp65 protein requires 553 nonamer peptides to be tested individually on PBMC of single subjects. Due to the magnitude of this scope, such data have not been reported so far except for a recent feasibility study from our own group (17). We took advantage of the fact that ImmunoSpot® assays require as few as 300,000 PBMC per antigen stimulation condition, and that these assays lend themselves to high-throughput testing and analysis. Utilizing only 173 million PBMC per subject, we therefore could test individually 553 nonamer HCMV pp65 peptides, along with 18 negative control replicate wells to establish the background noise, and the CPI positive control in triplicate.

Nonamer peptides were selected because the peptide binding groove of HLA class I molecules accommodates peptides 8–11 amino acid (aa) in length, with the most common peptide size being 9 aa residues (3). In contrast, HLA class II molecules present longer peptides (26). As such, the usage of nonamer peptides in our assays permitted preferential activation of CD8+ T cells (Some nonamer peptides can bind to HLA II molecules but there are only few CD4 T cell epitopes known that comprise of nonamers). Moreover, because the peptide binding groove of HLA class I molecules is closed on both ends (3), it is intolerant for frame shifts. The peptide library was designed therefore to walk the pp65 protein in steps of single a.a. with each nonamer peptide overlapping by 8 a.a. with the previous one (Supplementary Figure 1). Importantly, this approach enabled systematic coverage of every possible CD8+ T cell epitope within the pp65 antigen. By utilizing similar peptide libraries that are one or two amino acids shorter or longer than nine we possibly may have gained even more high-resolution data on epitope-reactive CD8+ T cells but for feasibility reasons such comparisons have been deferred.

To reduce assay variables, all peptides used in this study were from the same vendor, and were synthetized, stored, dissolved, and tested in the same way. Moreover, all the peptides were tested on each PBMC donor in a single experiment, which rendered the peptides the only assay variable.

Standard IFNγ ImmunoSpot® assays with 24 h antigen exposure of PBMC were performed; a time period required for blast transformation and CD8+ T cell activation-driven IFNγ secretion to occur, but too short to permit CD8+ T cell proliferation or differentiation during the cell culture. Thus, we measured at single-cell resolution the frequencies of antigen-specific IFNγ-producing CD8+ T cells as they occurred in vivo at isolation of the PBMC. This approach, therefore permitted us to firmly measure within each PBMC sample the number of CD8+ T cells responding to each peptide, and thus to compare the frequencies of peptide-reactive CD8+ T cells to establish epitope hierarchies for each donor. Moreover, adding up all peptide-induced IFNγ SFU permits one to assess the cumulative magnitude of the antigen-specific CD8+ T cell population in each donor, in turn allowing for determination of the relative percentage of antigen-specific CD8+ T cells targeting individual epitopes in each test subject.

Such actual measurements of the epitope-specific CD8+ T cells were then compared to a) the recognition of published HLA-A*02:01-restricted epitopes, and b) epitope predictions not only for HLA-A*02:01, an allele that all 10 test subjects shared by design, but also for all other class I molecules expressed by the test subjects.

Epitope scans of this type do not permit to define the activation/differentiation states/lineages of the CD8+ T cells that recognize them. As most functional CD8+ memory/effector T cells secrete IFN-γ, however, screening for IFN-γ should be well suited for detecting epitopes that are targeted by CD8+ T cells (19). Once the number of possible peptides has been narrowed from hundreds to a couple per donor, it becomes possible to narrow in on such peptide-reactive CD8+ T cell populations, e.g.by studying their phenotype by multimers, or by testing their (co-) secretion of other cytokines and effector molecules by multicolor FluoroSpot (27).



Highly Variable HCMV pp65 Epitope Recognition Patterns in HLA-A*02:01 Positive Subjects

Eighteen replicate wells containing media alone were included for all 10 individuals in our HCMV positive, HLA-A*02:01 positive cohort in order to firmly establish the background noise of the respective PBMC. The mean and standard deviation (SD) of this negative control is shown for all subjects in Table 1, also specifying the cut off values used for analyzing the peptide-induced SFU counts. The 533 individual pp65 nonamer peptides were also tested on each subjects’ PBMC, and the resulting peptide-induced SFU-counts graded: peptides triggering SFU counts larger than 3 and less or equal to 5 SD over the medium control were considered weakly positive or cryptic (highlighted in beige in Table 1). Of note, with the mean plus 3 SD definition utilized in this study, the chance for a datapoint being false positive was negligible, less than 0.3%. Peptides triggering SFU counts more than 5 and less than or equal 10 SD over the medium background (highlighted in yellow) were labeled subdominant, and peptides eliciting SFU counts exceeding 10 SD over the medium control were called dominant (and are labeled in orange in Table 1). We also introduced a fourth category for peptides that recalled CD8+ T cells in frequencies exceeding 100 SFU/300,000 PBMC, calling them super-dominant epitopes (shown in red in Table 1).


Table 1 | HCMV ppp65 epitope recognition by CD8+ T cells in HCMV positive, HLA-A*02:01 positive subjects.




Table 1 lists peptides that induced at least one dominant or super-dominant recall response in at least one of the ten test subjects in our cohort. Only for these 56 select peptides of the 553 tested are SFU counts shown for the ten donors. Additionally, a color-coding system was utilized in Table 1 to delineate whether the peptide recalled a super-, dominant, subdominant, cryptic, or no response in the test subject.

As revealed by the color code at a glance, epitope recognition followed highly individual patterns, that are closer dissected below.



Multiple HCMV pp65 Epitopes Are Recognized in Each HLA-A*02:01 Positive Subject

As Table 1 lists only super- and dominant recall responses (>10 SD over background), in Supplementary Table 3 we list 58 additional peptides that induced subdominant recall responses (5–10 SD over the background) in at least one of the ten test subjects in our cohort. At a glance, the color code reveals that these peptides are also recognized in a highly individualized pattern. Peptides that recalled cryptic responses (3–5 SD over background) are not listed individually, but their number is specified for each test subject in Table 2, along with the number of subdominant, and dominant and super-dominant epitopes recognized in each donor. Adding up the number of epitopes in all four categories permits one to establish the cumulative number of CD8+ T cell epitopes recognized in each subject, which varied between 5 and 47 HCMV pp65-derived peptides in this cohort  . Thus, of the 553 peptides covering the 561 amino acid long pp65 protein, between 1% and 8%   of the peptides constituted a CD8+ T cell epitope in each individual, but for the entire cohort 114 peptides (21% of 553 peptides tested) were needed to recall all dominant (56 peptides) and subdominant (58 peptides) CD8+ T cell epitopes. These data draw attention to how critical it is for immune monitoring to hit the right peptides—those few super-dominant aleatory epitopes that the majority of CD8+ T cells target. The number of CD8+ T cells recognizing cryptic, subdominant and dominant epitopes, in spite of the numbers of such epitopes, does not add up in most subjects to the repertoire that is directed against the few super-dominant epitopes.


Table 2 | HCMV ppp65 epitope category distribution in HCMV positive, HLA-A*02:01 positive subjects.



In the feasibility study for this paper (Tables 1 and 2 of our publication (17) we studied HCMV negative subjects, finding no significant HCMV peptide-triggered IFN-γ spot formation. Confirming this notion, in a detailed study dedicated to chance cross-reactivity in various antigenic systems, we also did not find evidence for such (28). These data suggest that chance cross-reactivity does not play a role in the dominant and super-dominant HCMV responses we report here.



The Majority of the pp65-Specific CD8+ T Cell Repertoire Targets Super-Dominant Epitopes

As T cells recognize processed peptides of antigens there is no reason to assume that a T cell specific for one peptide of the antigen will contribute differently to host defense than T cells recognizing another. Immune monitoring therefore needs to assess all antigen-specific CD8+ T cells irrespective of their fine specificity. In our systematic assessment of CD8+ T cell immunity to pp65, we defined this number as the sum of all SFU counts elicited by the individual epitopes in a subject. This cumulative number of pp65-specific CD8+ T cells is shown for each subject in Table 2 as “Cum. Spec. SFU”. From this number, one can calculate what percentage of the pp65-specific CD8 + T cells occurs in each of the four response categories. As seen in Table 2, although the number of super-dominant epitopes was low in each subject (between 4 and 1), in eight of ten donors the majority of pp65-specific CD8+ T cells targeted these super-dominant epitopes. The percentage of CD8+ T cells specific for individual dominant and super-dominant epitopes is shown in S. Table 4.



CD8+ T Cells Target pp65 Epitopes in an Aleatory Manner

The data in Table 1 and Supplementary Table 3 show that each subject in our cohort displayed a unique CD8+ T cell epitope recognition pattern. This might come as a surprise, as all these subjects were HLA-A*02:01 positive, and one might have expected that among the epitopes recognized there should be at least a shared subset, those restricted by the HLA-A*02:01 allele. To narrow our investigation on such HLA-A*02:01-restricted epitopes, we searched the IEDB database for HLA-A*02:01-restricted nonamer epitopes identifying 31 that have been experimentally verified so far: these are listed in Supplementary Table 4 with the corresponding reference citations. With the exception of the epitope, pp65495-503, of all these 31 previously defined HLA-A*02:01-restricted epitopes five peptides recalled super-dominant CD8+ T cells responses in only two of the 10 test subjects, while seven additional peptides triggered occasional dominant recall responses. The rest of the 31 previously defined peptides elicited sporadic subdominant (n=4), cryptic (n=6) or no recall responses (n=8) at all. Importantly, donors who did not respond strongly or at all to these previously defined epitopes responded vigorously to other peptides of pp65 (Table 1). These previously defined HLA-A*02:01—restricted peptides were therefore also targeted in a dice like, aleatory manner in HLA-A*02:01 positive subjects.

Only one previously defined HLA-A*02:01—restricted epitope, pp65495-503, induced a dominant, or super-dominant recall response in eight of 10 subjects in our cohort (Table 1 and Supplementary Table 1). However, this peptide was not targeted in two donors (ID3# and ID#9) who exhibited responses to other pp65-derived peptides in a super-dominant fashion. Intrigued by this finding, we tested 42 additional (52 in total) HCMV positive, HLA-A*02:01 positive subjects for their recall response to the pp65495-503 peptide. As shown in Supplementary Figure 2, the numbers of CD8+ T cells responding to the pp65495-503 peptide did not correlate (r2 = 0.01) to the numbers of T cells recalled by inactivated HCMV virus; which primarily activates HCMV-specific CD4+ T cells. Even though all these subjects have developed T cell immunity to HCMV, about one fourth of them either did not respond to the pp65495-503 peptide, or displayed a low frequency of pp65495-503-specific CD8+ T cells. This finding is consistent with the notion that the CD8+ T cell response to pp65495-503 peptide is also aleatory. Interestingly, although the HLA-A*02:01 restriction element was shared by all test subjects in our cohort, and despite the pp65495-503 peptide being displayed in vivo via natural processing and presentation, in some individuals this epitope triggered a super-dominant CD8+ T cell response while in other subjects it did not induce a detectable respond at all. Moreover, in yet other donors, the magnitude of the CD8+T cell response induced by this peptide was anywhere between these two extremes. However, the higher prevalence of recognition for this epitope (pp65495-503) compared to other previously defined HLA-A*02:01-restricted epitopes might have an unexpected reason: in addition to HLA-A*02:01, pp65495-503 received a top binding score for several additional HLA-class I alleles (see next).



HLA Binding Scores Are Unreliable Predictors of Actual CD8+ T Cell Epitope Utilization

The participation of the other HLA class I alleles, beyond the shared HLA-A*02:01 restriction element, might explain the highly individual CD8+ T cell response pattern observed in our cohort. Based on extensive knowledge on the peptide binding properties of individual HLA alleles, reference search engines have been established that permit in silico predictions of which peptides fit the binding criteria of a given allele, and moreover, the strength of peptide binding can also be ranked. It has been widely anticipated that such in silico models will suffice to predict epitope utilization. In particular, when there is the need to select one or a few candidate epitopes, e.g. for multimer analysis, it is tempting to pick peptides that have the highest predicted binding score for the HLA allele of interest. In the following we address the validity of such an approach from three angles.

In the first two approaches we focused on predictions for HLA-A*02:01, the most studied HLA allele that is shared by all subjects in our cohort. We introduced into the netMHCIpan (25) search engine of the IEDB analysis resource (12) the individual sequences of our pp65 nonamer peptide library, resulting in the predicted pp65 ranking shown in Table 3 (in which only the top 30 predicted peptides of 553 are shown). In Approach 1, we compared this in silico predicted epitope hierarchy for pp65 with the actual peptide recognition we detected in our cohort. As can be seen in Table 3, pp65495-503 ranked as the top binder, and indeed induced a CD8+ T cell response in the majority of our HLA-A*02:01 positive cohort (albeit in an aleatory manner, see above). Most of the other predicted peptides with high HLA-A*02:01 binding scores recalled CD8+T cells in low frequencies, and in an aleatory manner with each of these predicted peptides eliciting SFU in only one or two of the 10 test subjects. Except for the pp65495-503 peptide, none of the super-dominant, and few of the dominant responses were recalled by these top 30 HLA-A*02:01 binding peptides (compare with Table 1). One might rightfully argue that this is because those dominant peptides were restricted by, and are binders of alternative class I molecules present in our cohort. We will address this hypothesis below, in Approach 3.


Table 3 | CD8+ T cell recognition of predicted high HLA-A*02:01 -binding peptides.



In Approach 2, we looked up the predicted HLA-A*02:01 binding scores for those peptides that have been identified experimentally as HLA-A*02:01-restricted pp65 epitopes. In Supplementary Table 1 these peptides have been listed according to their predicted HLA-A*02:01 binding ranking along with CD8+ T cell recall responses they induced in our HLA-A*02:01 positive cohort. With the exception of the pp65495-503 peptide, none of these peptides were among the predicted top 20 binders. Seeking for a correlation between the predicted HLA-A*02:01 binding of these peptides, and their actual immune dominance, these data are also represented graphically in Supplementary Figure 3. No significant correlation was seen. The fact, however, that these peptides were targeted by CD8+ T cells in HLA-A*02:01 positive subjects establishes that immune dominant epitopes do not need to rank high in peptide binding score. The score apparently needs to be just high enough to enable stable HLA allele binding.

Proteasome cleavage and TAP binding predictions can enhance CD8+ T cell epitope discrimination in silico as compared with peptide-MHC I binding predictions alone (29). These data suggest, however, that such refinements to epitope predictions might not suffice to improve the ability to foretell actually recognized epitopes. All 31 peptides in Supplementary Table 1 are previously experimentally defined HLA-A*02:01-restricted epitopes. All of these peptides therefore passed proteasome and TAP selection. As there are no major known polymorphisms at the level of the proteasome or TAP binding, such are unlikely to contribute to the aleatory epitope recognition pattern observed for previously defined peptides. Therefore, rather than differences in antigen presentation, T cell repertoires and downstream repertoire selection processes are likely to explain the highly individualized epitope hierarchies seen in individuals.

In Approach 3, we matched binding predictions for all super-dominant and dominant epitopes detected in each of the 10 subjects with all HLA class I alleles expressed in the subject. The results shown for Subject ID 7 in Figure 1 are fully representative for all other subjects in our cohort (see Supplementary Figure 4). For donor ID 7 three super-dominant epitopes were identified; these are represented by the red symbols. One is peptide 251–259 (the red triangle) that does not rank as a strong binder for any of the class I alleles present in this individual (a low “percentile binding score” on the Y axis of the graph means strong predicted binding). Based on the binding score the super-dominant status of this peptide could not have been predicted, and in this case the binding score also does not suggest what the restriction element might be. Peptide 495–503 (the red square) is also super dominant in this donor. It shows strong binding (a low score) for all class I alleles expressed in this individual, likely explaining its immunogenicity, but also suggesting that multiple restriction elements are involved (and that picking just one of them for a multimer is likely to underrepresent the 495–503-specific CD8+ T cell repertoire in this subject). Peptide 188–196 (the red dot) is also a super dominant epitope in donor ID 7. This peptide shows a high predicted binding score for the B*51:01 allele suggesting that as the restriction element. When designing B*51:01 multimers for immune monitoring for this donor, the 188–196 peptide would have been a hit—but why would one select one B allele over another B allele, neglecting all other loci and alleles, and if one did select top binders for each, most would be a miss. This erratic pattern carries through for all other dominant epitopes in this subject (the black symbols in Figure 1) and in all the other nine subjects we studied (Supplementary Figure 4). Few of the actually targeted CD8+ T cell epitopes ranked amongst the top binders for the class I alleles expressed in these respective subjects, and many super-dominant peptides ranked low. A binding score oriented in silico model would not have sufficed to predict the hierarchy of actual epitope recognition.




Figure 1 | Predicted vs. actual pp65 epitope recognition by CD8+ T cells. Data are shown for subject ID 7 expressing the specified HLA alleles and responding to the listed peptides. Super-dominant responses are shown as red data points, dominant responses in black and weaker responses are not represented. The raw data for the peptide-induced SFU counts are listed in Table 1. The corresponding Percentile Binding Score as established by the netMHCIpan search engine is shown comparing a peptide’s binding relative to the binding scores computed for 1,000 random nonamer peptides. A lower percentile binding score denotes better peptide binding to the specified HLA allele.



All three of our above approaches suggest that, at least in the case of CD8+ T cell immunity induced by HCMV infection against its pp65 antigen, in silico predicted high binding scores for a specific HLA class I allele neither predict whether those peptides will indeed induce a CD8+ T cell response, nor the magnitude of it. This finding raises the question how generalizable it is. Mei et al.’s recent report (8) suggests that it may be generalizable as they came to the same conclusion studying the prediction performance of databases containing 21,101 experimentally verified epitopes across 19 HLA class I alleles.




Concluding Remarks

The scope of this study was to experimentally query whether CD8+ T cell epitope recognition for a prototypic foreign antigen follows immune dominance patterns that permit to predict the peptides recognized so immune monitoring can focus on them. We studied HCMV pp65 antigen recognition by CD8+ T cells in HCMV infected subjects at the highest possible resolution, testing every potential epitope and measuring the numbers of all epitope-specific CD8+ T cells. Our data show that fixed epitope hierarchies do not exist even in an HLA-A*02:01 allele matched cohort. Instead, different super-dominant and dominant epitopes were targeted by the individual test subjects (Table 1). Previously defined epitopes, and peptides predicted to be high HLA-A*02:01 binders also were also targeted in some, but not other individuals, if at all (Supplementary Table 1 and Table 3). If generalizable, the notion of such unpredictable, aleatory epitope recognition patterns in individuals makes it obsolete for CD8+ T cell immune monitoring to rely on testing a select few predicted or previously defined peptides. Rather, comprehensive CD8+T cell immune monitoring must be all inclusive, accommodating all potential epitopes on all restriction elements of each test subject. Such can be accomplished by brute force epitope mapping, as we did here, or by the use of mega peptide pools.

Brute force epitope mapping might be required as the first step towards high definition CD8+ T cell monitoring, permitting the personalization od multimers. It identifies the few individually variable super dominant epitopes in an individual against which the vast majority of CD8+ T cells are directed (Table 2). In a second step, the effector lineages/differentiation states of these CD8+ T cells then can be closer characterized either by studying either their phenotype (19), and/or functions (27), whereby both steps can be pursued sequentially testing aliquots of cryopreserved PBMC. For the first step in this study we used 300,000 PBMC per well so as gain a high-resolution picture of epitope utilization detecting even low frequency CD8+ T cells. For testing 553 individual peptides at 300,000 PBMC we needed 173 million PBMC that can be readily obtained from healthy donors, but less so from diseased individuals and children. When epitope mapping aims at detecting super-dominant and dominant peptides only, this can be accomplished with substantially less PBMC. As the numbers of peptide-triggered SFU counts vs. the number of PBMC plated per well show a linear relationship between one million and 100,000 PBMC per well in regular 96-well plates (30), the results provided here could have been obtained with 58 million PBMC testing each peptide individually at 100,000 PBMC/well (however, no longer reliably detecting all subdominant and cryptic epitopes, however), and with e.g. one-fifth of that (12 million PBMC) if the peptides are tested in matrices (31). ELISPOT assay can be further miniaturized to 384-well format requiring one third of PBMC per well compared to the 96-well format (the membrane surface of the 384-well plate is one-third that of the 96-well plate), thus, only four million PBMC could suffice for the agnostic mapping of super dominant and dominant epitopes for an antigen the size of pp65 (30).

The highly individualized nature of CD8+ T cell epitope recognition might also be accommodated by the agnostic use of mega peptide pools. Those presently available consist of 15-mer peptides that walk the protein sequence with gaps of four amino acids and contain up to 200 peptides per pool. In a feasibility study towards this publication (17) we tested such a pp65 peptide pool (15-mers, 4 a.a. gaps, 138 peptides) along with the 9-mer epiScan. The number of peptide pool-triggered IFN-γ producing (CD4+ and CD8+) T cells approximated the number of all 9-mer peptide-induced CD8+ T cells when the latter were added up. However, for several theoretical reasons we are reluctant to propose the use of such 15-mer peptide pools for CD8+ T cell immune monitoring. First, 15-mer peptides are ideal for binding to HLA class II molecules stimulating CD4+ T cells, but they cannot directly bind to class I molecules whose peptide-binding grove is closed on both ends thus not only prevents the direct accommodation of peptides this long. One possibility for a 15-mer peptide to provide a CD8+ T cell epitope is that the peptide is cross presented —a process that is dependent on a subtype of dendritic cells that is too rare in PBMC (32) to be a prevalent APC type in in vitro recall assays. Another possibility is that peptidases present in the PBMC culture trim the 15-mer peptide to a length that can be accommodated by class I molecules, or that there are shorter byproducts of the 15-mer peptide synthesis present that can bind directly, or both. Thus, to the extent CD8+ T cells are recalled by 15-mer peptide pools, such recall can be expected to occur under highly suboptimal conditions. In addition, covering the protein sequence in steps of 11 a.a. leaves considerable gaps in CD8+ T cell epitope coverage which is of additional concern as the closed peptide binding grove of class I molecules renders peptide binding intolerant to frame shifts in the anchor residues of an epitope. Mega peptide pools ideal for CD8+ T cell monitoring would consist of 9-mer peptides that cover the protein sequence in steps of single amino acids.

While in silico epitope ranking may have limited value in predicting immune dominant peptides, it should be helpful for narrowing in on the subset of peptides on an antigen that has sufficient HLA-allele binding affinity to constitute an epitope. As it is impractical to tailor a multitude of variable peptides to each individual’s HLA-type, it might be more realistic for immune monitoring to develop rules for identifying peptides that do not bind to any HLA class I allele, so as to exclude those peptides from testing. Being able to narrow in on peptides should be helpful, as the ultimate goal of immune monitoring is to assess the CD8+ T cell response to the entire proteome of complex antigenic systems, such as all protein antigens of viruses and tumors.
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Supplementary Table 1 | Actual recognition of previously identified HLA-A*02:01-restricted nonamer epitopes in our HCMV positive, HLA-A*02:01 positive cohort. The listed peptides have been identified in the IEDB database as HLA-A*02:01-restricted epitopes and the corresponding publications are specified. All 553 nonamer pp65 peptides in our library were run on IEDB’s netMHCIpan search engine for predicting their binding to the HLA-A*02:01 allele, resulting in the “pp65 Rank” shown, with the top binding peptide ranked No. 1. The corresponding Percentile Binding Score is shown comparing each peptide’s binding relative to the binding scores computed for 1,000 random nonamer peptides. A lower percentile binding score denotes better peptide binding to HLA-A*02:01. Otherwise, the legend to Table 1 applies. Following references cited in the table refer to the bibliography (17, 33–50).

Supplementary Table 2 | HLA class I allotypes and other characteristics of human subjects tested in this study.

Supplementary Table 3 | Subdominant pp65 epitopes recognized in our cohort of ten HCMV positive, HLA-A*02:01 positive subjects. Peptides that elicited CD8+ T cell recall responses between 5 and 10 SD over the media background in at least one of the test subjects are highlighted in yellow. Cryptic recall responses (SD 3–5 over background) triggered by these peptides are highlighted in beige. Peptides that elicited SFU counts exceeding 10 SD over background are not shown in this table, as they are listed in Table 1. Peptides that only elicited cryptic recall responses (mean plus 3–5 SD) are not shown here, but are summarized in Table 2. Otherwise the legend to Table 1 applies.


Supplementary Table 4 | Percentage of pp65-specific CD8+ T cells targeting individual epitopes. The total number of pp65-specific CD8+ T cells was calculated from the sum of SFU triggered by all epitopes in each subject as detailed in Table 2. The percentages of Cumulative Specific SFU counts elicited by individual peptides in each test subjects are shown. For the corresponding absolute SFU counts see Table 1. Otherwise, the legend to Table 1 applies.

Supplementary Figure 1 | Schematic representation of brute force CD8+ T cell epitope mapping. The amino acid sequence of the protein, illustrated on the top, is covered with nonamer peptides that walk the sequence in steps of single amino acids.

Supplementary Figure 2 | Frequency of HCMV pp65495-503 peptide-specific CD8+ T cells vs. HCMV grade 2 antigen-reactive T cells. Fifty-two subjects were selected from the ePBMC database for being HLA-A*02:01 positive and responding to HCMV Grade 2 antigen with more than 100 SFU/300,000 PBMC. Each of these subjects’ PBMC (represented by a dot) were re-tested in an ImmunoSpot assay for the numbers of SFU triggered by HCMV Grade 2 antigen (shown on the X axis), and the numbers of SFU elicited by the pp65495-503 peptide (shown on the Y axis). No significant relationship was found by analysis through a simple linear regression.

Supplementary Figure 3 | HLA-A*02:01 binding ranking of previously defined HLA-A*02:01 restricted nonamer pp65 peptides vs. the SFU counts they induced in our cohort of HCMV positive, HLA-A*02:01 positive subjects. The numeric SFU data shown in S. Table 1 are plotted relative to their Percentile Binding Score as established run on the netMHCIpan search engine for predicting their binding to the HLA-A*02:01 allele. No significant relationship was found by analysis through a simple linear regression.

Supplementary Figure 4 | Predicted vs. actual pp65 epitope recognition by CD8+ T cells. Data are shown for the subjects specified in each panel. For each subject his/her HLA class I alleles are specified (in the case of homozygosity the allele is listed once). Peptides that induced super-dominant responses in that individual are shown as red data points, dominant responses in black and weaker responses are not represented. The raw data for the peptide-induced SFU counts are listed in Table 1. The IEBD Rank shown for each peptide and allele was established using the netMHCIpan search engine predicting the peptides’ binding score to the respective HLA allele, whereby a lower Percentile Binding Score binding score denotes better peptide binding.
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Lung cancer remains the leading cause of cancer-related death worldwide. The advent of immune checkpoint inhibitors has led to a paradigm shift in the treatment of metastatic non-small cell and small cell lung cancer. However, despite prolonged overall survival, only a minority of the patients derive clinical benefit from these treatments suggesting that the full anti-tumoral potential of the immune system is not being harnessed yet. One way to overcome this problem is to combine immune checkpoint blockade with different strategies aimed at inducing or restoring cellular immunity in a tumor-specific, robust, and durable way. Owing to their unique capacity to initiate and regulate T cell responses, dendritic cells have been extensively explored as tools for immunotherapy in many tumors, including lung cancer. In this review, we provide an update on the nearly twenty years of experience with dendritic cell-based immunotherapy in lung cancer. We summarize the main results from the early phase trials and give an overview of the future perspectives within this field.
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Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, with 1.8 million deaths estimated in 2018 (1). Non-small cell lung cancer (NSCLC) represents 85% of all cases, while small cell lung cancer (SCLC) accounts for approximately 15% of all lung cancers. Treatment depends on tumor stage at diagnosis and comprises surgery, radiotherapy and chemotherapy in early stages, and palliative treatments in metastatic disease. Since almost three quarter of the patients are diagnosed with stage III or IV disease and a significant number of patients relapse systemically after a curative treatment, prognosis remains poor with an estimated 5-year overall survival (OS) of only 18% (2).

Immune checkpoint blockade with drugs that target the programmed cell death protein pathway (PD-1/PD-L1) has changed the therapeutic landscape of locally advanced and metastatic lung cancer. Several randomized controlled trials have shown promising results with checkpoint inhibitors alone (3), or in combination with chemotherapy (4–7). PD-1/PD-L1 inhibitors such as nivolumab, pembrolizumab and atezolizumab are now approved for the first and second line treatment of metastatic NSCLC (without actionable driver mutations) and SCLC, and as a maintenance treatment after chemoradiotherapy in inoperable stage III NSCLC (durvalumab). In addition, trials with checkpoint inhibitors as adjuvant or neo-adjuvant therapy in resectable lung cancer are now underway and the results are eagerly awaited.

Despite better outcomes in terms of OS, only a minority of the patients derive clinical benefit from these treatments. In metastatic NSCLC, more than 40% to 50% of the subjects do not respond to immune checkpoint blockade when given in the first line (3, 4, 6). In the second or higher line setting, the objective response rate (ORR) is even lower (< 20%) (8–11). These results suggest that the full anti-tumoral potential of the immune system is not being harnessed yet, possibly explained by immune evasion mechanisms developed by the tumor to escape from immune destruction (12, 13). One way to overcome this problem is to combine immune checkpoint inhibition with other strategies aimed at inducing or restoring cellular immunity such as cancer vaccination (14, 15).

The goal of therapeutic cancer vaccines is to instruct the patient’s own immune system to kill cancer cells and to induce immunological memory against later disease relapse (16–18). In contrast to immune checkpoint blockade, which impacts the full T cell repertoire including self-reactive lymphocytes which translates into substantial toxicity, cancer vaccines expose the patient’s immune system to a unique selection of relevant antigenic targets resulting in a highly tumor-focused immune response (17, 18). A limitation of this strategy is that the ability of such vaccines to activate patient’s T cells depends on the characteristics and level of activation of local dendritic cells (DCs), which are frequently dysfunctional in patients with advanced cancer (17). Hence, vaccines by themselves have failed to show any clinical benefit in NSCLC so far (19–23).

Cell-based approaches that involve patient’s ex vivo-generated antigen presenting cells (APCs) such as DC-based vaccines avoid the reliance on endogenous APCs and are nowadays one of the most advanced forms of cancer immunotherapy (17). DCs, first identified by Ralph Steinman in 1973 (24), are recognized as the most potent APCs and play a pivotal role in the initiation, programming, and regulation of tumor-specific immune responses (25, 26). They are seeded in all tissues and continuously sample their environment for danger signals and antigens such as those derived from evolving cancer cells. DCs are unique in initiating de novo immune responses by processing the captured antigen to peptides and presenting these peptides to naive T cells in lymphoid tissues on major histocompatibility complex (MHC) molecules (26, 27).

Classical DC-based “vaccines” consist of DCs derived in vitro from autologous peripheral blood monocytes (PBMCs), exposed to activating factors for maturation and subsequently loaded with tumor-associated antigens (TAAs) (Figure 1) (28). These cells are then injected into the patient, a process that has been repeatedly shown to be safe and feasible (27, 29). Alternatively, naturally circulating DCs can be isolated and activated thereby avoiding lengthy ex vivo culture periods (30). The selection of tumor antigens for loading onto DCs is crucial to maximize the likelihood of eliciting a strong and tumor-directed immune response. Different sources of TAAs can be used and include cancer cell line lysate, whole tumor lysate, tumor-derived peptides, (synthetic) protein antigen(s), mRNA(s) encoding selected tumor antigen(s), autologous whole-tumor-derived mRNA or antigens packaged within viral vectors (18, 29, 31).




Figure 1 | Generic recipe of classical monocyte-derived dendritic cells (DCs). Monocytes are obtained from the patient’s peripheral blood and cultured with IL-4 and GM-CSF to generate immature DCs. These cells are subsequently exposed to activating factors for maturation and loaded with tumor-associated antigens (TAAs). The antigen-loaded DCs are then cryopreserved and injected back into the patient. Different sources of TAAs can be used and include cancer cell line lysate, whole tumor lysate, tumor-derived peptides, (synthetic) protein antigen(s), mRNA(s) encoding selected tumor antigen(s), autologous whole-tumor-derived mRNA, or antigens packaged within viral vectors.





Clinical Use of DCs in Oncology: Track Record and Critical Factors

In the field of cancer medicine, DC vaccination has been extensively studied in melanoma patients, as well as in patients with prostate cancer, glioma and renal cell carcinoma, with a favorable safety profile (i.e., no grade 3 or 4 toxicities), but with an ORR that seldom exceeds 15% (32–34). Paradoxically, findings from early-phase trials indicate that DC vaccination might improve survival, advocating implementation of alternative surrogate endpoints to assess the therapeutic effectiveness of DC-based immunotherapy (32).

Still, a major gap exists between the large amount of preclinical data on the exceptional immunogenic power of DCs, and the modest clinical effects in treated cancer patients. The evolving insights into the complex biology of the DC system confront us with a staggering list of parameters that should be adjusted in order to achieve optimal clinical usability. These parameters not only relate to “tweakable” biological properties of the cells, but also to more down-to-earth aspects such as route of administration, dose and frequency of administration, integration into a combinatorial approach, manufacturing, distribution logistics, and costs.

Perhaps one of the most critical factors in DC therapy, yet least systematically investigated is the choice of antigenic targets. This component varies considerably between clinical studies within the same cancer indication, with antigen selections largely made empirically in absence of any solid underlying rationale. Cancer antigens fall into the following different classes: 1) mutated antigens or neo-antigens originating from genomic alterations in cancer cells (single-nucleotide variations and indels), 2) cancer-germline (formerly cancer-testis) antigens whose expression is epigenetically suppressed in normal tissues except for gonadal cells, placenta and many cancers, 3) “differentiation” antigens, which are self-proteins shared between the cancer and the normal tissue from where it originated (e.g., CD20, Melan-A, PSA, CEA), 4) overexpressed shared antigens, which are present in normal tissues and aberrantly overexpressed in tumor cells (e.g., HER2, survivin, WT1), and finally viral oncoproteins, which are expressed in certain virus-induced cancers (e.g., HPV-E6/E7, EBV LMP-1). In addition, some tumor antigens derive their immunogenicity by means of aberrant post-translational modifications, as is the case for the MUC-1 glycoprotein where the tumor-restricted form is strongly hypo-glycosylated. Of all these categories, neo-antigens, cancer-germline antigens and viral oncoproteins are the most attractive targets for DC-based immunotherapy given the highest cancer-restricted expression, and the fact that the natural T cell repertoire has not been tolerized against them. Regardless of the type of antigen used, a major caveat is that studies or databases documenting mRNA expression in a given tumor often do not provide information on protein levels. Moreover, protein expression does not guarantee adequate presentation of antigen-derived peptides on MHC molecules, and if presented, whether these peptides will find a corresponding T cell repertoire with sufficient affinity.

Lung cancer (both NSCLC and SCLC), being a textbook example of a carcinogen-induced tumor, frequently features a high tumor mutational burden, offering opportunities for neoantigen-targeted vaccination approaches. Lung cancers are also rich in cancer-germline antigens [e.g., MAGE-A3 (22)], a number of differentiation antigens (e.g., CEA), and overexpressed shared antigens (e.g., survivin, WT1, MUC1), all being present in variable amounts across different patients. Viral oncoproteins are typically absent in human lung cancers. As we will discuss in the next section, the large majority of completed DC therapy trials in lung cancer made use of shared or tumor-associated antigens (TAAs), a few of the studies also incorporated cancer-germline antigens, and none of the published reports have described a patient-individualized neoantigen approach to date.



DC-Based Immunotherapies in Lung Cancer

In lung cancer, the role of DC-based immunotherapy has yet to be defined. Since the early 2000s, several, mostly non- randomized clinical trials (RCTs) with DC immunotherapy have been conducted, each typically involving a small number of patients and very heterogeneous designs. Over the same timeframe, the lung cancer therapeutic landscape has experienced dramatic changes, with the emergence of oncogene-targeted small molecules, and later immune checkpoint inhibitors. In this review we aim to give an overview of these DC therapy trials which we categorized into four parts: DC therapy in NSCLC, DC/CIK cell therapy in NSCLC, AKT-DC therapy in NSCLC, and DC therapy in SCLC (Tables 1 and 2). We will examine the clinical and immunological outcome as well as safety of DC-based immunotherapy in lung cancer, while also discussing the potential challenges of the different vaccine approaches such as the choice of antigens and DC subset, the use of adjuvants and the route, dose and frequency of administration. Next, we will give some future perspectives in how DCs might be used in clinical practice.


Table 1 | Overview of trials with dendritic cell (DC)-based immunotherapy in lung cancer.








Table 2 | Clinical and immunological outcomes of dendritic cell (DC)-based immunotherapy in lung cancer.








DC Therapy in NSCLC

The earliest study in this field was performed by Fong and coworkers in patients with metastatic or recurrent cancer who had abnormal or rising serum carcinoembryonic antigen (CEA) levels (35). CEA is a 180-kDa membrane intercellular adhesion glycoprotein that is overexpressed in several malignancies including NSCLC. Twelve patients with either colorectal cancer (CRC) or NSCLC underwent peripheral blood leukapheresis after prior administration of Flt3 ligand, a hematopoietic growth factor known to expand DCs in vivo. DCs were subsequently harvested and loaded with a nonapeptide derived from a human leucocyte antigen (HLA)-A0201-specific peptide of CEA, as well as with keyhole limpet hemocyanin (KLH), a protein with adjuvant properties that also allows to monitor therapy-induced immune responses. Patients were injected intravenously (i.v.) with progressively increasing doses of antigen-exposed DCs with a maximum of 109 cells. Adverse events (AEs) were mild self-limited rigors and fever (7/12), as well as mild diarrhea (5/12). Vaccination elicited a CEA-specific immune response in seven patients. Two out of twelve patients experienced dramatic tumor regression, one patient had a mixed response, and two had stable disease (SD). Clinical responses correlated significantly with the expansion of CD8+ T cells.

A similar CEA-targeted DC vaccination strategy was used by the group of Itoh and Ueda et al. (36, 41). The first study enrolled ten patients with advanced digestive tract or lung cancer expressing CEA (36). PBMCs were harvested from peripheral blood by leukapheresis after five days of priming with granulocyte colony-stimulating factor (G-CSF) and cultured with granulocyte/macrophage colony-stimulating factor (GM-CSF) and interleukin 4 (IL-4) to generate DCs. The DCs showed an immature phenotype and were loaded with CEA652, a nonapeptide restricted to HLA-A24, which is present in 60% of the Japanese population. Patients received repeated intradermal (i.d.) and subcutaneous (s.c.) injections up to a cumulative dose ranging from 2.7 × 107 to 1.6 × 108 DCs. Seven patients also received adjuvant interferon-alpha (IFN-α) and tumor necrosis factor-alpha (TNF-α) twice a week during the vaccination period. No severe toxicity was observed. A positive response to delayed-type hypersensitivity (DTH) skin test was seen in two patients. One of the two demonstrated also a CEA-specific immune response. Two patients, of which one with stage IV lung cancer, had SD for 6 and 9 months respectively, associated with a continuous decrease of serum CEA in the first patient. Clinical and immunological responses were only observed in patients treated with adjuvant use of IFN-α and TNF-α so it is not known whether these responses could be attributed to the DC vaccine. In a follow-up study, 18 patients (five patients with lung cancer) were enrolled and treated using the same immunization protocol, without cytokine adjuvants (41). The vaccine was well tolerated and no toxicity was observed. Although no tumor shrinkage occurred in any patient, long-term SD or marked decreases in the serum CEA level were observed in some subjects. A positive skin response to CEA652-pulsed DCs and a positive in vitro cytotoxic T-lymphocyte (CTL) response to CEA652 peptide after therapy were seen in most of the patients in whom treatment was clinically effective.

Other studies also selected CEA as the antigen of choice for active immunotherapy with DCs. A phase 1 trial included one patient with metastatic lung adenocarcinoma who underwent four monthly immunizations with autologous DCs transfected with CEA-encoding RNA and total tumor RNA (37). Both CEA-specific and tumor-specific CTL immune responses were seen, of which the latter were greater. The authors conclude that RNA-transfected DCs can induce antigen-specific T cell responses in cancer patients with surgically resected malignancies. Morse and coworkers investigated the safety and clinical and immunological efficacy of a DC vaccine modified with a recombinant Fowlpox vector encoding CEA and a triad of stimulatory molecules [rF-CEA(6D)-TRICOM], injected both i.d. and s.c. (43). 14 patients with metastatic CEA-expressing malignancies were enrolled, of which three with NSCLC. There were no treatment-related grade 3 or 4 AEs. One patient had a significant decrease in the CEA level and a minor regression in a retroperitoneal and supraclavicular adenopathy. Five other patients were stable through at least one cycle of immunization. A CEA-specific immune response among both CD4+ and CD8+ T cells was seen in all evaluable patients. There was a trend towards a greater peak frequency of CEA-specific T cells among those with either a minor response or a SD.

Kontani et al. evaluated the clinical effects of a DC vaccine targeting the TAA mucin 1 (MUC1) in 14 patients with advanced or metastatic breast or lung cancer (38). MUC1 is a glycoprotein that is markedly hypoglycosylated in cancer compared to normal tissues, leading to the exposure of immunogenic epitopes (73). PBMCs were collected from peripheral blood samples and supplemented with IL-4 and GM-CSF. Subsequently, DCs were loaded with MUC1 peptides or tumor lysate obtained from malignant pleural effusion specimens of the patients. DCs were then injected s.c. in the supraclavicular region or intrapleurally, at least three times at 2-week intervals. Fever occurred in seven patients. After vaccination, all the evaluable patients with MUC1-positive cancer acquired antigen-specific immunity compared to only one patient with MUC1-negative cancer. Reductions in tumor sizes or tumor marker levels or disappearance of malignant pleural effusion were seen in seven of nine MUC1-positive cancers. The survival of MUC1-positive patients was significantly longer compared to MUC1-negative patients (16.8 vs. 3.8 months; p = 0.0101). The authors conclude in this study that this tumor antigen can elicit a strong immune response and that DC vaccines targeting MUC1, which is expressed in 60% of the lung cancer patients, are a promising immunotherapy in the treatment of cancer (38). Of note, similar signals of clinical efficacy were observed with other MUC1-targeted vaccine approaches in NSCLC (20, 74).

Some important conclusions can be drawn from the different studies mentioned above. First, DC therapy containing one TAA is well tolerated with only minor side effects observed. For CEA-targeted DC vaccination studies, this is reassuring given the severe pulmonary toxicity observed with CEA-specific CAR T cell therapy, which is related to the expression of this antigen on normal pulmonary epithelium (75). Second, this vaccination approach appears to elicit an antigen-specific, T cell-mediated immune response in a substantial fraction of lung cancer patients, despite a number of obstacles: 1) the use of a shared TAA for which high levels of immunological tolerance must be overcome, 2) the injection of immature DCs in some trials, and 3) the climate of systemic immune suppression in the advanced cancer patients enrolled. Yet, clinical responses were rare, possibly explained by the fact that only one tumor antigen was targeted. A limitation of peptide-based formulations is that they are HLA-restricted, which necessitates patient selection. This is not the case for other antigen formulations such as mRNA encoding antigens or tumor lysates that were used in some other trials. A remarkable observation from these studies is also that prior mobilization with Flt3 ligand or G-CSF could expand the number of DCs produced. However, because it was not assessed whether higher DC doses also yielded stronger immune responses, the benefit of mobilization of the donor in the DC manufacturing process remains unclear.

In contrast to the aforementioned trials enrolling different tumor types, the first DC vaccination trial exclusively in NSCLC patients was performed by Hirschowitz et al. (39, 40). In this trial, multiple TAAs were targeted simultaneously. Autologous DC vaccines were delivered to 16 individuals with stage IA to IIIB NSCLC treated with surgery, chemoradiation, or multimodality therapy. DCs were generated from CD14+ precursors and pulsed with apoptotic bodies of an allogeneic NSCLC cell line that overexpressed human epidermal growth factor receptor 2 (HER2/neu), CEA, wilms tumor protein 1 (WT1), and survivin. Interestingly, DCs were only “partially” matured. Patients received two i.d. vaccines with 1 month apart (average dose of 9.1 × 107 and 8.2 × 107 cells per immunization respectively). AEs were limited to a mild skin reaction at the injection site (10/16) and minor fatigue for one to two days after injection (3/16). Of the 16 patients, six showed an antigen-specific response and five showed a tumor-antigen independent response. Five individuals had documented disease recurrence or progression of which three succumbed to the disease. One individual with stage IB NSCLC developed a solitary brain metastasis 2 months following the initial vaccine and had no evidence of disease 15 months following metastasectomy. Two patients with unresectable stage III NSCLC showed no signs of disease progression at 35 and 23 months from chemoradiation, respectively. The aforementioned clinical outcomes were independent of measured immunologic responses. The same group conducted a continuation study with similar inclusion criteria and immunization protocol, using an immature DC vaccine (44). 14 patients were enrolled of which seven had undergone surgical resection, with or without adjuvant therapy, and seven with unresectable stage III who had been treated with chemoradiation. Immunologic responses, measured by IFN-γ enzyme-linked immune absorbent spot (ELISPOT), were seen in 3/7 stage III unresectable, and 6/7 stage I/II surgically resected patients. There were no AEs, except for local reactions in most subjects. The authors conclude that immature DCs pulsed with apoptotic tumor cells have similar biologic activity to a matured DC preparation in a similar clinical protocol (44).

Although clinical outcomes were difficult to interpret, probably due to the heterogeneity of the patient population, and not correlating with immunological responses, the studies of Hirschowitz and colleagues have clearly indicated that DC therapy following surgery, chemoradiation or multimodality treatment is safe and can possibly find its role as an adjuvant treatment. A remarkable observation from these clinical trials was that immature DCs were able to elicit immune responses in almost 2/3 of the patients, since it has been appreciated for a long time that these DC subsets rather induce immune tolerance than immune stimulation. A difference with the previous studies is that an allogeneic tumor cell line was used to produce a multivalent vaccine, targeting several TAAs. Yet, the antigenic make-up of the cell line used may not be representative for each patient’s tumor.

Further exploiting the idea of targeting multiple antigens, Perroud and coworkers assessed the feasibility, safety and immunologic response of a mature, antigen-pulsed autologous DC vaccine loaded with peptides of WT1, CEA, HER2, and Melanoma Antigen 1 (MAGE-1). The trial enrolled five patients with inoperable stage IIIB and IV NSCLC (47). All patients received prior conventional treatment (chemotherapy with or without radiotherapy). PBMCs, obtained after leukapheresis, were cultured in a medium with GM-CSF and IL-4, and subsequently activated with IFN-γ. Patients received two doses of 5 × 107 DCs administered s.c. and i.v. two times at 2-week intervals. One patient developed grade 2 fatigue and chills following the first dose of the vaccine. A lymphoproliferation assay showed an improvement in the specific immune response after immunization in all patients, with a tendency to wane after the second vaccine dose. Survival from the last dose of the vaccine ranged between 82 and 277 days. Three patients had a longer survival time than expected for their tumor, node and metastasis (TNM) classification. The fact that immune responses were not long lasting possibly indicates that multiple doses of the vaccine are required to achieve clinical efficacy.

Li et al. reported the results of a phase 1 trial enrolling 16 patients with stage I to IIIB NSCLC (51). All had no evidence of progression at the time of enrollment and had completed definitive therapy (surgical, medical or multimodal). DC immunotherapy was generated from the patient’s PBMCs and loaded with recombinant survivin and MAGE-3 peptides. To induce DC maturation, a cytokine cocktail consisting of IL-1β, IL-6, TNF-α, IFN-γ, prostaglandin E2 (PGE2), and poly I:C had been added to the culture. A prime immunotherapy (9.1 × 107 cells/dose) and a single boost (8.2 × 107 cells/dose) were administered i.d. 1 month apart. AEs were grade 1 fever, chills and fatigue in one patient, and grade 1 pruritus in three patients. A positive response to DTH skin test was seen in all patients. There was a significant increase in IFN-γ expression on day 60 versus day 0. There was also an increasing trend in the mean CD4:CD8 values between day 30 and day 90; however, the increase was not statistically significant. In total, 5/16 patients experienced disease recurrence or progression, of which three patients succumbed to the disease.

An alternative approach to target multiple antigens simultaneously is to load DCs with autologous tumor cells or cellular lysates. Chang et al. for example conducted a pilot trial using mature DCs pulsed with necrotic tumor cells enriched from malignant pleural effusion specimens (42). Eight patients with advanced NSCLC were injected with antigen-loaded DCs into the inguinal lymph nodes under ultrasound guidance. No major toxicities occurred. Six patients received all six DC injections. Of these, two patients had SD and one patient had a minor response. Minor to moderate increases in T cell responses against tumor antigens were observed after DC vaccination in six of eight patients. The two patients who had a longer disease control also developed better T cell responses. The immunological and clinical effects of a DC vaccine pulsed with autologous tumor lysate was also assessed by the groups of Mayordomo et al. (45) and Um et al. (46). In the first study, 15 patients with metastatic cancer (two with NSCLC) underwent mononuclear cell apheresis after prior mobilization with GM-CSF. PBMCs were cultured with IL-4 and GM-CSF. DCs were then administered i.v. with a median dose of 6.2 × 107 cells per vaccination. In addition, IL-2, IFN-α, and GM-CSF were co-injected s.c. as an adjuvant for several days. A positive response to DTH skin test was noted in 9/15 patients after the first immunization. Seven patients, of whom one with NSCLC, had SD for more than 3 months and seven other patients experienced disease progression. AEs were mild and included fever immediately after DC infusion in six patients and asthenia in eleven patients. The second study enrolled exclusively subjects with stage IIIB and IV NSCLC. DCs were again loaded with autologous tumor lysate by a combination of electroporation and passive loading. Autologous tumor samples were obtained from bronchoscopic biopsies, surgical samples or lymph node biopsies. The antigen-loaded immature DCs were subsequently activated with TNF-α, IL-1, IL-6, and PGE2. In this phase 1 dose-escalation study, 15 patients were assigned to cohorts that received 3, 6, or 12 × 106 DCs by i.d. injection. The maximum dose of the vaccine was shown to be safe with only one patient experiencing low grade fever. In 5/9 patients, the vaccine resulted in an increased IFN-γ production by peripheral blood CD8+ T cells. However, a relationship between the immunological response and the vaccination dose was not seen. Clinical responses were assessed in eight patients. All had PD. Nevertheless, there were mixed responses that fulfilled PD definition but demonstrated some clinical benefit in two patients.

Again, clinical outcomes were disappointing. A possible explanation is that most of the patients enrolled in these studies suffered from relapsed or refractory cancer with often bulky disease and a worse performance status, which is shown to be less responsive to DC vaccination. Another potential concern may be the high concentration of suppressive factors released from the tumor cells, which may influence DC functionality. Moreover, in the last study, the autologous tumor samples used for making tumor lysate had been obtained before the initiation of chemotherapy. Changes in the tumor antigenicity during treatment could perhaps explain the low clinical efficacy.

In an attempt to circumvent the limitations of typically small sample sizes in DC vaccination trials, the group of Takahashi and coworkers conducted a pooled retrospective analysis of 62 patients from one center. The patients had previously treated inoperable or postoperatively relapsed NSCLC and received activated DCs pulsed with either autologous tumor lysates or peptide antigens (WT1, MUC1, CEA) matched to their HLA-A type (48). The DCs were activated by in vitro exposure to OK-432, which is a clinically approved lyophilized mixture of group A Streptococcus pyogenes known to promote functional maturation of DCs, including the capacity to secrete IL-12. The vaccines were injected i.d. near the axillar and/or inguinal lymph nodes with a median of 10 immunizations (range, 4–31). Clinical responses were observed in five patients, of which one patient with a complete response (CR). Another 26 patients developed SD. Median survival time (MST) was 12 months from the first DC vaccination. Of note, standard chemotherapy was continued in 36 patients during DC vaccination. A better OS was found in patients who received more than five vaccinations and those with the best performance status. Multivariate analyses also revealed that the use of WT1 peptides significantly affected OS both from initial diagnosis and from the first vaccination. Furthermore, no serious AEs related to the vaccine were observed. In an extended analysis, 260 patients with locally advanced or metastatic NSCLC at six centers were analyzed (50). All had received five or more WT1 and/or MUC1 peptide-pulsed DC vaccinations once every 2 weeks. In some patients, OK-432 was co-administered i.d. as an immunological adjuvant simultaneously with the vaccine. In the majority of the patients (71.4%), DC vaccination was combined with chemotherapy. MST from first vaccination was 13.8 months (95% CI 11.4–16.8) with 8.8% being alive after five years. Patients with an adenocarcinoma had a significantly better prognosis compared with other subtypes (MST 15.3 vs. 8.8 months; p = 0.003). An erythema reaction at the injection site that was ≥ 30 mm in diameter was strongly correlated with OS from the first vaccine (MST 20.4 vs. 8.8 months; p<0.001). Another Japanese group retrospectively analyzed data of 40 patients with MUC1-positive NSCLC treated with a MUC1-targeted and OK-432 activated DC-vaccine, exploring predictive biomarkers for clinical responses. All patients had stage IIIB-IV NSCLC that was refractory to standard anticancer therapies (53). The vaccines were injected s.c. in the axilla or supraclavicular fossa every 2 weeks until disease progression. Low-grade fever occurred in 16 patients and local skin reactions in six individuals. No patients achieved an objective response. The MST after initial vaccination was 7.4 months and the 1-year OS was 25%. Patients who received more than six vaccinations had a longer MST and 1-year OS (9.5 months and 39.3% respectively). Interestingly, in the latter group, patients who developed immune-related AEs had a significantly longer MST compared with patients without those AEs (12.6 vs. 6.7 months; p = 0.042). In addition, longer survival was also seen in patients with > 20% lymphocytes prior to vaccination (12.6 vs. 4.5 months; p = 0.014). All seven patients who had received six vaccinations and were evaluable for immune responses showed an increase in MUC1-specific T cells and a decrease in Tregs.

A major drawback of these studies is however their retrospective design, limiting the interpretation of the results. Since most of the patients also received simultaneous chemotherapy in the first two studies, and no control group was applied, it is difficult to draw definite conclusions regarding the clinical benefit of the vaccine. Furthermore, it was appreciated that patients receiving more DC vaccines also had better survival outcomes, which is of course interesting since the optimal DC dose and frequency of administration is not yet determined. However, this survival benefit could have been possibly attributed to the better performance status of the patients in the group treated with the highest cumulative dose.

Knowledge of negative feedback pathways controlling inflammatory responses can be exploited to re-engineer DCs. Based on this concept, Ge et al. evaluated the safety and efficacy of a DC vaccine activated using the Toll-like receptor (TLR) agonist flagellin, together with siRNA-mediated silencing of the gene encoding for suppressor of cytokine signaling 1 (SOCS1) (54). SOCS1 has been shown to be a negative regulator of DC activation and IL-12 production, thus restricting the DC’s capacity to break immunological tolerance. By analogy to other trials, the DCs were pulsed with peptides of survivin and MUC1. Just as MUC1, survivin is also frequently overexpressed in NSCLC and contributes to oncogenesis. In this phase 1 dose-escalation trial, 15 patients with resected stage I to III NSCLC were i.v. injected with 1 × 106, 1 × 107, or the maximum dose of 1 × 108 DCs at days 7, 14, and 21. The most common AEs were grade 1 flu-like symptoms, which occurred mostly in the group immunized with the maximum dose of the vaccine. A significant decrease in T-regulatory (Treg) cells and increase in TNF-α and IL-6 were seen in two patients. Two patients also showed a 15% and 64% decrease in CEA and CYFRA21, respectively. Interestingly, the patients’ quality of life (QOL) was significantly improved in the high-dose group, compared with the low-dose and middle-dose group after treatment. More importantly, in the long-term follow-up after more than four years, only two patients had died, two patients had progressive disease (PD) and 11 patients had still no recurrence. With the use of SOCS1-silencing, this trial is the first in lung cancer to explore targeted genetic re-engineering of DCs to boost immunogenicity. This manipulation did not translate into increased cytokine-mediated toxicity. Still the added value of SOCS1-silencing in terms of clinical outcome cannot be ascertained from this trial as there was no comparator product treated with a control siRNA.

Based on preclinical evidence pointing to a possible synergistic effect between chemotherapy and vaccination (as discussed below), Hu et al. explored the combination of pemetrexed and DCs pulsed with autologous tumor lysate in 27 patients suffering from stage IIIB or IV lung adenocarcinoma who had failed on maintenance gefitinib or erlotinib treatment after platinum-doublet chemotherapy (49). PBMCs were enriched from a 50-ml blood sample using density gradient centrifugation and subsequently cultured in the presence of IL-4 and GM-CSF. DCs were then given i.d. every 3 weeks at day 8 of each chemotherapy cycle. Grade 1 fever after DC therapy was noted in five patients. Other, mostly hematological, toxicities were attributed to chemotherapy. Three patients (11.1%) experienced a partial response (PR). The median progression-free survival (PFS) was 4.5 months and the median OS 10.5 months, which is better than a previous trial with second line pemetrexed in advanced NSCLC (76). Grade 1 fever after DC therapy was noted in five patients. Other, mostly hematological, toxicities were attributed to chemotherapy. This was the first study to prospectively investigate the added value of DC therapy combined with chemotherapy. However, since there was no control group, the real value of DC vaccination in this setting remains to be confirmed.

In contrast to all the trials using systemic injection of DCs, Lee and coworkers explored the intratumoral injection in terms of feasibility, safety and efficacy. In a phase 1 dose escalation study, autologous DCs were administered intratumorally in 16 subjects with stage IIIB and IV NSCLC (52). Interestingly, the DCs were genetically modified by transduction with an adenoviral (Ad) vector expressing the CCL21 gene (Ad-CCL21-DC). CCL21 is a lymphoid chemokine that strongly attracts effector T cells and DCs and hence facilitates entry into the tumor and in situ vaccination. Endpoints were safety and tumor antigen-specific immune responses. Patients enrolled into a given cohort received the same Ad-CCL21-DC dose (1 × 106, 5 × 106, 1 × 107, or 3 × 107 cells/injection) by CT-guided or bronchoscopic intratumoral injection on days 0 and 7. Three patients developed possibly treatment-related AEs (flu-like syndrome, hemoptysis, nausea and fatigue, all grade 1). Twenty-five percent of the patients had SD at day 56. MST was 3.9 months. A systemic response against TAAs was observed in six of 16 patients by means of an IFN-γ ELISPOT assay. Tumor CD8+ T cell infiltration was induced in 7/13 subjects. Interestingly, intratumoral PD-L1 mRNA expression increased significantly with increased CD8+ T cell infiltration following vaccination. The authors of this study suggest that in situ vaccination itself increases PD-L1 expression as a result of antigen recognition and CD8+ T cell infiltration at the tumor site. In this way, vaccination may be an effective approach to enhance the efficacy of PD-1/PD-L1 checkpoint inhibitors in “cold” tumors with low PD-L1 expression and/or a lack of CD8+ T cell infiltration (52). Still, the major question remains whether DC-induced T cell infiltration and potential priming at one injected site will induce T cells capable of homing into and controlling other metastatic sites.



DC/CIK Cell Therapy in NSCLC

In recent years, the use of autologous DCs co-cultured with cytokine-induced killer (CIK) cells has been the subject of numerous trials in NSCLC, all of them conducted in the Far-East region (77). CIK cells are a subset of non-MHC restricted natural killer T-lymphocytes with a CD3+ CD56+ phenotype that can proliferate rapidly in vitro and display strong cytolytic activities against malignant cells (59). In DC/CIK therapy, the DCs are derived from mononuclear cells obtained by leukapheresis in typical GM-CSF/IL-4-supplemented medium and loaded with antigens (autologous tumor lysate or peptides). CIK cells are generated by culturing PBMCs in medium supplemented with anti-CD3 antibody, recombinant human IL-1a, IFN-γ, and IL-2 (58).

DC/CIK cell therapy has been evaluated in diverse disease settings: as adjuvant therapy combined with chemotherapy in resectable disease, in stage IIIB and IV patients as first line in combination with chemotherapy, and as a maintenance treatment after first line chemotherapy (55–58, 60, 62, 64, 72). In total, 646 patients were enrolled in these trials. No serious toxicities were observed. Signals of clinical activity were observed in some cases, albeit usually modest and often without statistical significance. Signs of systemic immune activation were reported in patients receiving the experimental arm, including increased numbers of circulating CD8+ and CD4+ T cells, a shift from a Th2 toward a Th1-polarized immune response profile with an increase of the anti-tumoral cytokines IFN-γ, TNF-α, and TNF-β (albeit only in early-stage patients), and a reduction in Tregs after repeated injections of DC/CIK.

A different concept is the combination of DC/CIK cell therapy with thoracic radiotherapy (TRT) or chemoradiotherapy (CRT). The underlying rationale being that radiation-killed tumor cells release tumor antigens and “danger-associated molecular patterns” that can potentially promote DCs to elicit tumor antigen-specific CD8+ T cell responses, which would further consolidate or amplify objective responses and improve survival outcomes (61, 63). The immunogenic effects of radiotherapy are thought to underlie the positive results of MUC1-targeted vaccination and, more convincingly, adjuvant PD-L1 blockade in stage III NSCLC patients treated with chemoradiation (20, 78). In a phase 2 trial, patients with stage III and IV NSCLC received TRT (60 Gy delivered at 2 Gy per fraction) plus MUC1-loaded DC/CIK cell therapy or TRT alone (63). All subjects had previously been treated with two or more cycles of platinum-based doublet chemotherapy without disease progression. Patients that received DC/CIK cells combined with TRT had a longer PFS than those who received TRT alone (330 days vs. 233 days; p<0.05), as well as a better ORR (47.6% vs. 24.6%; p<0.05). Median OS was not significantly different between the two groups. Zhu et al. conducted a RCT in 63 patients with stage IIIB NSCLC (61). Of these, 30 patients were treated with DC/CIK cell therapy combined with platinum-based doublet CRT. DCs were not loaded with tumor antigens. The ORR was significantly higher in the group treated with DC/CIK and CRT than in the group treated with CRT alone (83.3% vs. 54.5%; p = 0.014). One-year survival rate was also better (83.3% vs. 60.6%; p<0.05). These studies suggest that combined treatments with DC/CIK cell therapy and (chemo)radiotherapy can enhance tumor responses and prolong survival.

Recently, an interesting variation on the DC/CIK manufacturing process was reported and evaluated in advanced cancer patients, among them five with NSCLC. In a phase 1 trial by Chen et al., DC/CIK cells were further activated in vitro by incubation with the anti-PD-1 antibody pembrolizumab, and administered i.v. by repeatedly infusions (65). Patients were progressive after at least one previous course of appropriate anti-tumoral treatment. Of note, grade 3 or 4 treatment-related AEs (fever, chills) were noted in two patients. ORR was 22.5% with a median OS and PFS of 270 and 162 days respectively. Still, the actual added value of in vitro activation with anti-PD-1 is not clear from this trial as there was no comparator arm with “standard” DC/CIK infusions.



AKT-DC Therapy in NSCLC

Another form of adoptive immunotherapy involving DCs, although somewhat different from the aforementioned treatments, is a therapy using autologous activated killer T cells and DCs (AKT-DC) obtained from tissue cultures of the tumor-draining lymph nodes of the primary lung tumor. Kimura et al. demonstrated that the tumor-draining lymph nodes of lung cancer patients are a potent source of killer T cells specific to autologous tumor cells, but also of mature DCs, when cultured with low dose IL-2, and that this in vitro expansion of T cells could last for up to 2 months (79). Based on this mechanism, a phase 2 trial was conducted evaluating the safety and feasibility of chemo-immunotherapy using these AKT-DCs in post-surgical N2 NSCLC patients (66). 31 patients were enrolled, of which three subjects eventually dropped out. Four courses of chemotherapy were administered along with AKT-DC immunotherapy every 2 months for 2 years. Fever and chills were the most frequent AEs. The 2- and 5-year OS were 88.9% and 52.9%, respectively.

The same group performed a phase 3 RCT investigating the efficacy of adjuvant chemo-immunotherapy with AKT-DC, targeting residual micrometastases, in 103 patients with resected NSCLC (67, 68). Patients were randomly allocated to receive either chemo-immunotherapy (group A) or chemotherapy alone (group B). Those who were assigned to group A received four courses of platinum-based chemotherapy along with AKT-DC immunotherapy for up to two years after surgery. Almost half of the patients treated with immunotherapy had at least one AE, mostly chills and/or fever. The 2- and 5-year OS rates were 96.0% and 69.4% in group A and 64.7% and 45.1% in group B, respectively, with a hazard ratio (HR) of 0.474. Subgroup analysis also showed that younger patients, male patients, patients with adenocarcinoma, patients with stage III cancer and those who did not receive preoperative chemotherapy had a significantly better OS. This study showed that NSCLC patients could benefit from adoptive cellular immunotherapy as an adjuvant to surgery. However, the heterogeneity of the study population was a major limitation.



DC Therapy in SCLC

The stark differences in biological and clinical behavior of SCLC compared to NSCLC are also reflected at the immunological level. As a demonstration, clinical trials to this date show only limited responses to immune checkpoint inhibition in this aggressive tumor, in contrast to NSCLC (80, 81). Also, DC-based immunotherapy trials in SCLC are scarce. Antonia and Chiappori were the first to test the immunological and clinical effects of a cancer vaccine consisting of DCs transduced with an adenovirus expressing p53 (Ad.p53) in patients with extensive disease SCLC (69, 82). The tumor suppressor gene, p53, plays an important role as a regulator of cell growth and differentiation and is mutated in ≥ 90% of the SCLC cases (82). Hence, it is considered as an ideal TAA. Fifty-four patients were enrolled in this phase 1/2 trial. All patients were treated with conventional chemotherapy prior to the immunizations. PBMCs were obtained after leukapheresis and cultured in media supplemented with GM-CSF and IL-4. At the completion of incubation, DCs were subsequently infected with Ad.p53 at a viral particle to cell ratio of 15,000:1. DCs had a mature phenotype. Patients were scheduled to receive three doses of the vaccine i.d. at 2-week intervals. Those who did not progress after three immunizations underwent a second leukapheresis and received three additional doses of the vaccine, but this time once a month. The number of injected DCs was limited to 5 × 106 cells. p53-specific T cell responses were observed in 18/43 (41.8%) patients by IFN-γ ELISPOT assays. AEs associated with the vaccine were infrequent and mostly mild, with one patient experiencing grade 2 fatigue and one patient grade 2 arthralgia. Two patients achieved a PR and 13 patients had SD. Remarkably, a high rate of ORRs to second line chemotherapy was seen in patients with a positive immune response (78.6%) compared to patients with a negative immune response (33.3%). This is higher than expected based on previous trials with paclitaxel in patients with extensive SCLC (83, 84). Median OS was 8.8 months from the time of first vaccination. Patients with a positive immune response to vaccination had a trend towards an improved survival (MST 12.6 vs. 8.2 months; p = 0.131).

The same group subsequently conducted a randomized phase 2 trial involving 69 patients with extensive SCLC who were responsive to therapy or had non-progressive disease after first-line conventional chemotherapy (70, 71). Subjects were randomized into three arms: arm A (control group), arm B (Ad.p53-DC vaccine only), or arm C (Ad.p53-DC vaccine plus All-trans retinoic acid (ATRA)). The rationale to use ATRA is that it decreases systemic levels of myeloid-derived suppressor cells (MDSCs), which have potent immunosuppressive activity. The same immunization protocol was applied as the previous study. The vaccine was found to be safe with one patient experiencing grade 3 fatigue in arm B and eight patients experiencing grade 3 toxicities in arm C. Positive immune responses were obtained in 3/15 of the patients in arm B and 10/23 patients in arm C. The ORRs to second-line chemotherapy were 15.4%, 16.7%, and 23.8%, respectively for arms A, B and C with no survival differences between the different arms. These ORRs were lower than in the previous studies with the same vaccine. Surprisingly, survival from date of enrollment was numerically higher in the control arm than in de treatment arms (12.2, 6.3, and 6.2 months, respectively). A major limitation of this study was the high dropout rate which prevented patients from completing at least one cycle of salvage chemotherapy. Despite this limitation, some conclusions can also be drawn. First, the safety of the Ad.p53-DC vaccine was confirmed and second, the vaccine was able to elicit a specific cytotoxic T cell response in 20-40% of the patients with extensive SCLC, possibly influenced by the co-administration of ATRA. However, this did not translate into clinical responses, which were poor. The higher-than-expected response rate to second line paclitaxel in the first trial is encouraging and paves the way to combinatorial approaches of chemotherapy with immunotherapy to improve clinical efficacy.




Discussion

For almost 20 years, long before the introduction of checkpoint inhibitors, DCs have been studied as a form of immunotherapy in lung cancer patients. This was based on a large body of preclinical data demonstrating the power of DCs to elicit de novo cytotoxic T cell responses, and the presence of different classes of TAAs in lung cancer. Evidence, mostly from phase 1 clinical trials, indicates that DC-based immunotherapy is safe and well tolerated with minor side effects depending on the route of administration. Local reactions (e.g., erythema) are a commonly reported AE after cutaneous injection, while systemic side-effects such as fever, chills and fatigue can be triggered as well. These AEs are mostly mild and transient. Severe toxicities rarely occur when DC-based immunotherapy is given solely. This is in contrast to the sometimes serious AEs seen with checkpoint inhibitors. Moreover, even in DC therapies incorporating whole tumor preparations, hence containing a substantial fraction of self-antigens, no clinically significant signs of auto-immunity have been reported so far.

Active immunotherapy involving DCs aims at eliciting cellular immunity in a tumor-specific and robust way. Data from the aforementioned early-phase trials demonstrate that antigen-specific immune responses can be observed in a significant number of patients, even in individuals with metastatic disease. However, positive immune responses as measured by a DTH skin test correlate only imperfectly with clinical outcomes, as shown in other tumor types (85, 86). In addition, these immunological responses tend to abate after the last injected dose.

Despite their proven immunogenicity, DC-based immunotherapy delivers low response rates, with 9.3% (40/432) of the lung cancer patients achieving an objective response. This is comparable to the ORR of second-line docetaxel in metastatic NSCLC (albeit with much less toxicity) and is lower than second-line PD-1/PD-L1 immunotherapy in the same, unselected population (8–11). In SCLC, traditionally considered as a “cold” tumor, the ORR is even lower (3.0%). However, higher ORRs were obtained when DC-based vaccination is combined with CIK cell therapy and/or concurrent chemotherapy (31.2%). Since most of the trials were not designed to assess OS, survival data of DC vaccination in lung cancer patients are scarce and anecdotal. Moreover, a remarkable observation in the DC vaccination field is the disconnect between clinical response and survival, as seen with sipuleucel-T, the FDA-approved DC vaccine for castration-resistant prostate cancer.

A typical limitation of the published studies is the small number of patients and the lack of a control group in almost all clinical trials. Another complicating factor is the huge variability in the methods used. This comprises differences in the type and formulation of TAAs, the DC maturation state at the time of vaccination, different use of co-delivered immunostimulants, as well as variations in the route and frequency of DC injection and dose of the vaccine. Ideally, each of these parameters needs to be optimized in order to improve the clinical efficacy of DC therapy (Figure 2).




Figure 2 | Key parameters to optimize the success of DC-based immunotherapy. CTLA-4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; MTD, maximum tolerated dose; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1.



Different antigen formulations have been used in DC therapy for lung cancer, with tumor-derived peptides (single or combination) and undefined antigen preparations such as autologous tumor cells or cellular lysates being the most frequently used sources. While the use of peptides imposes restrictions in terms of the HLA-type of the target patient population, this is not the case for antigen preparations which also have the advantage to potentially target a much broader antigenic repertoire corresponding more closely to the patient’s tumor. A limitation in this approach is the often limited access to autologous tumor material for antigen extraction, as is the case in metastatic lung cancer. Furthermore, in some clinical trials, immature DCs were used in the vaccination protocol. While immunological responses were occasionally observed, immature DCs are primarily inducers of immunological tolerance, which is obviously unwanted in the setting of cancer immunotherapy. To achieve maturation, DCs can be exposed to a myriad of molecular combinations. However not all of them can be easily implemented in a clinical-grade production process, either due to stability, toxicity concerns and/or cost. In addition, strong stimuli can lead to the phenomenon of DC “exhaustion” whereby the capacity to produce the type-1 polarizing cytokine IL-12 is lost by the time the cells reach T cells in vivo. Also, inflammatory stimuli can trigger counterregulatory expression of checkpoint molecules such as PD-L1. We have shown that a widely used clinical-grade DC maturation cocktail composed of TNF-α, IL-1β, IL-6, and PGE2 induces high levels of surface PD-L1, which rises even further after cryopreservation and thawing, an effect presumably due to the prostaglandin (87, 88).

The impact of the route of DC injection has also been insufficiently addressed so far. Many trials have used the i.d. or s.c. route of injection, as it is very safe and feasible. However, a disadvantage of this route of administration is that the majority of DCs remain stuck at the injection site and will fail to migrate to the T cell rich areas within draining lymph nodes (89). Direct intranodal administration of DCs has been tested in melanoma, however it is technically challenging, while being not superior in terms of evoked immune responses (90). A much more predictable biodistribution can be achieved by i.v. injection, where the totality of the dose encounters the pulmonary vascular bed first, with subsequent distribution to the spleen and liver, as shown in a unique imaging study on human subjects (91). Preclinical experiments have shown that the “lung vascular filter” acts as a site where robust T cell-mediated immune responses can be efficiently evoked (92). The fact that the human lung represents a reservoir of around 10 billion resident T cells (93) raises the likelihood of productive interactions with antigen-carrying DCs injected intravenously. In addition, the route of DC injection can have an impact on the trafficking pattern of primed T cells, as shown in preclinical studies (94). Whereas an s.c. injection will program elicited T cells to home towards the skin, i.v. injection of DCs induces splenic CD8+ T cells capable of homing towards hematogenic metastases, which is especially relevant for lung cancer. Interestingly, in a therapeutic DC vaccination phase 1 trial in advanced melanoma comparing several ratios of i.v. versus i.d. injection, the data suggest that the i.v. rather than the i.d. injection route could be pivotal for the exceptional objective responses observed (95). Importantly, despite the potential of activated DCs to secrete large amounts of inflammatory cytokines and chemokines, none of the trials using i.v. injection have observed life-threatening toxicity events. A different strategy is the intratumoral injection of DCs, the idea being that relevant tumor antigens are present in abundance, and that T cells can then be primed in situ. One study using CCL21 gene-modified DCs delivered into lung tumors documented systemic antigen-specific CD8+ T cell responses in a fraction of the patients (52). This is surprising considering the strongly immunosuppressive microenvironment in lung tumors, shown to corrupt the function of DCs and T cells alike (96). Also, intratumoral injection is technically challenging and not feasible in every patient.

Finally, the optimal DC dose and injection schedule has not been determined yet. Given the complex and indirect mechanism of action of DC therapy and the imperfect nature of immune responses as surrogate for clinical responses, accurate modelling of a dose-effect relationship has not been achieved yet. What is clear, however, from all the early-phase trials, is that no dose-limiting AEs have been observed to date. Often the maximum dose delivered is practically limited by the production capacity of autologous DC vaccines. Still, one study suggested a better survival in NSCLC patients receiving the highest dose of DCs (54). Two other studies demonstrated a better OS in patients receiving respectively five and six or more vaccinations (48, 53). A bias may be present in these retrospective studies as the group of patients that received fewer vaccinations generally had a worse performance status.



The Way Forward


Optimizing the Choice of Target Antigens

The choice of target antigens for loading onto DCs is crucial to maximize the likelihood of eliciting a strong and tumor-directed immune response. Ideally, the antigen should meet different criteria: tumor-specific (expressed by cancer cells only), highly immunogenic, and necessary for cancer survival (97).

To date, most of the DC vaccination trials in lung cancer have targeted TAAs, which are self-antigens that are abnormally expressed by cancer cells, but may be present in normal cells as well. Since TAAs are shared with normal tissues, they can display limited immunogenicity due to central and peripheral tolerance, hence affecting the clinical efficacy of the vaccine. This can be partly circumvented by targeting more than one cancer antigen which will induce a broader immune response (98), as was the case in several of the abovementioned trials. However, the detectable immune responses that were evoked by the DC vaccine in these trials were often not powerful enough to translate into clinical effectiveness.

Development of personalized cancer vaccines based on neoantigens has become a new approach in cancer immunotherapy (99, 100). Neoantigens are tumor specific antigens that arise as a consequence of non-synonymous somatic mutations in the tumor cell genome (100). As their expression is tumor-restricted, in contrast to TAAs, these antigens are not subject to central tolerance and are potentially recognized by high avidity T cells. Hence, these antigens are ideal targets for DC vaccines. Neoantigens can be identified and selected using whole exome sequencing of tumor and blood cell DNA and bioinformatics algorithms. In a murine lung carcinoma model, neoantigen-pulsed DC vaccines were superior to neoantigen-adjuvant vaccines in activating immune responses and inhibiting tumor growth (101). A first demonstration of this approach in human subjects was provided in a phase 1 trial in metastatic melanoma, showing a remarkable induction of de novo T cell responses after vaccination with personalized tumor neoantigen-loaded DCs. Several phase 1 clinical trials are currently exploring neoantigen-targeted DC vaccines in lung cancer (Table 3), including a study from our group in surgically resected NSCLC (MIDRIXNEO-LUNG/NCT04078269), as well as in lung cancer patients who failed on standard anticancer therapies (NCT03871205). A major drawback for neoantigen-targeted vaccination is the lengthy and complex process leading up to the identification of potential neo-epitopes, which precludes implementation in patients with advanced or progressing disease. Also, the lack of standardization of in silico neo-epitope identification pipelines, with different algorithms producing diverging target lists, is a concern. One workaround consists of harvesting and profiling the “real” HLA-bound mutanome-derived peptides from tumor cells using advanced mass-spectrometric methods (102). This however requires access to large tumor samples which is a challenge in some clinical settings.


Table 3 | Current clinical trials exploring dendritic cell (DC)-based immunotherapy in lung cancer.





Selecting the Right Patients

Autologous cell therapies such as DC-based immunotherapies are labor-intensive and expensive to produce, and scaling-out to address a large patient population is difficult. Affordability of these therapies will be an important issue and challenge for both manufacturers and healthcare providers (103). Hence, a crucial question is which patients will derive most clinical benefit from these treatments. In early stage and locally advanced disease, treatable with curative intent (low tumor burden), the goal of DC-based immunotherapy is primarily to induce immunological memory to prevent later disease relapse (prophylactic vaccination). However, to show any therapeutic efficacy in this patient population, large and lengthy randomized trials are needed. In patients with metastatic disease on the other hand, DC-based immunotherapy actually aims to control the existing tumor (therapeutic vaccination). Considering the delayed antitumor effect and the systemic immunosuppression that is proportionate to the tumor load, patients with rapidly progressive or bulky tumors are unlikely to be appropriate candidates for DC vaccination, unless combinations with other systemic therapies are applied. In order to make DC therapy a viable option in clinical practice, biomarkers to enrich for responders/exclude non-responders upfront must imperatively be developed. Matching the targets loaded into the vaccine with the antigen expression pattern in the tumor is an obvious step. In addition, one can envision to exclude patients whose tumor biopsies harbor immune escape features such as loss-of-function or truncating mutations in Janus kinase (JAK) 1/2 or β2-microglobulin respectively, as vaccine-elicited T lymphocytes will fail to recognize and destroy the escape variants.



Using the Right Combination Partner

Combination with other treatment modalities, such as chemotherapy, radiotherapy and especially immune checkpoint inhibition, may be the key to the success of DC-based immunotherapy and is currently the subject of several clinical trials (Table 3). In principle, all combinatorial strategies aiming to potentiate cancer vaccines in general are applicable to DC therapy in particular (see (18) for an extensive review).

The combination of DC therapy with chemotherapy may seem less suitable due to the immunosuppressive effects of the latter. However, it has become clear that cytotoxic drugs do also have several immune-potentiating effects, not only by inducing immunogenic cell death (104), but also by some ancillary effects on both cancer cells and immune cells present within the tumor3 microenvironment (TME) (105). Chemotherapy can for instance reduce systemic levels of MDSCs and Tregs, which are important factors of lymphocyte suppression in metastatic cancer patients. It was previously shown that vaccination in between platinum-containing chemotherapy cycles can indeed boost antigen-specific T cell responses (106), which is attributed to the MDSC-depleting effect of myelotoxic platinum salts. In addition, chemotherapeutics can also promote antitumor immune responses by upregulating the expression of tumor antigens and MHC class I molecules on the tumor, thereby increasing the capacity for antigen presentation (105). As such, chemotherapy could improve the efficacy of DC-based immunotherapy by rendering tumor cells more susceptible for immune-mediated killing elicited by the DC vaccine (107). Finally, different classes of chemotherapeutics can directly affect DC biology, resulting in upregulated costimulatory molecule expression and increased antigen presentation. For some chemotherapeutics such as taxanes, the effects are mediated by TLR triggering (108). To date, combinatorial approaches of chemotherapy and DC-based immunotherapy (mostly DC/CIK cell therapy) have been investigated only sporadically in lung cancer. A relevant and very recent study in NSCLC is SLU01, a phase 1/2 randomized, open-label, multicenter trial evaluating the clinical efficacy and safety of DCVAC/LuCa added to standard first-line chemotherapy (paclitaxel and carboplatin) and immune-enhancers (IFN-α and hydroxychloroquine) in patients with stage IV NSCLC (NCT02470468). Preliminary results, presented in abstract form (109), demonstrated a better OS in patients receiving the combination therapy versus chemotherapy alone (15.5 vs. 11.8 months, HR 0.55, 95% CI 0.33–0.93; p = 0.0232).

An emerging research topic is the complex interplay between radiotherapy (RT) and the immune system, since it was appreciated that RT can mediate tumor regression outside the radiation field. This phenomenon, called the “abscopal effect”, is shown to be the result of an immune-mediated mechanism (110, 111). The advent of immunotherapies, especially immune checkpoint inhibitors, has created special interest in strategies that combine RT with immunotherapeutic agents. RT can enhance systemic antitumor immune responses by several immunomodulatory mechanisms (112), which were already briefly mentioned earlier in this review. In this way, RT could act synergistically with DC-vaccination and thus improve clinical outcomes. Preclinical tumor models have indeed shown potent local and systemic antitumor responses when direct intratumoral administration of DCs was combined with RT (113, 114). The first modest signs of clinical efficacy in humans were demonstrated in small clinical trials involving patients with digestive tumors and high-risk soft tissue sarcomas (115–117), whereas evidence in lung cancer is limited only to some studies with DC/CIK cell therapy.

Given the spectacular emergence of immune checkpoint blockers (ICBs) in the lung cancer therapeutic landscape, questions inevitably arise as to the role of DC vaccination in this setting. Although ICBs, more specifically PD-1/PD-L1 inhibitors, can sometimes trigger dramatic durable responses, the majority of lung cancer patients still experiences disease progression within a year of treatment. This is not surprising given the fact that anti-PD-1 antibodies, the most commonly used ICBs in lung cancer, only “fix” one specific step in the cancer immunity cycle, which is alleviating T cell paralysis in the TME. Upstream of this, a whole sequence of events leading up to the induction of tumor-homing cytotoxic T cells is operated by DCs, which are known to be dysfunctional within cancer-bearing hosts. Hence, adoptive transfer of fully functional ex vivo generated DCs can be seen as an ideal complement to checkpoint inhibition, as a fitting illustration of “pushing the gas pedal” while also “releasing the brakes” (118). ICB failure is often a manifestation of an “immune cold” tumor, i.e., a phenotype characterized by a lack of T cell priming against tumor antigens and consequently an absence of tumor-infiltrating T cells. DC therapy can turn a “cold” into a “hot” tumor through its capacity to prime and generate a de novo tumor antigen-specific T cell population. In addition, expanding insights into the mechanisms of action of ICBs could help to design better DC-based therapeutic approaches. The emerging knowledge that exhausted T cells consist of a multi-stage and dynamic group of lymphocytes is extremely relevant in this context. Differences in abundance and distribution of these T cell subsets could underlie differential responsiveness to ICBs, as only “progenitor exhausted” T cells can be expanded by this therapy (119). It raises the question whether DC vaccination may replenish the immune system with the type of progenitor T cells that is amenable to rescue by anti-PD-1 blockade. New insights in the mechanism of action of anti-PD-L1 ICBs are also emerging, mostly diverting the traditional focus from T cell/cancer cell interactions in the TME. As recently reported, anti-PD-L1 ICBs may achieve much of its effect by blocking PD-L1/PD-1 interactions in lymph node-resident DC-T cell clusters, rather than at the level of the tumor (120). Also, adoptively transferred activated DCs express variable levels of surface PD-L1, such that the anti-PD-L1 combination partner must be judiciously chosen. On one hand the combination can indeed result in boosting of T cell responses. However PD-L1-blockade may also be detrimental to DC-mediated T cell priming as PD-L1 protects DCs from cytotoxic T cells during antigen-specific cognate interactions (121). At worse, an anti-PD-L1 ICB with a specific IgG subtype could in theory trigger elimination of the injected DCs through antibody-dependent cytotoxicity. Finally, although CTLA-4 blockade as such is not part of the standard-of-care in lung cancer, its capacity to boost T cell priming could make it an ideal partner in a DC-based combinatorial approach. Clinical evidence for this type of combination was already provided in a phase 1 trial in advanced melanoma patients, where a DC vaccine combined with ipilimumab resulted in remarkably high ORRs (122).

Clinical data supporting the combination of DC therapy and ICBs is not yet available in lung cancer, however several early-phase trials are already addressing this issue (NCT03406715, NCT03360630, NCT03970746, NCT03546361, and NCT03970746). Of these, PDC-LUNG-101 (NCT03970746) seems promising, evaluating the safety, clinical efficacy and immunogenicity of PDC*lung01, a peptide-pulsed allogeneic plasmacytoid DC line in combination with pembrolizumab in patients with metastatic NSCLC. Still many questions remain unanswered such as which class of immune checkpoint inhibition is most suited (anti-PD-1/PD-L1/CTLA4)?. Choosing the correct sequencing could also be critical as preclinical data suggest that PD-1 inhibition can induce a population of T cells that are refractory to subsequent stimulation by a vaccine (123). Additional factors may come into play as our understanding of ICB mechanism of action grows. Of note, accumulating data around the role of the gut microbiome in shaping responses to ICBs (124) may sooner or later impact the way we design cancer vaccination combinatorial studies, including DC immunotherapy.




Conclusion

DC-based immunotherapy is safe and well-tolerated and can elicit antitumor immune responses in many patients with lung cancer, with occasional yet remarkable objective responses despite the predominant immunosuppressive climate in the metastatic setting. Combining DC-based immunotherapy with other anticancer therapies, such as chemotherapy, radiotherapy and/or checkpoint inhibition, can potentially improve their effectiveness. Alternatively, a choice of antigens based on neoepitopes with proven expression by the tumor cells may not merely induce immune responses but could result in clinical responses. Clinical trials to prove these hypotheses are underway and the results are eagerly awaited. Additional challenges for the future of DC therapy are determining the adequate dose, frequency, and duration of treatment, improving the choice of target antigens, and finding biomarkers to select potential responders upfront. Finally, identifying the most synergistic combinatorial regimen can hold the real key to long term disease control and survival in this lethal disease.
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Although the discovery and characterization of multiple tumor antigens have sparked the development of many antigen/derived cancer vaccines, many are poorly immunogenic and thus, lack clinical efficacy. Adjuvants are therefore incorporated into vaccine formulations to trigger strong and long-lasting immune responses. Adjuvants have generally been classified into two categories: those that ‘depot’ antigens (e.g. mineral salts such as aluminum hydroxide, emulsions, liposomes) and those that act as immunostimulants (Toll Like Receptor agonists, saponins, cytokines). In addition, several novel technologies using vector-based delivery of antigens have been used. Unfortunately, the immune system declines with age, a phenomenon known as immunosenescence, and this is characterized by functional changes in both innate and adaptive cellular immunity systems as well as in lymph node architecture. While many of the immune functions decline over time, others paradoxically increase. Indeed, aging is known to be associated with a low level of chronic inflammation—inflamm-aging. Given that the median age of cancer diagnosis is 66 years and that immunotherapeutic interventions such as cancer vaccines are currently given in combination with or after other forms of treatments which themselves have immune-modulating potential such as surgery, chemotherapy and radiotherapy, the choice of adjuvants requires careful consideration in order to achieve the maximum immune response in a compromised environment. In addition, more clinical trials need to be performed to carefully assess how less conventional form of immune adjuvants, such as exercise, diet and psychological care which have all be shown to influence immune responses can be incorporated to improve the efficacy of cancer vaccines. In this review, adjuvants will be discussed with respect to the above-mentioned important elements.
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Introduction

Therapeutic cancer vaccines represent an attractive strategy to stimulate protective anti-tumor immunity in combination with standard therapies. Cumulative data have confirmed the efficacy of cancer vaccines in many murine tumor models, as well as in phase I and II clinical trials. In view of these promising results, numerous clinical trials are ongoing. Figures 1 and 2 summarize open cancer vaccine trials, distinguished by trial phase, cancer type and vaccine type (Figure 1) and by adjuvant and combinatorial treatments used (Figure 2). However, cancer vaccines have not yet achieved significant clinical efficacy in phase III trials (Table 1). Indeed, clinical responses have been rather anecdotal (48, 49). The reasons for those failed trials are not fully understood but are most likely related to the stage of the disease treated, an inherent difficulty to mount a strong cellular immune response to non-live vaccine entities when older and the choice of antigens, adjuvant and the suppressive nature of the tumor microenvironment. Among these reasons, the difficulty of achieving strong cellular immune responses is likely a major factor to consider. In contrast to prophylactic vaccines against infectious agents that usually trigger humoral responses, therapeutic cancer vaccines aim to promote T cell immune responses for effectiveness. Moreover, very limited considerations have been given to the pharmacokinetic profile of the antigen/adjuvant administration strategy and, consequently, the required durable and effective long-term CD4+ and CD8+ T cell responses are not achieved. As mentioned, the developed tumor microenvironment is typically immunosuppressive and is characterized by the presence of exhausted T and NK cells and the accumulation of several suppressive immune cells, such as T regulatory cells, T helper type-2 (Th2) CD4+ T cells, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) (50–53), in addition to which the activation state of T cells will be regulated by co-inhibitory pathways. However, the approval of the first cancer vaccine (Provenge®) in 2010 spurred hope (54), as did the reported clinical effects and efficacy of checkpoint inhibitors in some advanced cancer patients. However, global availability of the former is limited as the EMA approval was withdrawn in 2015 (55) and the clinical efficacy of the latter is restricted to a few cancers. Nonetheless, many combination strategies involving immune-based therapies and checkpoint inhibition approaches are currently being tested in phase III trials (Table 1, Figure 2B). In relation to the suppressive environment, a key factor is to initiate vaccination in tumor indications early on in the disease, non-metastatic, as the lesion size may impact the effectiveness of the treatment (56). This strategy is however hampered by lack of end-points that facilitates studies that fall within a time-frame that can be viable for the industry sponsored clinical trials.




Figure 1 | Open cancer vaccine trials. Cancer vaccine trials listed as open at ClinicalTrials.gov on August 2020. The number of trials for each cancer type (A) and for each vaccine type (B) are shown in the bar graph subdivided into phase I, II, and III/IV. Viral vector vaccines include adenovirus and poxvirus, but also trials using yeast-loaded antigens and one using Salmonella-loaded antigens. Cancers with less than 5 open clinical trials are not shown. “In situ vaccinations” (intralesional injection of immune- modulatory molecules) are not included in these graphs. HPV, Human Papilloma Virus; CRC, colorectal cancer; VLP, virus like particle.






Figure 2 | Adjuvants and combinatorial immunomodulatory therapies being used in cancer vaccine trials. Cancer vaccine trials listed as open at ClinicalTrials.gov on August 2020. The number of trials using each adjuvant (A) and associating each immunomodulatory therapy with the cancer vaccine (B) are shown in the bar graph. Adjuvants and combinatorial therapies used in less than 2 clinical trials are not shown. GM-CSF, Granulocyte-macrophage colony-stimulating factor; IL-2, interleukin-2; Td, Tetanus/diphtheria toxoid; HSP, heat shock protein; CAF09b, cationic liposomes (DDA-MMG1) with complex bound synthetic double-stranded RNA (Poly(I:C)2); IL-12, Interleukin- 12; P64k, Neisseria meningitides protein; PD-1, Programmed cell death 1; PD-L1, Programmed cell death ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; RT, radiotherapy; M7824, fusion protein composed of a human IgG1 monoclonal antibody against PD-L1 fused with 2 extracellular domains of TGF-βRII; IFNalfa, Interferon alfa; IDO1, indoleamine 2,3-dioxygenase 1; ALT-803, IL-15 superagonist; Other vaccines, Salmonella, pneumococcal vaccines; HSC, hematopoietic stem cells.




Table 1 | Completed phase 3 cancer vaccine trials.





Another potentially confounding issue with regards to the efficacy of cancer vaccines is age, given that the median age of cancer diagnosis is 66 years, and the immune system is known to decline with age. This phenomenon, known as immunosenescence, is characterized by functional changes in both innate and adaptive cellular immunity as well as in lymph node architecture. While many of the immune functions decline over time, others paradoxically increase. Indeed, aging is known to be associated with a low, but persistent level inflammation. “Inflamm-aging” also leads to dysregulation of innate and adaptive immune cells (57–59).

It is therefore essential that the choice of adjuvants is carefully optimized for each vaccine formulation, as well as for each patient, in order to break immune tolerance and achieve maximum immune responses and clinical efficacy, even in such a compromised environment. Most cancer antigens are poorly immunogenic and adjuvants are required to (i) prolong the antigen availability at the injection site (“depot” effect); (ii) activate the innate immunity; (iii) direct the immune response toward T helper type-1 (Th1) responses; and (iv) to mitigate the tumor/associated immune suppression (60, 61). Based on function, classical adjuvants have generally been divided into two categories: the immunostimulatory adjuvants (cytokines, Toll-Like receptor agonists, saponins …) and “depot” adjuvants (e.g. mineral salts such as aluminum hydroxide, emulsions, liposomes). Although practical, this classification is today rather simplistic since some delivery systems can also activate innate immunity by creating local proinflammatory reactions (62). Novel RNA-based vaccines have an inherited adjuvant capacity that has also been associated with problematic toxicity, handled by elegant design and formulation (63). As such RNA-based vectors, which have had so far been developed for cancer treatment, are now in a record development program reaching the society in response to the COVID-19 pandemic. This also sets the scene for many novel indications ahead (64, 65).

In this review, adjuvants approved for human use will be discussed with respect to the above-mentioned elements. Importantly, new forms of adjuvants including exercise, microbiota and the psychological status of the patient prior to immunization will also be discussed.



Immunostimulatory Adjuvants

Immunostimulant adjuvants likely constitute the most promising strategy to potentiate immune responsiveness in elderly cancer patients. Numerous defects in the innate and adaptive immune system have been indeed described in elderly individuals. Age-related reductions in levels of major histocompatibility (MHC) class II expression as well as dysregulation of cellular signaling in human and murine monocytes compromise the efficiency of antigen presentation to T cells (66–68). Studies on peripheral blood mononuclear cells (PBMCs) from elderly donors have also revealed that aged dendritic cells (DCs) have a reduced capacity for producing inflammatory cytokines in response to inflammatory stimuli, and particularly to several Toll-like receptor (TLR) ligands, as well as an impaired ability to present antigens to T cells (59, 69–71). Alongside defects in innate immune potential, numerous reports have described the phenomenon of T cell immunosenescence, an event which primarily results from thymic involution which leads to a contraction of the naïve T cell compartment and a predominance of terminally differentiated memory T cells in the periphery (72, 73). Other studies suggest that chronic latent infections, such as cytomegalovirus (CMV), could also play a crucial role in T cell immunosenescence in the CD4+ T cell compartment, as well as in the naïve and memory CD8+ T cell compartments (74, 75). Permanent CMV infection stimulates the expansion of CMV-specific memory CD8+ T cells and could thus impact on the ability of an individual’s T cells to elicit a response against new antigens (76). Additionally, the chronic inflamm-aging status observed with age has been associated with diminished expression of the costimulatory receptor CD28 on T cells because of persistently increased levels of TNF-α (77–79). CD28 is vital for efficient T cell activation, reduced levels of which have been correlated with poor immune responses after vaccination among older people (80, 81).


Cytokines

The use of cytokines in cancer immunotherapy and specifically in cancer vaccine formulations is becoming more prevalent as they can elicit both cellular and humoral immune responses. IFN-α, IFN-γ, IL-2, IL-12, IL-15, IL-18, IL-21 have especially demonstrated immunological efficacy when used as part of a vaccine adjuvant strategy (50). However, to date, GM-CSF (granulocyte macrophage colony-stimulating factor) is the immunostimulatory cytokine which has been most widely used in clinical vaccine trials (Figure 2A). GM-CSF has been reported to induce strong T cell responses as well as to inhibit tumor growth in both whole tumor cell and peptide vaccines in preclinical studies (82) by recruiting and activating antigen-presenting cells (APCs) at the injection site. However, GM-CSF as vaccine adjuvant has delivered conflicting results in clinical trials. In some trials, GM-CSF has shown only weak effects in potentiating immune response of cancer vaccine (83, 84) and in others no additional positive effect was reported when associated with Montanide (85, 86). However, the only FDA approved cancer vaccine, Provenge®, bases the adjuvant effect on a fusion protein that contains GM-CSF and reported an OS benefit in patients with metastatic castrate-resistant prostate cancer. However, in phase II and III trials testing Provenge®, the exact role/influence of GM-CSF over clinical efficacy was not thoroughly investigated. In addition, two trials containing GM-CSF in the vaccine formulation resulted in decreased cell-mediated immune responses and shorter survival of patients with melanoma (87, 88), however it is also possible that in this instance the choice of antigen as well as formulation have had an impact on the results. Indeed, lower doses of GM-CSF in water formulations could shape the lymph node differently compared to a montanide based formulation. Interestingly, daily doses of GM-CSF over 100 µg/day given repeatedly have been reported to promote the expansion of myeloid-derived suppressor cells (MDSCs) and inhibit T-cell function (89). While GM-CSF as an adjuvant in prime/boost administration given at lower doses has shown good adjuvant capabilities and is an adjuvant commonly used in many vaccine formulations due to the expanded knowledge of the adjuvant (Table 1, Figure 2A).

Systemic use of cytokines such as IL-2 or GM-CSF in combination with other immunotherapies have also shown clinical efficacy (3, 90). It is therefore extremely important to optimize the schedule, formulation and the dose of cytokine in order to avoid/limit systemic side-effects.



Toll-Like Receptor Ligands

The stimulation of professional APCs such as neutrophils, B cells, macrophages and DCs is an efficient approach to boost the efficacy of cancer vaccines, especially in immunocompromised individuals, such as cancer patients and more generally the elderly. However, as indicated above, age-related deficiencies in monocyte and macrophage function mediated by functional dysregulation of cellular signaling, and specifically of Toll-like receptor (TLR) pathway have been described. Activation of APCs relies upon stimulation of pathogen recognition receptors (PRRs) by conserved pathogen-associated molecular patterns (PAMPs) expressed on microbes, or endogenous danger-associated molecular patterns (DAMPs) released by injured cells. TLRs recognizing PAMPs and DAMPs under physiological conditions are expressed either on the cell membrane (TLR1, -2, -4, -5, -6, and -10) or on endosomal membranes within the cell (TLR3, -7, -8, and -9) according to the ligand - membrane TLRs bind lipids and proteins whereas intracellular TLRs bind nucleic acids (91, 92). PRR activation induces the release of chemokines and inflammatory cytokines, the recruitment of innate and adaptive immune cells, and stimulation of the APCs themselves via the induction of costimulatory molecule expression, including B7.1 (CD80), B7.2 (CD86) and CD40.

Studies on peripheral blood mononuclear cells (PBMCs) from elderly donors have shown that that aged DCs have a diminished ability in producing cytokines in response to inflammatory stimuli, and particularly to TLR1/2 and TLR7/TLR9 ligands, as well as an impaired capacity for presenting antigens to T cells (69–71). Such deficiencies have been associated with a decreased activity of PI3K that results in aberrant activation of NF-kB and therefore a weak, but chronic inflammatory state characterized by continuous release of IL-6 and TNF-α cytokines (93), the so-called phenomenon of inflamm-aging. The overall result is a compromised ability of DCs to orchestrate an efficient adaptive immune response in elderly individuals (59).

In view of these defects on DCs, TLR ligands which mimic PAMPs represent promising adjuvant candidates for cancer vaccines in elderly individuals. Synthetic TLR3, TLR7 and TLR9 agonists are likely the best candidates, as they mimic viral RNA and DNA PAMPs (94) which generally generate robust cytolytic CD8+ T-cell responses (95, 96). Specifically, TLR3 recognizes viral dsRNA and their synthetic analog Poly I:C (97, 98); TLR7 binds viral ssRNA, whereas TLR9 interacts with unmethylated CpG DNA from bacteria and viruses (91, 92). Three TLR ligands are FDA-approved for cancer therapy: Bacillus Calmette-Guérin (BCG), a TLR2/4 ligand, the TLR4 ligand monophosphoryl lipid A (MPLA) and the TLR7 agonist imiquimod. However, many other TLR agonists have proven their efficacy in pre-clinical and clinical studies.

The use of TLR agonists constitutes an efficient way to boost the efficacy and potency of cancer vaccines thanks also to their interaction with other immune and non-immune cells which can express TLRs, including T-cells and cancer cells. Indeed, poly I:C (TLR3 agonist) has been reported to stimulate the proliferation and survival of both CD4 and CD8 T cells in a CF-kB-dependent manner (99, 100). Additionally, in human CD4+ Th cells, the stimulation of TLR7/8 and TLR5 by resiquimod and flagellin increases IFN-γ, IL-2, and IL-10 release and enhances proliferation in an APC-independent manner (101). Other studies have shown similar effects of TLR9 stimulation on the survival and proliferation of CD4+ and CD8+ T-cells. This effect was mediated by NF-kB signaling and was associated with increased expression of the anti-apoptotic protein Bcl-xL (99). Furthermore, TLR9 stimulation of CD4+ T-cells can render them resistant to the immunosuppressive effects of regulatory T cells (Tregs) (102, 103).

Beside APCs and T cells, TLRs are also expressed by a multitude of cancer cells. Their direct effect on cancer cells is not completely defined, and probably much less important than their immune effects. The activation of TLR2 and TLR4 in cancer cells has been linked to tumor-promoting effects by promoting vascularization and cell invasion via the induction of COX-2, PGE2 and IL-8 (104, 105). Similar to TLR2 and TLR4, TLR7/TLR8 overexpression in lung cancer cells has been associated with pro-tumor effects through the activation of NF-kB and resulting in upregulation of inflammatory cytokines, the anti-apoptotic Bcl-2, the angiogenic VEGFR2 and several chemokine receptors associated with cell migration (106). TLR3 stimulation by Poly I:C or BCG has been implicated in promoting tumor cell death in a multitude of cancers, including breast cancer, colon cancer, bladder cancer, head and neck carcinoma, pharynx carcinoma, hepatocellular carcinoma, lung cancer and melanoma. TLR3 polymorphisms have also been linked to an increased risk of several cancers such as nasopharyngeal carcinoma, breast cancer, cervical cancer, and Hodgkin’s disease (107). However, TLR3 activation has been reported to induce cancer progression as well by the induction of VEGF, MMP9 and uPAR via Myc- and MAPK signaling (108). TLR5 signaling on cancer cells has been reported to inhibit tumor growth in various cancers, including breast cancer (109), head and neck cancer (110) and colon cancer (111). On the contrary, TLR5 stimulation in gastric cancer cells, notably by H. pylori, has been reported to increase IL-8 production, tumor cell proliferation as well as TNF-α expression levels that can support the suppressive effects of Treg cells (112, 113). Depending upon tumor cell types, TLR9 activation can stimulate or inhibit tumor cell proliferation (114–118) or induce caspase-dependent apoptosis (119, 120). The TLR9 agonist CpG-ODN has proved to be moderately effective in glioblastoma patients when injected intratumorally (121, 122).

In summary, various TLRs can be expressed on numerous cancer cell types and TLR3 and TLR5 appear to be the most promising adjuvants for combining direct anti-tumor properties with immunostimulant effects on APCs and T cells. However, the final effect of each TLR agonist relies on its immunostimulant properties. Therefore, the choice of the TLR agonist should be primarily driven by its ability to trigger T cell response in humans, which should be defined on a case-by-case basis for a given antigen.



Saponins

Saponin adjuvants are extracts from the plant Quillaja saponaria and possess potent inflammatory properties. QS-21 is the most commonly used adjuvant in vaccine formulations (123) and its immunogenicity has been attributed to the triterpene aldehyde group, which is capable of triggering the ASC/NALP3 inflammasome signaling and thus stimulating the conversion from precursor to activated forms of IL-1 β and IL-18 (124). The adjuvant QS-21 has been reported to elicit robust T-helper 1, CD8+ T cell and humoral responses in preclinical studies. Besides such immunogenic properties, QS-21 strongly activates the inflammasome thus causing cell membrane lysis and apoptosis of APCs (124). QS21 has also been tested in clinical trials, mostly as adjuvant of cancer vaccines targeting ganglioside antigens and, despite strong humoral responses, no significant cellular immune responses were observed. Its efficacy in cancer vaccine appears thus limited.

QS-21 has also been used as part of more complex vaccine formulations combining multiple adjuvants, for instance ISCOMATRIX incorporating the saponin adjuvant with antigens in a micellar structure (125), and AS01 and AS15 combining QS-21 with MPL (126).



Stimulator of Interferon Genes Agonists

Stimulator of Interferon Genes (STINGs) are transmembrane proteins that induce a robust Type I IFNγ response upon activation and are expressed at the highest levels by T cells. STING activation can lead specifically to T cell apoptosis since DCs or macrophages do not exhibit such sensitivity (127). STING agonists are combined with adjuvant systems that specifically target myeloid cells (128) and are capable of reprogramming MDSCs towards a DC-like phenotype expressing IL-2 and co-stimulatory molecules (129). However, differential binding properties of these agonists to human and murine cells poses a challenge for the development of clinical strategies.

Ideally, implementation of STING agonists in cancer vaccines should be combined with potent adjuvant/delivery systems such as liposomes or polymeric nanoparticles or inorganic materials to minimize systemic dissemination that can cause toxic cytokine storm and limited bioavailability.

Currently, ADU-S100 and MK-1454 are being tested along with immune checkpoint inhibitors (ICIs) in early phase clinical trials in patients with advanced/metastatic solid tumors or lymphomas (NCT03172936, NCT03010176). Both require accessible lesions for intratumor injections to avoid systemic toxicity.




Delivery System as Adjuvants

The classical classification of delivery systems and immunostimulant adjuvants is practical, but not dichotomic since several adjuvants can act as a delivery platform for antigens, while also having some immunomodulating properties. Adjuvants traditionally classified in this category mainly act by improving antigen stability, preventing antigen degradation and finally optimizing its processing and presentation to T cells. The most important delivery system adjuvants and their mechanisms are described below.


Mineral Salts

Alum is by far the most used adjuvant in approved human vaccines against various infectious organisms (130). Aluminum-based adjuvants are traditionally classified as a delivery system type because their depot effect at the injection site leads to a slow release of the antigens. However, recent reports showed that alum is also capable of stimulating the innate immune response by activating the NLRP3/NALP3 inflammasome complex and triggering the release of uric acid (131, 132).

The adjuvant effect of alum in vaccines against infectious agents essentially results from an induction of a sustained Th2 response, as characterized by antibody production, but generally fails to mount a strong cellular (Th1)-based immune responses that are necessary for robust protective anti-tumor immunity. Hence, the use of aluminum-based adjuvants in cancer vaccines is of limited use (130). However, studies have been able to show that alum can also induce a cytotoxic immune response (133), as well as a clinical efficacy in cancer patients in terms of survival (racotumomab-alum vaccine directed against NeuGcGM3 tumor-associated ganglioside) (19). In addition, recent studies have shown that alum can elicit robust immune responses and have anti-tumor efficacy (in terms of inhibited tumor growth and prolonged survival) when used in nanoscale (134). Nano-aluminum adjuvants can indeed carry more antigens and more efficiently present them to antigen-presenting cells (APCs) in lymph nodes compared to traditional aluminum salt adjuvants which tend, instead, to remain at the injection site because of their positive charge and large particle size (135, 136).



Emulsions

Emulsions are typically classified as water-in-oil (W/O) or oil-in-water (O/W) formulations and mainly act as delivery system of antigens in the injection site, thereby allowing a slow and prolonged release of the latter. Nevertheless, they also have some immune adjuvant properties by inducing local inflammation and promoting the recruitment of APCs as well as their phagocytic uptake of antigen (137–139).

Complete Freund’s adjuvant (CFA) was the first water-in-oil emulsion to be developed (1930). CFA is a highly potent adjuvant which contains heat-killed mycobacteria but induces a strong local inflammation that often leads to ulceration at the site of injection. Given its adverse effects, CFA is not permitted for use in humans.

Incomplete Freund’s adjuvant (IFA) is also a W/O emulsion, but without mycobacteria. IFA induces more manageable adverse events than CFA and is the “golden standard” of this group of adjuvants for assessing the immunogenicity of antigens in mice. IFA has proven to induce both cellular and humoral immune responses (140–143) and its human equivalent, Montanide ISA-51, has been and continues to be widely used in peptide cancer vaccine formulations in many trials (melanoma, renal carcinoma) (144, 145) (Figure 2A). Other studies, however, have shown negative effects of IFA and, more generally, of all W/O emulsions. The slow persistent release of the antigen coupled with the local inflammation induced by the emulsion itself can actually result in the sequestration of primed CD8+ T cells at the injection site, when using short peptides, leading to limited T cell homing to the tumor and T cell tolerance (146–149). In addition, W/O emulsions are usually associated with Toll-Like receptor (TLR) agonists and numerous studies have reported a detrimental effect of W/O emulsion on T cell responses triggered by TLR agonists (150).

MF59 is an O/W squalene-based emulsion that is currently licensed for human influenza vaccines (151, 152). As for other adjuvants historically included in this group, MF59 also appears capable of triggering cellular and humoral responses. Indeed, MF59 can promote leukocyte recruitment by inducing macrophages and dendritic cells to secrete several chemokines. MF59 has proven to be effective in elderly subjects in human trials and is currently used in a flu vaccine for individuals > 65 years. The use of MF59 is limited in cancer vaccine strategies because of the primal Th2 response. However, in combination with CpG ODN (cytosine guanine dinucleotide oligodeoxynucleotides, TLR9 agonist), MF59 has proven to induce effective anti-tumor responses in several murine cancer models (94, 153).



Liposomes

Liposomes are phospholipid vesicles which are used as delivery carriers for antigen or also immunostimulatory adjuvants (154, 155). Allison and Gregoriadis, in 1974–1976 innovated the liposomes and since then all their derivative nanovesicles have become important delivery systems for vaccines. Positively charged liposomes have been reported to trigger more potent immune responses compared to negatively charged liposomes. This efficacy is attributed to both more efficient phagocytosis of positively charged liposomes by APCs (156) and reduced lysosomal degradation of antigens because of a higher pH (157). The key advantages of liposomes are their versatility, plasticity, biocompatibility, and biodegradability. Various choices for the composition and preparation can be achieved from a selection of lipids to target the desired charge, size, distribution, traveling and location of antigens or adjuvants for cancer vaccines (155). However, using liposomes for human applications is restricted due to the lack of stable manufacturing of vaccine-grade liposomes and their high cost (155, 158). To resolve these obstacles in co-formulation, a manufacturable, synergistic anionic liposome platform with TLR4/TLR7 agonists ready for use in clinical trials has been developed (159).

Many animal models using liposomes as delivery agents have shown that liposomal cancer vaccines have superior efficacy over the non-liposomal vaccines (158, 160, 161). In mice challenged with Lewis lung carcinoma cells, liposomal vaccines combining basic fibroblast growth factor and the adjuvant monophosphoryl lipid A (MPLA) induced tumor-specific antibodies and Th1-type immune responses (160). Liposomal delivery of the lipid antigen α-galactosylceramide induced anti-tumor immunity that was protective against lung metastases in 65% of B16 F10-tumor-bearing mice, by activating the NKT cells in the spleen (161). Park et al., developed a peptide-CpG-liposome complex vaccine which was proven to efficiently elicit humoral responses (anti-hTM4SF5 antibodies) and inhibit cancer growth in various murine tumor models (pancreatic cancer, metastatic hepatocellular cancer, colon cancer, lung metastasis model) (162). Liposomal vaccines have also been reported to elicit strong cytotoxic T lymphocyte (CTL) responses against tumor-associated peptides, as in the case of Lip-DOPE-P5-MPL, where the P5 peptide was encapsulated in a complex of 5 lipids (DMPC, DMPG, cholesterol, DOPE and MPLA) conjugated with maleimide-PEG2000-DSPE (163). In a mouse model of neuroblastoma, liposomal delivery of CpG ODNs has been shown to elicit potent anti-tumor effects, whereas the CpG-alone group failed (119). Liposomes were also proven to increase the uptake and stimulation of APCs leading to anti-tumor efficacy when used as delivery system of DNA or RNA complexes in mice (164). Recently, a novel lipopolyplex vector (multi-LP) was proposed for the in vivo delivery of mRNA by incorporating the immune adjuvant α-galactosylceramide (α-GalCer) and a multivalent cationic lipid to target the dendritic cells (DCs) without cell-specific functionalization or ligands (165).

In addition to the above, several clinical trials using liposomes as carrier system for vaccine have reported safety, capability of inducing prolonged antigen-specific CD4+ and CD8+ T cell responses, as well as prolonged survival in various cancers, including non-small-cell lung carcinoma (NSCLC) (166), melanoma (167, 168), follicular lymphoma (169) ovarian (170), breast and prostate cancers (171).

In conclusion, liposomes are versatile delivery systems which can load antigens, proteins, peptides, nucleic acids, and carbohydrates, as well as for the formulation of new types of vaccines targeting the lymphatic system or specific APCs such as macrophages or DCs.



Virosomes

Virosomes are spheres of natural or synthetic phospholipids (liposomes) incorporated into which are virus envelope phospholipids and viral spike proteins. They were identified in 1975, but the first virosome-based vaccine in humans was Inflexal V for influenza in 2009 (158). Virosome-based vaccines are currently commercialized as preventive vaccines for HPV16 and 18-related cancers (Cervarix™ and Gardasil®) (172, 173). Virosomes were widely utilized in cancer vaccines because they are incapable of replicating and therefore are not infectious but retain the ability of the parenting virus while carrying tumor-specific antigens to the APCs to induce immunity (174). Thus, virosomes increase the tumor-specific antibody and T cell responses (175, 176), as has been observed in phase I clinical trial on metastatic breast cancer patients (177, 178). The main advantages of virosomes as efficient prophylactic and therapeutic agents are tissue targeting, immune activation and potentiation. Application of virosomes in cancer vaccine will open a new prospective with multiple safe advantages as a unique delivery system (179–181). Recently, adding magnetic agents to HA-virosomes has been proposed as a ground-breaking innovative platform for treating cerebral tumors by enabling targeting using an external magnetic field from a magnetic helmet (182).



Nanoparticles

Nanoparticle carriers have the advantage to specifically target the APCs by various formations and strategies. The main types of nanoparticle adjuvants under development include metals, carbon nanotubes and polymers.

Metallic nanoparticles have various advantages over polymers and liposomes thanks to their multifunctional properties such as their small particle size, superparamagnetic properties and biocompatibility. Metallic nanoparticles such as γFe2O3, Al2O3, TiO2, ZnO, and SiO2 enhance immune responses mainly by acting as antigen carriers that deliver directly to APCs. Specifically, γFe2O3 with a positive surface charge can be absorbed by proteins with negative charge, promote the immune response and enable labeling and tracking cells at the same time. Enhancing the cross-presentation ability of DCs and T cell activation confers great potential on superparamagnetic iron oxide nanoparticles as adjuvants. However, the mechanisms are still not well defined (183). Gold nanoparticle platforms have been more widely applied in tumor models, challenges with regards to approval from the Food and Drug Administration (FDA) remain a challenge for translating these into the clinical setting (184). Recently, gold nanoparticle surfaces were coated with high cargo density of polyelectrolyte multilayers or peptides to promote the antigen-specific T cell response (184, 185).

Carbon nanotubes are extensively used in cancer therapeutics due to their large surface area and good conjugation and encapsulation properties. In the field of cancer vaccines, carbon nanotubes have been especially proven to enhance the embryonic stem cell-based cancer vaccine response in murine colon cancer model (MC38) (186). Despite the encouraging results in pre-clinical studies, the use of carbon nanotubes in humans has been hampered by their potential toxicity. Conflicting data is indeed reported on carbon nanotubes biocompatibility and biodegradability (187).

Although polymeric particles have been used in product development for several decades, they have not until relatively recently been considered for vaccine development. However, PLGA (poly lactic-co-glycolic acid) nanoparticles have now been approved for human use by the FDA and the European Medicines Agency (EMA) after being considered as the most nontoxic and slowly degraded vaccine delivery system (188) for target-specific and controlled delivery of drugs, peptides, proteins, antibodies and genes in cancer. Linear polyethyleneimine was recently developed for chemical coupling of protein/peptide ligands to form nano-polyplexes with plasmid DNA or RNA which deliver the nucleic acids into the targeted cells without associated toxicity to healthy cells (189). The delivery of DNA and mRNA using such an approach has a number of advantages, including being safer alternatives to viral vectors, colloidal stability (190, 191) can be exploited using injection-free gene delivery systems (192–194), and the ability to modify with targeting moieties like mannose (195).

In addition to the main nanoparticles above-mentioned, other promising nanoparticles are under development as adjuvants in cancer vaccines. For instance, to enhance the tumor penetration capability, positively charged nanoparticles based on the most abundant polysaccharide in nature (chitosan) have been developed over two decades of research on very complex optimized systems. Also, synthetic melanin nanoparticles have been reported to be an innovative adjuvant for cancer vaccines, in that they efficiently localize to draining lymphoid tissues and exhibit strong immunostimulant properties when loaded with both short and long peptides in mice (196). A melanin-based vaccine in combination with a TLR9 has also proved to be a strong anti-tumor efficacy in cancer murine models and compares favorably with the classical formulation of IFA and TLR9 agonist (197).

Current nanoparticle-based strategies in cancer vaccination and immunotherapy vary. Therapeutic nanomaterials enhance the efficacy of cancer vaccines by increasing the lymphatic delivery of specific antigens or by combining targeting approaches with stimulating materials to synergize and/or modulate immune activation. Primarily, the nanocarriers load the adjuvants by hydrophobic or electrostatic interactions which elevate the immunogenicity of tumor antigens (198). The potential co-delivery of antigens and adjuvants such as TLR ligands to DCs can boost the induction of protective anti-tumor immunity. Thus, the therapeutic cancer vaccine becomes essentially a nano-package of antigen, adjuvant and nano-carriers. For instance, the aliphatic polyesters PLGA and poly-ϵ-caprolactone (PCL) have proven to be efficient vectors for increasing their uptake by DCs due to their critical size, surface charge, surface functionalization and route of administration (199, 200). However, the efficacy of such an approach was proven in minimal residual disease conditions instead of the typical clinical condition of large bulky tumors. The co-delivery of adjuvants with nano-based formulations enhances the cross-presentation and/or skews the immune responses to the desired CD4+ T helper phenotypes. Specifically, cancer nano-vaccines co-deliver peptides and TLR9 agonists (201, 202), and gold nanoparticles the anionic TLR3 agonist poly I:C co-delivered with cationic antigen peptides (185). In addition, nanoparticles can support a combinational use of adjuvants to permit exploitation of synergy among certain TLR agonists (159, 203–205). A significant therapeutic example in a late-stage murine melanoma model has been combining the peptide epitope of tyrosine-related protein 2 (Trp2) and CpG-based nano-vaccine with siRNA against TGF-β, which is one of the major cytokines responsible for induction and maintenance of an immunosuppressive tumor microenvironment (206). Effective cross-presentation was promoted using pH-sensitive delivery systems that retain their cargo under the physiological conditions and release antigens in the endosomal microenvironment (~pH 6) (207, 208). Alternatively, an oxidation-sensitive polymersome can respond to the oxidative environment of endosomes to trigger the delivery of antigens and adjuvants in the cytosol (209). Furthermore, modification of liposomes with a cell-penetrating peptide or gold nanoparticles with tumor antigens has also been shown to promote cross-presentation (210, 211).

Although several vaccination strategies have been tested in vivo, therapeutic benefits remain mixed and a huge gap between material research, preclinical experimentation and clinical reality remains. Further research into the use of PLGA are warrantied to bridge this gap (199). The delivery of whole-cell cancer vaccines has been accomplished using a PLGA matrix containing tumor lysate as the source of tumor antigens, granulocyte macrophage colony-stimulating factor (GM-CSF) for recruitment of DCs in situ, and CpG for DC activation. This PLGA matrix elicited antigen-specific CD8+ T cells and increased both prophylactic and therapeutic anti-tumor efficacy (212). Alternatively, plasma membranes of tumor cells have been extracted and coated onto polymeric nanoparticle cores along with the TLR4 agonist MPLA as a tumor cell-mimicking cancer vaccine (198).

Although targeted delivery to DCs and the induction of CD8+ T cell responses can be achieved using nano-vaccines consisting of CD40 Ab-modified nanoparticles (213), the efficiencies of DC-targeting and induction of adaptive immune responses require optimization as different DC subsets have characteristic sites of tissue residence, receptor expression profiles and functions (214). Moreover, targeting distinctive tissue sites such as murine lymphoid tissue-resident CD8+ DCs and, for human, CD141+BDCA-3+ DCs and Langerhans cells requires further study for nano-vaccines (215, 216). The efficient draining of nanoparticle carriers to lymphoid tissues has been qualitatively and quantitatively demonstrated using fluorescent or contrast agent-based imaging. For example, a polyester nanoparticle system loaded with ovalbumin (OVA) has been labeled with a near-infrared probe (216), and PLGA nanoparticles have been designed to carry iron oxide particles conjugated with fluorophore-labeled peptide antigen (217). Additionally, synthetic melanin nanoparticles have efficiently localized to the draining lymphoid tissues and have potent immunostimulant properties when loaded with short or long peptides in murine models (196, 197). Delivery systems having different particle sizes composition, morphology, and surface chemistry of particles are promising candidates to be translated into clinics to confirm delivery to the draining lymphatics (218).



Novel Biomolecule-Based Targeting Strategies

To induce tumor immunity, Fc gamma receptor (FcgR) targeting strategies coupled with antigens have been explored for the purpose of activating both CD8+ and CD4+ T cells. FcgR cross-linking to improve T cell priming can be achieved via the formation of immune complexes in vivo (219). For vaccine purposes, the conjugating of a universal tetanus-derived synthetic peptide (minimal tetanus toxin epitope, MTTE) with viral or tumor derived antigens - also in the form of synthetic peptides - can facilitate immune complex formation and FcgR cross-linking which results in DC and T cell activation (220, 221). Alternative strategies to target DCs include fusion strategies based on IgG scaffolds that introduce antigen epitopes in the CDR region and vaccine delivery using a DNA based vector system with the aim to target the high affinity FcgRI (222, 223). The goal and advantage of these technologies is to provide a single drug entity which can harness both the adjuvant and targeting of the antigen to APCs, as well as the potential antigen half-life extension that the methodology provides. It also ensures that HLA/peptide off-rate is not the determining factor for antigen delivery to the lymph node. The challenges presented by these approaches are the species differences in the receptor and immunology biology as well as the costly production of, for example, antibody-based therapies, if used as such.




Combinatorial Strategies to Improve Cancer Vaccine Efficacy in the Immunosuppressive Context of Cancer Patients


Combining Different Adjuvants to Induce More Extensive Immune Responses

The ideal adjuvant for a cancer vaccine formulation should (i) protect antigens from degradation, (ii) stimulate efficient uptake of the antigens by APCs, (iii) activate these APCs to efficiently present the antigen to T cells in order to trigger a strong Th1/CTL response and long-term memory T cells. One single adjuvant may not provide all of these effects at the same time. Thus, a combination of a delivery system adjuvant and an immunostimulant adjuvant is commonly chosen for cancer vaccine formulation (Figure 3). For instance, montanide (for depot effect) and a TLR ligand (for APC stimulation) constitutes a common combination of adjuvants for anti-cancer vaccine (224). Based on preclinical studies, combining several TLR agonists or anti-CD40 antibodies with a TLR ligand could potentiate the adjuvant effect by activating different APCs simultaneously and further inducing more extensive CD8+ T cell responses (225–227). However, the realization that formulations and the design of the antigen can negatively influence the expansion of a systemic immune response is of importance and should trigger in depth characterization of both the design and physiochemical properties of vaccine components, and the pharmacokinetic profiles and administration dose and schedule, to achieve proper anti-tumor responses.




Figure 3 | Improving the efficacy of cancer vaccines: Combinational approaches.



Another strategy to enhance the efficacy of cancer vaccines could be combining it with systemic immunostimulatory agents such as cytokines, especially IL-2 or GM-CSF. Systemic IL-2 in combination with gp100 peptide-vaccine in patients with melanoma has delivered significant efficacy in terms of objective response and progression-free survival compared to IL-2 monotherapy. However, at such high doses, IL-2 caused numerous toxicities if not formulated correctly (3).



Blocking VEGF to Restore Tumor Vessels and Promote T Cell Homing to Tumors

Following the induction of peripheral immune response by cancer vaccine, specific anti-cancer T cells need to penetrate the tumor to attack cancer cells. Unfortunately, the tumor vasculature is reported to express reduced levels of leukocyte adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), and an aberrant overexpression of immune checkpoints including PD-L1, the death receptors FasL and TRAIL, and IDO, all of which impede the infiltration and function of activated T cells into/in the tumor microenvironment (228).

Anti-angiogenic treatments such as bevacizumab (vascular endothelial growth factor—VEGF—inhibitor) have been reported to restore a normal vasculature within tumors and increase the expression levels of ICAM-1 (229). Additionally, VEGF has also been proven to inhibit T cell and DC activation (230, 231). Therefore, combining an anti-angiogenic treatment such as bevacizumab (VEGF inhibitor) with vaccine seems a valid strategy to enhance the anti-cancer T cells (triggered by the vaccine) homing to tumor. Other molecules such as all-trans retinoic acids, anti-inflammatory triterpenoid, tyrosine kinase inhibitors (sunitinib), IL-12 and anti-IL-6R antibodies, anti-CSF-1R, anti-CCL2 have been reported to reduce tumor infiltration by MDSCs and improve the efficacy of cancer vaccines (232–237). Finally, STING agonists possess the ability to convert MDSCs from a suppressive into a type-1 immune profile (129).



Depletion of Immunosuppressive Leucocyte Populations by Combining Chemotherapy With Cancer Vaccines

Chemotherapy has long been considered to conflict with immunotherapies due to its leucocyte depleting effect. However, several peripheral and intratumoral leucocyte populations have immunosuppressive properties, thus reducing the efficacy of tumor-reactive cytotoxic T lymphocytes CTLs. A therapeutic strategy could thus rely on combining therapeutic cancer vaccine with leucocyte-depleting chemotherapeutics that target such populations.

Regulatory T (T reg) cells are particularly known for inhibiting CTL functions through the release of the anti-inflammatory IL-10, FGF-B and adenosine as well as the ‘consumption’ of IL-2 in the microenvironment, thereby reducing its availability for T cells. Combining cancer vaccines with molecules that can reduce the number of Treg cells, such as cyclophosphamide or low dose temozolomide (TMZ) thus constitutes another valid approach to improve the efficacy of anti-tumoral CTLs (126, 238, 239). Several studies indicate that 3–7 days after these chemotherapies may be the best timing to administer the cancer vaccine (84, 240, 241).

MDSCs represent another immunosuppressive leukocyte population frequently found in the tumor microenvironment which can limit the efficacy of anti-tumoral CTLs. Several myeloablative chemotherapeutics are known to decrease both peripheral and intra-tumor MDSCs, such as platinum salts, taxanes, gemcitabine, 5-Fluorouracil (242–244). The rationale of combining chemotherapy with therapeutic cancer vaccines to deplete MDSCs and boost vaccine-induced CTL responses has been reported in several studies (84, 238, 245). Specifically, in carboplatin-paclitaxel regimen the normalization of myeloid cells begins 2 weeks after the second cycle of chemotherapy and the administration of cancer vaccine at this point resulted in stronger vaccine-induced responses in preclinical and clinical studies (246–249).

Other studies reported improved anti-tumor responses also when chemotherapeutic agents were given simultaneously with the vaccination, as in the case of metronomic cyclophosphamide (170) or association of cyclophosphamide, paclitaxel and docetaxel (250). Given these results, the optimal schedule may be starting with chemotherapy cycles and following with concomitant chemotherapy and vaccination.



Enhancing Cytotoxic T Lymphocyte Function by Combining Cancer Vaccines With Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs), including antibodies against programmed cell death protein-1 (PD-1) or its ligand (PDL-1) and cytotoxic T-lymphocyte antigen-4 (CTLA-4) have proven to enhance anti-tumor immunity and efficacy in several cancers. However, a large subset of patients does not benefit from ICI therapy, with a reported objective response rate for anti-PD1 varying from almost absent (pancreatic cancer, glioma, microsatellite-stable colon adenocarcinoma) to 15–30% for most cancers, and 50–80% for few cancers including melanoma, Hodgkin lymphoma, squamous cell carcinoma and Merkel carcinoma (251). This low response rate observed in most cancers is likely related to a limited specific T cell response developed against cancer cells, especially for tumors with a low mutational burden. Therefore, combining a cancer vaccine, which can elicit specific T cell responses, and ICIs represents an attractive therapeutic option. Based on positive results in pre-clinical models (252–254), several clinical trials are now evaluating novel personalized vaccines against neoepitopes specific of each patient in combination with ICIs (NCT02950766, NCT02897765, NCT03289962) (Figures 2B and 3). However, few studies address the point of the choice of a specific molecule. One preclinical study reported that anti-4-1BB antibody was superior to achieve anti-tumor efficacy in combination with peptide cancer vaccine compared with other immunomodulating antibodies (255). Also, the timing of combination therapy is rarely discussed in clinical trials, but some reports suggest that immune checkpoint inhibitors better synergize with the vaccine when administered at the time of the boost rather than at the prime (256).



Combining Cancer Vaccine With Radiotherapy to Favor Antigen-Presentation by Cancer Cells

Numerous studies have shown the immunogenic properties of radiotherapy. Tumor irradiation can indeed induce immunogenic cell death (ICD) (257, 258) and thus lead to tumor regression even at distance sites, the so-called abscopal effect (259, 260). Additionally, radiotherapy has been reported to stimulate the expression of several molecules in cancer cells including MHC class I, death receptors, adhesion molecules, Fas, thus promoting CTL-mediated killing (261, 262). Therefore, combinatorial strategies of irradiation with the therapeutic cancer vaccine also constitute an attractive treatment option (263–265) (Figures 2B and 3). However, radiotherapy is also responsible of reducing tumor infiltrating effector cells during the radiation regimen (266). Yet, the ultimate effect of radiotherapy synergizing with cancer vaccines is partly due to the vessel normalization that allows a better infiltration of T cells enhanced by the vaccine (267). Another preclinical study reported the best efficacy of vaccine when is administered 5 weeks after radiotherapy (268). In light of these findings, the combinatorial strategy of radiotherapy and cancer vaccine has more potential to succeed when radiotherapy is given first, followed by the vaccine (269).




Understanding and Manipulating the Patients’ “Life-Style” to Increase Vaccine Potency

Although life expectancy has increased in Europe over the last 30 years, the so called “healthy life expectancy” has not, and many suffer from some form of chronic disease in the last 9–11 years of their life after the age of 65. In fact, 85% of deaths are caused by chronic diseases such as cancer, cardiovascular disease, chronic respiratory disease, diabetes, and mental illness, with 70 to 80% of healthcare costs being dedicated to the treatment and management of these conditions and diseases. Moreover, whereas cardiovascular diseases are the main cause of death after the age of 65, cancer remains the first and second cause of death before and after the age of 65 respectively. Risk factors known to be involved in chronic disease include repeat infections, obesity, diet, tobacco, radiation and environmental factors, all of which induce chronic disease through the induction of inflammation. Correctly regulated acute inflammation is the normal response to pathogens, irritants or damaged tissue, whereas chronic inflammation results from a failure to completely eliminate the pathogens, the inability to enzymatically remove the irritant, the body turning against self-proteins. However, chronic inflammation can also be the results of recurrent acute inflammation. In recent years, the importance of the microbiota has been revealed, including alterations during chronic inflammation. Furthermore, more recent work has highlighted how a disturbed microbiota cannot only play a part in exacerbating inflammation but can drive the process. For example, in immunotherapy against cancer, studying a patient’s intestinal microbiota composition can be used to stratify patients into “responders” versus “non-responder” according to their intestinal microbiota composition (270, 271). Indeed, in the study from V. Gopalakrishnan et al., 2018 (271), patients with metastatic melanoma who responded to anti-PD1 treatment, with longer progression-free survival, were found to have a higher diversity of bacteria as well as a significantly higher number of the Ruminococcaceae family in their fecal microbiota. Interestingly, the prevalence of this family of bacteria increases during alcohol abstinence and inversely correlates with intestinal permeability (272). This species has also been shown to have in vitro and in vivo anti-inflammatory properties (273). Importantly, similar studies in mice have demonstrated that response to treatment could be transferred from responders to non-responders via fecal transplantation into tumor-bearing germ-free mice (271). However, other studies have shown the importance of other bacteria such as Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus faecium, and Akkermansia muciniphila the latter being systematically found in higher number in patients with advanced melanoma who respond to anti-PD-L1 treatment (274), whereas patients with advanced urothelial carcinoma, non-small cell lung cancer, and renal cell carcinoma who received antibiotics before, during and after treatment all experienced reduced progression-free survival and lower overall survival rates, thereby demonstrating the importance of not disturbing the microbiota (275).

Most cancer vaccines, including cancer vaccines, will require some form of adjuvant to either induce/boost a response, increase the speed of the response, allow for a more reduce dose to be used and/or reduce the number of immunizations. In view of the importance/influence the microbiota on a person’s overall wellbeing and the immune system in particular, it is of prime importance to understand ways to improve this biodiversity, as well as to increase the number of “beneficial” bacteria present in the patient’s intestinal microbiota before, during and after vaccination. Increasing the diversity of bacteria within the intestinal flora has been shown to improve metabolic and immunological functions (276). No clear data is available about cancer vaccine, but the efficacy of vaccination against several pathogen has been clearly correlated with microbiota. Microbiota can indeed act as a natural vaccine adjuvant and specifically as ligand for different TLRs. Flagellin (TLR5 ligand) from microbiota seems to play a crucial role since levels of TLR5 have been correlated to the magnitude of humoral response (277). Recently, microbiota has also been reported to enhance anti-tumor response when used as a real cancer vaccine adjuvant in a murine model [EGFR vIII-expressing Listeria vaccine, (278)].

In light of these results, the use of probiotics, or novel genetically modified bacteria, may improve the efficacy of cancer vaccine. In addition, the microbiota is sensitive and will respond to physiological changes taking place in the host due to internal and external factors such as lifestyle, exercise, diet and the physiology of the host and this, in turn, will influence the well-being of the host. Exercise has already been shown to have a role in reducing the risk of cancer, and to be associated with a lower incidence of cancer and a lower risk of recurrence (279, 280). These effects and associations have been linked with the ability of exercise to influence immune cells such as NK, T cells, B cells and DCs, all of which have been found at a higher density within the tumors of animals who had been allowed to freely use an exercise wheel (281). Out of all these cells, NK cells (which express the highest number of β-adrenergic receptors) were the most sensitive to exercise, in that they were recruited within minutes after the start of exercise (282). These effects were shown to be driven, at least in part, by exercise-induced increases in catecholamine production (282). Moreover, the relationships between the hypothalamic-pituitary-adrenal (HPA) axis, the autonomic nervous system and the immune system and its effect on the microbiota have previously been neglected and certainly never been taken into account prior to, or during cancer vaccine treatment. Yet, this Gut-Brain axis is bi-directional whereby gut-microflora and brain communicate and are influenced by each other’s signals via neural, endocrine, humoral and immune links. Therefore, as highlighted above, activities such as exercise which increases the level of neurotransmitters such as catecholamines, and the consumption of certain food such dietary fibers which will increase the production of short chain fatty acids such as butyrate, generated by anaerobic bacteria during fermentation which in turn will influence the production of neuropeptide such as NPY, will have a significant impact on the activation or suppression of certain immune cells. Butyrate itself is a histone deacetylase inhibitor that has been shown to suppress tumor growth (283–285). NPY receptors are widely expressed on immune cells, especially Y1R, which exists on almost every type of immune cells, and have an important yet diverse role on the immune system, having both negative as well as activator functions (286) [For a full review on the immunomodulatory activity of NPY please read Chen et al. (287)]. Targeting selectively certain neuropeptide receptors will therefore open more drug development to improve vaccine potency as well as offer novel vaccine deliver system.

NPY levels often increase during stress responses, and NPY receptors are shown to be overexpressed by many well-innervated cancers such as prostate cancer, the trans-differentiation of which into aggressive neuroendocrine prostate cancer (NEPC) after a long period of androgen-deprivation-therapy (ADT) treatments often leads to metastasis progression and incurable disease. NEPC expresses high levels of β2-adrenergic receptors (ADRs) which can be activated by adrenergic signals triggered by depression or chronic stress, which is prevalent in men with prostate cancer. Improving the efficacy of immunotherapies will therefore require approaches to attenuate the immunosuppressive nature of the tumor microenvironment (TME), increase the biodiversity and the number of “good” bacteria as well take into account the impact of depression and chronic stress.

Although the precise mechanisms underlying such intricate connections are only now starting to be elucidated there is absolutely no doubt that they will need to be carefully assessed if one wants to achieve optimum vaccine efficacy. However, most of the scientific vaccine community is now focused on the microbiota, forgetting the rest of the axis.

Therefore, future successful cancer therapy as well as vaccination strategies may be those that approach the therapy using both an effective vaccine but also include therapeutic strategies that influence the life-style impacting the immune system.



Conclusions

Therapeutic vaccines represent an attractive strategy to stimulate the immune system against cancer in combination with standard therapies. However, multiple cancer vaccines have not yet achieved significant clinical efficacy. Their limited efficacy is certainly in part related to the poor immunogenicity of the vaccine itself in many cases, but also to the difficulty of inducing an effective immune response in the compromised immune system of cancer patients. Indeed, cancer cells successfully grow by establishing an immunosuppressive tumor microenvironment to protect themselves from host’s immune attack. To add to this the median age of cancer patients is 66 years old and the immune system is known to become less efficient and more dysregulated as people age. However, while on the one hand the immune system declines over time, a phenomenon known as immunosenescence, aging is also known to be associated with a low, but persistent level of inflammation, inflamm-aging, which also leads to dysregulation of innate and adaptive immune cells. Therefore, the choice of adjuvants in vaccine formulations needs careful optimization for each vaccine as well as for each patient if the maximum immune response and clinical efficacy in such a compromised condition is to be achieved. Globally, given the crucial role of CD8+ T cells in tumor control, adjuvants capable of eliciting cellular response, rather than humoral, are certainly preferable. Indeed, levels of CD8+ T cells induced after cancer vaccine have been correlated with tumor regression in both murine and clinical studies (256, 288). More specifically, promising adjuvants are those that proved to favor dendritic cells maturation (the principal APC in tumor context) and cross-presentation. Among the formers, STINGs and TLR agonists (especially CpG, albeit more in mice than in human and poly I:C) demonstrated the most encouraging results. The induction of DC maturation is in fact a crucial point in vaccine strategy to avoid self-antigens tolerance. In addition, given the defects on DCs described in elderly individuals, TLR ligands likely represent the most promising immunomostimulatory adjuvant candidates for cancer vaccines in these patients. Beside the maturation of DCs, the ideal vaccine formulation should also favor the cross-presentation of antigens to CD8+ T cells by DCs. In that respect, several vectors are under development. Although live vectors from virus or bacteria can efficiently induce cross-presentation of antigens, the vector itself being immunogenic, elicits an immune response. Therefore, after the first dose of vaccine, the subsequent boost doses need to use different vectors in order to overcome the neutralization of vectorized vaccine by host immunity. Consequently, this approach has limited prospects in clinical practice. Other not live vectors showed interesting results in mice, such as liposomes, virosomes or nanoparticles. They have the advantage of being able to deliver different source of antigens (RNA, DNA, proteins, peptides, …) and adjuvants and also be immunostimulatory by assembling both molecules in a package and carry it to secondary lymphoid organs. Compared to classic depot adjuvants such as IFA or MF59, these vectors, allow antigens to reach directly the lymph nodes in order to induce a more efficient cross-presentation between DCs and T cells. The use of these adjuvants may thus overcome the detrimental effect that some study reported for W/O emulsions, related to the persistent release of antigen and the inflammation in the injection site. In fact, if in one hand the slow release of antigen may promote a stronger immune response, on the other hand it can lead to T cell anergy if DCs are immatures or T cell sequestration at the injection site has occurred. However, although very promising, vector adjuvants have not yet demonstrated convincing efficacy in humans.

In the light of these results, not-depot adjuvants are thus preferable, but the schedule of this particular type of vaccination is still a crucial point, and unfortunately not directly addressed in clinical trials and only rarely in pre-clinal studies. A too short period between boost and priming vaccinations might indeed lead to immunological tolerance against the antigens. In a mouse model, Wick et al. reported a decline of response from 30% to 15% (circulating specific T cells) by day 10 of daily vaccinations with a formulation using poly I:C and OVA protein (289). Another study by Stark et al. showed similar results in a B16-OVA melanoma model using a vaccine formulation with archae liposoms (archaeosomes) (290). In this study, the authors vaccinated mice with a regular interval of 0, 21, 42, 72 and 110 days and a decline of response was seen after the third dose. However, beside the potency of immunological response (amount of specific T cells) induced at the time of vaccination, it is also important to achieve a prolonged tumor protection. This latter has been particularly correlated with a central memory phenotype (CD62Lhigh) of vaccine-induced T cells, rather than effector memory (CD62Llow). In that respect, interestingly, in the prophylactic model of Stark et al. even if a single dose of vaccine triggered a lower frequency of antigen-specific CD8 T cells than multiple doses, the late tumor protection was similar (tumor challenge on day 323). These results highlight the importance of the quality of the immunological response besides the quantity.

Lastly, different combinatorial approaches are being explored trying to enhance the efficacy of the vaccine. Despite the numerous encouraging results in pre-clinical studies, clinical responses to cancer vaccine as monotherapy have been rather anecdotal so far and they are mostly reported in case of pre-neoplastic lesions or low tumor burden. However, the goal of a therapeutic cancer vaccine should be to improve survival in patients with advanced cancers. In this common situation, the immune response elicited by the vaccine needs to be particularly strong to face the suppressive nature of the tumor microenvironment and more generally the immunocompromised system of the patients in this context, associating different adjuvants, especially an immunostimulatory molecule with a vector adjuvant, may certainly improve the efficacy of the vaccine. In addition, combining cancer vaccine with other treatments is more likely to succeed, but early intervention may also be of value. Several combinatorial strategies are being explored, such as with anti-angiogenic treatments to promote T cell homing to tumors, with immune checkpoint inhibitors to enhance CTL function, and also with standard anti-cancer therapies such as chemotherapy to deplete immunosuppressive leucocyte populations, and radiotherapy to favor antigen-presentation by cancer cells. As mentioned, a crucial point, rarely addressed in clinical trials, is the optimal timing of such therapies. In the light of the synergic mechanism specifically involved, therapies acting through the clearance of immunosuppressive cells such as radiotherapy and chemotherapy should be given prior to vaccination, whereas immunostimulatory agents enhancing the anti-tumor response of the vaccine should be administered concomitantly with the vaccine (preferentially at the boost dose) as in the case of immune checkpoint inhibitors. It may also be favorable to use vaccines in combination with early surgical intervention as the size of the lesion may hamper effective infiltration into the tumor. If the early intervention is used, then therapy effects could be achieved without a risk for immune suppression. Also, the host is less likely to have been negatively impacted by the tumor, immobilization and/or toxic drugs, making the patient more likely to still have a healthy and functional immune system.

In addition to these more traditional approaches, more clinical trials should consider implementing changes in the diet/exercise/stress level of the patients, while the patients are recovering from other more aggressive form of treatments (chemotherapy, radiotherapy) in order to re-establish a functional more effective immune system prior to the administration of a vaccine and carefully monitor the effect these will have on the diversity/quantity of their microbiome and their immune status, before and after vaccination in order to assess their impact and overall benefit for the patients.
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Vaccines have been used to prevent and eradicate different diseases for over 200 years, and new vaccine technologies have the potential to prevent many common illnesses. Cancer, despite many advances in therapeutics, is still the second leading causes of death in the United States. Prophylactic, or preventative, cancer vaccines have the potential to reduce cancer prevalence by initiating a specific immune response that will target cancer before it can develop. Cancer vaccines can include many different components, such as peptides and carbohydrates, and be fabricated for delivery using a variety of means including through incorporation of stabilizing chemicals like polyethylene glycol (PEG) and pan-DR helper T-lymphocyte epitope (PADRE), fusion with antigen-presenting cells (APCs), microneedle patches, and liposomal encapsulation. There are currently five cancer vaccines used in the clinic, protecting against either human papillomavirus (HPV) or hepatitis B virus (HBV), and preventing several different types of cancer including cervical and oral cancer. Prophylactic cancer vaccines can promote three different types of adaptive responses: humoral (B cell, or antibody-mediated), cellular (T cell) or a combination of the two types. Each vaccine has its advantages and challenges at eliciting an adaptive immune response, but these prophylactic cancer vaccines in development have the potential to prevent or delay tumor development, and reduce the incidence of many common cancers.
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Introduction

Vaccines have improved the human condition since Edward Jenner developed the first vaccine to prevent smallpox over 200 years ago, paving the way for the prevention and even eradication of many common ailments (1). Cancer is the second leading cause of death in the United States, with 1.89 million people projected to be diagnosed with cancer in 2021 alone (2, 3). While there are many successful therapeutics for cancer treatment, advances in prophylactic vaccination against cancer have been limited.

Preventative, or prophylactic, cancer vaccines have the potential to reduce cancer prevalence and improve prognosis by inducing an immune response to prevent the development of specific cancers. Currently, five vaccines are used in clinical practice and approved by the FDA. These vaccines protect against two cancer-promoting viral infections, hepatitis B (HBV) and human papillomavirus (HPV) (4). HPV is a sexually transmitted infection, with several of its forms associated with different types of cancers, the most common being cervical and oral cancer. Individuals vaccinated with the HPV vaccine are protected from cancer by preventing HPV development; since HPV can promote the onset of cervical cancer, HPV prevention is expected to lead to its decline (4). In Scotland, women vaccinated for HPV showed an 89% reduction in cervical intraepithelial neoplasia (CIN) grade 3 or worse when compared to non-vaccinated women. Similar reductions were shown in CIN grade 1 and grade 2 (5). Furthermore, vaccination against HBV, a risk factor for hepatocellular cancer, of infants in Taiwan has shown reduced cancer prevalence. Rates of hepatocellular cancer in vaccinated Taiwanese children age 6-14 years fell approximately 70% (4).

While preventative vaccines are commonly implemented, preventative vaccines designed to protect against cancer are a relatively new development. The goal of preventative cancer vaccines is not to treat, but to prevent the development of a tumor. Cancer vaccines are often defined as therapeutic vaccines, which are different from prophylactic vaccines in that they elicit an immune response to an existing tumor and to residual cancer cells following other treatments (6). Therapeutic vaccines against cancer elicit immune responses following the onset of disease. For example, proposed therapeutic vaccines against breast cancer can target human epidermal growth factor receptor 2 (HER2), utilizing T cells to elicit a targeted immune response (7). While strides are being made in therapeutic vaccines for cancer, many different strategies have been proposed for the development of prophylactic cancer vaccines (Figure 1).




Figure 1 | Summary of vaccine strategies. Each vaccine strategy has potential for use in prophylactic cancer vaccines. Further investigation into each strategy could lead to clinically-relevant prophylactic cancer vaccines. In this figure, the VLP represents the HER2-VLP, which has elevated levels of anti-HER2 antibody to protect against breast cancer. The carbohydrate displayed is the chemical structure of Globo H, which has often been used in therapeutic vaccines, but shows potential for prophylactic vaccine development. The allogenic vaccine displays dendritic cells (DCs) recognizing the tumor antigen, which can allow for immune cell activation. The double helix of DNA is the building block for all DNA vaccines. The peptide vaccine shows four epitopes engineered for display, which caused upregulation of CD4+ and CD8+ T cells in addition to increases in IgG antibodies in vaccinated mice. The exosome shows TEX synthesis via radiotherapy that prevented breast cancer via CD8+.



Preventative vaccines offer many advantages over therapeutic treatments in terms of health and cost benefits. Preventative treatments reduce morbidity and mortality, and current vaccines from childhood vaccines like Tdap (Tetanus, diphtheria, pertussis) to influenza vaccines have led to economic benefits in low- and middle-income countries (8). Successfully engineered cancer vaccines could decrease health care costs associated with cancer. It has been estimated that the total cost of cancer in the United States would increase 34% in just fifteen years, from $183 billion in 2015 to $246 billion in 2030 (9). Thus, decreasing the cost of cancer treatments through preventative vaccines could result in dramatic decreases in healthcare costs associated with cancer.

Vaccines have demonstrated the ability to successfully eradicate previously common diseases, controlling the spread of 12 diseases, such as smallpox and yellow fever (10). Disease eradication is a common and efficient way to improve public health (10). The successful development of preventative cancer vaccines could decrease the prevalence of cancer, reducing cancer-related deaths. HPV vaccines have already reduced the prevalence of cervical cancer. In Scotland, an 89% reduction in grade 3 or worse cervical intraepithelial neoplasia (CIN) was seen for women vaccinated at 12-13 years old (5). Cervical cancer prevention with HPV vaccines provide promise that vaccines can be developed for other cancers to achieve similar results. Several possible strategies for cancer prevention will be discussed in this review, with each presenting distinct advantages and challenges (Table 1). Age-related immune decline is seen across all vaccine engineering strategies as a major challenge.


Table 1 | Advantages and disadvantages of different prophylactic cancer vaccine strategies currently being investigated.




Role of the Immune System in Cancer

A unique aspect of cancer is its ability to survive in the presence of an immune system, making immunotherapy a challenging yet promising therapeutic for cancer. This property stems from two essential hallmarks of cancer: tumor-promoting inflammation and avoiding immune destruction (39). Tumors utilize the immune system by generating an inflammatory response conducive to tumor growth (39). The tumor microenvironment (TME) consists of neoplastic tissue, which is highly disorganized and grows uncontrollably (40). Neoplastic progression is supported by inflammation of cytokines like interleukin-1 (IL-1) and tumor necrosis factor (TNF) (41, 42). Necrotic cells within the TME stimulate proliferation of neighboring cells through the release of IL-1α, and angiogenesis is driven by IL-1β (43, 44). IL-18 induces vascular cell adhesion expression, supporting invasion and metastasis (45). TNF-α promotes tumor development by regulating factors such as cytokines, chemokines, adhesion molecules, and matrix metalloproteinases (MMPs) (46).

Tumors evade immune detection, and therefore destruction, through a variety of means including regulatory cells, down-modulating antigen presentation, tolerance, and immune suppression (39, 47). Not only does the hypoxic tumor promote regulatory T cell (Treg) homing to the TME, but tumor-derived CD4+CD25+FoxP3+ Tregs have been found to be more suppressive of cytotoxic lymphocytes (CTLs) than normal Tregs (48–50). Tumors are able to evade CTL recognition by down-modulating essential components of antigen processing and presentation such as the MHC I pathway (47). Tolerance is induced by tumor cells, since they do not express co-stimulatory molecules that are needed to activate T cells or antigen-presenting cells (APCs) (51). Furthermore, CTLA-4 and PD-1 are upregulated on cancer cells, inhibiting a T cell response (52). The combination of these various traits of cancer contribute to the difficulty of the immune system to independently stop tumor development, making a prophylactic vaccine a useful approach for cancer prevention.



Cancer Vaccines and the Immune System

The goal of a prophylactic cancer vaccine is to elicit an adaptive primary immune response, to allow for a rapid and strong secondary response if carcinogenesis occurs (53, 54). The mechanism behind these preventative vaccines can be viewed as specific immunity to modified self-antigens, therefore producing an immune response to cells that have undergone malignant transformation (55). Cancer vaccines can be developed to recognize and prevent cancer-promoting viruses or neoantigens, which are peptides found on tumor cells that are associated with spontaneous cancers (56).

Microbes and other foreign bodies included in a vaccine alert the host immune system via presentation of Damage-Associated Molecular Patterns (DAMPs), which cause innate immune cells such as APCs to produce cytokines necessary for activating T cells (Figure 2). This activation can result in the production of effector or memory T cells, or facilitate the activation of B cells, ultimately leading to lasting immunity (53). By producing this adaptive response, a vaccine develops memory for protection from an antigen (54). Adaptive immune responses can consist of T cell-mediated cellular responses, B cell-mediated humoral responses, or combinations of the two (57). By activating T and B cells, a vaccine is able to produce memory T and B cells, which are essential for stopping another attack or antigen exposure (57). These memory cells proliferate, causing a stronger, faster response upon a second exposure (54).




Figure 2 | Immune system response with prophylactic cancer vaccine administration. Following administration of a cancer vaccine, antigen-presenting cells (APCs) from the innate immune system such as macrophages and dendritic cells (DCs) recognize the injected antigen as foreign via pattern recognition receptors (PRRs), and uptake the antigen. Subsequently, the APCs transport the antigen, migrating to a lymph node and processing and presenting the antigen via major histocompatibility complex (MHC) pathway. Once in the lymph node, an immune synapse will form as the APC presents the antigen to an immature T cell at the T cell receptor (TCR). T cells will be activated by this interaction, with the aid of cytokines and co-stimulatory signals from the APC. Upon activation, T cells proliferate via IL-2 production and differentiate into effector T cells depending on cytokines and MHC type from the APC. These T cells can then contribute to the activation of B cells or travel to distant sites as effector or memory T cells. This primary response following vaccination produces memory cells so that secondary exposure to cancer-associated antigens results in a rapid and robust secondary immune response.



While there are many preventative cancer vaccines being developed in the research setting, there are only five clinically-relevant cancer vaccines, three for HBV and two for HPV (4). These vaccines are successful because they avoid major issues in the development of a therapeutic vaccine: an immunosuppressive tumor microenvironment, low immunogenicity of the antigen, and a disease with high incidence (58). Successful prophylactic cancer vaccines take advantage of the immune system to provide lasting benefits of cancer prevention. Cancer vaccines can be used to prevent the formation of virally onset cancers or spontaneous cancers by initiating immune responses against a virus or neoantigen target.



Safety Concerns and Challenges of Prophylactic Cancer Vaccines

It is essential that preventative vaccines, given to healthy patients, do not cause any adverse side effects such as an autoimmune response (59). Therefore, high risk individuals—those with increased risk of a specific cancer—are often the best candidates for such vaccines (59). Patients with syndromes such as hereditary non-polyposis colorectal cancer (HNPCC) have a genetic predisposition for specific cancers, motivating the development of a viable preventive measure (60). Since many of the prophylactic vaccines developed involve unnecessary exposure to cancer antigens, these vaccines must be engineered to ensure antigens do not increase cancer risk. This could also pose a problem for public acceptance and successful implementation of prophylactic cancer vaccines into the clinic. Other safety concerns include off-target effects and toxicity related to any possible vaccine materials (61). Successful engineering of prophylactic vaccines must consider the issue of safety earlier in development than therapeutic vaccines, as preventative vaccines are intended for healthy individuals.

There are several challenges that prophylactic vaccines must overcome that are described in this review. These obstacles include poor immunogenicity of common vaccine formulations, and poor stability in vivo. Furthermore, prophylactic vaccine trials may need to be proceeded by therapeutic vaccine development, as vaccine dosages for healthy clinical trial participants must be low. Immune system decline in elderly patients is another challenge faced by prophylactic cancer vaccines, as adaptive immunity is paramount to vaccine success. With 70% of cancer-related deaths occurring in patients 65 and older, this poses a significant problem that must be addressed (62).




Humoral Cancer Vaccines

Humoral, or antibody-mediated, vaccines invoke B cell responses to prevent disease and have the ability to last for decades, a goal of preventative cancer vaccines. For instance, smallpox vaccines can cause the maintenance of vaccinia-specific IgG+ memory B cells for more than 50 years (63). Another benefit of humoral vaccines is the possibility for secondary tumor antigen targeting. One phenomenon, known as epitope or antigen spreading, is an important concept in vaccine development, where an immune response develops for epitopes that are different than the disease-causing epitope, allowing for more complete and robust protection from disease (64, 65). Studies have shown epitope spread can increase the effectiveness of previously developed therapeutic cancer vaccines (66). For example, the FDA approved therapeutic autologous immunotherapy vaccine for metastatic castration-resistant prostate cancer, Sipuleucel-T, facilitates T cell priming and also results in elevated levels of antigen spread. This results in higher levels of IgG against secondary tumor antigen, increasing overall survival (64). Epitope spread has also been associated with tumor regression (67). In one study, highly specific intramolecular epitope spreading was partly responsible for preventative effects of a vaccine against KRAS-induced lung cancer (68).

Humoral vaccines offer other advantages in the form of neutralization and antibody-dependent cellular cytotoxicity (ADCC). These mechanisms protect cells from viral infection instead of controlling previously infected cells. Neutralizing antibodies function by binding to the virus, alerting the immune system to the presence of a foreign body and preventing the virus from infecting a cell (69). Antibody neutralization of the virus HPV can prevent infection by multiple mechanisms, such as prevention of cell surface binding and disruption of virus internalization (70). Humoral protection via neutralization of oncoviruses is an effective strategy to prevent some cancers, such as cervical cancer. ADCC, which utilizes innate immune cells to provide antitumor activity by linking antibodies to target cells, is also a vital part of the humoral response. Natural killer cells play a major role in ADCC, as they are responsible for provoking the immune response and direct cytotoxicity of cells infected by a virus and tumor cells (71). One study found that the success of a preventative human immunodeficiency virus (HIV) vaccine could be partially attributed to an ADCC response (72). Several cancer vaccines, including a MUC1-based cancer vaccine, have successfully elicited an ADCC response (73).

Verifying successful humoral response requires accurate quantification of antibodies and protein expression in patient plasma and tissue samples. Research has shown that many patients have a natural immunity to mesothelin, a glycoprotein expressed in several common cancers. ELISA analysis of IgG antibodies in patient serum and immunohistochemistry analysis of mesothelin protein expression of tumor specimens can be used to evaluate the effectiveness of vaccines and find potential antigen targets (74). A significant disadvantage of humoral vaccines stems from elderly patients having particularly weak humoral immune responses. Aging is associated with decreased B cell levels, which are essential for humoral vaccine success. In vitro and in vivo studies on tetanus toxoid showed decreases in IgG secretion in elderly patients, with younger patients not only having more B cells, but more potent B cells (75). Following immunization, younger patients also displayed elevated IgG levels for up to a year, while elderly patients returned to baseline levels after only 6 months (75). Since the age distribution of cancer patients skews toward the elderly, this is particularly concerning for the development of humoral cancer vaccines. Thus, when engineering cancer vaccines, especially for cancers originating from the lung, prostate and colon, which are common in elderly patients, it is vital to consider decreased humoral response (76).


Virus-Like Particles

Virus-like particles (VLPs) are protein structures with multiple subunits (13). Several VLPs have been engineered to prevent cancer by eliciting a humoral immune response, often through increasing IgG levels. In the past, VLPs have been used to treat many different viruses, as VLPs closely resemble the structure of the virus it is being used to prevent but lack virus-specific genetic material (13, 77). Specifically, commercially available vaccines against HPV are VLP-based, including Cervarix and Gardasil, in addition to the HBV vaccine (78). However, stability remains a large concern for VLP vaccine development, as VLP vaccine success depends on downstream effects leading to a need for high stability (13). VLPs have been investigated to treat viruses. Future VLP vaccines must consider the issue of safety earlier in development than therapeutic vaccines, as preventative vaccines are intended for healthy individuals.

A VLP vaccine has been engineered to treat and prevent human epidermal growth factor receptor-2 (HER2)-positive breast cancers (11). To synthesize this VLP, S2 insect cells were transfected to express SpyCatcher-HER2 fusion antigen and incubated with Spytagged VLPs for a stable antigen coating. Transgenic mice, which can spontaneously develop HER2-positive mammary carcinoma, were vaccinated with this HER2-VLP. Vaccinated mice showed no tumor growth until one year of age, while untreated mice developed tumors after only two months. Elevated levels of anti-HER2 antibody were found in vaccinated mice for at least 24 weeks (11). HER2-VLP induced a stronger antibody response and provided better protection against tumor onset than a previously studied DNA vaccine, which had been more effective than passive administration of trastuzumab in HER2 transgenic mice. Furthermore, the anti-HER2 antibodies induced by the vaccine showed comparable affinity to that of monoclonal antibody (mAb) trastuzumab, a HER2-targeting antibody, and the vaccine showed decreased tumor onset when compared to mAb trastuzumab passive administration. The HER2-VLP vaccine inhibited not only tumor onset, but tumor growth, suggesting both preventative and therapeutic effects achieved by the vaccine (11).

Importantly, the HER2-VLP vaccine overcame B cell tolerance, a phenomenon which occurs when B cells die to prevent autoreactive antibody synthesis and is a frequent obstacle for humoral vaccine development (79). VLP vaccines can overcome this issue since they exhibit multivalent display of self-antigen (11). One study demonstrated that multivalent VLP induced higher IgG titers and overcame the effects of anergy (80). This outcome is likely due to VLP multivalency increasing the ability to create stable signaling domains, causing an increase in B cell activation (80). Using anti-HER2 antibodies from the mice, IgG antibodies elicited strong binding to HER2-positive human tumor cell lines, but no binding was detected on HER2-negative cell lines.



Carbohydrate-Based Vaccines

Using carbohydrate structures to induce an immune response is a promising direction in the field of vaccines (15). Cell-surface glycans are targeted by carbohydrate-based vaccines (15). While most carbohydrate-based vaccines are currently limited to therapeutics for infectious diseases, applications for preventative cancer vaccines have been proposed and studied (15). Specifically, the hexasaccharide Globo H (GH) has been proposed to both treat and prevent cancer (81). Globo H is a carbohydrate located on the outer membrane of epithelial cells and is often overexpressed in a variety of tumor specimens, including breast, ovarian, and lung cancer (82). Huang et al. proposed synthesizing a GH and linking it to a carrier protein as a therapeutic treatment for SSEA4-expressing breast cancers (81). Although this is strictly therapeutic, mice treated with this vaccine elicited IgG antibodies against the SSEA4 ganglioside, which can be overexpressed in breast cancer (81).

GH can be synthesized via glycal chemistry, one-pot synthesis or enzymatic synthesis. Among these methods, enzymatic synthesis is the cheapest and easiest, and requires enzymes overexpressed in Escherichia coli (14). Using sugar nucleotide regeneration and glycosyltransferases, GH can be synthesized in just three steps (14). The GH vaccine engineered by Danishefsky et al. not only induces anti-GH antibodies, but also anti-SSEA3 and anti-SSEA4 antibodies. These three glycoproteins are overexpressed on over 16 cancer types (83). Additionally, a glycolipid adjuvant was designed, which targeted CD1d receptors found on dendritic and B cells to cause a shift to IgG production. This process induces a switch from IgM, which is usually the sole response induced by carbohydrate-based vaccines (83). While this vaccine functions currently as a therapeutic, Danishefsky et al. indicate the possibility of using this vaccine in a preventative manner. The proposed design lays a framework for successful engineering of future carbohydrate-based vaccines. Unique glycan markers associated with cancer can be identified for use as a target, and then a carbohydrate compound can be designed using chemical and immunological processes to effectively leverage the target for cancer prevention (83).

A common problem with carbohydrate vaccines is poor immunogenicity of tumor-associated carbohydrate antigens (TACAs). Sialyl-TN (STn) is an oncofetal antigen found in specific cancers and has been used as an adjuvant to boost the immunogenicity of TACAs (17). One study couples three fluoro-substituted STn analogues to the metalloprotein keyhole limpet hemocyanin (KLH). Fluorine-modified STn compounds can be used to increase immunogenicity and thereby increase the strength of the immune response (84). Previously, it has been shown that 4-KLH, a fluorine-modified STn antigen, results in increased IgG levels when compared to anti-modified-STn (85). Both therapeutic and preventative effects were observed in vivo. 4-KLH-vaccinated mice inoculated with colorectal cancer showed increased anti-STn antibodies when compared to a 1-KLH vaccine. 4-KLH also showed some preventative effects when compared to the control (84). This result could provide the framework for STn-KLH vaccines as a means to prevent cancer formation when used with the proposed fluorine modification strategy.



Lipid Nanoparticle Vaccines

Lipid nanoparticle (LNP) vaccines have the potential to effectively deliver genetic information for cancer prevention. Delivery of mRNA and DNA to the body has potential to prevent cancer, but degradation is often a problem for delivery of naked genetic material (23). Use of LNPs can help overcome these problems for preventative cancer vaccines. LNPs are easily synthesized and can protect mRNA or DNA from degradation (24). However, there are challenges associated with LNP vaccine development. Assays to effectively predict in vivo responses do not currently exist, as current assays only measure second-order effects. LNPs may complete their goal successfully, but if certain pathways are not activated, these effects will be undetectable to current assays. This presents challenges when evaluating different formulations, dosages, and side effects (24).




Cellular Cancer Vaccines

Cellular vaccines induce CD8+ and CD4+ T cell activity (57). For many successful vaccines, memory T cell induction is vital to eliciting a sufficient immune response to stop disease formation. This response requires large-scale changes in both the properties and number of T cells (86). The idea for cellular vaccines against cancer originated from successful T cell-mediated vaccines for viral infections. T cell-mediated vaccines can have both preventative and therapeutic benefits. For example, a vaccine engineered to prevent HPV and cervical cancer development induces CD8+ T cells, which provides lasting protection against HPV and associated diseases (87). While engineering new vaccines, it is important to consider that a sufficient dose is required to induce a T cell response strong enough to prevent disease, so a high dosage must not be toxic. Another concern with engineering cellular vaccines is overexertion of T cells (88). An overexerted immune system can cause T cell exhaustion, and ultimately, dysfunction. T cell exhaustion is the result of sustained expression of inhibitory receptors, low effector function, and an altered transcriptional state. It leads to decreased immune control of tumors and infections, and poor memory formation (88). Exhaustion can occur during chronic infection and cancer, making it a significant problem that must be addressed when engineering cellular vaccines against cancer (88). Another concern with cellular vaccines, as with humoral vaccines, is age-associated decline. T cell-mediated immunity declines with age due to alterations in the thymus, signal transduction and HLA Class II expression on monocytes (89–91). Aging is also associated with decreased T cell reactivity to foreign antigens (89). Despite these concerns, the successful engineering of preventative cellular vaccines against oncogenic viral infections, which cause 15% of cancers worldwide, offers promise for similar solutions to cancer prevention (92).


Peptide Vaccines

Peptide vaccines use engineered short peptide fragments to induce a specific immune response (22, 93). Longer amino acid chains may also be used, but shorter chains are most common (93). Peptide vaccines can be engineered to have stability against degradation in vivo and are cost effective and easy to synthesize (18, 19). Nevertheless, they suffer from poor immunogenicity (22). A peptide vaccine designed to prevent breast cancer was formulated with stabilizing chemical pan DR epitope (PADRE), a carrier epitope used to engineer synthetic and recombinant vaccines (94). A nanoliposomal vaccine was designed using DOPE-containing liposomes and engineered with three different peptides (AE36, E75, and E75-AE36) used in combination with PADRE. Vaccinated mice showed higher CD4+ and CD8+ T cell induction when compared to mice treated with liposomal short peptides without PADRE and mice treated with non-liposomal peptides. Furthermore, increased IFN-γ levels were observed, which promotes adaptive immune mechanisms (95, 96). IFN-γ also plays a role in promoting tumor surveillance, although the exact mechanism is unknown. Previous studies have hypothesized that IFN-γ may even be the basis for immune surveillance. Nevertheless, it is clear that IFN-γ plays a role in directing tumor surveillance to chemically-induced tumors, as well as tumors caused by genetic defects (96).

Transmembrane protein GP2 has also been explored for use in peptide vaccines (97). GP2 vaccines have been explored as viable means to prevent breast cancer reoccurrence for HER2/neu+ patients. A polymorphism leading to a mutant GP2 protein called 2VGP2 was found at codon 655 of the HER2/neu protein and has been identified as a common mutation associated with higher risk of breast cancer (98). Autologous DCs from blood samples from HLA-A2 breast cancer patients were pulsed with synthesized GP2 and used to stimulate T cells in vitro. Cytotoxicity experiments showed killing of breast and ovarian cancer cells via GP2-stimulated CD8+ T cells. These experiments confirm GP2 immunogenicity and show its potential as a peptide vaccine against HER2/neu+ breast cancer (99).

A KRAS-targeting peptide vaccine has been engineered to prevent lung cancer. KRAS is considered a proto-oncogene, with mutant KRAS a common driver of cancer (100). A KRAS peptide vaccine was developed with four peptides corresponding to different regions of the protein, and CpG, R848, and anti-CD40 were used as adjuvants. This vaccine increased IFN-γ and granzyme B levels in CD8+ T cells, and when combined with avasimibe, resulted in infiltration of CD8+ T cells in tumors and prevented KRAS-driven lung tumorigenesis. Thus, this vaccine may be a starting point to develop vaccines to prevent premalignant lung legions with mutant KRAS from progressing to malignant lesions (101).



DNA Vaccines

DNA vaccines are appealing due to the ability to mimic natural infections, ease of production, and stability at ambient temperatures (25). Several DNA vaccines have been developed to prevent prostate cancer but have had mixed results in clinical trials, DNA vaccines often failing due to inadequate immunogenicity (27, 102). A DNA vaccine was proposed to prevent castration resistant prostate cancer (CRPC), using RALA/pPSCA nanoparticles (NP) incorporated into a dissolvable microneedle (MN) patch. RALA codes for Ras-related protein Ral-A, a protein implicated in several cancers, and pPSCA is a plasmid encoding prostate stem cell antigen. RALA/pPSCA-loaded MNs caused endogenous production of prostate stem cell antigen, and induced a response against TRAMP-C1 tumors ex vivo and anti-tumor immunity in vivo. In prophylactic experiments, unvaccinated mice developed palpable tumors within seven days of tumor implantation, whereas vaccinated mice showed delayed tumor growth. On average, tumor development took 16.2 days for RALA/pPSCA-loaded MNs-treated mice, with one mouse remaining tumor free through the duration of the experiment. This study shows that the use of microneedles to administer a DNA vaccine could be a promising strategy to prevent cancer formation (26).



Tumor-Derived Exosomes

Exosomes are microvesicles released by cells in physiological and pathological settings; exosomes are enclosed by a lipid bilayer with proteins from the origin cell. These cargo exosomes can assist in tumor progression and cancer metastasis by delivering parental cell proteins and nucleic acids to target cells (28). The proteins or nucleic acids in cargo exosomes that contain antigens associated with the parental cancer cells could, therefore, become targets for prophylactic vaccination. Tumor growth is promoted by tumor-derived exosomes (TEX), exosomes released from tumor cells. They signal to both cancerous and normal cells throughout the body and play a role in cancer progression (103). A vaccine against breast cancer has been engineered using TEX. TSA, a BALB/c mouse-derived mammary carcinoma, was exposed to Sham radiotherapy (RT) to develop TEX (104, 105). A vaccine of TEX from untreated cells (UT-TEX) was also used. The RT-TEX vaccine induced a tumor-specific CD8+ response, with 2 of 6 mice vaccinated showing no tumor growth and 4 showing reduced tumor growth compared to UT-TEX-vaccinated mice. RT-TEX-vaccinated mice had a higher number of CD8+ T cells in the tumor, many of which were specific to an immunodominant antigen in the tumor. This supports the idea that TEX produced via irradiated cancer cells is a viable strategy for cancer prevention (29).



mRNA Vaccines

mRNA vaccines have the advantage of low-cost manufacturing and potential for high potency. However, stability in vivo is a large concern for successful engineering of mRNA vaccines against cancer (30). Even so, mRNA-based vaccines independent of VLP carriers are in development. Previous methods have injected DCs transfected with mRNA with promising results, but this method is costly (106). Another study recommended nasal administration of an mRNA vaccine for the prevention of cancer. Nasal administration is promising due to its non-invasive format and high patient compliance. Tests were performed for nasal administration of naked and nanoparticle encapsulated mRNA for tumor prevention using a mouse model. The mRNA was encoding for a tumor antigen. While the naked mRNA administration did not prevent tumor growth, nasal administration of mRNA encapsulated in nanoparticles was effective for tumor prevention. Therapeutic effects were also observed in additional experiments. Splenocytes recovered from the mice revealed anti-cancer CD8+ T cells in mice treated with the encapsulated mRNA vaccine. As one of the few mRNA vaccine studies available for cancer vaccination, this study shows possible effectiveness of mRNA vaccines for cancer prevention in addition to showing possible effectiveness of nasal administration of prophylactic and therapeutic cancer vaccines (31).




Combined Cellular and Humoral Cancer Vaccines

As discussed above, there are advantages to both humoral and cellular vaccines. However, many vaccines induce both a humoral and cellular immune response. Vaccines can cause a biased immune response toward one type of adaptive immunity while inducing both T and B cell immunity (36). The benefit of a combined humoral and cellular response can be seen in many non-cancer vaccines. For instance, for influenza prevention, the trivalent live attenuated influenza vaccine (LAIV) induces both B cell and T cell responses. Conversely, the trivalent inactivated influenza vaccine (TIV), which only invokes a T cell response, has been found to be immunologically inferior (20).


Combined Peptide Vaccines

While many peptide vaccines induce only a cellular immune response, others can induce both humoral and cellular responses. A mimotope peptide-based vaccine was developed using BAT monoclonal antibodies, which have immune modulatory and anti-tumor effects (20). Mimotopes are peptides that can bind to an antibody directed against a certain antigen (21). For this vaccine, BAT-binding peptides A and B were used as mimotopes. Vaccinated mice displayed increased IgG antibody production, which competed with BAT binding on Daudi cells, a human B lymphoblast. The IgG antibodies caused similar immune stimulation to BAT, indicating a humoral component to the vaccine. The observed cellular response included increased cytolytic activity, and the vaccine prevented tumor growth in vivo in a mouse model (20).

A self-adjuvanting multivalent glycolipopeptide (GLP) has also been developed as a vaccine (21). The GLP vaccines display four components on a molecular delivery system: TACA B cell epitope, CD4+ Th peptide epitope, CD8+ CTL peptide epitope, and immunoadjuvant palmitic acid. This GLP vaccine was administered in combination with PADRE and regioselectively addressable functionalized template molecules (RAFT). In vivo, vaccinated mice did not develop tumors over a 90-day period, while unvaccinated mice developed tumors around 35 days after tumor inoculation. Serum collected from BALB/c mice showed IgG antibodies specific to breast cancer, and upregulation of CD4+ and CD8+ T cells, indicating both humoral and cellular responses (21).

Another combined peptide vaccine has undergone clinical trials for the prevention of colorectal cancer. A MUC1-poly-ICLC vaccine has been tested for patients with advanced adenomatous polyps, which are a precursor to colorectal cancer. MUC1 is a glycoprotein and tumor-associated antigen (TAA) for colorectal cancer. Around 43% of patients showed elevated anti-MUC1 IgG levels following vaccination, and long-term memory was observed. T cell response and memory were also measured following a booster vaccine (107). Thus, this vaccine formulation could be useful for prophylactic vaccination in some patients with advanced adenomatous polyps (108).

A vaccine for patients with ductal carcinoma in situ (DCIS) has been developed to prevent progression. DCIS is often associated with HER-2/neu overexpression. Patients were given 4 doses of the Her-2/neu-pulsed dendritic cells. This vaccine resulted in lower HER-2/neu expression and T and B lymphocyte accumulation in the breast. Tumorlytic antibodies were observed. This vaccine lowered HER-2/neu expression in addition to decreasing residual DCIS following resection. These results suggest possible prophylactic value for this vaccine formulation (109).



Virus-Like Particles

VLPs have been studied as a way to induce a combined humoral and cellular response. An mRNA-based VLP was developed to target prostate cancer, which has shown responsiveness to mRNA-based vaccines in previous studies (110, 111). Obtaining sufficient in vivo potency for nucleic acid vaccines has been difficult, as repeated use of viral vectors results in a dampened immune response (112). A recombinant bacteriophage MS2 mRNA-based VLP was developed using pESC yeast epitope tagging vectors, and PEG precipitation for synthesis to induce both a humoral and cellular response (12). VLP-vaccinated C57BL/6 mice exhibited elevated levels of IgG antibodies and increased antigen-specific cytotoxic T lymphocytes. Further investigation found that the initial Th2 response was converted to Th1 by target proteins. Mice were injected with TRAMP-C2 cells, a murine model of prostate cancer, and vaccinated mice were effectively protected from tumor development (12). This vaccine offers many advantages when compared to other nucleic acid vaccines, such as easy preparation using recombinant protein technology, and production of a strong humoral and cellular response.



Carbohydrate-Based Vaccines

Carbohydrate-based vaccines have been engineered to induce a combined humoral and cellular response. A fluoro-substituted STn analogue was coupled with a nontoxic cross-reactive material of diphtheria toxin 107 (F-Stn-CRM197) for cancer prevention. When combined with Freund’s adjuvant, F-STn-CRM197 had significantly higher IFN-γ- and IL-4-releasing splenocytes compared to control. Vaccinated mice showed elevated levels of anti-STn IgG antibodies, which were further elevated with Freund’s adjuvant. The F-STn-CRM197 vaccine increased cellular and humoral immune responses when compared to a STn-CRM197 vaccine. This immune response resulted in increased cancer cell lysis. The data of Song et al. suggests the utility of this vaccine as a cancer prophylactic, building a basis for future carbohydrate-based cancer vaccine development (16).



Autologous Tumor Cell Vaccines

Autologous tumor cell vaccines are derived from a patient’s own tumor, and although this personalized formulation has been exclusively therapeutic, it holds potential as building blocks for preventative vaccines (32). Agenus’ autologous tumor cell vaccine, AutoSynVax, has controlled tumor growth and produced lasting immune responses in recent pre-clinical and phase I clinical trials (34). While this vaccine is therapeutic, the development of autologous tumor cell vaccines to prevent recurrence is underway to prevent cancer recurrence in the setting of high-risk cancer patients. For instance, the use of autologous induced pluripotent stem cells (iPSCs) has been proposed for the development of an autologous tumor cell vaccine (33). Mice vaccinated with iPSCs combined with a CpG adjuvant were inoculated with B16F0 melanoma cells four weeks later. Vaccinated mice showed decreased tumor progression, and spleen analysis revealed increased tumor-specific effector and memory helper T cells. Additionally, there were more mature APCs found in the vaccinated group. While antibody analyses were not included in the study, increased IgG responses were measured in therapeutic experiments, indicating the possibility that this formulation could successfully induce both a humoral and cellular response. This study showed that prophylactic immunization with non-genetically engineered iPSC-based vaccines produce immune responses to melanoma. These vaccines have the potential for tumor immunity to a larger number of cancer types, which is supported by the large number of tumor antigens presented. Both humoral and cellular effects were observed. The use of autologous iPSCs was suggested as they may provide an accurate and personalized panel of a patient’s tumor immunogens (33).



Allogenic Tumor Cell Vaccine

Allogenic tumor cell vaccines differ from autologous vaccines in that they are derived from another patient’s cells. Melacine, an allogenic tumor cell vaccine for treatment of melanoma, has undergone phase I, II, and III clinical trials, and survival benefits for patients were observed (35). The overall success of allogenic tumor cell vaccines has been limited to therapeutic immunotherapy (38). A preventative vaccine has been proposed using a vaccine derived from the fusion of allogenic DCs with tumor cells (36). DC-tumor fusion vaccines allow for the presentation of a broad spectrum of tumor-associated antigens (113). This vaccine was engineered using PEG-mediated fusion between DCs and inactive gastric cancer cells. The fused cell (FC) vaccine was combined with CTLs to prevent gastric cancer. Vaccinated mice showed slowed tumor growth compared to the control, with 9 of 10 remaining tumor-free and surviving for 90 days. The vaccine successfully induced cytotoxic T lymphocyte cloning through induction of antigenic determinants, resulting in anti-tumor effects. Furthermore, IL-7 and IL-15 levels increased following immunization, indicating immune memory formation.Elevated levels of IFN- γ and IL-10, which enhance B cell survival and antibody production, were observed. This study verified antigen-presenting and tumor-targeting effects from DC-based tumor vaccines and provides a template for future vaccine development (36).

Our group recently fabricated a preventative vaccine for triple-negative breast cancer (37). This vaccine was developed by sonicating 4T1 breast cancer cells and delivering the tumor nano-lysate (TNL) to BALB/c mice via tail vein injection 10 d before 4T1 tumor inoculation. Tumor growth and metastasis were significantly delayed, and survival was increased for mice in the vaccinated group compared to the unvaccinated group. While the TNL-vaccinated mice ultimately developed tumors, the success of this simple process motivates future studies to engineer similar vaccines to produce a preventative response (37).



DNA Vaccines

The idea of DNA vaccines has received much attention over the past decade (114). A DNA vaccine to induce both cellular and humoral responses in vivo has been proposed to prevent HPV infection, specifically high risk HPV16 and 18, or HPV16-E7-expressing tumors (115). These viruses, encoding for oncoproteins E6 and E7, promote cervical cancer development (116). The proposed polynucleotide vaccine uses a designed DNA sequence coding for an E6/E7 fusion protein. Vaccinated mice had complete tumor prevention when injected with TC-1 cells, a tumor cell line derived from primary lung epithelial cells that are E6- and E7-expressing (117). Vaccination resulted in an E7-specific antibody response that lasted at least five months. E6- and E7-specific T cells could be identified after 5 months (115). Despite the many obstacles to successful DNA vaccines, this vaccine serves as evidence that the use of prophylactic cancer vaccines is possible and should be further studied (115).




Conclusions

Preventative vaccines have helped to eradicate many diseases. Cancer remains one of the leading causes of death and healthcare burden in the United States. The development of prophylactic cancer vaccines has the potential to save lives and reduce healthcare costs by going beyond treating cancer to preventing it altogether. These vaccines are currently in a variety of development stages, from concept design and research, to implementation, and clinical practice.

Some of these vaccines produce humoral or cellular immune responses, with associated advantages and disadvantages. While, humoral vaccines allow for long-term immune protection and may be used to target secondary tumor antigens, B cell tolerance can limit their effectiveness. Cellular vaccines can have both preventative and therapeutic benefits, but T cell exhaustion is a common problem that needs to be addressed. Engineered vaccines that induce both humoral and cellular immune responses could represent an innovative solution to address these shortcomings. However, all cancer vaccines must consider age-related immune decline, a problem magnified by the elevated age distribution of cancer patients. Aging is associated with decreased B cell prevalence and potency, attenuating the effectiveness of humoral immune responses. Furthermore, multifactorial phenomenon, including changes to the thymus, cause a decrease in T cell reactivity, resulting in reduced cellular immunity. These challenges require new, innovative solutions. One possible solution is combining cancer vaccine administration with immune augmentation treatments. Vaccinated patients with high-risk of cancer development may be given continuing doses, with increasing frequency as they age.

Many strategies have been discussed in this review to prevent tumor development via cellular, humoral or a combined immune response. VLPs and carbohydrate-based vaccines have been designed to induce humoral responses or a combined humoral and cellular immune response. VLP vaccines are able to overcome B cell tolerance due to their multivalent display of self-antigens, but stability must be addressed. Carbohydrate-based vaccines, which have the advantage of targeting unique glycan markers, often show poor immunogenicity. Peptide vaccines and DNA vaccines are able to induce a cellular response or a combination of humoral and cellular. Peptide vaccines are usually engineered to have high stability against degradation in vivo and are easy to synthesize but suffer from inefficient immune responses. DNA vaccines are easy to produce and stable, but exhibit inadequate immunogenicity. mRNA vaccines have the potential for high potency but lack in vivo stability. Autologous and allogeneic tumor cell vaccines utilize both cellular and humoral immunity, but most current uses are therapeutic in nature. Maximizing the potential of the immune system may be necessary to successfully engineer preventative cancer vaccines, requiring the utilization of both humoral and cellular immunity. Further research into these strategies will lead to improved prophylactic cancer vaccines.

Despite the benefits of each type of vaccine, DNA and mRNA vaccines are garnering increased attention. With new technologies being developed, it seems that DNA and mRNA vaccines may offer the most promise for future research. DNA and mRNA vaccines may be developed to specifically target tumor antigens and promote specific immune responses against tumor onset. New technologies in LNPs and other nanomaterial carriers may help overcome stability problems associated with mRNA vaccines, increasing potency of the vaccine.

Currently, there are very few prophylactic cancer vaccines on the market. Gardasil and Cervarix prevent HPV, while Energix-B, Recombivax HB and Hiberix-B prevent HBV; these two viruses are commonly associated with cancer development (118). These vaccines have been highly successful, and the number of cervical cancer patients has decreased as vaccination has become more prevalent. Following these successful viral vaccines, there is great potential in preventing cancers caused by viruses, which account for 15% of all cancers. Development of vaccines to prevent the remaining 85% of cancer types is underway. However, significant obstacles remain in the development of vaccines for these cancers not caused by viruses. While vaccines against HPV and HBV stop cancer through viral protection, preventing cancers with no known viral etiology will be much more challenging. Researchers must identify viable targets, engineer successful delivery mechanisms, and find long-lasting immune effects. Many current technologies allow for preventative success in non-human tests, but one of the major problems will be finding solutions at clinically relevant doses. Further issues include prevention of immune response to self-antigens. This challenge may be overcome by identifying cancer-specific membrane expression or pre-malignant tumor properties to target. One possible way to overcome this issue is through targeting of neoantigens, a type of tumor-specific antigen, as they are recognized as non-self by the immune system (56). Another possible target includes tumor-associated antigens, although those are more difficult since they are also found in healthy cells. Finding possible targets to prevent tumor onset is critical for successful vaccine development for spontaneous cancers  (Table 2).


Table 2 | Summary of the most promising prophylactic cancer vaccine formulations and possible antigens and targets associated with each vaccine strategy.



Despite these obstacles, current research points to vaccine strategies that could be viable for cancer prevention. Success in animal models offers a promising template for clinical development. Several strategies discussed in this review seem viable for future development; additional insights may come by engineering solutions that combine multiple approaches. However, the benefits of prophylactic vaccine development justify these difficulties. Prophylactic cancer vaccines could be administered to high-risk groups. For example, those with familial risk of triple-negative breast cancer would be ideal candidates for vaccination with a breast cancer vaccine. Patients with hereditary non-polyposis colorectal cancer (HNPCC), a genetic predisposition to colorectal cancer, would also make ideal candidates for vaccination. Successful development of prophylactic cancer vaccines will lead to new challenges: when to administer vaccines, ideal vaccine patients, and proper monitoring of vaccine success in patients. Eliciting strong and lasting immune response is critical for the success of prophylactic vaccine implementation. Furthermore, immune responses must be directed at targets unique to tumor cells during the early stages of carcinogenesis. Likely, vaccines with the most success will elicit both humoral and cellular responses as they work together to strengthen anti-tumor response upon tumor onset. This will include T cell memory, antibody generation, and possible responses by other immune cells, such as dendritic cells. Vaccines can be engineered to induce these responses. Successful immune induction will likely include engineered peptides or carbohydrates combined with stabilizing chemicals. Development and fabrication of both primary components and stabilizing chemicals, such as PEG, PADRE, or liposomal encapsulations, could lead to the prevention of spontaneous cancer formation.

With a foundation for preventative cancer vaccines established, and approved vaccines to prevent two cancer-associated viruses, there is hope that more types of cancer will be prevented by engineering vaccines to evoke a specific immune response. Targeting and promoting the adaptive immune system to respond to a preventative, anti-cancer vaccine will be crucial to the adoption of more successful, prophylactic cancer vaccines.
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Vaccination was first pioneered in the 18th century by Edward Jenner and eventually led to the development of the smallpox vaccine and subsequently the eradication of smallpox. The impact of vaccination to prevent infectious diseases has been outstanding with many infections being prevented and a significant decrease in mortality worldwide. Cancer vaccines aim to clear active disease instead of aiming to prevent disease, the only exception being the recently approved vaccine that prevents cancers caused by the Human Papillomavirus. The development of therapeutic cancer vaccines has been disappointing with many early cancer vaccines that showed promise in preclinical models often failing to translate into efficacy in the clinic. In this review we provide an overview of the current vaccine platforms, adjuvants and delivery systems that are currently being investigated or have been approved. With the advent of immune checkpoint inhibitors, we also review the potential of these to be used with cancer vaccines to improve efficacy and help to overcome the immune suppressive tumor microenvironment.




Keywords: adjuvant, peptide vaccine, DNA vaccine, cancer, vaccine



Introduction

The potential to develop a cancer vaccine has been extensively researched in both humans and animal models, the majority of these vaccines are therapeutic vaccines that aim to activate the immune system to recognize and kill established tumors. A prophylactic vaccine that prevents cancers caused by the Human Papillomavirus [Types 6, 11, 16, 18] has been approved and in the UK, children aged 12-13-years-old are routinely offered this vaccine. Developing a therapeutic cancer vaccine has been more problematic with many encouraging results in preclinical studies not translating into the clinic. To date the FDA has only approved one vaccine, sipuleucel-T, that is used to treat metastatic castration-resistant prostate cancer in a limited group of nearly asymptomatic patients (1). There are number of reasons for these failures such as the immune suppressive TME, lack of a robust T cell responses, sub optimal vaccine formulations, delivery, adjuvants and identifying the best patients to target. The ideal setting for a cancer vaccine to work is in patients following surgical resection, chemotherapy or radiotherapy, all of which stimulate an immune response themselves. Vaccination at this stage and in combination with a checkpoint inhibitor will provide the best setting to induce a potent anti-tumor immune response.

Over the last couple of decades, a better understanding of the tumor microenvironment (TME) and immune suppressive mechanisms have opened a number of new avenues that can be explored and has led to the next generation of new cancer therapies. The immune suppressive TME is a major obstacle to the success of any cancer vaccine with the description of immunologically “cold” tumors that on their own do not appear to be immunogenic with an absence of tumor infiltrating lymphocytes (TILs). In contrast “hot” tumors are immunogenic and have induced an immune response that has resulted in the infiltration of TILs but are not able to function due to the presence of various checkpoint molecules such as PD-1, CTLA-4, LAG-3, TIM-3 or the presence of immune suppressive cells such as regulatory T cells, myeloid-derived suppressor cells (MDSCs), M2 macrophages, regulatory natural killer (NK) T cells or cytokines such as transforming growth factor-beta [TGFβ], IL-10, and IL-13 (2, 3). The success of any cancer vaccine relies on overcoming the immune suppressive TME and converting “cold” tumors into “hot” tumors and therefore inducing a robust tumor specific immune response that can kill cancer cells.



Target Antigens

The choice of antigen to target in any cancer vaccine is extremely important to the efficacy of the vaccine in the clinic. The ideal antigen should be specifically expressed on cancer cells with no expression on normal cells, ideally the antigen should be necessary for cell survival and be highly immunogenic.

Tumor antigens fall into two broad categories, the tumor associated antigens (TAAs) and tumor-specific antigens (TSAs). Within each category a number of different types of tumor antigens have been described and are summarized in Table 1. The cancer germline antigens (also called cancer testis antigens) are the most studied group of cancer antigens, historically they were attractive antigens to target due to their expression only on germ cells of immune-privileged organs and high expression on tumor cells. The most common cancer germline antigens that are targeted include MAGE (4, 5), NY-ESO1 (6), GAGE (7, 8) and BAGE (9), both T cell and antibody responses to these antigen have been detected in patients.


Table 1 | Different types of tumor antigens.



The differentiation antigens are expressed on normal and tumor cells from the same tissue, targeting such antigens requires careful consideration to any potential toxicity to the normal tissue. Differentiation antigens include the melanoma antigens Melan A/MART-1 (10, 11), gp100 (12), tyrosinase (13), the prostate antigen prostate specific antigen (PSA) (14, 15) and the colon antigen carcinoembryonic antigen (CEA) (16, 17).

The overexpressed antigens are generally expressed at low levels on normal cells but are over expressed on tumor cells, there are many antigens that fall into this group including HER2 (18), hTERT (19, 20), p53 (21), survivin (22–25), MUC1 (26), WT1 (27), cyclin B (28, 29) and many more. Targeting over expressed antigens can be challenging, preclinical studies need to ensure that normal low-level expressing cells are not targeted by the vaccine induced immune response.

The oncogenic viral antigens are expressed on virus infected cells that have subsequently undergone malignant transformation. Oncogenic viral antigens have been targeted in both prophylactic vaccines such as HPV but also in therapeutic vaccines to treat existing malignancies. The most commonly targeted oncogenic viral antigens in this group include EBV LMP-1 and LMP-2A (30–32), HPV E6/E7 (33), HTLV-1 Tax (34).

The last group of cancer antigens are those antigens that are mutated, these mutations can be generated at the gene level or as a result of post translational modifications leading to the generation of a new peptide. In the last couple of years there has been a renewed effort in generating vaccines that target mutated antigens, in particular the neoantigens. There are very few mutated antigens described where the mutated peptide is shared across patients or cancer types, the most studied shared mutations are KRAS  (35), NRAS (36), epitopes from BCR-ABL translocation (Chronic myeloid leukemia) (37, 38), ETV6 (acute myeloid leukemia) (39), NPM/ALK (anaplastic large cell lymphomas) (40, 41) and ALK (neuroblastoma) (42, 43). A number of groups are developing personalized vaccines that target neoantigens identified from the patient’s tumor, very few if any of these mutations are shared epitopes and therefore any generated vaccine is only specific to the individual. Neoantigens are immunogenic because they harbor mutations, they have escaped central tolerance and are recognized as “non self” by the adaptive immune system (44). Despite the higher immunogenicity of neoantigen’s only 1-2% of T cells recognize these antigens (45). The poor immunogenicity of many tumors means that designing an effective neoantigen tumor vaccine will need to overcome these challenges.

The post translational modified cancer antigens are another group of antigens, they are not subject to thymic deletion and are therefore attractive vaccine candidates. A number of different post-translational modifications have been described that generate tumor specific epitopes including glycopeptides (46), phosphopeptides (47, 48) and citrullinated peptides (49). Cancer cells often exhibit different phosphorylation patterns leading to the generation of phosphorylated antigens, these make attractive vaccine candidates (47, 48, 50). Phosphorylated epitopes can be naturally processed and presented on the cell surface in association with MHC class I molecules for recognition by CD8+ T cells (50–52). Unregulated signaling cascades in tumor cells often lead to an increase in protein phosphorylation within the cell which in turn leads to the generation of phosphopeptides (52). Phosphopeptides have been identified by mass spectrometry analysis of tumor biopsies and cancer cell lines (53). Engelhard et al. (53) identified two phosphorylated peptides derived from the insulin receptor substrate 2 (IRS2) protein and breast cancer anti-estrogen resistance 3 (BCAR3). The ISR2 protein is overexpressed in many cancer types and in vivo has been shown to enhance metastasis (54–56), BCAR3 is associated cellular migration and resistance to therapeutic anti-estrogens in breast cancer cells (57, 58). Phosphopeptides restricted by HLA-*02:01 were identified by mass spectrometry and included in a phase 1 clinical trial (NCT01846143) in patients with resected stage IIA–IV melanoma. All patients had treatment related adverse events, but none were grade 3-4, T cell responses were induced to the phosphorylated IRS2 (1097-1105) peptide in 5/12 patients and to the phosphorylated BCAR3 (126-134) peptide in 2/12 patients. This trial showed that phosphopeptides are safe and induced an immune response in some patients, however, with the advent of immune checkpoint inhibitors future studies will need to define and enhance the immune response induced to these peptides.

Our own research has focused on epitopes that are citrullinated in tumor cells. Citrullination is a post translation modification where positive charged arginine residues are converted into neutrally charged citrulline in a process catalyzed by the Ca2+ dependent peptidyl arginine deaminase (PADI) enzymes (59, 60) (Figure 1). This modification can impact the protein structure and induce changes that result in protein denaturation potentially altering the structure and the function of the protein (61, 62). We have detected T cell responses to citrullinated peptides in healthy donors (60) suggesting that the T cells recognizing them are positively and not negatively selected in the thymus. In healthy cells the PADI enzymes are maintained in an inactive state due to low concentrations of Ca2+ (34), in double membrane vesicles within viable cells the calcium concentrations can be high leading to the activation of the PADI enzymes. Citrullination can occur within autophagosomes as a result of autophagy, here high calcium levels activate PADI enzymes that then citrullinate engulfed proteins from the cytoplasm (36, 37), this process is induced in stressed cells (17) such as cancer cells. During stress induced autophagy and in the presence of inflammation citrullinated peptides can be presented on major histocompatibility complex (MHC) class II molecules for recognition by CD4+ T cells (63). During inflammation many cytokines are produced, the majority are proinflammatory that result in the upregulation of MHC class II expression that then activates CD4+ T cells (Figure 2).




Figure 1 | Schematic of the citrullination or deamidation of arginine.






Figure 2 | During stress induced autophagy and in the presence of inflammation citrullinated peptides can be presented on major histocompatibility complex (MHC) class II molecules for recognition by CD4+ T cells. During inflammation many cytokines are produced, the majority are proinflammatory that result in the upregulation of MHC class II expression that then activates CD4+ T cells. Primed killer CD4 T cells enter the tumor and are reactivated by APCs presenting citrullinated peptides from tumors allowing recognition and lysis by the killer CD4 T cells.



A number of studies performed in autoimmune patients have demonstrated that CD4+ T cell responses can be detected to citrullinated proteins such as the intermediate filament protein vimentin and the glycolytic enzyme enolase (64–68). In ovarian cancer patients we have demonstrated the presence of CD4+ T cell responses to citrullinated peptides derived from α-enolase and vimentin (60). The constitutive expression of MHC class II is mainly restricted to APCs such as DCs, B cells and macrophages but other cells such thymic epithelia cells and activated T cells can also express MHC class II (69). The expression of MHC class II on most other cells can be induced by interferon gamma (IFNγ) present in the local vicinity. The expression of MHC class II is controlled by the Class II Major Histocompatibility complex transactivator (CIITA) which is regulated by four different promoters, promoter I is active in myeloid cells, promoter III in lymphocytes and promoter IV is necessary for responsiveness to IFNγ (70), the function of promoter II is unknown, transcripts from this promoter are rare and therefore its function has not been pursued. Most tumors in the presence of inflammation and IFNγ will express MHC class II, if citrullinated peptides are then generated in response to stress or autophagy these can then be loaded onto MHC class II for presentation on the surface of tumor cells.

We have focused on citrullinated vimentin and α-enolase as attractive cancer vaccine targets. Vimentin is an intermediate filament protein that is known to be citrullinated and overexpressed in a wide range of cancers (71–76), particularly during EMT (77). The glycolytic enzyme α-Enolase (ENO1) catalyzes the final step in glycolysis (78). Many tumors switch to generating their energy via glycolysis in a process termed the “Warburg effect” and therefore overexpress ENO1, a wide range of tumors overexpress ENO1 (79–82). Due to its ubiquitous expression, ENO1 is often degraded during autophagy; previous studies have also shown that ENO1 can be citrullinated (65, 83). We have shown that these citrullinated peptides are recognized and presented to CD4+ T cells by both MHC class II HLA-DR4 and HLA-DP4 molecules (49, 84, 85). HLA transgenic mice vaccinated with citrullinated vimentin and α-enolase peptides linked to an adjuvant (Modi-1 vaccine) can stimulate CD4+ T cells (49, 64, 86) and generate potent anti-tumor responses resulting in tumor regression and eradication with no associated toxicity (49, 87). We have also shown that healthy donors have a repertoire of T cells that can be detected following stimulation with the citrullinated vimentin and α-enolase peptides showing that citrullinated peptides can be presented in the thymus allowing positive selection and resulting in specific T cell repertoires capable of recognizing these peptides (87). Our preclinical data shows that citrullinated vimentin and α-enolase are promising candidate vaccine targets and as a vaccine have generated impressive anti-tumor responses in preclinical murine models.



Adjuvants

Antigens alone in a vaccine are poor inducers of the adaptive immune response. In the absence of an adjuvant antigens targeted to immature DCs in the absence of inflammation or any microbial stimulation induce tolerance instead of a potent immune response (88). Adjuvants need to attract immune cells to the site of injection while also promoting cell mediated trafficking of antigen to draining lymph nodes and triggering the activation of APCs.


Current Vaccine Adjuvants

The water-in-oil emulsions such as Montanide ISA 720 and Montanide ISA-51 have been widely adopted as adjuvants, they form a depot at the injection site, this results in the trapping of the soluble antigens preventing their rapid trafficking to local lymph nodes, this induces inflammation and the gradual release of the antigen. In a clinical trial Montanide ISA-51 was shown to induce both CD4+ and CD8+ T cell responses in patients vaccinated with long peptides of the oncoproteins E6 and E7 (89).

New vaccine adjuvants have been developed that target specific components of the immune system to generate a more robust and longer lasting immune response. Newer adjuvants that consist of Pathogen-associated molecular pattern molecules (PAMPs) are now being used, these provide a danger signal that is recognized by pattern recognition receptors (PRRs) inducing an immune response. Innate cells express PPRs, these receptors include the Toll-like receptors (TLRs), nucleotide binding oligomerization domain like receptors and the mannose receptor. TLR agonists are increasingly being used as a vaccine adjuvant, they mimic microbial stimulation and have been shown to increase vaccine efficacy (90) particularly for cancers (91). Lymph node targeted TLR agonists have shown a direct relationship between the magnitude of CD8+ T cell responses and the amount of TLR agonist accumulated in draining lymph nodes, demonstrating the importance of providing sufficient inflammatory signals during immunization (92). A number of TLR agonists are currently in trial as adjuvants for cancer vaccines, one of the most commonly used TLR agonist is polyinosinic–polycytidylic acid with polylysine and carboxymethylcellulose (Poly-ICLC) a TLR3 agonist (93), others include monophosphoryl lipid A (MPLA) a TLR4 agonist (94, 95), imiquimod a TLR7 agonist (96, 97), resiquimod a TLR7 and TLR8 agonist (98, 99), CpG oligodeoxynucleotide (CpG ODN) a TLR9 agonist (90, 100, 101).



New Emerging Vaccine Adjuvants

Other newer adjuvants are also being investigated to increase the efficacy of a cancer vaccine, these include the CD40 agonists, these directly target the antigen to the early endosomes of DCs and mediate cross presentation. Although CD40 agonist antibodies have not been extensively studied in clinical trials as a vaccine adjuvant, they have been studied independently as monotherapy (102). A number of preclinical mouse models have shown that CD40 agonists can be used in combination with TLR agonists in a vaccination strategy (103, 104), whether this translates into clinical efficacy is still to be determined.

Another class of potential adjuvants is the Stimulator of interferon genes protein (STING) agonists. STING is a transmembrane protein located in the endoplasmic reticulum (105), its activation triggers a type I interferon response in response to intracellular DNA (106). STING agonists include synthetic cyclic dinucleotide derivatives and cyclic di-guanosine monophosphate, these have all shown anti-tumor activity in mice (107, 108). STING expression is highest on T cells and STING activation can lead to T cell apoptosis, such effects are not seen with macrophages and DCs (109). To use a STING agonist in a cancer vaccine it would need to be combined with an adjuvant or delivery system that targets only myeloid cells in vivo (110) preventing T cell apoptosis. STING agonists do induce some systemic toxicity and to overcome this intratumoral injection is the preferred route of administration. In addition, preclinical studies of STING agonists have been complicated by their differential binding properties in murine and human cells (111). The potential toxicity of STING agonists and lack of specific targeting could limit their use as adjuvants in a cancer vaccine.

In addition to using pathogen derived molecules as adjuvants a number of cytokines have also been shown to act as an adjuvant. Immunostimulatory cytokines such as IL-2 (112, 113), IFN (114), IL-12 (115, 116) and granulocyte-macrophage colony stimulating factor (GM-CSF) (117–119) have all been investigated, although recent studies have focused mainly on their application in cellular based therapies and vaccines. GM-CSF is the most studied immunostimulatory factor and has been included in numerous cancer vaccine trials (120). In preclinical studies GM-CSF looked a very promising candidate, it helps recruit DCs to the injection site, it can promote the maturation of DCs and antigen presentation resulting in an enhanced adaptive immune response (117). However, in clinical trials GM-CSF has generated disappointing results with only a few trials having shown a clinical benefit, the results across the majority of trials have been inconsistent. Preclinical studies indicated that GM-CSF could expand MDSCs resulting in the suppression of cell mediated anti-tumor responses (118). The effect of GM-CSF was also observed in clinical trials where a low dose of GM-CSF induced the expansion of CD14 positive, HLA-DR low/negative myeloid cells. In another study GM-CSF was used with incomplete Freund’s adjuvant and resulted in a low T cell response when compared to vaccine adjuvant without GM-CSF (119). Despite these results a number of clinical trials are currently underway using GM-CSF as an adjuvant component.

We have previously described our Modi-1 peptide vaccine (60), this vaccine comprises of two citrullinated vimentin peptides, as well as a citrullinated peptide from α-enolase, each peptide is conjugated to the TLR1/2 ligand adjuvant AMPLIVANT® (ISA Pharmaceuticals BV, Leiden, the Netherlands). In preclinical studies we have shown that by combining a peptide vaccine with a TLR ligand adjuvant promotes a Th1 response that is capable of inducing a potent anti-tumor response in tumor bearing mice (60). The CD4+ but not CD8+ T cells were essential for the generation of the anti-tumor response, depleting CD4+ T cells abrogated this response and a corresponding increase in CD4+ tumor-infiltrating lymphocytes (TILs) was associated with tumor regression (60). A comparison of different Toll-like receptor (TLR)-stimulating adjuvants showed that Modi-1 induced strong Th1 responses when combined with GM-CSF, TLR9/TLR4, TLR9, TLR3, TLR1/2 and TLR7 agonists. The strongest response was observed with TLR1/2 AMPLIVANT® adjuvant. The AMPLIVANT® adjuvant is already being used in an ongoing study evaluating two HPV-16 peptides in patients with head and neck squamous cell carcinoma (NCT02821494). These results highlight the importance of screening a range of adjuvants and doses to find the optimal adjuvant and dose to induce a potent immune response. The Modi-1 vaccine will enter a Phase 1/2 clinical trial in 2021.




Delivery Systems


Electroporation and Gene Gun Vaccine Delivery

There have been significant improvements in optimizing vaccine administration routes to overcome poor cellular uptake. Also improvements with delivery and plasmid design have improved the efficacy of DNA vaccines in both pre-clinical and clinical studies (121). One strategy for improving the uptake of plasmid DNA into antigen presenting cells (APCs) is by using electroporation. Electroporation delivers small electrical pulses that causes transient pores to form in the cell membrane. During the period of membrane destabilization plasmid DNA present in the extracellular environment around the target cell gains access to the intracellular compartment (122). Following the transfer of DNA into the cell the membrane then reseals. The transient increase in the permeability of the target cell membrane enhances the uptake of plasmid DNA (123). Electroporation increases DNA uptake by over a 1000-fold and has an adjuvant effect due to local tissue damage and the resulting stimulation of proinflammatory cytokine in the local vicinity (124, 125). A number of DNA vaccines currently in clinical trials are using electroporation to delivery DNA plasmids, the ability of these plasmids to induce an immune response has been demonstrated in prostate cancer and melanoma (126). Another similar strategy is using a gene gun to deliver plasmid DNA that is coated with a heavy metal, typically gold particle are used, APCs at the injection site are bombarded with plasmid coated particles. The gene gun strategy reduces the amount of DNA required by 100-1,000 (127); some promising preclinical data has led to phase 1 and 2 clinical trials in head and neck squamous cell carcinoma and cervical cancer (128). Electroporation is also being used to deliver plasmid DNA in the infectious disease field, there are a number of COVID-19 DNA vaccines currently in in clinical trial (WHO landscape report Dec 2020) that use DNA plasmids encoding the Spike antigen and using electroporation as a delivery system (NCT04445389, NCT04447781, NCT04642638, NCT04627675). The main disadvantages of a DNA vaccine is when electroporation is used as a delivery system, electroporation can cause considerable pain and anxiety on administration and not suitable for mass vaccination programs, alternative delivery systems are currently being pursued.



Nanoparticle Vaccine Delivery Systems

Nanoparticle based drug delivery platforms offer an alternative vehicle for delivering drugs that have previously suffered from pharmacokinetic limitations including poor bioavailability, a short half-life or poor solubility. A variety of nanoparticles have been explored as delivery systems or as adjuvants, such as polymeric nanoparticles, liposomes, micelles, carbon nanotubes, mesoporous silica nanoparticles, gold nanoparticles and virus nanoparticles, that can all be used alone or in combination (129). Liposomes are a popular nanoparticle vaccine delivery system, they are versatile and can be constructed with a variety of different properties by changing the lipid composition, charge, size and surface properties (130–132). Nanoparticle based drug delivery platforms use well-known lipid carriers to deliver biotherapeutic encoding tumor antigens directly into APCs such as dendritic cells. The targeting of APCs in the lymphoid compartments is accomplished by using well-known lipid carriers such as DOTMA, DOTAP, DOPE and cholesterol and by adjusting negative net charge of the nanoparticles to provide optimal drug delivery. Cationic liposomes are mainly composed of the lipids DOTMA and DOPE that form colloidally stable nanoparticles of reproducible particle size (200–400 nm) with an excess of positive charge preventing excessive aggregation (133). Liposomes can increase the immunogenicity of target antigens for cancer vaccines and have been used to deliver RNA, DNA and antigens. Hydrophilic and lipophilic antigens can be loaded into liposomes, the hydrophilic antigens are trapped in the aqueous inner space and the lipophilic components are inserted into the lipid bilayer by adsorption or chemical attachment. Liposomes have been utilized to improve lymph node trafficking of small molecule adjuvants to the lymph node (134)

BioNTech have developed a lipid-based nanoparticle formulation called Lipoplex. Lipoplex has been used to provide efficient targeting of RNA to dendritic cells. The optimized Lipoplex:RNA formulation uses a charge ratio of 1.3:2, this was found to effectively target RNA to the spleen, form monodisperse and stable particles and was fully resistant to degradation by mouse serum at 37°C (135). In addition to targeting APCs, liposomes can also protect the RNA to be delivered from extracellular ribonucleases and mediates efficient uptake and expression by DCs and macrophages located in various lymphoid compartments. Lipoplex complexed with RNA encoding tumor antigens has also been shown to induce strong effector and memory T cells responses and mediate IFNα dependent rejection of progressive tumors (135). Vaccines using Lipoplex complexed with RNA induce and mobilize both the adaptive and innate immune responses mimicking an antiviral response.

Sahin et al. (136) recently conducted at phase 1 trial (NCT02410733) in melanoma patients who received melanoma FixVac (BNT111) an intravenously administered liposomal RNA (RNA-LPX) vaccine that targets four tumor associated antigens (NY-ESO-1, MAGE-A3, tyrosinase and TPTE) (135). Interim analysis (136) has shown that melanoma FixVac when used alone or in combination with the checkpoint inhibitor PD-1 mediates durable responses in patients with unresectable melanoma and with prior experience with a checkpoint inhibitor. FixVac induced clinical responses and potent CD4+ and CD8+ T cell responses could be detected with the cytotoxic T cell responses in some patients reaching the same level as reported for patients on T cell therapy trials. The completion date for this trial is estimated for December 2021, so far 119 patients (as of August 2020) have been enrolled.



Self-Assembling Peptides

Self-assembling peptides can also be used as a delivery system to deliver antigens to target cells. Self-assembling peptides can spontaneously form into ordered structures in response to changes in pH, solvent, co-assembling molecules, temperature and ionic strength (137, 138). They can have a diverse range of properties and can be manufactured to form nanomicelles, nanovesicles, nanofibers, nanotubes, nanoribbons and hydrogels (139). Self-assembling peptide deliver systems have a number of advantages over liposomes or nanoparticles including high drug loading, low drug leakage, biodegradability and are highly permeable to target cell membranes. The particle size is important for vaccine delivery and can impact the efficiency of uptake by APCs, with smaller particles (20-200 nm) being more immunogenic but there is no optimal size and this should be optimized for each vaccine candidate (140–142). The smaller particle size is thought to improve uptake into DCs and also the lymphatic system, in addition to size the shape, stability and ability to display multiple antigen can also improve immunogenicity. Self-assembling peptides can be designed to provide vaccines with the desired properties to enable efficient delivery to the target cell.

A delivery system based on modified cell penetrating peptide (CPP) based gene vectors, the Glycosaminoglycan (GAG)-binding enhanced transduction (GET) delivery system has been used to enhance delivery of nucleic acids for lung gene therapy and bone regeneration in vivo (143, 144). The GET peptides (143–150) are multi-domain sequences comprising of a heparan sulphate (HS) cell targeting sequence fused to a CPP for improved membrane association and synergistically enhanced intracellular delivery of therapeutic cargoes (145). GET peptides can deliver self-reporting cargo (monomeric red fluorescent protein; mRFP) into difficult to transduce cell types including mesenchymal stem cells (MSCs), human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Delivery involves a heparin sulphate (HS) cell targeting system fused to a CPP and an endosomal escape peptide and a system which stabilizes particles to prevent aggregation and promote diffusion and cell uptake by PEGylation. The tripeptide complexes the DNA into nanoparticles and can be delivered by simple intramuscular injection. This tripeptide formulation has achieved exceptional results in DNA delivery applications in particular in lung, brain, and has huge potential in vaccine delivery.




Genetic Vaccines


DNA Vaccines

DNA vaccines have a number of advantages, they are simple to design, relatively low production costs, good stability (stable at +2-8°C) and solubility, can be rapidly modified, it is a versatile platform that can have many applications including in infectious diseases and oncology. DNA vaccines were first shown to be immunogenic in the 1990s (151–153), they are an attractive cancer vaccine platform (154) and this led to a flood in preclinical and clinical trials. Plasmid DNA vaccines can be designed to act as both an antigen and adjuvant (155), unmethylated DNA containing cytosine-guanine rich regions can act as an adjuvant stimulating an immune response (156). DNA vectors have a negatively charged backbone and have a low molecular weight, therefore naked DNA often suffers from poor cellular uptake resulting in poor antigen production (157–159). With a significant improvement in our knowledge of cancer immunology particular the TME and immune suppression the reasons for the failures of early DNA vaccines are now better understood.

In addition to improving the delivery of plasmid DNA the vector itself can also be modified to specifically target epitopes directly to APCs. In preclinical models we have previously demonstrated that a DNA plasmid encoding T cell epitopes within the complementarity determining regions of a human IgG1 antibody (ImmunoBody®) (160), when administered with electroporation (EP) stimulates high avidity T cell responses (161). ImmunoBody® works by the direct uptake of the DNA into APCs, it is then transcribed, translated and processed, with epitopes being presented on the cell surface in combination with MHC. ImmunoBody® can also be taken up by both antigen presenting cells and non-antigen presenting cells and the transcribed antibody protein secreted. The secreted antibody is internalized via the high affinity FcγR1 receptor (CD64) on antigen presenting cells, it is then processed, and epitopes cross presented on MHC class I. The combination of direct and cross presentation induces T cells with sufficiently high avidity to eradicate established tumors in preclinical models (160). Immunization with ImmunoBody® DNA vectors induces high frequency and avidity of T cell responses that are superior when compared to those induced by immunization with DNA encoding full-length antigen or when using peptides or peptide loaded onto dendritic cells (161–164). The first ImmunoBody® in the SCIB series, SCIB1, targets four epitopes from the melanoma-associated antigens TRP2 and gp100, our second vaccine, SCIB2, incorporates several epitopes derived from the NY-ESO-1 cancer testis antigen. A first-in-human study performed by Patel et al. used SCIB1 ImmunoBody® that incorporated HLA-A*02:01 restricted epitopes from gp100 and TRP-2 in addition to HLA-DR*04:01 and HLA-DR7/DR53/DQ6 restricted epitopes from gp100. In a cohort of 15 melanoma patients SCIB1 was shown to be safe (165). In this trial 7/15 patients had stable disease, 5/20 fully resected patients experienced disease recurrence and 1 patient had measurable disease, all patients were still alive at the last observation time of 37 months. A phase 2 study in melanoma patients receiving pembrolizumab is now recruiting (ClinicalTrials.gov Identifier: NCT04079166).



RNA Vaccines

The RNA vaccine platform has the advantage that RNA does not integrate into the host cell genome and thus avoids potential safety concerns, it is also quick to manufacture and can encode multiple epitopes. RNA is single stranded and therefore has a built-in adjuvant function through TLR7 and TLR8 stimulation. However, RNA is very susceptible to cellular degradation, to overcome this in clinical trials it has either been injected directly into inguinal lymph nodes or delivered using a nanoparticle delivery system that protects the RNA. RNA is particularly susceptible to degradation by RNases, to improve transfection and avoid degradation many groups have used delivery systems such as nanoparticles and liposomes (135, 166–170). RNA has an advantage over DNA in that it only needs to be delivered to the cytoplasm for translational into protein unlike DNA that needs to enter the nucleus for transcription.

The first clinical trials using RNA was performed by Weide et al. (171, 172) in patients with metastatic melanoma. In a phase 1 trial in 15 melanoma patients (171) the intradermal administration of naked mRNA was shown to be safe. In a phase 1/2 trial (172) 21 patients received i.d. injections of protamine stabilized mRNA coding for Melan-A, Tyrosinase, gp100, Mage-A1, Mage-A3 and survivin; GM-CSF was used as an adjuvant and half the patients also had keyhole limpet hemocyanin added to the vaccine. The number of clinical responses to the vaccine in this trial was low with only 1 promising clinical response observed in a patient with measurable disease. In a phase 1/2 trial performed by Rittig et al. in 30 patients with stage IV renal cell cancer (173), naked mRNA coding for TAA’s was administered intradermally. This trial demonstrated that vaccination was safe and well tolerated and induced clinical responses in 16 patients; this trial also demonstrated that vaccination induced CD4 and CD8 T cell responses as determined by IFNγ ELISpot and Cr-release assays. The results from these trials demonstrated that vaccination with RNA was feasible and safe. With improvements to trial design, frequency, and route of administration the RNA vaccine platform is progressing through clinical trials in the fields of cancer and infectious diseases. For COVID-19 two RNA vaccines (Tozinameran from Pfizer–BioNTech and mRNA-1273 from Moderna) have now been approved by national health regulators.

In a study performed by Sahin et al. the use of an RNA vaccine encoding neoantigens was explored (174) in melanoma patients. In this study neoantigens were identified by comparative exome analysis in tumors from thirteen patients with stage III and IV melanoma. Mutations were selected for incorporation into the vaccine based firstly on the predicted binding score for HLA class II and secondly based on the predicted binding score for HLA class I. For each patient two synthetic RNAs were synthesized incorporating the identified mutations. The RNA vaccine was produced within 68 days (range 49 to 102 days), following analytical testing they were released within 103 days (range 89 to 160 days). RNA vaccines work in a similar way to the long peptide vaccines, the RNA is translated into protein which is then processed into long peptides by APCs, these peptides are then loaded onto MHC class I or class II molecules and presented on the cell surface to prime and activate T cells. This study demonstrated the clinical feasibility and safety of RNA neo-epitope vaccines. In this study 8/13 patients had no tumors develop during the monitoring period and neoantigen specific T cells could be detected in the peripheral blood of these patients. The use of many neoantigen epitopes in a vaccine reduces the risk of single antigen loss variants (175), however, in this study the outgrowth of B2M deficient tumor cells in one patient demonstrates the complexity of the TME and the selective pressures that drive resistance to therapy.




Viral Vector Vaccines

Viral vectors have been used in both the gene therapy and vaccine fields. Viral vectors have the advantage of being recognized as foreign by the immune system, inducing potent innate and adaptive immune responses resulting in the induction of strong and durable immune responses. Viral vectors enable the presentation of intracellular antigens incorporated into the vector such as cancer antigens, viral antigens, or a specific gene for gene therapy.

The most commonly used viral vectors are derived from adenoviruses, poxviruses and alpha viruses. The majority of viral vectors are replication defective or attenuated versions, these are preferred from a safety point of view. Viral vectors have a very good safety record with many approved in the infectious disease field such a recently approved Ebola vaccine and COVID-19 vaccines that use adenovirus virus vectors. A disadvantage of the viral vectors is their ability to also induce immune responses that also neutralizes the vector preventing further repeat immunizations. Pre-existing immunity to measles and adenovirus can be problematic limiting the effectiveness and ability to boost responses when adenovirus or measles virus vectors are used. A prime boost vaccine regime is commonly used, and a number of different strategies have been used to overcome the problem with pre-exiting immunity. Strategies using a non-human specific virus such as the replication-defective chimpanzee adenovirus (ChAd68 serotype), or using different vectors derived from different viruses for the prime and boost immunization or using different vaccine platforms for the prime and boost immunizations can all avoid problems associated with pre-existing immunity to the virus vector. A common combination is the use of a DNA prime and a viral vector boost. Another commonly used combination is the Modified Vaccinia virus Ankara (MVA) and Adenovirus (Ad) vectors, both vectors induce potent immune responses that when used in combination in a prime boost regime these responses are further enhanced (176, 177). These strategies have all been used successfully in the infectious disease field, particularly more recently to target SARS-CoV-2, where 40 viral vector vaccines are currently being assessed in preclinical studies, an additional 19 vaccines are currently in clinical trials and another 4 vaccines have already received approval from regulatory authorities (178).

A number of different viral vectors have been used for cancer vaccines (179); with some having progressed into clinical trials. In clinical trials the efficacy of cancer vaccines using viral vectors have not delivered the same results as those generated in the infectious disease field. The immunosuppressive TME and selection of the best cancer antigen to target is problematic and impacts all cancer vaccine platforms. To overcome central tolerance and the immune suppressive TME a cancer vaccine would need multiple boosts in order to induce and sustain a potent immune response, however, this can be problematic due to anti-vector immunity. In preclinical and clinical studies, a prime-boost approach using a recombinant vaccinia vector and a recombinant avipox virus have been successfully used, and multiple boosts using recombinant avipox such as fowlpox is possible. Preclinical and clinical studies have shown that multiple booster vaccinations using a fowlpox does not induce host anti-vector immune responses (180, 181). Both viruses have been shown to be safe, vaccinia was used in the smallpox vaccine that has been delivered to over 1 billion people worldwide. Avipox is an avian virus that is unable to replicate in mammals. Both vectors do not integrate into DNA and successfully infect APCs thus stimulate potent immune responses.

The TRICOM vaccine platform uses the recombinant vaccinia virus (rV-) for the prime and recombinant avipox (fowlpox, rF-) for multiple booster vaccinations. Each vector contains one or more TAAs and transgenes for the costimulatory molecules CD80, ICAM1 and LFA-3. In a phase 2 clinical trial, 125 men with metastatic castration-resistant prostate cancer received a vaccinia virus encoding PSA in combination with GM-CSF followed by six subsequent boosts using a fowlpox virus encoding PSA (PROSTVAC-VF) (182). The results from this phase 2 trial was encouraging with a 10-month improvement in overall survival compared to the empty vector control group (183). Unfortunately, these results were not seen in a large phase 3 study and the study was subsequently stopped (184). It is likely that despite the activation of specific T cells they were either not potent or unable to overcome the immunosuppressive TME (184). Trials are now ongoing to see if combining PROSTVAC-VF/TRICOM with check point inhibitors can improve clinical responses (NCT02933255, NCT04020094, NCT03532217, and NCT03315871).



Peptide Vaccines

The number of peptide vaccines being explored has increased due to the discovery of neoantigens. Targeting neoantigens is a personalized therapy and the rapid synthesis of peptides makes the peptides vaccines an attractive platform. Almost half of the clinical trials currently recruiting (as of August 2020) that target neoantigens are using peptide vaccines, with the RNA and DNA vaccine platforms also represented (Figure 3). Following administration the peptides included in a vaccine need to be presented on antigen presenting cells (APCs) in order to trigger an adaptive immune response. To efficiently prime an immune response the coadministration of an adjuvant is required to activate the immune system to kill tumor cells expressing the peptide (185–187). Tumor antigens need to be processed and the resulting peptides presented on the cell surface in association with MHC class I or class II molecules. Cancer specific T cells in the TME need to recognize the relevant peptides and kill tumor cells expressing them. The key to the success of a peptide vaccine relies on the correct choice of peptides to include and the best adjuvant to use to generate a local immune response and promote antigen trafficking to local draining lymph nodes. Bioinformatic applications and algorithm prediction program are commonly used to define peptides capable of binding MHC I or MHC class II molecules. Identification of peptides bound to the MHC molecules on the cell surface can be achieved via mass spectrometry (MS) analysis. Combining data from MS analysis, epitope predicting algorithms and gene expression data help to predict the best candidate peptides to include in a vaccine.




Figure 3 | Neoantigens currently in clinical trial. According to clinicaltrials.gov (as of 23rd September 2020) there are currently 33 clinical trials recruiting that target neoantigens.



A vaccine needs to stimulate both CD4+ and CD8+ specific T cells. The majority of peptide vaccines use longer peptides typically 20-30mers, these are likely to contain nested CD8+ T cell epitopes in addition to longer CD4 T cell epitopes and therefore are able to stimulate both CD4+ and CD8+ T cells. In addition, multi-peptide vaccines are often used, incorporating many peptides meaning that many antigens can be targeted, increasing the chances of overcoming any antigen loss on the tumor cells. A number of peptide vaccines targeting neoantigens have been developed by a number of groups, this personalized therapy can target a patient’s individual tumor. Ott et al. (188) used whole-exome sequencing (WES) and RNA-sequencing (RNA-Seq) to identify neoantigens from six stage III/IV melanoma patients. Using NetMHCpan (v2.4) a list of peptides that bind to MHC class I was generated, synthesized peptides were between 15 to 30 amino acids in length and thus capable of stimulating CD4+ and CD8+ T cells. Patients were immunized with 30 peptides given in combination with poly-ICLC. This vaccine-induced polyfunctional CD4+ and CD8+ T cells targeting 58/97 and 15/97 neoantigens respectively across the patients. At 25 months post vaccination 4 patients had no recurrence while 2 patients had progressive disease that was successfully treated with anti-PD-1 therapy.

A number of early peptide-based cancer vaccine trials primarily focused on short peptides from tumor associated antigens, and did not include any delivery system or longer peptide formulations (189). The majority of these trials failed when reaching phase 3 trials, a number of additional reasons for these failures include adjuvant selection, timing of vaccination and peptide formulation (120). Peptide vaccines do generate an immune response but as a monotherapy they can struggle to show efficacy in the clinic. Kimura et al. immunized 39 patients with premalignant colon adenomas with a MUC1 peptide vaccine, they showed the peptides were immunogenic however in 22 patients there was a lack of a response which correlated with a high number of myeloid derived suppressor cells in the TME pre vaccination (190). In another two trials in melanoma and ovarian cancer patients (191, 192), a mixture of peptides were used to immunize patients, vaccination induced an immune response which was associated with some favorable outcomes. The majority of peptide vaccines did not generate an immune response that was robust enough to see any significant clinical benefit (189). These early studies highlighted the need to further optimize peptide vaccines, either by better targeting, better adjuvants or used in combination to overcome the immunosuppressive TME.


Peptide-Adjuvant Conjugate Vaccines

The administration of free adjuvant with antigens in a cancer vaccine can result in their dissociation following injection and subsequently do not enter the lymphatic system. Adjuvants can be rapidly degraded (193) reducing the amount that reaches the target cells resulting in suboptimal antigen priming and immune response. Free adjuvant in the circulation can also induce autoimmunity (194) or toxicity. The co-delivery of adjuvant with antigens is required to induce a potent immune response while avoiding any autoimmunity or toxicity, as already described a delivery system can be used to deliver the adjuvant and antigen, alternatively the adjuvant and antigen can be linked to improve targeting.

The direct conjugation of a peptide to an adjuvant is gaining increasing attention, particularly from groups targeting neoantigens. Previous reports have described the direct conjugation of peptides to TLR ligands can enhance the immune response by directly targeting the peptide and adjuvant to the same APC (195–199). Peptides can be linked to hydrophobic carriers such as lipids (92), fatty acids (200) and TLR agonists (196, 201, 202) for more efficient delivery to APCs and subsequently lymph nodes. A recent preclinical study performed by Lynn et al. (203) used a peptide platform based on charge modified TLR-7/8a peptide conjugates, these conjugates self-assemble into nanoparticles of uniform size which is independent of the peptide antigen composition. This platform is used to conjugate identified neoantigen peptides, these peptides would possess a variety of properties, such a platform would be able to incorporate peptides with a wide range of characteristics. Neoantigen peptides were predicted (179 peptides) from three murine tumor models, vaccination of mice induced a CD8+ T cell response with approximately 50% of the peptides being recognized, this led to enhanced tumor clearance.

We have directly conjugated citrullinated peptides from vimentin and α-enolase (Vim28-49cit, Vim415-433cit and Eno241-260cit) to the TLR1/2 ligand AMPLIVANT®. The direct linkage of a TLR agonist to a peptide can enhances the immunogenicity of the vaccine (196–199). In HLA-DR4 and DP4 transgenic mice vaccination with the conjugated peptides induced a high frequency of specific T cells. The direct conjugation of the Vim28cit, Vim415cit and Eno241cit peptides to the TLR1/2 ligand Amplivant® reduced the peptide-equivalent dose required to induce immune responses by at least 1 log without the loss anti-tumor responses (60). These results demonstrate that the linkage of a TLR ligand to a peptide enhances the immune response and supports the development and application of these peptide/TLR ligand linked conjugates in a clinical setting.

Peptide vaccines have many advantages, they can be chemically synthesized, manufactured at large scale and cost effective (204) when compared to other cancer therapies. In pre-clinical and clinical studies they have been shown to be safe and well tolerated (204, 205). Peptide vaccines should include peptides that target multiple antigens to generate a polyclonal antigen T cell response (206–208). Like DNA and RNA vaccines the use of a delivery system can help improve the targeting and stability of peptides used in a vaccine which reduces any potential off target effects (209–212). The production of conjugated peptide vaccines can be problematic for some peptides, particularly hydrophobic peptides that tend to form aggregates that complicate manufacturing and when injected they form injection site depots leading suboptimal immune responses (213). The conjugation of peptides with adjuvants improves the delivery of both components to APCs which may be needed to induce T cell priming (203, 214). Peptide conjugates used in combination with other therapies have a huge potential. A peptide conjugate vaccine can specifically target APCs and that has the advantage of being dose sparing, in combination with a checkpoint inhibitor to relieve immunosuppression in the TME this would provide the best opportunity for these vaccines to work in the clinic.




Vaccines in Combination With Other Therapies

Immune checkpoint inhibitors constitute an important breakthrough positively influencing treatment outcomes in cancer patients. Cancer vaccines have the potential to induce potent immune responses but are hampered as tumor cells possess a variety of immune evasions mechanisms that interfere with the function of T cells (215–220). Upon activation, T cells migrate and accumulate in the TME where they can induce tumor cell killing, however, tumors have evolved multiple mechanisms that can dampen or inhibit T cell mediated killing. Tumor cells can alter the antigen processing machinery, secrete immunosuppressive factors that kill the T cells or activate pathways that induce tolerance rendering any tumor therapy ineffective (221). The identification of the key regulators of the immune response has led to the generation of new therapies that have the potential to reverse some of the immune suppression in the TME. Immune checkpoint inhibitors are cell surface receptors that regulate the immune response, they enable self-tolerance while preventing over activation of the immune system resulting in autoimmune disease (222). In the TME the expression of checkpoint receptors suppresses T cell activation and thus provides the tumor with a growth advantage (223). The cytotoxic T lymphocyte protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) are the best characterised checkpoint receptors in the immunotherapy field, others have been described that are emerging from preclinical studies and entering the clinic.

The checkpoint receptor, PD-1, is expressed on activated T cells and overexpressed on exhausted T cells (90). There are two PD-1 ligands, PD-L1 and PD-L2, PD-L1 is expressed on many cells including immune cells, epithelial cells, endothelial cells and tumor cells (88, 91). PD-L2 is expressed on professional antigen presenting cells including DCs and macrophages (224). The binding of PD-1 on T cells to PD-L1 expressed on a tumor cell or PD-L2 expressed on an APC leads to TCR downregulation, resulting in lower secretion of TNF-α, IFN-γ, and IL-2 (92). The expression of CTLA-4 is induced upon T cell activation and competes with the costimulatory molecule CD28 for its co-stimulatory ligands. CTLA-4 suppresses the early activation of naïve and memory T cells by competing with CD28 (88–90), PD-1 inhibits T cell function at a later activation stage by down regulating TCR expression. Monoclonal antibodies that block CTLA-4 (223), PD-1 (225) or PD-L1 (226) pathways remove the inhibition of T cell function (227) and have made significant clinical impacts. Antibodies that specifically block the CTLA-4 or PD-1/PD-L1 pathway have the potential to remove T cell immune suppression enabling the successful recognition and killing of tumor cells.

Checkpoint blockade has shown promising results in clinical trials and have gained approval for an increasing number of cancers including melanoma, renal-cell carcinoma (RCC), advanced non-small-cell lung cancer (NSCLC), classic Hodgkin’s lymphoma (HL), bladder carcinoma, Merkel cell carcinoma, head and neck cancer, and more recently, solid tumors with mismatch repair-deficiency. PD-1 and CTLA-4 inhibit T cell responses at different stages and by different mechanisms, it is therefore tempting to block both pathways in order to overcome immune suppression. Clinical trials in melanoma patients that have combined PD-1 and CTLA-4 blockade have shown improved clinical responses, however, these have come at a cost with an increase in toxicities being reported (228–230). The combination of anti CTLA-4 and anti PD-1 is now approved as the first line therapy for advanced melanoma patients; however, the toxicities have limited the use of this combination, trials are ongoing to vary the dose and interval of dosing to reduce toxicity.

Many cancer vaccines currently in clinical trials are combined with a checkpoint inhibitor such as CTLA-4, PD-1 or PD-L1 inhibitors, which are offered as standard treatment for an increasing number of cancers. A couple of comparative studies have shown that the combination of a tumor vaccine with a checkpoint inhibitor is more effective than monotherapy (231, 232). Less than 50% of patients respond to checkpoint inhibitors (233–235), there are several other factors that can lead to immune suppression in the TME, such as the action of T-regulatory cells, myeloid-derived suppressor cells (MDSCs), tumor associated macrophages and immunosuppressive DCs (236). For a vaccine to show efficacy in the clinic it is likely a combination with another form of therapy is required to improve tumor specific T cell function in the TME.

In preclinical murine models using the ImmunoBody® vaccine SCIB2 a synergistic effect was observed when given in combination with anti-PD-1 (Figure 4) (237). The synergistic effect was also observed with SCIB1 when given with anti-PD1 (163, 237). These results demonstrate that a cancer vaccine on its own will not achieve the expected results in the clinic without combining with other therapies aimed at modifying the TME by reducing immune suppression and also improving T cell trafficking into the tumor.




Figure 4 | Survival of HHDII mice challenged with 5 x104 tumor cells and immunized with SCIB2 and anti-PD-1 antibody alone or in combination. Control vs SCIB2 (*p = 0.037); Control vs anti-PD-1 antibody (p = 0.111); Control vs SCIB2 and anti-PD-1 antibody (***p = 0.0003); SCIB2 vs SCIB2 and anti-PD-1 (* = 0.0177); anti-PD-1 antibody vs SCIB2 and anti-PD-1 (*P = 0.0177). Lack of survival was defined as tumor size > 528 mm3. Each curve represents at least 10 mice per group.



The first line treatment for the majority of cancer indications is radiotherapy or chemotherapy. These traditional treatments are not targeted therapies but the damage they cause to tumors results in the release of more antigens from the tumor cells. Damage to tissue surrounding a tumor can also induce the recruitment of T cells into the vicinity, this is particularly valuable when the tumor mutational burden (TMB) is low (238). A number of clinical trials are using either radiotherapy or chemotherapy to enhance the immune response to a vaccine. Radiotherapy can enhance the recruitment of T cells into tumor tissue and increase the intensity of specific anti-tumor immune responses (239). Other studies have shown that some chemotherapeutic drugs can enhance the antitumor activity of tumor vaccines (140, 141) and adoptively transferred T cells (137, 138). A vaccine combined with immune checkpoint inhibitors or traditional treatments can induce stronger anti-tumor responses (188), as such the majority of tumor vaccines in clinical trials are in combination with other therapies. The majority of cancer patients will be offered first line standard of care treatment prior to being offered alternative therapies or participation in a clinical trial.



Tumor Microenvironment and Tumor Induced Immune Suppression

Tumors evolve and change, they are heterogenous and genetically unstable. Tumors generate many mutations overtime, some are cloned, altered or lost in the tumor genome. Advances in sequencing technology now allows the analysis of a resected tumor or biopsy, the data gathered is a snapshot of a single tumor or part of a tumor at a specific time and does not provide information regarding the overall heterogeneity in the tumor (240, 241). This is a particular problem with the development of a personalized vaccine targeting a neoantigen, the information gained via biopsy or resection may represent a mutated tumor subclone or the neoantigen may be not expressed in the whole tumor or metastatic tumors compromising the effectiveness of the vaccine (242). The ideal mutations to target are driver mutations, these are critical for the growth of the tumor and are usually expressed in every tumor cell. However, the number of driver mutations can be low, for example in melanoma only 8% neoantigens are driver mutations (243). The degree of tumor heterogeneity will vary between patients, indications, and tumors. Improving our understanding of tumor heterogeneity will help identify the best epitopes to include in a cancer vaccine and targeting more than one antigen with help overcome tumor heterogeneity. The cancer vaccines targeting neoantigens address this heterogeneity by targeting more than one neoantigen and also addressing potential antigen loss.

Another factor that significantly contributes to the success immunotherapy is the TMB, studies by Rooney et al. demonstrated that the TMB correlated with immune responses (244). Tumors with high TMB, such as melanoma and NSCLC have a higher response rate to immunotherapy compared to tumors with a low TMB, however, this is not the case with all tumors. Pediatric tumors generally have fewer somatic mutations, a study performed by Zamora et al. showed that tumors from children with acute lymphoblastic leukemia had a low TMB but they could still induce a strong anti-tumor response (245). A number of clinical trials are underway for cancer indications that have an unmet need, poor survival and also have a low TMB e.g. glioblastoma and pancreatic cancer. Hopefully the results from these trials will help with our understanding of how to target tumors with a low TMB.

The TME consists of many different cell types including immune and stromal cells, vasculature, extracellular matrix and a variety of cytokines and chemokines. The extracellular matrix is made up of cells from endothelial, mesenchymal and haematopoietic origins. Changes in the TME impact the trafficking of TILs and efficacy of cancer vaccines that have induced specific T cells but are unable to traffic into the tumor.

Tumors have a number of mechanisms that have evolved to suppress anti-tumor immune responses. Apart from checkpoint mediators such as PD-1 and CTLA-4 a number of cell types have been identified that contribute to immune tolerance and evasion in the TME, Myeloid-derived suppressor cells (MDSCs), T regs, tumor associated macrophages (TAMs) and cancer associated fibroblasts all contribute to this immune suppression (246). MDSCs are a type of regulatory cell that are found within the TME (246, 247), they produce nitric oxide, cytokines and reactive oxygen species that can suppress T cells. MDSCs play a critical role in tumor invasion, metastasis and angiogenesis (248, 249). The presence of MDSCs in the TME correlates with poor overall survival and progression free survival (250). In a murine model of rhabdomyosarcoma, the trafficking of MDSCs was inhibited and subsequently an enhanced response to anti-PD-1 therapy was observed (251). In addition to MDSCs the presence of Tregs in the TME in many cancer types is also associated with a poor prognosis (252). Tregs are critical for the maintenance of cell tolerance, they suppress T cell responses by binding IL-2 therefore limiting the amount of free IL-2 available to drive T cell proliferation and activation (253). Tregs express CTLA-4 and can produce immunosuppressive cytokines that further contribute to the immune suppressive TME (252). The TAMs, in particular the M2 macrophages are another cell type that can contribute to the immune suppressive TME (254). The M2 macrophages can promote tumor growth by stimulating tumor cell motility, angiogenesis, and immune evasion (255). Murine studies have demonstrated that the depletion of macrophages reduces tumor growth and also by inhibiting the myeloid growth factor signaling pathway in macrophages overcome resistance to checkpoint inhibitors in a pancreatic cancer murine model (256, 257). The depletion or inhibition of MDSCs, Tregs or TAMs all have the potential to improve anti-tumor responses induced by vaccination or a cellular therapy, however, the impact of depleting these cells in the periphery as well as the tumor increases the potential to induce autoimmunity.

Within the TME the most abundant stromal cells are the cancer associated fibroblasts (CAF), these have been shown to play a role in tumorigenesis, angiogenesis, metastasis, drug resistance, immunosuppression, extracellular matrix (ECM), remodeling and maintenance of cancer stemness (258–264). Different subtypes of CAFs exist each capable of secreting a number of cytokines and chemokines such as TGF-β, IL-6, IL-8, IL-13, CXCL12, CXCL14, and VEGF that inhibit anti-tumor immune responses. Some CAFs also express PD-L1/PD-L2 or produce metabolites or enzymes such as indoleamine-2,3-dioxygenase (IDO), arginase (Arg), adenosine, and tryptase that recruit Tregs, mast cells and TAMs. CAFs can also contribute to the integrity of tumors, they can synthesize components that make up the ECM such as collagen, fibronectin, matrix metalloproteinases and can contribute to ECM stiffness and thus prevent T cell infiltration. The role of CAFs in cancer progression makes them a promising target for cancer therapy. There have been a few studies looking at anti-CAF based therapies, however in a murine CAR T cell-based study targeting the fibroblast marker FAP, toxicity was observed due to expression of FAP on other tissues (265). Other studies are looking at depleting CAFs, blocking their function or altering their function.

Cytokines and chemokines within the TME can also induce an immune suppressive TME and reduce T cells responses. One of the most studied cytokines is transforming growth factor beta (TGF-β). TGF-β signaling has a massive impact in the TME where it can influence cell growth, differentiation and apoptosis while also inhibiting T cells responses and upregulating Tregs (266). In patients with colon cancer TGF-β tends to suppress cell growth but in advanced stages of the disease the presence of cells expressing members of TGF-β superfamily tend to have a poor prognosis. In murine models the inhibition of TGF-β reverses its immunosuppressive effects and improves the activity of T cells also rendering tumors suspectable to treatment with checkpoint blockade (267, 268). In addition to cytokines in the TME, chemokines such as CXCR2 and CXCR4 that bind to MDSCs and Tregs respectively contribute to tumor immune evasion. In murine models the inhibition of CXCR2 and CXCR4 in combination with anti-PD-1 reversed immune evasion (251, 269). Targeting cytokines and chemokines in TME could be a good cancer immunotherapy strategy that will help change the immune suppressive environment by preventing the recruitment and activation of Tregs, TAMs and MDSCs.

Cancer cells can also lose surface antigens as an immune evasion mechanism following natural or therapy induced selective pressure. Antigen loss has been observed for CD19 in acute lymphocytic leukemia and CD20 in chronic lymphocytic leukemia. Antigen loss is a common reason for resistance to therapy and subsequent relapse. To address the problem with potential antigen loss we have targeted two antigens in our Modi-1 and SCIB1 vaccines, with SCIB1 also inducing high avidity T cells that are capable of responding to a lower number of MHC:peptide complexes on tumor cells. In addition to antigen loss, tumors can also decrease MHC class I expression rendering the immune response powerless. The downregulation of MHC class I has been observed in both human and murine tumors (270–272). The majority of early primary tumors express MHC class I but this profile often changes as the tumor progresses and escape immune surveillance (273). The percentage of cancers that have HLA class I loss, total loss, haplotype loss or allelic loss can range from 65-90% (274, 275). We have addressed MHC class I loss by incorporating both MHC class I and class II peptides in our SCIB1 vaccine, our Modi-1 vaccine only includes MHC class II restricted peptides.



Conclusions

A large number of cancer vaccines have failed to show clinical efficacy, this can be due to the tumor’s own mechanisms of immune evasion and escape that have evolved including antigen loss, MHC loss, the presence of immune suppressive cells or soluble factors in the TME and lack of a robust anti-tumor immune response (276–279) and also due to the inability of the cancer vaccines to induce sufficiently high avidity T cell responses to efficiently destroy tumors. Early cancer vaccines were primarily focused on stimulating CD8+ T cell responses against tumor associated antigens often using short minimal epitope sequences, T cells recognizing these antigens are highly tolerized and subsequently these vaccines fail in the clinic. The incorporation of CD4+ T cell epitopes into peptides, RNA or DNA vaccine platforms is essential to induce specific CD4+ and CD8+ T cell responses. Targeting non self or mutated tumor antigens will induce high avidity T cells responses when delivered with optimal adjuvant and delivery systems, as such the neoantigens and post translational modified antigens currently show the most promise.

Generating a neoantigen vaccine can be costly both in terms of time and money, the peptide vaccines are personalized and require a significant amount of bioinformatics input to generate the best candidate neoepitopes. The Modi-1 vaccine is not a personalized therapy and is broadly applicable to many patients and cancer types, it is cheaper to manufacture when compared to other platforms and in addition has no time delay constraints that is associated with the production of neoepitope vaccines.

The vaccine platform and the delivery systems used have undergone a huge number of improvements over the last decade. Many new adjuvants have emerged or are currently being investigated in order to improve the immune response at the injection site while also increasing antigen trafficking to the lymph nodes. The majority of cancer vaccines are currently using TLR agonists as adjuvants, these have also been conjugated to peptides or included in nanoparticles to improve targeting. Other adjuvants such as STING, CD40 agonist and GM-CSF are currently being investigated in clinical trials. The correct selection of an adjuvant is key to the ability of the vaccine to induce a robust immune response. We have previously screened a number of different potential adjuvants to use in our Modi-1 vaccine, this included CpG (TLR9), MPLA (TLR4), CpG/MPLA (TLR9/TLR4), GM-CSF, imiquimod (TLR7), Poly I:C (TLR3) or TLR1/2 (AMPLIVANT®). Preclinical studies have shown that when AMPLIVANT® is given in combination with the Modi-1 peptides it induced the strongest anti-tumor response (60). This highlights the importance of determining the best delivery and targeting approach for a vaccine that generates the strongest immune response while reducing any possible toxicity.

With our ImmunoBody® platform we have modified a DNA vector by engineering T cell epitopes into the IgG1 CDR regions (163), the Fc region of the antibody targets the high affinity Fc receptor CD64 that is expressed on activated APCs. The SCIB DNA vaccines allow both direct- and cross-presentation of epitopes by targeting dendritic cells, and are able to generate high avidity CD8+ T cells that efficiently eradicate tumors.. Vaccination with SCIB1 induces high frequency and high avidity specific T cells (165).

Improvement with vaccine delivery systems has led to the generation of nanoparticles, self-assembling peptides, and needle free delivery systems. Electroporation was used to administer SCIB1 in our phase 1 clinical trial, and has been used to deliver other cancer and infectious disease vaccines. However, the pain on administration using electroporation and the requirement for specialized vaccine delivery instrument have limited their use, these newer delivery systems provide better alternatives. Liposomes are increasingly being used as delivery system, they are versatile, incorporating small drug candidates or antigens in the form of RNA or peptides, and have a good safety profile. Liposomes do require optimization in order to determine the optimal charge/size of the particle to incorporate their cargo and deliver it across the cell membrane. The targeting of cancer antigens to improve the local immune response and trafficking to lymph nodes can be achieved through either the linking of peptide to adjuvant, incorporating the antigen into nanoparticles or by modifying genetic vectors eg ImmunoBody® platform.

There are a number of challenges to address in the development of a successful cancer vaccine, we have tried to address a number of these challenges with our SCIB1, SCIB2 and Modi-1 vaccines. The SCIB1 vaccine is currently in phase 2 trials in combination with anti-PD-1 therapy, and the Modi-1 vaccine will be entering clinical trials in 2021. The success of any cancer vaccine does not rely only on the ability of the vaccine to induce a robust immune response but also on the modification of the immune suppressive TME to enable the successful trafficking of T cells and the ability of these T cells to recognize and kill tumor cells. The tumor size, TMB and previous treatments will all influence the success of a cancer vaccine and this will vary among patients and cancer types. With huge improvements in the cancer vaccine field and a better knowledge of the TME with time cancer vaccines will start to show good clinical efficacy.
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In situ tumor ablation techniques, like radiotherapy, cryo- and heat-based thermal ablation are successfully applied in oncology for local destruction of tumor masses. Although diverse in technology and mechanism of inducing cell death, ablative techniques share one key feature: they generate tumor debris which remains in situ. This tumor debris functions as an unbiased source of tumor antigens available to the immune system and has led to the concept of in situ cancer vaccination. Most studies, however, report generally modest tumor-directed immune responses following local tumor ablation as stand-alone treatment. Tumors have evolved mechanisms to create an immunosuppressive tumor microenvironment (TME), parts of which may admix with the antigen depot. Provision of immune stimuli, as well as approaches that counteract the immunosuppressive TME, have shown to be key to boost ablation-induced anti-tumor immunity. Recent advances in protein engineering have yielded novel multifunctional antibody formats. These multifunctional antibodies can provide a combination of distinct effector functions or allow for delivery of immunomodulators specifically to the relevant locations, thereby mitigating potential toxic side effects. This review provides an update on immune activation strategies that have been tested to act in concert with tumor debris to achieve in situ cancer vaccination. We further provide a rationale for multifunctional antibody formats to be applied together with in situ ablation to boost anti-tumor immunity for local and systemic tumor control.
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Introduction

Vaccines have been extremely successful in preventing infectious diseases by training the immune system to recognize and destroy pathogens. Conventional vaccines comprise of antigen(s) often supplemented with immune adjuvants to support the induction of an effective immune response. Besides, adjuvants can function as a slow release system, ensuring prolonged and continuous presentation and stimulation of the immune system (1). The application of vaccines to cancer is an obvious extension of their utility, and many diverse vaccination strategies are under development. An interesting novel approach is the in vivo loading and activation of dendritic cells (DCs) with tumor antigens released following in situ tumor ablation.

Tumor ablation techniques are successfully applied for the treatment of different malignancies. Although diverse in technology and mechanism of action, all ablative techniques lead to in situ availability of ablated tumor material (Figure 1A). The tumor debris released upon ablation functions as an antigen depot representing the tumors’ antigenic repertoire. Together with the simultaneous release of bioactive molecules, such as damage-associated molecular patterns (DAMPs), this has led to the concept of in situ cancer vaccination. Indeed, tumor antigens were observed in DCs residing in draining lymph nodes (dLNs) following ablation (2). Immune responses induced by ablation as stand-alone treatment are documented, however, tend to be incapable of evoking robust sustainable anti-tumor immunity. This is further evidenced by the scarce reports of spontaneous regression of untreated distant metastatic sites following ablation, the so-called ‘abscopal effect’ (3, 4). Therefore, it has been proposed by us and others to initiate and boost ablation-induced anti-tumor immunity by combining ablation with immune activation strategies (5–7). An outstanding question in the field remains which immune activation strategies effectively combine with in situ tumor ablation.




Figure 1 | Immune activation strategies plus tumor ablation to create in situ cancer vaccines. (A) Tumor ablation results in the release of tumor antigens available for uptake by antigen-presenting cells (APC), such as DCs. These antigens are (cross-)presented on MHC molecules to T cells in the dLN, resulting in T cell priming and activation. Activated T cells subsequently migrate to the destructed tumor, as well as distant metastases, where they kill remaining tumor cells. (B) Immune response induction is boosted by exogenous administration of immune stimulating compounds like 1. adjuvants (e.g. CpG) or 2. agonistic antibodies (e.g. anti-CD40 mAb, crosslinking by Fc-receptor expressing cells) that can work synergistically with tumor ablation in creating effective, mature DCs. Furthermore, several approaches can be exploited to counteract the immunosuppressive TME, such as 3. scavenging of inhibitory cytokines (e.g. anti-TGFβ mAb or TGFβ trap) or 4. immune checkpoint blockade (ICB, e.g. anti-PD-1 mAb), both to enhance the anti-tumor immune response.



Examples of immune activation strategies that are mostly applied together with tumor ablation include stimulation with pattern recognition receptor (PRR) agonists, adjuvants and agonistic antibodies. However, tumors have evolved mechanisms to create an immunosuppressive tumor microenvironment (TME), parts of which may admix with the antigen depot upon ablation. Development of a successful in situ cancer vaccine thus requires immune activation strategies to boost immunity and approaches that counteract the immunosuppressive TME like monoclonal antibodies (mAbs) against inhibitory immune checkpoints, inhibition of immunosuppressive cells like regulatory T cells (Treg) or myeloid derived suppressor cells (MDSC) or by scavenging anti-inflammatory cytokines, such as transforming growth factor beta (TGFβ).

Delivery of these immunomodulators to the relevant locations, i.e. the tumor and tumor dLNs, is often essential for enhancing anti-tumor specific immune responses following ablation. Targeting also mitigates potential toxic side-effects. Antibodies can exhibit tumor targeting abilities, either through their specificity for tumor antigens or ablation-associated factors, such as extracellular DNA and histones. Recent advances in antibody engineering enabled the creation of novel antibody formats with multiple functions, such as bispecific antibodies and protein-linked antibodies (8). Multifunctional antibodies create new opportunities to enhance anti-tumor immunity following in situ tumor ablation techniques.

Here, we review immune activation strategies and approaches that counteract the immunosuppressive TME that have been combined with in situ tumor ablation. Furthermore, we postulate new combination strategies involving multifunctional antibody formats to be applied together with in situ ablation to boost the anti-tumor immunity for local and systemic tumor control.



In Situ Tumor Ablation

During the last decades, there has been widespread interest in the development and refinement of ablation techniques for local treatment of cancers. The primary goal of tumor ablation is to destroy malignant cells within a designated volume through the local deposition of energy via different approaches, e.g. ionizing radiation or extreme temperatures. Radiotherapy (RT) has been a strong pillar in cancer therapy and the majority of cancer patients undergo RT at one point during treatment (9). The anti-tumor efficacy of RT has been attributed to its capacity to induce DNA damage, as well as through increased recognition of tumor cells by the immune system. Stereotactic ablative body radiotherapy (SABRT) allows for the delivery of ablative radiation doses. An exciting development in radiation oncology is the magnetic resonance linear accelerator (MR-Linac) which enables high precision ablative RT under real-time MR-guidance, providing better target control while sparing the surrounding healthy tissues including LNs (10). MR-guided RT is a promising tool to answer key questions in the field of immuno-radiobiology, and will help to understand how to bring dose and fractionation schedules into an immunologically active range.

Different from RT, most other tumor ablation techniques rely on extreme temperatures for cellular destruction. Cryoablation applies extremely cold temperatures, whereas heat-based thermal ablation modalities, including radiofrequency ablation (RFA), microwave ablation (MWA), laser ablation and thermal high-intensity focused ultrasound (HIFU) employ different sources of energy to heat the target region (7, 11). Cells in the core of the ablation zone are subjected to lethal temperatures; up to -180°C for cryoablation inducing hypothermic necrosis and >60°C for thermal ablation resulting in protein denaturation and coagulative necrosis. Cells in the periphery of the ablation zones are exposed to sublethal temperatures and either undergo apoptotic cell death or are able to recover from reversible injury (12). In contrast to thermal HIFU ablation, HIFU can be used to generate mechanical damage as a result of acoustic cavitation, with minimal thermal damage, also known as (boiling) histotripsy or mechanical HIFU (12–14).

Besides their ability to kill tumor cells, ablation modalities unveil an array of tumor antigens. Several studies have emphasized the importance of neoantigens arising due to tumor-specific DNA mutations in the recognition of tumor cells by the immune system (15, 16). Each ablation technique results in a unique tumor antigenic fingerprint. Heat-based thermal ablation results in protein denaturation and coagulative necrosis, possibly reducing the availability of intact tumor antigens for the immune system. Furthermore, the coagulative necrosis destroys the structure and vasculature of tumors, thereby affecting the ability of immune cells to reach and interact with the antigen depot (17). Mechanical HIFU, on the other hand, will result in complete liquification of the tissue, which is effectively removed via drainage or absorbed as part of the physiologic healing response (18, 19). For cryoablation it has been reported that many native antigen structures are preserved (20). Furthermore, cryoablation has shown to induce polyclonality and intra-tumoral T cell repertoire remodeling (21). How each ablation technique affects handling and processing of antigenic materials by antigen-presenting cells (APCs) and which ablation technique results in the most effective release of immunogenic (neo)antigens remains to be investigated.

During efforts of the body to clear this tumor debris, there is a time frame in which the immune system can be triggered towards antigens from the antigen depot (Figure 1A). In fact, the presence of the antigen depot is a prerequisite for the development of an anti-tumor immune response, as protective immunity failed to develop upon surgical removal of cryoablated tumors (2). Cytokines and endogenous danger signals, such as DAMPs, are readily released from the ablated tumor, which may contribute to immune activation. On the other hand, ablation will also lead to a physiological wound healing response that regulates and maintains immunological tolerance toward the damaged tissue. In practice, ablation induced immunomodulation alone appears (often) insufficient to generate consistent protective anti-tumor immunity. Therefore, interest has shifted towards exploring the potential synergy between ablative techniques and immune activation strategies. Strong systemic immunity will be critical for controlling residual disease at the site of ablation and for eradicating distant metastases.



Antigen Presenting Cells and Immune Activating Strategies

DCs, the most potent APCs of the immune system, have the unique ability to initiate and direct immune responses. DCs in the vicinity of or recruited to the local ablation site acquire and process tumor antigens, and subsequently present them to naïve T cells (22). Alternatively, tumor antigens may passively enter the circulation or lymphatics and can be transported to LNs where they can be taken up by LN-resident DCs. DCs can cross-present peptides derived from such extracellular antigens to MHC I restricted CD8+ T cells. In addition to the initial interaction between the TCR and MHC-molecules on DCs, co-stimulation (signal 2) and cytokines (signal 3) are important for initiation of antigen-specific T cells. Thus, proper DC maturation is essential for efficient immune response induction. The ability to load and mature DCs directly in situ by tumor ablation plus immune activation is thus an appealing strategy to develop a cancer vaccine.


Adjuvants

Adjuvants can boost the magnitude and duration of the adaptive immune response. One of the ways through which adjuvants act is by serving as, or inducing, DAMPs and/or pathogen-associated molecular patterns (PAMPs) that trigger PRRs on immune cells resulting in their activation. Alternatively, adjuvants can function as slow release system. Although numerous different adjuvants exist, we will focus on nucleic acid-sensing PRR agonists, as well as the potential of saponin-based adjuvants (SBAs) applied in combination with in situ tumor ablation.


Toll-Like Receptor (TLR) Agonists

TLR triggering is one of the most potent inducers of DC maturation in vivo as evidenced by their capacity to upregulate co-stimulatory molecules and enhanced production of pro-inflammatory cytokines needed for DC-mediated T cell priming. The nucleic acid-sensing TLRs include TLR9, TLR3 and TLR7/8. CpG oligodeoxynucleotides (CpG) are short unmethylated single stranded-synthetic DNA molecules, which were one of the first adjuvants to be combined with in situ tumor ablation (2). Pioneering work combining CpG with cryoablation in a B16OVA melanoma model showed the induction of long-term immune memory, evidenced by a 50% survival of mice subjected to a re-challenge. The survival benefit was absent in the single treatment groups. Additional studies showed the anti-tumor effect is dependent on plasmacytoid DCs (pDCs), which stimulate the ability of conventional type 1 DCs (cDC1s) to prime naïve CD8+ T cells (23, 24). A prerequisite for the synergy between cryoablation and CpG is the co-localization of the antigen and CpG within a DC. Therefore, the timing and location of CpG administration relative to the release of tumor antigens by tumor ablation is of importance for protective anti-tumor immunity (25, 26). The beneficial effects of CpG with cryoablation have also been observed in a mammary adenocarcinoma model (27). CpG combinations with other ablative therapies, such as RT and HIFU, have also proven successful (28–30). Interestingly, the combination of thermal HIFU ablation of mammary adenocarcinoma tumors with CpG plus anti-PD-1 increased the number of unique CDR3 rearrangements in the T cell repertoire at distal tumors, indicating the generation of T cells specific for a broad range of different tumor antigens (30).

The synthetic dsRNA analog polyinosinic-polycytidylic acid (Poly-IC) is a ligand for TLR3 and has shown promising preclinical results in combination with a minimal 9 Gy single dose RT. The combination treatment greatly reduced tumor growth at primary and abscopal sites and enhanced survival in different mouse models (31–33). The Poly-IC plus RT combination treatment of A20 lymphoma tumors plus intra-tumoral (i.t.) FLT3L injections further increased DC recruitment and synergistically induced adaptive anti-tumor immunity (33). Mechanistic studies revealed that RT increased serum levels of high mobility group box 1 (HMGB1), a known DAMP in vivo. HMGB1 potentiated the Poly-IC induced DC maturation, demonstrating the potential of DAMP plus TLR adjuvant combination strategies (33).

TLR7/8 agonists gained fame through Imiquimod, an adjuvant formulation topically applied in the treatment of skin cancers (34). Topical Imiquimod application, as well as systemic administration (encapsulated in nanoparticles (NP)), in combination with cryoablation or RT, resulted in improved tumor control at primary and distant sites in numerous murine cancer models (35–38). As with CpG, TLR7 agonists are believed to act primarily through activation of pDCs (39). The results of a phase I/II clinical trial investigating the efficacy of topical imiquimod application to breast cancers skin metastases in conjunction with RT are currently on their way (NCT01421017). Altogether, TLR agonists can be employed as powerful adjuvants along with ablation to generate effective anti-tumor immunity.



STING Agonists

DNA normally resides in the nucleus and mitochondria; hence, its presence in the cytoplasm serves as a danger signal. This aberrant localization of DNA is sensed by the DNA binding enzyme cyclic GMP-AMP synthase (cGAS). Upon recognition, cGAS dimerizes and stimulates the production of cyclic-GMP-AMP (cGAMP) which can directly bind stimulator of interferon genes (STING) resulting in type I interferon (IFN) production (40). Cytoplasmic DNA sensing through the cGAS-STING pathway plays a pivotal role in APC activation following phagocytosis (41).

Synthetic analogues of 2’3’-cGAMP, a stable variant of the second messenger produced by cGAS are used as STING-activating agents. Combinations of such analogues with ablative therapy are scarce and limited to one study by Deng et al. which showed i.t. injection of 2’3’-cGAMP in combination with a single 20 Gy RT dose greatly reduced tumor growth compared to either treatment alone and resulted in complete tumor rejection in 70% of the mice (42). Besides cGAMP analogues, an interesting discovery are the STING activating properties of PC7A nanovaccine, which consist of E7 peptide or OVA peptide-loaded micelle NPs binding to STING (43). Half of the mice treated with the combination of PC7A and 20 Gy RT were tumor free 60 days after tumor inoculation, compared to none of the mice from the single treatment groups. Treatment efficacy showed to be depended on STING signaling and increased tumor reactive CD8+ T cells were observed (43). RT induces cytoplasmic DNA and micronuclei formation which can activate the cGAS/STING pathway. It has been shown that cGAS/STING dependent DNA sensing in DCs is essential in triggering adaptive immunity following RT (42). Other studies, however, report that also cancer cell intrinsic cGAS activation can be important in the induction of an adaptive immune response following RT. cGAMP produced by cancer cells was shown to be transported to DCs via gap junctions, resulting in STING activation in these DCs and subsequent type I IFN production (44). One explanation for the beneficial effect of exogenous STING ligand administration on top of RT induced activation could be the numerous regulatory mechanisms that control cGAS-STING pathway activation. TREX1 is a RT inducible dsDNA exonuclease that attenuates the STING signaling cascade (45). More recently, BAF and C9orf72 have been implicated in the regulation of myeloid STING activation (46, 47). It would therefore be interesting to determine if these regulatory mechanisms are upregulated following tumor ablation and whether stimulation of the cGAS/STING pathway upon ablation would be beneficial to achieve an in situ cancer vaccine.

However, some degree of caution should be taken as tumor cell intrinsic cGAS/STING activation has been linked to metastases formation (48). This highlights that an appropriate balance and possibly myeloid cell specific STING pathway activation may be required for optimal anti-tumor immunity.



Saponin-Based Adjuvants

Antigen cross-presentation by DCs is crucial for CD8+ T cell mediated anti-tumor immunity. Although most conventional adjuvants are unable to boost CD8+ T cell responses, SBAs are known to be superior in inducing antigen cross-presentation by DCs (1). Cryoablation with co-injection of SBAs, leads to an extremely potent systemic anti-tumor response. These effects are dependent on the ability of SBAs to induce cross-presentation, specifically in CD11b+ DCs (49). Additional administration of CpG with SBAs following cryoablation created a highly effective in situ cancer vaccine and resulted in the generation of multifunctional T cells able to produce high amounts of pro-inflammatory cytokines (50). The exact mechanism through which SBAs induce cross-presentation remains elusive, although lipid bodies are found to play a crucial role (49). Interestingly, monocyte-derived CD11b+ DCs have been implicated to be better in the activation and induction of memory CD8+ T cells as compared to cDC1 (51, 52). Therefore, SBAs might be specifically potent in inducing long term immune memory. Besides cryoablation also other ablation therapies, such as RT and HIFU, are of interest for their potential synergy with SBAs.

Altogether, adjuvants are suitable candidates to be applied with tumor ablation to generate an in situ cancer vaccine (Figure 1B1). More detailed knowledge about effective adjuvant-ablation strategies, such as correct timing and the involved immune subsets, is required to efficiently prime and boost anti-tumor immunity.




Agonistic Antibodies

DCs can further be activated by cell-cell contact and subsequent signaling via members of the immunoglobulin domain-containing receptor family, especially the tumor necrosis factor (TNF) receptor family, such as CD40/CD40 ligand (CD40L) and CD27/CD70. CD40 engagement on DCs by CD40L expressed by CD4+ T helper cells or agonistic CD40 mAbs trigger DC activation to provide signals for the licensing and expansion of CD8+ cytotoxic T cells (53, 54). CD40 agonistic mAbs have shown synergistic effects in combination with RT. Addition of agonistic anti-CD40 mAb to 10 Gy RT increased survival of mice inoculated with EG7 tumors to 80% as compared to 40% (anti-CD40) and 20% (RT) for the monotherapy regimens (55). All surviving mice treated with the combination therapy were resistant to a subsequent re-challenge, indicative for immune memory. Similar results have been achieved using a Panc02 tumor model where combination therapy not only limited primary tumor growth, but also growth of an untreated contralateral tumor (56). In the latter model, agonistic CD40 therapy worked best when combined with a hypo-fractionated RT regimen (5 Gy single dose). Moreover, timing of anti-CD40 mAb administration relative to RT treatment was crucial for its efficacy as administration prior to RT did not show beneficial effects (57). TLR agonists, such as CpG and Poly-IC, are known to upregulate the expression of CD40 on human pDCs as well as myeloid DCs (58, 59). Poly-IC is especially interesting as in combination with anti-CD40 mAb it induced the highest percentage of OVA-specific T cells relative to other TLR agonists (60). This can possibly be explained by the upregulation of CD70, the ligand for the T cell co-stimulatory receptor CD27, following stimulation with Poly-IC and anti-CD40 mAb (61). It would therefore be interesting to investigate the efficacy of the triple combination of agonistic mAbs plus adjuvants and ablative therapies.

Besides DCs, also T cells express multiple co-stimulatory receptors, including CD27, OX40 and CD137 (4-1BB). Ligation of these receptors delivers co-stimulatory signals necessary for full T cell activation (62–65). RT induces upregulation of OX40 expression on CD4+ and CD8+ T cells as well as CD137 on CD8+ tumor infiltrating T cells and thus works in concert with agonistic OX40 or CD137 therapy (66–68). CD137 expressing CD8+ T cells are also highly positive for PD-1, and RT plus agonistic CD137 therapy benefits from additional anti-PD-1 mAbs to block negative feedback by PD-L1 (69). Combining multiple different immune activation strategies which complement each other is an appealing approach to further stimulate the immune response. Noteworthy, combinations of CpG plus RT, agonistic OX40 mAbs plus RT as well as CpG plus agonistic OX40 mAbs have shown synergistic effects in their ability to limit tumor growth, making the combination of CpG, agonistic OX40 with RT or other ablative therapies an interesting approach to explore (29, 70, 71).

To date, all agonistic antibodies investigated have shown promising results in combination with RT and the addition of adjuvants might further improve their function (Figure 1B2). Whether these agonistic antibodies also synergize with other ablative modalities remains to be determined.




Counteracting the Immunosuppressive TME

Tumors have evolved several mechanisms to instigate an immunosuppressive TME, parts of which may admix with the antigen depot upon ablation. Successful in situ cancer vaccines may, in addition to immune activation strategies, also require approaches that counteract the immunosuppressive microenvironment. Immune suppression networks consist of immune suppressive cells including Tregs and MDSCs, immunosuppressive cytokines like TGFβ and IL-10, as well as enhancement of co-inhibitory molecules such as CTLA-4 or PD-1 on T cells. Targeting immunosuppressive cells has emerged as important approach to counteract the immunosuppressive TME, which is discussed in detail elsewhere (72–74). In the next sections, we will discuss strategies to counteract the immunosuppressive molecules, with a focus on cytokine and immune checkpoint blockade, applied together with in situ tumor ablation.


Immunosuppressive Cytokines

Immune suppressive cytokines, such as TGFβ and IL-10, are a major obstacle in generating effective anti-tumor immunity. They are often produced by tumor cells and immune suppressive cell subsets, such as Tregs and MDSC (75). RT is known to increase the amount of active TGFβ. TGFβ is initially produced in its latent form containing a pro-domain, dissociation of this domain makes the protein become active. Oxygen radicals produced following RT promote this dissociation resulting in more active TGFβ (76, 77). Thermal ablation at temperatures above 65 °C can lead to denaturation of proteins, potentially including part of immune suppressive cytokines, such as TGFβ or IL-10. Strategies that block inhibitory signaling through antagonistic antibodies, as well as scavenging of inhibitory cytokines themselves are ways to alleviate their inhibitory function (Figure 1B3).

Scavenging of TGFβ using antibodies limits growth of treated and untreated tumors following 5 x 6 Gy RT (78). This combination therapy increased DC maturation evidenced by an increase in CD40+CD70+ DCs. Furthermore, the combination increased the production of IFNγ by dLN-derived CD8+ T cells following ex vivo tumor antigen stimulation. Lastly, the percentage of PD-1+ and PD-L1/2+ cells in the tumor increased upon combination therapy, highlighting the induction of additional immune escape mechanisms. Inclusion of anti-PD-1 mAbs indeed further improved tumor control. Other successful TGFβ neutralizing approaches include recombinant TGFβ receptor (TGFβR) fused to an Fc-tail (79). The mechanism behind the anti-tumor effect of TGFβ scavenging is not solely immune mediated as TGFβ has pleiotropic functions, such as in wound healing and DNA repair, which could play a role with the anti-tumor effect (80, 81).

The cytokine IL-10 inhibits macrophage pro-inflammatory cytokine production, limits DC antigen presentation, and dampens T and NK cells effector function (82). Interestingly, some studies, however, report an increase in intra-tumoral cytotoxic CD8+ T cells upon IL-10 delivery to the tumor (83). This can be explained by the ability of IL-10 to limit IFN-γ production by DCs, which is crucial for activation induced T cell apoptosis (84). All in all, efficacy of scavenging or blockade of anti-inflammatory factors will probably dependent on the choice of ablative therapy and state of the immune response when applied.



Immune Checkpoints

To shift the balance of the TME away from immunosuppression, mAbs can be applied to block inhibitory immune checkpoint receptors or their ligands (85). Relieving immunosuppression of adaptive immune cells has been extensively studied, and mAbs targeting CTLA-4 or PD-1/PD-L1 can enhance T cell immunity generated by ablation (Figure 1B4). CTLA-4 blockade allows CD80 and CD86 co-stimulatory molecules to be available for CD28, lowering the threshold for T cell activation (86). Anti-CTLA-4 mAbs also cause intra-tumoral Treg depletion or modulation of their suppressive functions (87, 88). CTLA-4 blockade synergized with different forms of thermal tumor ablation, resulting in significant amounts of active tumor-specific T cells and the ability to reject secondary or re-challenged tumors (89–91). Data from a pilot study conducted in breast cancer patients that received cryoablation and anti-CTLA-4 mAb showed good tolerability and promising efficacy (92). In the line of relieving immunosuppression, Treg depletion using anti-CD25 mAb enhances the anti-tumor response after RT, RFA and cryoablation, indicated by the increased presence of IFNy producing T cells after combination therapy in case of the latter two (89, 93, 94). Currently various clinical trials are ongoing testing the potential of in situ ablation and checkpoint blockade in different solid malignancies.

PD-L1 is often highly expressed on tumor cells and tumor associated myeloid cells. PD-L1 can be induced by pro-inflammatory cytokines and is frequently upregulated in response to in situ tumor ablation (95, 96). Engagement of PD-1+ T cells with its ligands leads to suppression of T cell effector mechanisms and mAbs that block the PD-1/PD-L1 axis are aimed at reinvigorating these exhausted T cells. RFA treatment of a localized tumor increased T cell infiltration in a distant tumor in both tumor-bearing mice as well as human patients (97). However, these tumors quickly overcame T cell cytotoxicity by inhibiting infiltrating T cells via upregulation of PD-L1 expression. In the murine setting, combining RFA with anti-PD-1 mAbs increased the tumor antigen-specific T cell response, and synergistically inhibited growth of distant tumors (97). Strikingly, incomplete RFA tumor ablation limited the efficacy of anti-PD-1 immunotherapy (98). The authors demonstrated that incomplete ablation induced local inflammation and resulted in accumulation of immunosuppressive myeloid cells in the residual tumor, which inhibited T cell functionality. Targeting the CCL2/CCR2 pathway, responsible for the recruitment of these immunosuppressive myeloid cells, enhanced anti-tumor immunity in the residual tumor, and thereby overcame the resistance to anti-PD-1 therapy.

Synergy between adaptive immune checkpoint blockade and RT has been demonstrated in multiple different preclinical tumor models (95, 99–102). However, RT dose and fractionation regimens as well as the timing of checkpoint blockade administration in conjunction with RT that would result in the most optimal anti-tumor immune response differ and warrant further study (103). Several other promising novel adaptive immune checkpoint molecules are actively being investigated, including TIM-3, LAG-3, TIGIT and VISTA (104), which could also be potential targets.

Recent studies have indicated that tumor cells exploit sialoglycan–Siglec interactions to modulate cytotoxic T cell as well as myeloid cell function, contributing to an immunosuppressive TME (105). Interference with the sialoglycan-Siglec axis by inhibiting the sialic acid synthesis pathway resulted in enhanced anti-tumor immunity and limited tumor outgrowth (106). Next to Siglec receptors, studies have highlighted innate immune checkpoints as interesting therapeutic targets. One of these checkpoints is the signal-regulatory protein α (SIRPα)-CD47 axis. CD47 is often overexpressed on tumor cells and interacts with SIRPα on myeloid cells to trigger a ‘don’t eat me’ signal (107). Blocking SIRPα-CD47 interactions alleviates inhibitory signaling resulting in improved tumor cell clearance. Besides, murine models suggest that adaptive immunity contributes to tumor control upon targeting the SIRPα-CD47 pathway (108–110). This can be a direct effect of the SIRPα-CD47 pathway on T cell function or an indirect mechanism by which SIRPα-CD47 pathway blockade affects the capacity of myeloid cells to activate T cells. Interestingly, efficacy of CD47 blockade was shown to largely depend on DNA sensing, specifically in DCs (41). Interference with sialoglycan–Siglec interactions as well as innate immune checkpoints should be further explored in the context of in situ tumor destruction.




Future Perspective: Multifunctional Antibody Development and In Situ Tumor Ablation

The tumor exists in a dynamic microenvironment that co-influences anti-tumor immune responses. Strategies that simultaneously modulate multiple key processes in the anti-tumor immune response will likely work synergistically. Recent advances in antibody engineering have resulted in new antibody formats that can exert distinct effector functions (111). Besides, multifunctional antibodies can be used to direct immunomodulators specifically to the relevant locations, limiting systemic exposure and increasing tumor specificity. Multifunctional antibodies come in various molecular varieties, ranging from linked Fab fragments to full antibodies with an Fc-tail to preserve native antibody functions, such as antibody-dependent cellular cytotoxicity (ADCC)/phagocytosis, complement-mediated lysis and improved circulation half-life (111). Multifunctionality can be achieved by combining different antibody variable domains, recognizing different epitopes, e.g. bispecific antibodies. Alternatively, receptors or immunomodulatory molecules can be attached to antibodies via protein-linkers, acquiring multiple specificity in a different manner. Most of these multifunctional antibody formats are in (pre)clinical development and not yet applied in context with tumor ablation. We will here review antibody formats that could be beneficial in combination with tumor ablation to create an in situ cancer vaccine (Figure 2).




Figure 2 | Multifunctional antibody formats for combination with in situ tumor ablation. Administration of 1. bispecific agonistic antibodies (e.g. anti-MSLN-CD40) or 4. antibody-adjuvant fusions (e.g. chTNT3-CpG) will lead to local APC activation. Interventions such as 2. bispecific ICB (e.g. PD-L1xErbB2 antibody) may further stimulate myeloid as well as T cell immunity specifically within the TME; 3. antibody-enzyme fusions allow tumor specific sialoglycan degradation (e.g. anti-HER2 mAb-sialidase); 5. antibody-cytokine fusions (e.g. anti-GD2-IL2) will result in targeted cytokine delivery ensuring local immune cell activation, all are aimed at relieving local immunosuppression.



Bispecific antibodies come in various flavors and can target different antigens either on the same cell or on two different cell types. Most known bispecific antibodies in preclinical and clinical development are engaging T cells, binding CD3 and a relevant tumor antigen, to induce tumor cell killing (111). Alternatively, bispecific antibodies harboring an agonistic arm and a tumor targeting arm are developed (112, 113). These bispecific agonistic antibodies ensure tumor localization and allow cross-linking without the need for Fc-receptors to exert its agonistic function (Figure 2.1). Instead they rely on a tumor antigen for cross-linking, making activation fully tumor cell dependent. For example, the bispecific antibody LB-1, which is specific for the tumor antigen MSLN and mouse CD40 showed preferential DC activation in vitro only when cultured with MSLN expressing tumor cells. In vivo application limited tumor growth of an MSLN expressing tumor to a similar extent as a conventional agonistic anti-CD40 mAb. The bifunctional molecule, however, showed less systemic activation and toxicity as compared to anti-CD40 therapy (112, 113). In addition to these there are also bispecific agonistic antibody constructs targeting two co-stimulatory receptors at once, CD137 and OX40, or a co-stimulatory receptor (OX40) and immune checkpoint (CTLA-4) (114, 115).

The success of immune checkpoint mAbs prompted the development of bispecific immune checkpoint formats, such as the PD-L1xErbB2 antibody (Figure 2.2). This bispecific antibody reduced tumor growth and increased tumor rejection rate compared to the combination of anti-PD-L1 and anti-ErbB2 mAb therapy, which was dependent on CD8+ T cells and IFNγ (116). The bispecific antibody was constructed with a mIgG2a Fc backbone and the authors describe that ADCC and complement action could be potential mechanisms (116). Alternatively, bispecific antibodies binding two distinct immune checkpoints, such as PD-1/PD-L1, CTLA-4, LAG-3 or TIM-3 are also interesting options to explore (117, 118). Besides, innate immune checkpoints are explored in bispecific antibody formats. Bispecific mAbs consisting of a low-affinity anti-CD47 arm combined with a high-affinity tumor antigen arm ensure that blockade of CD47 only occurs on tumor cells, which co-express both antigens, resulting in improved phagocytosis of target cells and leaving healthy CD47 expressing cells unharmed (119). Bispecific antibodies show potent anti-tumor activity and warrant further study in combination with ablation. As Siglec receptors are regarded as novel immune checkpoints, it would be interesting to explore Siglec targeting antibodies in bi- or multispecific formats.

Alternatively, multispecificity can be achieved through the linking of recombinant receptors/ligands or immunomodulatory molecules to antibodies. To this end, endogenous SIRPα domains are engrafted to a tumor antigen specific antibody (120, 121). Binding of the antibody to tumor antigen specific cells allows binding of the SIRPα domain to CD47 on these same cells. Thereby, the interaction of CD47 with endogenous SIRPα expressed on myeloid cells is prevented, restoring the phagocytic capacity of myeloid cells (120, 121). In the context sialoglycan–Siglec axis, a recently developed multifunctional antibody consisting of a sialic acid-cleaving enzyme (sialidase) fused to an anti-HER2 antibody, aims to degrade sialoglycans in a tumor-specific manner (Figure 2.3) (122). In a syngeneic orthotopic HER2+ breast cancer model, anti-HER2 antibody-sialidase conjugates delayed tumor growth and enhanced immune infiltration, leading to prolonged survival of mice. Using the HER2+ B16D5 melanoma tumor model and Siglec-E-/- mice, the authors showed that the effect was dependent on functional Siglec-E, a receptor highly expressed on tumor-infiltrating myeloid cells (122). These studies indicate that multifunctional antibodies aimed at reversing the immunosuppressive TME are potentially effective. Also, immune activation strategies, such as adjuvants can be incorporated into mAb conjugates (Figure 2.4). One such antibody is chTNT3-CpG, which is specific for extracellular DNA/histones (123), often present following ablative therapy. Systemic intraperitoneal (i.p.) administration of chTNT3-CpG resulted in delayed tumor development in both the Colon 26 adenocarcinoma and B16 tumor model, whereas i.p. administration of the chTNT3 antibody or CpG alone failed to show efficacy, again showing the added value of tumor targeting capacities of multifunctional mAbs (123).

Trafficking of APCs to the ablation site where they can capture and process antigens for (cross-) presentation is of importance for an in situ cancer vaccine. To this end, antibodies conjugated with DC growth factors, such as GM-CSF or FLT3L, are of interest to expand and redirect DC subsets to the ablation site (124, 125). In fact, preclinical data showed that FLT3L in combination with RT in a mammary carcinoma model can help boost the abscopal effect (126). GM-CSF has been coupled to anti-HER2/neu and demonstrated anti-tumor activity in a HER2/neu expressing colon adenocarcinoma model (127). Several other cytokines including interleukin 2 (IL-2), IL-12 and type I IFN have been fused to antibodies (Figure 2.5). The use of antibody-cytokine fusions has to potential to concentrate the cytokines at the tumor site, reducing side effects that are observed with systemic pro-inflammatory cytokine administration. IL-2, an important cytokine in the regulation of adaptive T cell responses, has been fused to diverse antibodies targeting relevant tumor proteins, such as hu14.18-IL2 targeting disialoganglioside GD2, huKS-IL2 targeting EpCAM, L19-IL2 targeting fibronectin and NHS-IL2 targeting histone/DNA complexes. IL-2 fusion antibodies were shown to improve responses to in situ tumor ablation, resulting in marked tumor reduction (128–130) and curative abscopal effects (131), mediated by CD8+ T cells.

Preclinical research demonstrated that combination of 12 Gy RT together with five i.t. injections of hu14.18-IL2 on days 6 to 10 after RT eradicates constitutively GD2 expressing B78 melanoma tumors (132). In the ~70% of mice that were rendered disease-free upon combination therapy, 90% rejected a re-challenge with GD2high B78 melanoma cells. This response of RT and hu14.18-IL2 in melanoma could be augmented by addition of anti-CTLA-4 mAb (133). A recent study further pursued the combination of hu14.18-IL2 and RT as in situ cancer vaccination strategy. Voeller et al. demonstrated that neither RT plus hu14.18-IL2 therapy nor the addition of anti-CTLA-4 mAb to the combined therapy regimen caused significant growth inhibition in a GD2high non-immunogenic 9464D neuroblastoma model (134). These observations suggest that the antibody-cytokine mediated therapeutic effect is tumor type dependent. Addition of the adjuvant CpG and anti-CD40 co-stimulatory agonist to the RT, ½ dose hu14.18-IL2 (due to concern for significant toxicities) and anti-CTLA-4 mAb, improved tumor control and 80% achieved complete tumor regression. A clinical phase II study recently demonstrated that hu14.18-IL2 given in combination with GM-CSF and the differentiation inducing agent isotretinoin is safe and tolerable, and showed anti-tumor activity in patients with relapsed/refractory neuroblastoma (135). Several other IL2-antibody fusions have advanced to clinical trials, including huKS-IL2 (136), NHS-IL2 (128) and L19-IL2 (137). The combination of RT (5 x 4 Gy) followed by NHS-IL2 after first-line chemotherapy in metastatic non-small cell lung cancer (NSCLC) patients was well tolerated (128). A phase II trial will investigate the combination of SABRT and L19-IL2 therapy in metastatic NSCLC patients (137).

IL-12, an important CD8+ T cell and NK cell cytokine, has been fused to the anti-NHS antibody recognizing histone/DNA complexes. Enhanced tumor uptake of radiolabeled NHS-hIL12 was observed upon RT ablation in rhabdomyosarcoma xenografts (138). Fallon et al. showed that 0.36 Gy RT combined with subcutaneous NHS conjugated with murine IL-12 resulted in superior tumor growth inhibition compared to either treatment alone in a murine LLC lung and MC38 colorectal cancer model (139). Studies combining other ablation types with NHS antibody cytokine fusions are not reported, however would be worthwhile to explore.

Besides interleukins, other pro-inflammatory cytokines, such as type I IFNs, have been coupled to various antibodies. IFNβ fused to anti-EGFR mAb limited growth of mouse EGFR-expressing B16 tumors which were unresponsive to anti-EGFR mAb therapy (140). Furthermore, multifunctional antibodies that simultaneously aim at activating the immune system and counteracting the immunosuppressive TME are promising for future cancer vaccine developments. To this end, anti-PD-L1 was armed with IFNα to simultaneously target both PD-L1 and the IFN-receptor. In different models, anti-PD-L1-IFNα could control advanced tumors as opposed to IFNα-Fc or anti-PD-L1 monotherapy (141). In addition, multifunctional antibodies aimed at blockade of different immunosuppressive pathways are developed, such as the fusion protein M7824, comprising the extracellular domain of human TGFβRII (TGFβ scavenging/trap) linked to the human anti-PD-L1 heavy chain. Combination therapy with M7824 (intravenous, day 2) and RT (3.6 Gy per day, days 0-3) reduced primary as well as untreated secondary tumor growth relative to either treatment alone, indicating the induction of an abscopal effect (142). A phase I trial of M7824 showed a manageable safety profile in patients with heavily pretreated advanced solid tumors and encouraging treatment efficacy (143). Overall, multifunctional antibodies can be created by linking different immunomodulatory molecules with tumor or immune targeting mAbs. Proof-of-concept preclinical studies suggest therapeutic potential of different multifunctional antibody formats and clinical trials showed tolerability and safety. We anticipate that these multifunctional antibodies can work in concert with in situ tumor ablation and highlight them as a promising therapeutic strategy to explore.



Conclusion

In situ tumor ablation techniques allow for (neo)antigen loading of DCs without prior knowledge of tumor antigens or epitopes as in conventional DC vaccination. The induction of an efficient immune responses following ablation, however, requires addition of immune stimuli to eradicate local tumors and metastases and to provide long-term protection. Numerous immune activating strategies have shown to be suitable to act in concert with ablation generated tumor debris to achieve in situ cancer vaccination. More detailed knowledge about how effective immune activation strategies can work in concert with tumor ablation, such as timing and dose, is required to guide rationale ablation combination strategies. Although in situ ablation plus immune activating strategies ensure that the immune system is well instructed and initiated, the immunosuppressive environment that immune cells encounter upon arrival at the TME is still a potential bottleneck. Therefore, additional removal of inhibitory influences provides the possibility to further boost anti-tumor immune responses and enhance in situ ablation efficacy.

Multifunctional antibodies stimulating immune activation as well as counteracting immunosuppression can simultaneously affect multiple key processes in the anti-tumor immune response. They hold great promise for targeted cancer treatment with limited systemic toxicities and deserve further exploration as potential strategy to achieve a successful in situ cancer vaccine.
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The promise of tumor immunotherapy to significantly improve survival in patients who are refractory to long-standing therapies, such as chemotherapy and radiation, is now being realized. While immune checkpoint inhibitors that target PD-1 and CTLA-4 are leading the charge in clinical efficacy, there are a number of other promising tumor immunotherapies in advanced development such as Listeria-based vaccines. Due to its unique life cycle and ability to induce robust CTL responses, attenuated strains of Listeria monocytogenes (Lm) have been utilized as vaccine vectors targeting both infectious disease and cancer. In fact, preclinical studies in a multitude of cancer types have found Listeria-based vaccines to be highly effective at activating anti-tumor immunity and eradicating tumors. Several clinical trials have now recently reported their results, demonstrating promising efficacy against some cancers, and unique challenges. Development of the Lm-based immunotherapies continues with discovery of improved methods of attenuation, novel uses, and more effective combinatorial regimens. In this review, we provide a brief background of Listeria monocytogenes as a vaccine vector, discuss recent clinical experience with Listeria-based immunotherapies, and detail the advancements in development of improved Listeria-based vaccine platforms and in their utilization.
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Introduction

Tumor immunotherapy has gained rapid acceptance as an effective therapeutic strategy in the treatment of numerous malignancies. A multitude of methods to boost the anti-tumor immune response have been utilized including administration of purified immune system components to the use of microorganisms, such as attenuated bacteria and oncolytic viral particles, and have emerged as tools in the fight against cancer. While therapeutics that unleash the anti-tumor response by blocking inhibitory signaling pathways such as PD-1/PD-L1 have demonstrated the promise of tumor immunotherapy, immunotherapies that stimulate a specific anti-tumor response such as Sipuleucel-T, the first FDA-approved therapeutic cancer vaccine (1), have also provided a proof of concept for that approach. In fact, numerous cancer vaccines are currently in different stages of clinical trials with promising results (2).

Due to the challenge of overcoming tolerance within the tumor microenvironment, considerable effort has been directed towards stimulating the immune system to mount a robust response against these cells by targeting tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) (2). Necessary characteristics of an effective cancer vaccine are proficient antigen delivery, limited impact on normal healthy tissue, and the ability to elicit a robust anti-tumor immune response. In this regard, Listeria monocytogenes, a facultative gram-positive bacterium is an attractive platform for development of cancer vaccines due its ability to activate and deliver tumor antigens selectively to antigen-presenting cells, resulting in a robust anti-tumor cell-mediated immune response (3). It is these attributes of Lm that has driven significant development, in both academia and industry, of Lm-based tumor immunotherapies with several candidates in various stages of clinical development (Table 1). Therefore, in this review, our focus will be on the use of Lm as a tumor immunotherapy vaccine platform including a review of recent advancements in construction of improved Lm-based tumor immunotherapies, efficacy of Lm-based tumor immunotherapies in combination with other anti-cancer treatment modalities, and the current clinical experience with Lm-based tumor immunotherapies.


Table 1 | Clinical Trials for LC-based Vaccines in Tumor Immunotherapy.





Development of Inactivated and Attenuated Bacteria as Tumor Immunotherapeutics

Evidence that bacteria can harness the immune system to elicit therapeutic efficacy against malignancies dates to the early twentieth century. While William Coley laid a solid foundation for modern bacterial immunotherapy, there are other notable scientists whose work predated even his discoveries. In 1851, Belgian surgeon Didot pioneered the use of a syphilis vaccination to treat inoperable cancer (4). In 1868, Busch, a German scientist, reported the efficacy of erysipelas infection in treatment of sarcoma in a crudely performed clinical study (5–7). Two decades later in 1882, Friedrich Fehleisen discovered Streptococcus pyogenes to be the causative agent of erysipelas and noticed that infection with this bacterium caused transplanted tumors to melt away (5, 6, 8). It was armed with these observations and the serendipitous recovery of a German immigrant with an inoperable neck sarcoma, that William Coley embarked on the challenging but foundational work of tumor immunology (9). His belief that a component or “factor” from the microbes, rather than the whole live microorganism, is responsible for the oncolytic activity he observed led to the creation of his Coley toxins, a mixture of heat killed Streptococcus pyogenes and Serratia mersacems (9). In fact, this novel therapy was reported to result in partial or complete remissions in many difficult-to-treat patients (10, 11). However, given our limited understanding of immunology at the time, the mechanisms that would explain the efficacy of this strategy were unclear, thereby limiting the continued development of Coley’s toxins. Eventually, the advent of radiotherapy and chemotherapy that could be more easily standardized relegated this novel therapeutic strategy, comprised of killed or inactivated bacteria, to the background. As our understanding of the immune system has matured, there has been renewed interest in the use of attenuated, inactivated, and killed bacteria to stimulate anti-tumor immunity.



Use of Listeria Monocytogenes as a Tumor Immunotherapeutic to Elicit Tumor Specific Immunity

Unlike the approach taken by Coley, whose toxins non-specifically resulted in an anti-tumor response, current approaches focus on achieving complete and durable antitumor immunity through induction of tumor-specific immune responses. To elicit this tumor-specific immunity, the strategy employed by most tumor immunotherapies is to activate cytotoxic T lymphocytes (CTLs) that recognize peptides from tumor-specific and/or tumor-associated antigens presented on MHC Class I and target tumor cells for lysis (12). In fact, CTL-mediated tumor cell destruction occurs commonly in a process called immunosurveillance, in which the immune system recognizes and eliminates malignant cells prior to clinical detection (13). Unfortunately, some malignant cells can escape immune-mediated destruction and develop into a clinically relevant tumor. The tumors that have escaped immunosurveillance have been able to achieve this, in part, by fostering the development of an immunosuppressive microenvironment that impedes the function and survival of responding lymphocytes, including cytotoxic T lymphocytes. In order to overcome this immunosuppressive microenvironment, various strategies have been employed to enhance the activation and mobilization of CTLs in the tumor environment such as the use of oncolytic viruses, dendritic cell vaccines, adoptive cell therapy, and microbial vectors for the targeting of TAAs (14–16). Each of these strategies has their own advantages and disadvantages. Aside from the important consideration of toxicity in the use of oncolytic viruses, off target viral replication and development of neutralizing antibodies may prevent recurrent use of this strategy. Bacterial vectors such as Streptococcus pyogenes, Clostridium novyi, Salmonella enterica, and Listeria monocytogenes (17–20), are all vectors that have been used in cancer immunotherapy and do not pose this significant drawback of preexisting neutralizing immunity. However, what differentiates Listeria monocytogenes from its vaccine peers and makes it a superior vector for delivery of cancer antigens is its unique life cycle. Lm is readily taken up by macrophages in the course of an infection and, once within a phagocytic compartment, expresses and secretes a cytolysin, Listeriolysin O (LLO) (21). LLO, along with bacterial phospholipases, disrupts the integrity of the phagosome and allows Lm to escape into the cytosol and elude destruction in the phagolysosome (22). Once in the cytosol, Lm proliferates and secretes additional virulence factors that propel it within the cell and into adjacent cells in order to propagate the infection (23). It is this life cycle that makes Lm an ideal candidate to deliver antigen to both the MHC I and II pathways, activating CD4+ T cells and, most importantly for tumor-lytic responses, cytotoxic CD8+ T cells (24). In fact, infection with Lm elicits a robust and long-lasting immunological memory response that provides protection against infection upon future exposure to the pathogen (25–27).

In addition to its unique life cycle, Lm affords a number of advantages as a vector for tumor immunotherapy. Previous studies found that antigens encoded by Lm constructs are more efficiently delivered to the protein processing and presentation machinery than those encoded by other bacterial vectors (28). Further, Lm vectors have the ability to break immunologic tolerance, via reduction of immunosuppressive myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) within the tumor microenvironment. Finally, in addition to selective uptake in the spleen and liver of infected subjects, Lm displays a specific tropism for primary and metastatic tumors (29, 30). These attractive features, including the ease of manipulation and attenuation of this organism, have been harnessed by various groups in development of attenuated strains of Lm, expressing a wide variety of tumor antigens. We have extensively discussed the various ways by which these attenuated strains are generated, and the antigens that have been delivered by this therapeutic platform (31). Described below, are the more recent Lm construction trends as well as the use of these various constructs in combination therapy depicted in Figure 1 that are currently being tested in various preclinical and clinical trials (Figure 1).




Figure 1 | Synergistic therapeutic approaches with Lm-based vaccines in tumor immunotherapy. Lm-based vaccines have found therapeutic success in preclinical models of cancer for decades, and recent studies demonstrated significant promise for this type of active tumor immunotherapy in clinical trials. Further, recent studies suggest that the anti-tumor efficacy of Lm-based vaccines can be significantly improved when utilized in combination with synergistic anti-cancer therapeutics. In this figure, we detail some of the anti-cancer therapeutics that demonstrated efficacy in combination Lm-based vaccines along with their proposed mechanism(s) of action. (A) Upon administration, attenuated Lm vaccines infect antigen presenting cells in secondary lymphoid organs and gain entry to the cytosol, wherein they produce and secrete tumor antigen and/or release eukaryotic expression vectors encoding for tumor antigen. Once delivered by Lm, the tumor antigens go through processing and presentation to naïve tumor-specific CD4+ and CD8+ cytotoxic T lymphocytes (CTLs). Tumor-specific CTLs, activated through the action of Lm-based vaccines, migrate to the tumor microenvironment (TME) and lyse tumor cells and/or cells associated with the tumor vasculature. Importantly, Lm-based vaccines can also reduce immunosuppression within the TME by reducing tumor-associated MDSCs and Tregs. (B) Upon continuous activation, tumor-specific CTLs can become exhausted, characterized by the upregulation of inhibitory molecules such as programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Antibody-mediated blockade of inhibitory molecules results in enhanced T cell function and synergy with Lm-based vaccine anti-tumor responses. (C) Dual or mono-specific adoptively transferred CTLs targeting both tumor antigens and/or Lm-derived antigens work in concert with Lm-based vaccines, delivered intratumorally, through increasing the breadth of the anti-tumor T cell response. (D) Lm-based vaccines have also been found to be effective in heterologous prime-boost approaches. DNA-based tumor vaccines, used as either prime or boost in a heterologous prime-boost vaccination schedule with Lm-based vaccines, induce robust expansion of Th1 helper T cells that produce cytokines in support of responses by tumor-specific CTLs. (E) Further, radiation can synergize with Lm-based vaccines, in part, by causing direct tumor death, resulting in release of tumor antigens which are processed and presented by APCs to tumor-specific T cells. (F) Chemotherapeutic agents such as cyclophosphamide can also synergize with Lm-based vaccines, in part, by facilitating maturation of APCs. However, cyclophosphamide can also reduce immunosuppressive cell types, Tregs and MDSCs, in the TME allowing for improved anti-tumor efficacy by the anti-tumor responses induced by Lm-based vaccines. (G) Similarly, inhibition of complement signaling can synergize with Lm-based vaccines, in part, through limiting recruitment of MDSCs and Tregs to the TME.





Clinical Experience With Lm-Based Vaccines for Cancer

With the clinical experience of Lm-based vaccines in oncology going well beyond a decade, the promise and further challenges are now being realized regarding their place in the future oncologists toolkit. Below, we summarize clinical studies that have recently published their findings for an array of cancers. Importantly, these studies only scratch the surface of clinical studies regarding the efficacy of Lm-based vaccines for cancer that are currently underway or not yet peer-reviewed and published as summarized in Table 1.


HPV-Associated Cancers

As the development of Lm-based vaccine vectors matured in the late 1990’s, the focus of constructing novel vectors progressed from those that targeted model tumor antigens, in order to better understand the platform, to the incorporation of clinically relevant tumor antigens. One of the first Lm-based vaccines to incorporate a clinically relevant tumor antigen targeted Human papillomavirus (HPV)-associated cancers (3). While most individuals clear infections with HPV, in certain individuals that are unable to clear the infection, chronic infection with high-risk strains of HPV, such as HPV 16 and 18, can increase their risk of developing cancer (32). Infection with high-risk HPV is particularly problematic in women as it can result in carcinoma of the cervix (33). However, high-risk strains of HPV are also associated with head and neck cancers among others (34). In HPV-associated cancers, constitutive expression of the HPV oncoproteins, E6 and E7, is required to maintain the malignant phenotype (35). Therefore, this necessary expression by the tumor cells, and the lack of central tolerance to these viral antigens, make these oncoproteins particularly attractive targets for Lm-based tumor immunotherapy.

In the initial preclinical study documenting the development of Lm-based vaccines targeting HPV-associated cancers, there were two vaccines constructed, Lm-E7 and Lm-LLO-E7 (3). While Lm-E7 expressed and secreted HPV 16 E7, generated E7-specific CTLs, and demonstrated anti-tumor efficacy, this was insufficient to cure a majority of mice with established tumors expressing E7. However, administration with an Lm construct that expressed and secreted HPV 16 E7 genetically fused to a truncated non-hemolytic form of Listeriolysin O (tLLO) did result in complete eradication of E7-expressing tumors in all experimental mice. The adjuvant-like properties of tLLO have since been elucidated and the vast majority of Lm-based vaccines in clinical and preclinical testing genetically fuse the tumor antigen to either tLLO or a truncated form of another Lm-derived protein with adjuvant-like properties, ActA (36–39).

The first clinical use of Lm -LLO-E7 (also known as ADXS-HPV and as ADXS11-001), or any Lm-based therapy in cancer patients, was a Phase I clinical trial in women with cervical cancer that had failed previous front-line therapy including surgery, chemotherapy, and radiation (40). The patients were enrolled into three groups of 5 with each group receiving two intravenous doses ranging from 109 colony-forming units (CFU) of Lm-LLO-E7 to 1010 CFU given 22 days apart. As would be expected with intravenous (i.v.) administration of Lm, all of the patients experienced adverse events (AE) including fever, chills, nausea, and vomiting with 40% experiencing severe grade 3 AEs but none of the patients experienced a life-threatening grade 4 adverse event (AE) due to the treatment. Dose-limiting toxicities occurred in the group receiving the highest dose with one patient requiring antibiotics to mitigate a fever. In terms of efficacy, nearly half of the patients were reported to have stable disease with one receiving a possible partial response and the median overall survival was 347 days. These results warranted further investigation as they demonstrated that Lm-based vaccines have a safety profile that is likely more favorable than salvage chemotherapy and efficacy that may improve upon current treatment modalities.

Following the promising safety profile of Lm-LLO-E7 observed in the Phase I clinical trial, two Phase II trials were commenced to further characterize its safety and efficacy in patients with recurrent cervical cancer. In the first trial, 109 patients were separated into two groups with one receiving only 109 CFU Lm-LLO-E7 and the second group receiving Lm-LLO-E7 along with cisplatin (41). While the Lm-LLO-E7 group received three i.v. administrations each separated by roughly one month, the Lm-LLO-E7 + cisplatin group received their initial dose of Lm-LLO-E7 and then waited 4 weeks to receive their 5 weekly doses of cisplatin and finally the second dose of Lm-LLO-E7. The rationale for this staggered administration of Lm-LLO-E7 and cisplatin was to promote treatment synergy while limiting any possible suppressive effect of cisplatin on the immune response to Lm-LLO-E7. However, the addition of cisplatin to Lm-LLO-E7 did not have a significant impact on efficacy. The overall response rates (ORR) were comparable between the groups with an ORR of 17.1% for the Lm-LLO-E7 group and 14.7% for the Lm-LLO-E7 +cisplatin group. Similarly, median overall survival (OS) were not statistically significant with 8.28 and 8.78 months in the Lm-LLO-E7 and Lm-LLO-E7+ cisplatin groups, respectively. In terms of safety, the difference between these two arms was more pronounced with more AEs observed in the Lm-LLO-E7+cisplatin group (429) than the Lm-LLO-E7 alone group (275) but most of these AEs were mild to moderate in severity (80.4%). These results informed the second Phase II trial for cervical cancer funded by the NCI, wherein, there was only a single arm receiving three doses of Lm-LLO-E7 only in the first stage, with some patients receiving an additional three doses in a second stage (42). Treatment-related AE types and frequencies were similar to previous trials with nearly all patients experiencing at least one and 38% experiencing a grade 3 AE. In addition, 4% of patients (2) experienced a grade 4 AE that consisted of sepsis and cytokine release syndrome. In terms of efficacy, the median OS was 6.1 months and the 12-month OS rate was 38% which met the study goal of 35%, a dramatic improvement on the historical 12-month OS of 21% in a similar patient population. This trial along with other ADXS-HPV trials were placed on temporary hold when evidence of listeriosis was observed in a patient 31 months after the last administration. This was believed to be due to persistence associated with biofilm formation on prosthetic material at recent fracture sites in the patient (43). These Phase II trials demonstrated that Lm-LLO-E7 is tolerated relatively well in comparison to other treatment modalities and has significant promise to extend the lifespan of a poorly treated patient population.

The results from the Phase I and Phase II clinical trials of Lm-LLO-E7 in cervical cancer resulted in the commencement of a Phase III clinical trial, AIM2CERV (NCT02853604). While AIM2CERV is still ongoing and results have not yet been published, the recruitment of new patients has been halted by its sponsor, Advaxis Inc., in order to allocate resources to the development of other promising upcoming vaccine platforms. However, clinical trials are still ongoing with Lm-LLO-E7 to evaluate the efficacy of Lm-LLO-E7 in other HPV-associated cancers, but the halt of AIM2CERV suggests it may take longer than previously anticipated before possible FDA approval and wide availability of Lm-LLO-E7.

In addition to cervical cancer, a recent study reported promising results with Lm-LLO-E7 in another HPV-associated cancer, anal cancer (44). In this Phase 1/2 clinical trial, patients with non-metastatic anal cancer were administered Lm-LLO-E7 once before and three times after receiving chemoradiation consisting of mitomycin C, 5-fluorouracil, and daily image-guided radiation therapy. While most patients experienced only low-grade AEs due to the Lm-based vaccine, two patients did experience grade 3 chills/rigor but all AEs were managed and resolved within 24 hrs. The clinical response was also highly promising as all 9 patients experienced complete responses by trial end (42 months) with only one patient progressing to metastatic disease six months post-trial. This study suggests Lm-LLO-E7 may have a promising future as part of a front-line therapeutic regimen in the treatment of HPV-associated cancers beyond cervical cancer.



Pancreatic Cancer

Pancreatic ductal cell carcinoma (PDAC) is one of the most challenging malignancies to treat with the most effective current treatments being surgery and chemotherapy (45). Unfortunately, while the advancement of immunotherapy in oncology, particularly immune checkpoint inhibition (ICI), has brought about significant survival benefits to many cancer patients, PDAC patients have not been afforded the same benefit (46). PDAC expresses TAAs such as mesothelin but is poorly infiltrated by T cells and is considered an immunologically “cold” tumor (47–49). As Lm-based vaccines have been found to modulate the tumor microenvironment (TME) and make it more amenable to anti-tumor immune responses (50), significant effort has been expended to determine the promise of this vaccine platform in the treatment of PDAC. To target mesothelin-expressing PDAC, an Lm-based vaccine was constructed that expressed and secreted human mesothelin genetically fused to the first 100 residues of ActA, ActAN100, in a highly attenuated strain of Lm, LADD (51). This mesothelin-targeting Lm-based vaccine (Lm-Mesothelin, CRS-207) was initially brought into the clinic in a Phase I trial with several cancer types that all express mesothelin, including PDAC (52). Study subjects received at least one i.v. administration of CRS-207 at a particular dose ranging from 108 to 1010 CFUs. The vaccine was generally well tolerated with the majority of patients experiencing grade 2 or less AEs. However, a number of patients experienced grade 3 AEs and at least 2 grade 4 AEs at the highest doses. Therefore, the maximum tolerated dose was determined to be 109 CFUs. While the study was not powered to assess efficacy, 37% of patients survived beyond 15 months. Interestingly, the patients with longer survival had a more robust T cell response to the vaccine.

Due to the promising data from the Phase I clinical trial, three separate Phase II clinical trials were commenced to evaluate the efficacy and safety of CRS-207 in PDAC. The first Phase IIa trial with 90 patients assessed the efficacy of cyclophosphamide (Cy), a chemotherapeutic drug that limits peripheral tolerance, in combination with GVAX, a tumor vaccine consisting of irradiated allogeneic PDAC cells lines secreting GM-CSF (Arm B) or a heterologous prime boost regimen with Cy/GVAX with CRS-207 (Arm A) (53). The heterologous prime boost regimen, Cy/GVAX+CRS-207, was superior to the Cy/GVAX only treatment regimen, in terms of median OS (6.1 vs. 3.9 months) and in terms of 12-month survival (24% vs. 12%). In fact, mesothelin-specific CD8+ T cell responses were observed earlier with Cy/GVAX+CRS-207 than Cy/GVAX only suggesting that the expected synergy of the prime boost approach was realized in terms of both efficacy and anti-tumor immune response. The most common AEs were associated with injection site reactions but a majority of patients also experienced fever, chills, and gastrointestinal symptoms. The most prevalent severe AE (grade 3-4) was lymphopenia that was observed in 44% of patients. However, one patient did develop systemic listeriosis 12 days post administration that resolved after receiving i.v. penicillin (54). The promising results demonstrate the ability of an Lm-based vaccine to synergize with another vaccine strategy, in this case Cy/GVAX, in a heterologous prime boost regimen, thereby, providing strong rationale for the continued exploration of the ability of immunotherapy to increase survival in PDAC.

Unlike the first Phase IIa clinical trial with CRS-207, the second trial (ECLIPSE study) included groups to assess the therapeutic efficacy of CRS-207 by itself in comparison to standard-of-care chemotherapy and a CRS-207+Cy/GVAX combination treatment regimen (55). The primary group in this study was patients given each of these interventions as a third+ line therapy. In this population, the median OS of chemotherapy alone was 4.6 months vs. 3.7 months with the Cy/GVAX+CRS-207 regimen. Interestingly, the CRS-207 alone treatment group had a median OS of 5.4 months suggesting some promise as a therapy in PDAC but these differences in median OS were not significant between any of the treatment groups. In a smaller group of patients when each of these treatment regimens were given as a second line therapy, there was no significant difference in median OS but the chemotherapy treatment arm had the highest median OS. The lower median OS in this trial compared to the first Phase II trial with CRS-207 was likely due to the patients in this trial having more advanced disease. As with the previous CRS-207 studies, treatment related severe AEs were minimal with the majority of AEs being low-grade. This trial again demonstrates the challenges of demonstrating efficacy in PDAC and suggested that a different approach may be required to demonstrate the promise of Lm-based vaccines in this disease.

As the previous Phase II studies with CRS-207 suggested, a new therapeutic approach would be required to demonstrate that it is capable of improving PDAC patient survival. As ICI therapy has been found to synergize with Lm-based vaccine approaches preclinically, a third Phase II trial with CRS-207 was conducted in PDAC patients that included anti-hPD-1 blockading antibody, nivolumab, along with Cy/GVAX+CRS-207 (Arm A) in comparison to Cy/GVAX+CRS-207 alone (Arm B) (56). The median OS for each arm was similar at 5.9 and 6.1 months for Arm A and Arm B, respectively. While the addition of nivolumab did not appear to improve median OS in patients receiving Cy/GVAX+CRS-207, some other parameters such as disease control rate and 12- and 18-month survival were improved beyond Cy/GVAX+CRS-207 alone. Interestingly, in the patients receiving nivolumab, long-term survival was correlated with increased CD8+ T cell infiltration into tumors and a reduction in likely immunosuppressive tumor-associated myeloid cells. However, nivolumab treatment did result in more AEs in patients but these were as expected in ICI therapy with 2.2% of patients, all in Arm A, discontinuing treatment due to treatment-related AEs. This study again highlights the enormous challenges of improving survival in PDAC patients. While the Phase II clinical studies with CRS-207 in PDAC did not meet their primary efficacy endpoints, they have advanced our knowledge and experience with Lm-based vaccines in a particularly difficult-to-treat patient population that will hopefully inspire additional studies with improved treatment regimens.



Malignant Pleural Mesothelioma

Malignant pleural mesothelioma is a rare disease caused by exposure to asbestos with a high mortality rate (57). The previous first line therapy for MPM was pemetrexed with cisplatin that afforded patients a median OS of 14.1 months, until the recent approval of nivolumab and ipilumimab that raised median OS to 18.1 months in the Checkmate-743 Phase III trial (58, 59). The clinical success of ICI therapy in MPM suggests that it is a disease that is receptive to immunotherapies such as Lm-based vaccines. As CRS-207 targets mesothelin, a tumor antigen highly expressed in MPM, a Phase I clinical trial was conducted to determine safety and tolerability of CRS-207 in combination with pemetrexed and cisplatin. In contrast to its efficacy on PDAC, 89% of patients receiving CRS-207 in combination with pemetrexed and cisplatin experienced tumor reduction (60). While the median OS was comparable to chemotherapy at 14.7 months, the OS rate at 1 year of 64.9% was more comparable to ICI-treated MPM patients. As a correlate to this promising efficacy, percentages of functional CD8+ T cells increased and immunosuppressive M2 macrophages decreased in tumors over the course of treatment. AEs were similar to previous trials with CRS-207 and there was no additive effect with the addition of chemotherapy. While only a Phase I study with less than 40 patients, the promising results provide a strong rationale for the continued assessment of CRS-207 in MPM and possibly in combination with the recently FDA-approved ICI therapeutics to determine any synergistic potential.



Non-Small Cell Lung Cancer

Lung cancer is responsible for more deaths worldwide than any other form of cancer with non-small cell lung cancer (NSCLC) accounting for the vast majority (61–63). Effective therapeutic options are lacking for NSCLC as even ICI therapy provides relatively limited benefits compared to other cancers, with a 5-year survival of 15-25% (64, 65). Due to the previously reported ability of Lm-based immunotherapies to reduce immunosuppression in the TME and activate tumor-specific immunity, a Phase Ib/2 trial was commenced to determine the safety and effectiveness of Lm-based vaccination alone or Lm-based vaccination in combination with ICI in NSCLC (66). The bivalent Lm-based vaccine utilized in these trials, JNJ-75, expresses NSCLC-associated antigens, both EGFRvIII and mesothelin, on the LADD vector platform, and was previously developed by Aduro Biotech as ADU-214 (31). As a monotherapy, 18 patients received JNJ-75 administered twice i.v. in either 108 or 109 CFUs/dose. Each dosage of JNJ-75 was well tolerated with no dose-limiting toxicity, and the expected pyrexia and chills with duration no longer than 24hrs. Similar safety data was seen in the combination study where all 12 patients received 109 CFUs of JNJ-75 along with 240mg nivolumab. In total, only 6 treatment-related serious AEs (grade 3 or higher) were observed and bacterial shedding was not found in blood, fecal, or urine samples at 4hrs, 2 days, and 4 days-post administration. In terms of clinical response, 44% of patients had stable disease as the best overall response while one patient had a partial response in a target lesion identified at the beginning of the trial but still had overall disease progression. In the combination trial, the best overall response was stable disease in 4 patients but the trial was stopped early and efficacy data was limited. In the monotherapy study, levels of serum proinflammatory cytokines were elevated and activation of T cells and NK cells was increased at 24hrs post administration with cytokine levels returning to baseline at 48hrs. Further, the magnitude of mesothelin-specific T cells responses was limited compared to recall responses to tetanus toxoid and influenza. While stable disease was observed in some patients and there was clear evidence of inflammatory responses, the overall lack of significant clinical benefit to patients suggests that JNJ-75 alone or in combination with nivolumab will not proceed to further with clinical development.



Osteosarcoma

Osteosarcoma is a highly aggressive form of cancer that overwhelmingly affects children and primarily manifests in the long bones prior to metastasizing to vital organs (67). The standard of care currently consists of resection of the lesion or amputations of the affected limb and chemotherapy (68). However, many patients experience recurrence of the disease due to the seeding of micrometastases prior to primary tumor resection (69). Much like in breast cancer, a proportion of pediatric osteosarcoma patients have lesions that highly express the EGFR family receptor, HER2/neu, that correlates with poor prognosis (70). Importantly, a Phase Ib clinical trial has recently completed utilizing a human Her2/neu-targeting Lm-based vaccine, ADXS31-164, for adult patients with Her2/neu-expressing tumors (NCT02386501). This vaccine has now been licensed for development in the pediatric osteosarcoma setting by OS Therapies in conjunction with the NCI Children’s Oncology Group. While human clinical studies have not yet begun targeting human osteosarcoma with Lm-based immunotherapy, the promise of this therapeutic approach in humans may be predicted by the recently completed and published results from clinical trials in canines for osteosarcoma utilizing ADXS31-164. Canine osteosarcoma is highly aggressive much like the human disease in terms of prognosis and treatment (71). In fact, a significant proportion of canine osteosarcomas overexpress the tumor antigen Her2/neu much like their human counterparts (70, 72). Since human Her2 and canine Her2 have >90% homology and the Lm-based vaccine targeting human Her2/neu, ADXS31-164, had already been developed and successfully tested in mice, a small Phase I clinical trial consisting of 18 client-owned dogs was performed to determine the safety, tolerability, and efficacy of the Lm-based vaccine targeting Her2/neu, ADXS31-164, in canine osteosarcoma (73, 74). For this trial, dogs were treated with three doses of ADXS31-164 once every three weeks following standard of care amputation and carboplatin adjuvant chemotherapy. AEs were generally low-grade, transient, and independent of ADXS31-164 dosage. Strikingly, the 1, 2, and 3-year survival rates for ADXS31-164 treated dogs were 77.8%, 67%, and 56%, respectively. This is in stark contrast to dogs in a historical control group treated with standard of care amputation and adjuvant chemotherapy with 1, 2, and 3-year survival rates of 55%, 28%, and 22%, respectively. In addition to increased survival, Her2-specific T cell responses were also observed in 83% of the dogs in the study. Based on the promising results of this study, ADXS31-164 was granted conditional approval by the USDA and the study was continued and expanded. In fact, a subsequent study of ADXS31-164 consisting of 50 dogs with osteosarcoma was recently reported. The study protocol mimicked the early Phase I trial and the observed AEs generally confirmed the low-grade and transient nature of those reported in the first study (75). However, 4 dogs did develop listeriosis, a finding not observed in the initial trial. The severity of the listeriosis varied between the animals with some requiring antibiotic treatment. One animal presented with an extrapleural mass that cultured positive for ADXS31-164 three weeks after receiving the final vaccine dose, and required surgery to remove the chest abscess (76). Unfortunately, the study was unable to report efficacy data due to 30% of the dogs discontinuing treatment, an inability to complete follow-up evaluations, and concurrent or subsequent therapies after ADXS31-164 treatment that complicated analysis.



Future of Listeria in the Clinic

Clinical trials continue for a number of Lm-based vaccines (Table 1). However, with the discontinuation of the AIM2CERV Phase III trial, it may take longer than previously anticipated before an Lm-based vaccine is widely available for use in oncology. While the safety profile of Lm-based vaccines has been very tolerable in comparison to chemotherapy and other forms of immunotherapy, the recent rare reports of listeriosis after final dosing in both humans and dogs may be a challenge in a small number of patients going forward (43, 76). As current trials already incorporate a regimen of antibiotics subsequent to dosing with Lm-based vaccines, this regimen may need to be modified and extended in order to mitigate the possible risk of listeriosis. Further, development of even more attenuated vaccine strains described below may help further mitigate this risk and, along with the combination of synergistic therapies, may spur greater clinical success for future Lm-based vaccines.




New Trends in Lm Vaccine Constructs

For more than two decades, Listeria monocytogenes has proven itself to be a highly promising vector for tumor immunotherapy in numerous preclinical studies (31). While the currently available platforms have demonstrated promising performance in clinical trials, none has yet been approved for clinical use by the FDA, thus there is continued interest in engineering newer, safer and more effective Listeria monocytogenes-based vaccine platforms (77–79). In addition, while numerous clinical studies have confirmed an excellent safety profile for Lm-based vaccines in healthy individuals and oncology patients, there have been some concerns regarding the ability of current clinical strains to persist in patients (40, 43, 52, 66, 76, 80). Described below are the recent advances at overcoming these challenges and improving the safety and efficacy of Lm-based immunotherapies


Enhanced Attenuation Methods

While infection with the virulent wild-type strain of Listeria monocytogenes can lead to the formation of robust memory T cell responses, several studies have found that attenuated strains of Lm actually result in improved immune memory and protective responses (81, 82). The methods utilized to attenuate Lm primarily revolve around deletion of non-essential virulence genes that allow for sufficient infectivity and antigen production but limit the potential for severe infection, a necessary concern when the patient population for tumor immunotherapy may already suffer from immune deficiency (83). In fact, the Lm-based vaccines currently or previously in clinical trials have all contained some form of deletion of virulence genes such as actA or prfA (31). While the safety of these attenuated Lm platforms has been demonstrated in multiple trials, further modifications that enhance attenuation and improve therapeutic efficacy of Lm-based vaccines continue.

One such advancement is the development of suicidal strains that are programmed to lose viability once the antigenic cargo has been delivered to an antigen-presenting cell (84). The need for these suicidal vaccines stems from instances where, despite attenuation, persistence of Lm vaccine constructs has been observed following the administration of live Lm vaccines (43, 85). Early work in the development of a Listeria suicide strain utilized an Lm construct that produced a phage lysin under the control of the ActA promoter so that the suicide switch would be engaged once Lm gained entry to the cytosol of an APC and delivered its cargo (84). A similar approach by Souders et al., that we discuss further in 1.4.4, found a dramatic reduction in death of infected APCs by a suicidal strain of Lm while still retaining the ability to successfully deliver a eukaryotic plasmid for expression of tumor antigen (79). Recently, this concept of an Lm-based suicidal vector for tumor immunotherapy was advanced with the development of a new vector, Listeria monocytogenes recombinase-induced intracellular death (Lm-RIID). This strain features Aduro’s live-attenuated double deletion Lm vaccine (LADD) that has been further modified by the introduction of loxP sites adjacent to essential genes, as well as a gene for Cre recombinase that is inserted under the actA locus (78). In bacterial growth media, Lm-RIID proliferates and functions normally, however, once it infects host cells and gains entry to the cytosol, Cre-recombinase is produced and excises the essential genes flanked by loxP sites. The loss of these essential genes ultimately results in loss of viability for the bacterium, while still allowing sufficient time for it to produce and secrete the necessary tumor antigens within the cytosol. This construct has demonstrated efficacy similar to the LADD platform in mouse tumor models, inducing a robust anti-tumor immune response, and a substantial reduction in tumor burden. In combination with anti-PD-1 therapy, it conferred maximal protection against tumor growth and regression in a lung metastasis model. Perhaps the most interesting characteristic about this platform is its excellent safety profile. Although the enhanced attenuation of Lm-RIID did result in reduced immunogenicity in direct comparison to existing platforms, it was shown to be more immunogenic than the killed but metabolically active (KBMA) strain and similarly effective to the live, attenuated, double-deleted (LADD) platform (78). Of note, also, is the recombinant suicidal Listeria monocytogenes strain (rsΔ2) described by Sinha et al. (77) that undergoes autolysis upon entry into the cytosol but produces and delivers both protein antigen and a eukaryotic expression vector encoding the same antigen to an infected cell. This novel suicidal Lm vaccine induced both humoral and cell cytolytic responses to the model antigen, ovalbumin, when delivered both intramuscularly and orally. Importantly, delivery of only the eukaryotic expression plasmid encoding for the antigen by rsΔ2 resulted in blunted responses compared to the vector that delivered Lm-produced protein antigen and the eukaryotic expression vector. These novel suicidal Lm-based vaccine vectors demonstrate that, while improvements may still be desired to match their anti-tumor efficacy to previously-developed live Lm-based vectors, their effectiveness when given orally, enhanced level of safety, and their greater level of versatility to deliver both protein and nucleic acid cargo demonstrates great promise for them as clinical vectors for tumor immunotherapy.



Listeria as a Targeted Radionuclide Therapeutic (TRT) Platform

The combination of Lm-based immunotherapy with radiotherapy has shown promise as a synergistic treatment regimen in a preclinical model for melanoma (86). However, there are still challenges to discover the most efficient sequence of treatment administration for both the Lm vaccine and radiotherapy, i.e. concurrently or sequentially, and the off-target effects of radiotherapy on healthy tissue may complicate the timing and number of treatments (87, 88). To overcome these challenges, a recent study utilized a previously engineered Lm-based vaccine platform that specifically homes to and replicates within tumors as a vector for tumor-specific delivery of radiotherapy (29). Targeted radionuclide therapeutics (TRT) have shown potential in clinical trials as observed by various radionuclide/antibody conjugates that have been effective in treatment of malignancies such as glioblastoma (89) To accomplish this, a tumor-trophic Lm-based vector was incubated with anti-Listeria antibodies labeled with radionuclide, 188Re, thereby creating a tumor-targeting radiotherapy platform (30). This generated a radioactive attenuated Lm strain with high viability, stability, and infectivity. When this radioactive Lm-based therapy was administered in a murine pancreatic cancer model, radioactive188Re specifically accumulated in the tumors and metastatic lesions, further confirming the ability of Lm to act as a tumor-specific vector. Interestingly, while there was accumulation of this radioactive Lm in both kidney and liver, no histopathological damage and change in liver function was observed one week after the last treatment, suggesting that the highly proliferative tumor cells in metastases are more susceptible to the consequences of radiation-induced DNA damage than normal tissues (30).

However, a limitation of this strategy is the difficulty in generating this antibody dependent Lm radionuclide construct. This limitation was overcome in a more recent strategy that utilized radioactive phosphate 32P to generate a novel TRT Lm construct. This simple but elegant method involved starving the attenuated Lm in saline followed by culturing in media supplemented with 32P (29). The simplicity of this method allows for greater reproducibility and, more importantly, generation of an Lm construct that is more viable and stable without losing the incorporated radionuclide. This Lm-TRT also specifically homed to the tumor and metastatic sites in a pancreatic cancer model while demonstrating more effectiveness than its precursor. Interestingly, the major side effect associated with the use of 32P in cancer therapy, accumulation in the bone marrow, was not seen with Lm-32P used as a TRT. As this approach has only been assessed preclinically in a difficult-to-treat pancreatic cancer model, application of this technology to additional cancer models that are more amenable to immunotherapy may provide even more promising results.



Incorporation of Lm-Derived Products Into Nanovaccine Platforms

As development continues in safer and more effective live Lm-based vaccines, other groups have focused on utilizing specific products or proteins from Listeria monocytogenes to improve the immunogenicity of nanoparticle-based vaccine platforms (90, 91). Much like Lm, nanoparticle-based vaccines, comprised of liposomes and/or metal particles, have the ability to selectively deliver cargo to professional antigen presenting cells, and accumulate within primary and metastatic tumors (92). In fact, a recently developed nanovaccine utilized the adjuvant properties of LLO to enhance the efficacy of a gold nanoparticle-based vaccine in preclinical development for metastatic melanoma (90). Gold nanoparticles are utilized in tumor nanovaccines due to their small size, ability to disseminate widely throughout the tissues, and ability to specifically accumulate at tumor sites (93). The gold nanoparticle-based vaccine, GNP-LLO91-99, was constructed by incorporating gold nanoparticles with β-D glucose, which increases tumor oxidative stress, and a H2kd-restricted epitope peptide derived from LLO, LLO91-99. GNP-LLO91-99 induced a robust production of inflammatory cytokines, a reduction in the intratumoral Treg and MDSC populations, and increased infiltration of LLO and tumor-specific CD8+ T cells into the tumor. Surprisingly, GNP-LLO91-99 was more effective at reducing melanoma tumor burden as a monotherapy, than ICI therapy. However, the combination of GNP-LLO91-99 with anti-PD-1 and anti-CTLA-4 antibodies resulted in synergistic efficacy and complete tumor regression (90) Of note, the melanoma model in this study, B16F10, is performed in the H2b-restricted C57BL/6 mice while the LLO-derived peptide within GNP-LLO91-99 is well characterized as an H2Kd-restricted LLO epitope suggesting further investigation is warranted to fully understand its mechanism(s) of adjuvancy.

Another utilization of Lm-derived components in a nanovaccine involves the use of purified LLO in combination with liposomal nanoparticles (91). While liposomes are effective carriers of antigens for delivery to APCs (94), it was hypothesized that the lytic properties of LLO may allow for improved cytosolic release of liposomal cargo after uptake. The LLO-liposome nanoparticle-based vaccine consisted of a liposome, loaded with recombinant OVA protein, as a model tumor antigen, and recombinant LLO (91). When compared against a liposomal nanoparticle-based vaccine containing only ovalbumin, the incorporation of LLO into the nanovaccine resulted in enhanced presentation of the immunodominant CTL epitope, SIINFEKL, by APCs, improved OVA-specific cytolytic and humoral responses, a dramatic delay in growth of OVA-expressing melanoma tumors, and improved survival.

While the different types of nanovaccines have widely divergent compositions and chemistry, the incorporation of Lm-based components appears to dramatically improve their immunogenicity and anti-tumor efficacy (90, 91). These studies suggest that the utilization of Lm for tumor immunotherapy may not necessitate the need for the whole organism but just purified listerial components with unique properties to eventuate a safe but effective anti-tumor response.



Listeria as a Gene Delivery Vector

Due to the cellular tropism of Lm and its ability to gain entry to the cytosol after infection, it is uniquely capable as a vector for gene delivery (84, 95, 96). In a process called bactofection, bacteria can be engineered to deliver eukaryotic expression vectors containing genes encoding for enzymes or protein antigens to an infected cell (97). In fact, previous studies have found Listeria monocytogenes to be a suitable vector for bactofection (84, 96, 98). Souders et al. performed the first demonstration that this ability of Lm to perform bactofection could be utilized in tumor immunotherapy (79). In this study, an Lm-based bactofection construct platform was made by engineering Lm to include a suicide cassette that expresses a phage lysin under the control of the actA promoter, and a eukaryotic expression system containing the HPV16 E7 tumor antigen. Upon infection of APCs, the Lm bactofection construction, Lm-V2, escaped into the cytosol and underwent autolysis while delivering the E7 expression vector. Lm-V2 allowed for proficient expression of the E7 tumor antigen and induced E7-specific CTLs that infiltrated E7-expressing tumors and delayed tumor growth. While Lm-V2 did not produce as robust an anti-tumor response as the Lm-LLO-E7 vector that secreted E7 protein in the cytosol and did not undergo autolysis, it served as a proof-of-concept for a strategy that would ensure safety as a primary feature (79). Schoen et al. also demonstrated the utility of Lm as a vector for bactofection of antigens in a study where, instead of a CMV-driven expression vector, they introduced mRNA encoding for OVA (99). Upon infection of APCs in vitro, this vector was able to facilitate the activation of OVA-specific CTLs. While no in vivo experiments were performed in this study, they also demonstrated the ability of Lm to deliver nucleic acids to tumor cells upon infection. This strategy of utilizing Lm as a vector for bactofection of tumor cells was furthered by work from Pijkeren et al. that described the development of an Lm-based bactofection vector engineered to release a eukaryotic expression plasmid encoding luciferase subsequent to antibiotic administration (100, 101). In vitro infection and intratumoral infection in vivo of this bactofection construct did result in robust luciferase expression after antibiotic treatment suggesting Lm may also find utility as a tumor-selective delivery vector for nucleic acids.

While Lm is certainly capable as a vector for gene therapy to deliver nucleic acid cargo and facilitate protein expression in a target cell, current constructs are still not as effective at delivering antigen than Lm constructs that encode and secrete protein directly (102). Thus, since this would limit the ability to maximally present antigens, the ability of these various constructs to elicit robust antigen-specific CD8+ and CD4+T cell responses is currently limited and this technology will likely require further development prior to its successful entry into clinical trials.




Combination Therapies With Lm

Lm-based vaccines alone stimulate robust immune responses, increase immune infiltrates into tumors, and result in durable anti-tumor responses in many preclinical models of cancer (31). However, the heterogeneity of tumors and the TME in humans remains a major obstacle in obtaining effective responses to many cancer therapeutics in the broader population (103). One approach to overcome the detrimental effect of tumor heterogeneity on drug sensitivity is to utilize a combination therapy approach that consists of multiple drugs with complementary mechanisms of action (104). We describe in detail below combination therapy approaches utilizing Lm-based vaccines that have shown promise in treatment of cancers in the clinic and preclinically.


Lm in Combination With Immune Checkpoint Inhibitors (ICIs)

One mechanism by which a tumor can escape immune-mediated destruction is by enhancing the expression of immune checkpoint molecules on T cells such as PD-1 and CTLA-4 (105). While effector T cells can transiently express these molecules during activation or prolonged activation, high levels of these molecules are associated with an exhausted T cell phenotype, thereby limiting their tumor lytic potential (106), Since the anti-tumor efficacy of Lm-based vaccines is through induction of potent tumor-specific CD8+ T cells, maintaining their functionality is necessary for an effective immunotherapeutic platform (3). In fact, blockading antibodies that act as immune checkpoint inhibitors (ICI) dramatically enhance the functionality of anti-tumor T cell responses, an attribute that has revolutionized the treatment of various solid tumors (105, 107). Therefore, combination of these agents with Lm-based immunotherapeutics, which are able to induce potent and effective CTLs that infiltrate the TME may lead to even greater survival in cancer patients.

Thus far, various preclinical studies have found a synergistic effect in the combination of Lm-based therapeutics with ICIs (108–111). The initial study demonstrating synergy between anti-PD-1 blockading antibodies and the anti-tumor efficacy of Lm-based vaccines was by Mkrtichyan et al. (110). This study utilized the well-characterized Lm-LLO-E7 vaccine and assessed the ability of ICI to improve anti-tumor responses against the TC-1 tumor model for HPV-associated cancers. While they did find a synergistic anti-tumor effect by combining Lm-LLO-E7 with anti-PD-1 antibody, the dosage of Lm-LLO-E7 was approximately 5-fold lower and less effective than previous studies which may have better revealed the synergistic effect of these two therapeutics (110). Further support for this finding was found in a study assessing the efficacy of an Lm-based vaccine in combination with PD-1 blockade in a preclinical model of pancreatic ductal adenocarcinoma (PDAC) (109). PDAC is a highly heterogeneous solid tumor that is categorized as a “cold” tumor with limited immune cell tumor infiltrates making it less receptive to ICI treatment alone. However, utilizing an Lm-based construct expressing Annexin A2 (Lm-ANXA2), a relevant PDAC tumor antigen, Kim et al., demonstrated that sequential treatment with Lm-ANXA2 followed by PD-1 blockade resulted in an increase in overall survival of PDAC-bearing mice compared with either Lm-ANXA2 or anti-PD-1 therapy alone. Moreover, this therapeutic strategy elicited strong ANXA2-specific immune responses in the TME as evidenced by increase production of IFNγ, an observation not found in the group receiving anti-PD-1 alone (109) In addition to PDAC and HPV-associated cancers, Lm-based vaccines have also been reported to synergize with ICI in a particularly challenging malignancy with low survival rates, hepatocellular carcinoma (HCC). In fact, unlike many other cancers, ICI has limited efficacy and can even lead to hyperprogression in some patients (112, 113). Interestingly, an Lm-based vaccine expressing a multivalent HCC tumor antigen, Lmdd-MPFG, can induce PD-L1 expression, the ligand for PD-1, in HCC tumor cells suggesting that it may synergize with ICI therapy (108). When Lmdd-MPFG was administered along with anti-PD-1 antibody, it resulted in significantly reduced tumor burden as compared to PD-1 blockade or Lm vaccine treatment alone. While Lmdd-MPFG alone did result in significant anti-tumor efficacy, PD-1 blockade alone did not, mirroring clinical experience, and suggesting that the Lm-based vaccine sensitized HCC to ICI. Further evidence suggested that the ability of Lmdd-MPFG to polarize TAMs to the M1 phenotype played a role in the sensitization of HCC to PD-1 blockade (108). In addition to ICI synergizing with Lm-based vaccines in a therapeutic setting, it has also been found to enhance protection against tumor challenge in an murine model of melanoma expressing ovalbumin, B16F10-OVA (111). While administration of the Lm-based vaccine expressing OVA257-264 fused to ActAN100, Lm-OVA, provided significant protection against subsequent challenge with B16F10-OVA, up to 30% of mice developed tumors. The authors hypothesized that this could be due to the induction of peripheral tolerance mechanisms such as immune checkpoints that allow tumor escape. Therefore, approximately 2 months after Lm-based vaccination, mice were challenged with tumor, and received ICI (either anti-PD-1, anti-CTLA-4, or anti-PD-L1) every 10 days subsequently, in order to maintain anti-tumor T cell function. Each of the ICI antibodies enhanced the anti-tumor effect of Lm-OVA. More strikingly, there was significantly more mice remaining tumor-free after the addition of checkpoint blockade compared to vaccination with Lm-OVA alone. The data from these studies suggest that the efficacy of Lm vaccines can be enhanced by ICI therapy but Lm vaccination can also sensitize previously “cold” tumors, such as PDAC, to the powerful potential of ICI therapy (108, 111).

Use of checkpoint inhibitors in combination with Lm therapy is also being currently evaluated in various phases of clinical trials (Table 1). As we discussed in section 1.3.2, a Phase II study has demonstrated the positive immunomodulatory effect of the combination therapy of CRS-207 (Lm-mesothelin) with nivolumab (anti-PD-1) on the TME in the treatment of human PDAC (56).



Lm Combination With Adoptive Cell Therapy (ReACT Cells)

Adoptive cell therapy (ACT) is the use of engineered or naturally occurring immune cells for the treatment of cancer (114). This strategy has enjoyed unprecedented success in oncotherapy, with high response rates in hematopoietic malignancies and melanoma (114). However, this strategy comes with serious limitations and drawbacks that make its use limited in the therapy of solid tumors (115). One of the most significant challenges is that the TME is an immunosuppressive environment with elevated levels of anti-inflammatory cytokines, inhibitory receptor ligands, and immunosuppressive cell types such as MDSCs that impede the activation, proliferation and differentiation of anti-tumor immune cells (116). Due to their ability to modulate the TME and reduce peripheral tolerance mechanisms, Lm-based vaccines may be uniquely able to overcome the limitations of this therapeutic strategy and enhance the efficacy of ACT (50). While Lm improves the ability of immune cells to infiltrate into the TME, Lm is also able to infect MDSCs which specifically home to the TME and likely mitigate immunosuppression within the tumor (117). Xin et al., has developed an approach that utilizes Lm-based vaccines to enhance ACT and overcome the immunosuppressive TME in a strategy named Reenergized ACT (ReACT). To advance their work, they utilized mono-specific and dual-specific CD8+ T cells that recognize a tumor antigen, gp100, or both a tumor antigen and an Lm-derived antigen, OVA, respectively. After allowing for tumors to establish, mice were administered mono or dual-specific CD8+ T cells followed by intratumoral injection of the Lm-OVA vaccine. Surprisingly, mice receiving only CTLs did not respond and less than 10% of mice receiving only tumor-specific CTLs and i.t. Lm-OVA responded, In contrast, 69% of mice receiving both i.t. Lm-OVA injection and dual-specific CTLs that recognize the tumor and Lm-derived antigens responded and eradicated their tumors. This method also resulted in greater tumor infiltration and function of the transferred CTLs and reduced expression of immune checkpoint molecules by CTLs. In the TME, MDSCs and Tregs made up a lower percentage of overall tumor cells in each of the Lm-treated groups but only the dual-specific CTLs with Lm treatment group had a higher Teff/Treg ratio and lower absolute Tregs than other treatment groups (14, 15). As loss of the targeted antigen is associated with therapeutic resistance in ACT, broadening of the anti-tumor response through epitope spreading to additional tumor antigens should result in a more durable anti-tumor response (118, 119). In fact, this therapeutic strategy did lead to epitope spreading that induced long-lasting endogenous memory cells that provided protection against subsequent challenge (14). In this preclinical model of melanoma, the only adverse events associated with ReACT was limited to mild vitiligo at the primary tumor injection site (14).



Lm in Heterologous Vaccination Schedules

Heterologous prime boost involves the administration of the same antigens using different vaccine vector platforms to generate a more robust immune response than a homologous prime boost vaccine regimen (120, 121). Lm-based vaccines are particularly effective at generating robust responses when used as a booster or primer in combination with various vaccine vectors including viruses, DNA and peptides (122–125). In a preclinical study that involved the use of a DNA vaccine encoding the prostate-specific antigen prostatic acid phosphatase (PAP) along with an attenuated Lm vaccine, LADD-PAP, greater antitumor efficacy was seen in the prime boost regimen as compared to the DNA vaccine only regimen or the LADD-PAP only regimen (122). This heterologous vaccination schedule interestingly led to the induction of more CD4+ T cells, which may have played a role in the enhanced antitumor immune response. Enhanced cellular immune responses were observed with a heterologous prime boost regimen consisting of an EGFRvIII peptide vaccine, PEPvIII, and an Lm-based vaccine targeting EGFRvIII, Lm-EGFRvIIIx5, which resulted in greater induction of EGFR-specific CD8+ T cells than either vaccine alone (125). Interestingly, this enhanced EGFR-specific CTL response was only observed when the Lm-EGFRvIIIx5 was given as a booster to a previous peptide immunization. Lm-based vaccines have also been found to boost anti-tumor immunity when delivered in heterologous prime boost regimens with viral vectors (123, 124). In a prophylactic study, mice receiving a modified vaccinia Ankara vaccine expressing human p53, MVA-p53, followed by an Lm-based vaccine expressing human p53, LmddA-LLO-p53, resulted in greater anti-tumor protection against the murine breast cancer model, 4T1p53 (124). Further, the use of an Lm-based vaccine targeting the model tumor antigen chicken ovalbumin, Lm-OVA, prior to boosting with an oncolytic Maraba virus, MRB-OVA, resulted in a greater reduction in B16F10-OVA melanoma tumor growth, more tumor-free mice, and greater overall survival than mice receiving an adenovirus-based vaccine as the priming agent (123). Most importantly, this incorporation of Lm-based vaccines into heterologous prime boost approaches for cancer immunotherapy has already been found effective in a clinical trial. As we previously discussed, in a Phase II trial in PDAC patients, CRS-207 (Lm-mesothelin) in combination with Cy/GVAX improved median overall survival and enhanced induction of mesothelin specific CD8+ T cells as compared to Cy/GVAX alone (53).



Lm in Combination With Radiotherapy

Radiation therapy (RT) has been a mainstay therapeutic option for nearly a century in the treatment of various forms of malignancies (126). However, recent work has found that RT does not solely disrupt tumor cell division but has immunostimulatory effects in the TME (127). RT helps trigger the release of tumor antigens, improve presentation of tumor antigens to T cells, and induces an inflammatory response in the TME that results in elevated IFNγ levels and reduced immunosuppression (86, 128). However, despite all these attractive features of RT, resistance and recurrence still occur through multiple mechanisms (129). In order to improve the efficacy of RT, a recent study utilized a combination of RT and Lm-OVA in the B16-OVA melanoma model (86). This approach resulted in an increase in the activated T cells infiltrating the TME and a more robust response in the combination therapy than in the use of Lm or RT alone. One possible explanation for the observed synergy was that both the Lm vaccine and the RT seem to activate different components of the immune system (86). A similar synergistic effect of RT and Lm-based vaccines was observed in a murine model of prostate cancer. In this study, an Lm-based vaccine expressing human prostate antigen (PSA) in combination with RT resulted in synergistic induction of PSA-specific splenic T cell responses and therapeutic anti-tumor efficacy (130).

In an effort to improve on the efficacy and specific delivery of the lethal radiation therapy to the tumors and metastasis, the Gravekamp group has developed an elegant method to use Lm as a delivery vector for radioisotopes directly to tumors. In this study using Lm infused with 32Phosphorous (Lm-32P), this group was able to demonstrate that Lm-32P specifically homes to the TME in a mouse model for PDAC (29). The DNA damage caused by the radioisotope coupled with the antitumor efficacy of Lm itself makes this platform very potent and promising in cancer therapy.



Lm in Combination With Inhibitors of Complement Signaling

The complement cascade is well characterized to play a crucial role in the innate immune response to pathogens (131). However, evidence over the past decade demonstrates that the complement pathway and its components can also regulate adaptive immunity, particularly anti-tumor T cell responses (132). In fact, complement is highly activated in tumors and this activation results in T cell dysfunction and blunted anti-tumor responses (133). Importantly, a small molecule inhibitor of the C5a receptor (C5aR1), PMX53, enhances infiltration and function of tumor-infiltrating T cells leading to tumor regression in mouse cancer models (134). Therefore, inhibition of complement signaling may make the TME more amenable to anti-tumor T cells and synergize with an Lm-based vaccine. In a recent study, this synergistic potential was confirmed by demonstrating that treatment with PMX53 synergized with tumor vasculature targeting Lm-based vaccines to significantly reduce primary tumor growth and reduce lung metastases in a murine model of metastatic breast cancer, 4T1 (135). Furthermore, this synergistic potential was correlated with reduced levels of MDSCs and Tregs in the lungs of tumor-bearing mice and enhanced maturation of lung-associated dendritic cells.



Lm in Combination With Traditional Chemotherapy

Chemotherapy remains the gold standard for the treatment of various forms of cancers. Chemotherapy may also synergize with and augment the activity of immunotherapies, such as Lm-based vaccines, by inducing direct cell death that results in release and presentation of tumor antigens and maturation of dendritic cells (136, 137). Chemotherapy, such as low-dose cyclophosphamide, can also significantly reduce the Treg population in the TME (138). In fact, in a murine model of hepatic metastases, animals treated with attenuated Lm along with low dose cyclophosphamide had reduced levels of Tregs in the TME and spleen and a dramatic increase in overall survival (139). The Treg-depleting properties of cyclophosphamide were also found to enhance the efficacy of an Lm-based vaccine in the challenging KPC mouse model for PDAC (140, 141). In this study, Treg depletion by cyclophosphamide was further enhanced by addition of anti-CD25 depleting antibody in combination with an Lm-based vaccine targeting a 25 amino acid region of KrasG12D, LM-Kras. In KPC mice less than 2 months old, the combination of LM-Kras and cyclophosphamide/anti-CD25 was found to significantly delay progression of precancerous pancreatic lesions to PDAC and enhance survival in comparison to LM-Kras or cyclophosphamide/anti-CD25 alone. T cell infiltration and Th1 responses in the pancreas were also enhanced in the group receiving LM-Kras and cyclophosphamide/anti-CD25 in comparison to LM-Kras alone. While it is not possible to dissect the exact contribution of cyclophosphamide in the efficacy of LM-Kras in this study, much like another PDAC study that included cyclophosphamide in all treatment groups (109). These results provide additional pre-clinical evidence that chemotherapy will likely have an important role to play in effective treatment regimens with Lm-based vaccines. In humans, several clinical trials have incorporated chemotherapeutic agents, such as cyclophosphamide, pemetrexed and cisplatin, along with Lm-based vaccines into their treatment regimen (41, 44, 53, 55, 56, 60). As yet, evidence from these clinical trials suggest some chemotherapy regimens may provide a clinical benefit in combination with Lm-based vaccines (53, 60) while others have found mixed or negligible benefit from this combination (41).



Conclusion

The recent results reported from several clinical trials demonstrate the promising future of Lm-based tumor immunotherapies but also reveal challenges that educate the future development of the platform (41, 42, 60). Numerous improvements to the platform have already been reported in preclinical studies that would not be evident in the clinical results as they are mostly utilizing first-generation Lm-based constructs (29, 30, 78). Even with the use of these first generation constructs, promising clinical responses have been reported in several cancers including cervical cancer, malignant pleural mesothelioma, and canine osteosarcoma (74). As results from clinical and preclinical studies demonstrate, improvements to therapeutic efficacy may be realized utilizing Lm-based vaccines in heterologous prime boost regimens with other vectors and by combination with synergistic therapeutic strategies such as ACT and ICI (14, 53, 108, 110, 122, 123, 134). However, there still remain several challenges going forward to realize the full potential of Lm-based vaccines. As a recent clinical trial suggests, Lm-based vaccines may not significantly benefit from combination with particular chemotherapies that suppress immunity and increase risk of adverse events (41). Further, while rarely observed in clinical trials as yet, the incidence of listeriosis in humans and dogs may justify additional study into the variables contributing to this risk (43, 76). Nevertheless, improvements to clinical safety may be realized with the adoption of recently developed suicide strains, such as Lm-RIID, that would dramatically reduce the risk of listeriosis (78). As with other current vaccine platforms, treatment resistance due to immune escape will also likely be an ongoing challenge, particularly due to many of the current vaccines targeting a single tumor antigen (142, 143). While not yet published, improvements to the antigens targeted by Lm-based vaccines such as the multivalent ADXS-HOT platform targeting immunogenic hotspot mutations and the patient-personalized ADXS-NEO platform will likely bring improvements in efficacy, in part by limiting immune escape. Finally, recent advancements in leveraging its tumor-trophic potential suggest that attenuated Lm-based therapeutics can provide multiple separate but effective anti-tumor mechanisms which, if fully leveraged, may also mitigate therapeutic resistance (14, 15, 29, 30, 117, 144). With our improved understanding of its clinical performance and the continued development of the platform, the future is promising for Lm-based therapeutics.
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Many cancers, including myeloid leukaemia express the cancer testis antigen (CTA) DDX43 (HAGE) and/or the oncogene Wilms’ tumour (WT1). Here we demonstrate that HAGE/WT1-ImmunoBody® vaccines derived T-cells can kill ex-vivo human CML cell lines expressing these antigens and significantly delay B16/HHDII+/DR1+/HAGE+/WT1+ tumour growth in the HHDII/DR1 mice and prolonged mouse survival in the prophylactic setting in comparison to non-immunised control mice. We show that immunisation of HHDII/DR1 mice with HAGE- and WT1-ImmunoBody® DNA vaccines in a prime-boost regime in two different flanks induce significant IFN-γ release by splenocytes from treated mice, and a significant level of cytotoxicity against tumour targets expressing HAGE/WT1 in vitro. More importantly, the combined HAGE/WT1 ImmunoBody® vaccine significantly delayed tumour growth in the B16/HHDII+/DR1+/HAGE+/WT1+ tumour model and prolonged mouse survival in the prophylactic setting in comparison to non-immunised control mice. Overall, this work demonstrates that combining both HAGE- and WT1-ImmunoBody® into a single vaccine is better than either vaccine alone. This combination vaccine could be given to patients whose cancer expresses HAGE and WT1 in parallel with existing therapies in order to decrease the chance of disease progression and relapse.




Keywords: WT1, ImmunoBody®, immunotherapy, HAGE, cancer vaccine combination, HHDII/DR1 mice



Introduction

The role of a cancer vaccine is to stimulate cellular immune responses that effectively lead to anti-tumour cytotoxic T-lymphocyte (CTL) responses. We have previously shown that DNA vaccines in which antigenic epitopes are encoded within an antibody framework can lead to T cell responses and delayed tumour growth (1). ImmunoBody(R) vaccines have entered Phase I clinical trials (2) and demonstrated safety as well as immune responses in 23/25 evaluable melanoma patients. Previous studies have incorporated epitopes from a single antigen to stimulate anti-tumour responses (3) but few have used epitope combinations that could widen the applicability of vaccines to stimulate both CD4+ and CD8+ T cell responses and recognise multiple tumour cell populations (2).

The oncogene Wilm’s Tumour (WT1) has been found to play a role in normal kidney, genital tract and eye development and be mutated in some Wilms’ tumours. In addition it has been found to be elevated in uterine leiomyosarcoma and carcinosarcomas (4) as well as epithelial ovarian cancer (5). However it is frequently used as a marker of minimal residual disease in chronic myeloid and acute leukaemia (6) having been found to be overexpressed in malignant but not healthy haematopoietic cells. WT1 is one of a number of leukaemia associated antigens that have been considered as promising targets for immunotherapy because of their ability to elicit specific immune responses against antigen-bearing cancerous cells while sparing normal tissues. A National Cancer Institute pilot project by Cheever et al. (7), developed a priority-ranked list of cancer vaccine target antigens based on predefined and weighted criteria for the ‘ideal’ antigen. Although no single antigen met all of the top subcriteria such as therapeutic function, immunogenicity and having already been in clinical trials, WT1 was identified as the top ranked antigen for these criteria and WT1 is overexpressed in most de novo acute myeloid leukaemia (AML) cases (8) and in chronic myeloid leukaemia (CML) (9). More specifically WT1 was shown to be expressed in 50–100% cases of blast crisis but not in chronic or accelerated phase cases (10).

HAGE is a cancer-testis antigen (CTA), a member of a family of HAGE was found to be expressed in (12/16) 75% of carcinomas (11) and in 57% of CML patient samples at diagnosis (12). Expression of HAGE, like many CTAs (13, 14), is limited in healthy tissues except immunologically protected sites such as the testis and placenta, making it an excellent target for immunotherapy due to its low associated risk of effective treatment causing damage to healthy tissues.

Leukaemia, and CML in particular, have gained a special attention in the field of the immunotherapy due to the fact that the circulating tumour cells are readily accessible to immune attack. Furthermore, the disease has a well-defined carcinogenesis pathway that allows for the development of immunotherapies targeting particular and well characterised targets. CML is a clonal myeloproliferative disorder resulting from malignant transformation of the primitive haematopoietic stem cell (HSC). The disease is characterised by the formation of a fusion gene, called BCR/ABL1 which encodes a chimeric protein that has a constitutive oncogenic tyrosine kinase (TK) activity. Targeting this enzyme using tyrosine kinase inhibitors (TKIs) such as imatinib (15), which is often the first line ‘gold standard’ therapeutic approach, has significantly improved the clinical outcome for patients with CML. Despite this, 35-40% of patients with CML on TKIs develop resistance (16), often due to the clonal outgrowth of CML cells harbouring BCR-ABL point mutations (recently reviewed in (17). These findings demonstrate that most TKIs are not curative, but merely put CML stem cells into a state of autophagy (18). However, the pathognomonic molecular characteristics of CML and the particular nature of cancer-host immune cells interaction in CML, as well as the advantageous immunomodulatory effects of the imatinib therapy (19), all offer a favourable setting in which immunotherapeutic strategies could be added with synergistic effect. Indeed, active immunotherapeutic strategies that enhance T cell responses against specific antigens in patients on imatinib therapy could increase the number of patients experiencing relapse-free survival following cessation of imatinib.

Using data from CML single cell (SC) gene expression downloaded from GEO database (Acc. No. GSE76312 (20),) we were able to demonstrate that both HAGE and WT1 genes were expressed in CML cancer stem cells but not in HSC cells highlighting the specific tumour cell expression of these antigens (Supplementary Figure 1). Thus it made sense to assess the capacity of two sequences, one derived from DDX43 (HAGE) and the other from WT1, to generate effective anti-tumour immune responses in a humanised HHDRII/DR1 mouse model and determine the ability the ImmunoBody® DNA delivery system (1) to induce tumour-specific cell death. Although ImmunoBody® DNA can be administered via intradermal, intravenous, intramuscular, subcutaneous or intraperitoneal routes (21), the standard method is the intradermal route using a gene gun device in mice, and i.m. injection combined with electroporation in humans (2). The overall goal of this study was to evaluate the capacity of a combined HAGE/WT1 sequence-based vaccine to eliminate/prevent the growth of HAGE/WT1 expressing tumours. We hypothesised that combining both HAGE and WT1 vaccines would be more effective against cancerous cells expressing both antigens through the reduced chance of escape variants, and also that such a vaccine could be used against a wider range of cancers that express either, or both of these antigens.

This study has therefore explored and compared the following aspects; the immunogenicity of HAGE and WT1 derived ImmunoBody® vaccines individually and in combination in HHDII/DR1 mice, the capacity of the vaccines given individually and in combination to induce activated cytotoxic T cells that can specifically recognise and kill HAGE/WT1-expressing targets in vitro, and finally, the in vivo capability of the combined vaccine to induce tumour rejection using HAGE+/WT1+ expressing humanised B16 cells as a “Proof-of-Concept” in tumour challenge experiments.



Materials and Methods


Animals

HHDII-DR1 double transgenic mice expressing human α1 and α2 chains of HLA-A*0201 chimeric with α3 chain of H-2Dd allele (HHDII), also expressing HLA-DRB*0101, and knocked out for the expression of murine MHC class I (H-2b) and II (I-Ab) were provided by Dr. Lone (CNRS, Orleans, France). Animal use and care was in accordance with EU Directive 2010/63/EU and UK Home Office Code of Practice for the housing and care of animals bred, supplied, or used for scientific purposes. The studies were undertaken with UK Home Office approval. Females aged between 6-8 weeks were used for this study. Three mice per group were used to assess the immunogenicity of the vaccine in at least two independent studies, whereas a minimum of 10 mice per group were used for tumour model experiments.



Cell Lines and Growth Condition

The Transporter-Associated Proteins (TAP) deficient, HLA-A2+ lymphoblastoid suspension cell line, T2 (22), was a gift from Dr. J. Bartholomew (Paterson Institute, Manchester, UK). The CML derived cell line K562 was purchased from ATCC, the KCL-22 CML cell line was kindly provided by Anthony Nolan (UK, https://www.anthonynolan.org). T2 cells, KCL-22 and TCC-S cells were cultured in the Roswell Park Memorial Institute (RPMI) 1640 medium (SLS/Lonza, BE12-167F) containing 10% (v/v) foetal bovine serum (FBS, Life Technologies, 10270106) and 2mM L-Glutamine (SLS/Lonza, BE17-605E). K562 cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM, SLS/Lonza, BE12-722F) containing 10% (v/v) FBS.

For the tumour implant model, the B16F1 (murine melanoma) cell line was knocked out for both murine endogenous MHC class I and II by Zinc Finger Nuclease (ZFN) technology and stably transfected with plasmids encoding both HHDII and HLA-DR1 molecules. Cells were grown in RPMI 1640 supplemented with 10% (v/v) FBS, 1% L-Glutamine, 300μg/mL Hygromycin (Insight Biotechnology, Middlesex, UK) and 500μg/mL Geneticin (Insight Biotechnology). The cells were further transfected with luciferase and HAGE constructs (23). In this study, the cells were referred to as hB16/HAGE+/Luc+, and maintained in RPMI-1640 medium supplemented with 10% (v/v) FBS, 1% L-Glutamine, 300μg/mL hygromycin and 550μg/mL zeocin (Thermo Fisher Scientific, U.K.) to retain luciferase gene expression, and 1μg/mL puromycin (Thermo Fisher Scientific) to retain HAGE gene expression. The HEK293T human embryonic kidney cell line (Thermo Fisher Scientific) was maintained in DMEM (SLS/Lonza, Yorkshire, U.K.) containing 10% (v/v) FBS and 2mM L-Glutamine - these cells were routinely used for viral gene transduction. All cells were maintained in a 37°C incubator with 5% (v/v) CO2.



Epitope Prediction

The WT1 protein sequence was screened for peptides that have binding affinity to HLA-A2 and HLA-DR1 molecules using a web-based algorithm (www.syfpeithi.de) (24) and peptides selected according to their binding score. A 15 amino acid long peptide (VRDLNALLPAVPSLG) derived from the WT1 protein was chosen. The HAGE 30mer sequence used in this study (QTGTGKTLCYLMPGFIHLVLQPSLKGQRNR) has previously been studied by our group (23), and the same class I and class II HAGE-derived peptides were used herein. All peptides were synthesised by GenScript Ltd (Piscataway, USA), with a minimum purity of 80%. All peptides were reconstituted in 100% (v/v) dimethyl sulfoxide (DMSO) to a stock concentration of 10mg/mL and stored at -80°C in small aliquots to minimise the number of freeze/thaw cycles.



Peptide Binding Affinity Assay

A T2 peptide-binding assay was performed to evaluate the binding affinity of the HAGE and WT1 class I peptide sequences to the HLA-A2 molecules, as predicted by SYFPEITHI software. T2 cells are an HLA-A2 human lymphoblast suspension cell line that have been genetically modified to produce mutated non-functional TAPs that are necessary to transport MHC class I restricted peptides into the endoplasmic reticulum (ER). This defect results in a failure to present internal TAP-dependant peptides and instead MHC molecules leave the ER and the Golgi compartments empty, leading to a 70–80% reduction of HLA‐A2 expression on T2 cell surface. These empty molecules are not stable and are quickly recycled. However, the empty HLA-A2 molecules on the surface of cells can be stabilised by addition of exogenous peptides for which they have an affinity (25). T2 cells are therefore frequently used to validate the binding of exogenously administered peptides. Briefly, in a sterile 96-well rounded-bottom plate, T2 cells were plated at 0.5×106 cells/100µL in serum-free RPMI medium supplemented with 3µg/mL human β2m (Sigma-Aldrich, Hertfordshire, U.K.) in the presence of varying concentrations of HAGE and WT1 class I peptides or with DMSO as negative controls and then incubated at 26°C overnight. T2 cells were then harvested, washed and stained with an APC-conjugated human HLA-A2 monoclonal antibody (BioLegend, 343308, Clone: BB7.2) for 30 minutes at 4°C. Cells were then washed and stained with propidium iodide (PI, Sigma-Aldrich) to exclude dead cells, and then immediately run to assess HLA-A2 expression using a Beckman Coulter Gallios™ flow cytometer and Kaluza™ data acquisition and analysis software.



Brefeldin A Decay Assay (BFA)

A BFA decay assay was performed to evaluate the stability of the class I peptide-HLA-A2 complex on the cell surface. For this, T2 cells were seeded in a 96-well rounded-bottom plate at a concentration of 1×106 cells/100 µL in a serum-free RPMI medium containing 3µg/mL human β2m. Cells were cultured with either the candidate peptides at a final concentration of 50µg (as determined by T2 binding assay) or with DMSO as a negative control and incubated at 26°C overnight. The next day, one batch of cells was washed and incubated with 10µg/mL BFA (BioLegend, 420601) for 1 hour at 37°C (Time 0) and thereafter every two hours until 8 hours. After each incubation, cells were transferred into 12x75 mm polycarbonate tubes, washed and stained with an APC-conjugated human HLA-A2 monoclonal antibody (BioLegend, 343308, Clone: BB7.2) for 30 minutes at 4°C and analysed using the flow cytometer. Dead cells were excluded by staining with LIVE/DEAD™ viability dye (Invitrogen) or PI (Sigma-Aldrich).

The stability of peptide-HLA-A2 complex was assessed by calculating the DC50 value, which is defined as the time required for a 50% reduction in the level of MFI recorded at time 0 (26), the longer the time for this to happen, the more stable the complex. The DC50 was calculated according to the formula: (MFI at a given time point/MFI at time 0) X100%. T2 cells incubated in the absence of peptide, but in the presence of the same concentrations of DMSO were used as negative controls.



Target Cell Line Preparation: Gene Knock-In and Knock Down

The CML derived cell lines, K562, KCL-22 and TCC-S were genetically engineered to either over express HAGE and/or WT1 proteins or HAGE and/or WT1 expression was silenced. K562 cells constitutively express low levels of HLA and were electroporated with the pcDNA-3.1/HHDII gene using SF cell line 4D Nucleofection™ Xkit/Amaxa according to manufacturer’s instructions. Positively transfected cells were selected using 2000µg/mL of G418. K562/HHDII+ cells and KCL-22 cells were transduced with HAGE using a PLenti.Puro/HAGE plasmid. An empty plasmid control PLenti.Puro/empty vector, was used as a vector control. Cells were selected with 1µg/mL puromycine and 2000µg/mL G418 in a 24-well plate at 37°C in 5% (v/v) CO2. Gene silencing was performed using short hairpin RNA (shRNA) sequences targeting the human WT1 (MISSION shRNA/Sigma-Aldrich in TCC-S cells

(WT1.shRNA1,TRCN0000010466,CGGATGAACTTAGGAGCCACCTTCTCGAGAAG
GTGGCTCCTAAGTTCATCTTTTTG and WT1.shRNA2, TRCN0000040064,

CCGGGCAGTGACAATTTATACCAAACTCGAGTTTGGTATAAATTGTCACTGCTT
TTTG).

After have being transduced, cells were selected with 1µg/mL puromycin and assessed for either HAGE or WT1 expression using Western blot and RT-qPCR.



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

RT-qPCR was used to assess the expression of the genes of interest in target cells. Briefly, total RNA was isolated from cell lines using a RNeasy Mini Kit (Qiagen, Lancashire, UK), following the manufacturer’s instructions. The quantity and purity of the produced RNA was evaluated using a NanoDrop™ 8000 Spectrophotometer (ThermoFisher Scientific). 2μg of RNA was then reverse transcribed into cDNA using Promega M-MLV Reverse Transcriptase. For each qPCR reaction, 1µL of cDNA (diluted 1:1 in ddH2O) was mixed with 6.75µL of SYBR™ Green Supermix (Bio-Rad, 172-5124), 0.5µL (5pmol) of the forward, 0.5µL (5pmol) of the reverse primer (Sigma-Aldrich) and 3.25µL of molecular grade water. Each sample was run in triplicate on a Rotor-Gene Q real-time PCR cycler (Qiagen). Table 1 below summarises primer pair sequences and annealing temperatures used in the PCR reaction. It also shows the HAGE-codon optimised pair primers which were used to detect the transduced HAGE gene in the modified cells. Expression levels of each genes were calculated using comparative CT method (27).


Table 1 | Primers and annealing temperatures used in RT-qPCR assay.





Protein Assay and Western Blot Analysis

Immunoblotting was performed to detect HAGE and/or WT1 expression in target cells. Briefly, CML cells were washed twice with cold DPBS, lysed in bromophenol blue free-Laemmli lysis buffer containing 0.125M Tris-HCl (pH 6.8), 4% (w/v) SDS, and 20% (v/v) glycerol and 10% (v/v) 2-mercaptoethanol. Cells were then boiled for 15 minutes at 95°C to denature proteins. To determine the quantity of protein in the lysates obtained, a protein assay (Bio-Rad, 500-0116) was performed following the manufacturer’s protocol, wherein standards were prepared by serial dilutions of bovine serum albumin (BSA) diluted in bromophenol blue free-Laemmli lysis buffer. A pre-calculated volume of sample containing 30µg of protein was loaded onto on Tris/glycine SDS-polyacrylamide gels alongside 5µL of marker ladder (Precision Plus Protein™, Bio-Rad, Hertfordshire, UK). The proteins on gels were then transferred onto Amersham Hybond-P PVDF membranes (GE Healthcare, Life science, UK) for 60 minutes at 100V at 4°C. The membranes were then blocked with TBS-Tween-20 (TBST) containing 5% (w/v) Marvel milk powder under a constant agitation for 1 hour at room temperature. After being thoroughly washed, membranes were blotted with primary antibodies at a concentration recommended by the manufacturer’s instructions (rabbit anti-human WT1 antibody, Abcam, Ab89901) and (rabbit anti-human DDX43 antibody, Sigma-Aldrich, HPA031381) and kept rocking overnight at 4°C. The next day, the membrane was washed 5 times with TBST, for 5 minutes each, and incubated in horseradish peroxidase (HRP)-conjugated secondary antibodies; HRP-conjugated anti-rabbit IgG antibody (Cell Signaling Technology, 70745, 1:1000) and HRP-conjugated anti-mouse IgG (Cell Signaling Technology, 70765). At the same time, Precision Protein™ Strep-Tactin™ HRP-conjugate, (Bio-Rad, 161-0380) was also added. Membranes were kept under a constant agitation for 2 hours at room temperature. After giving an additional five washes, membranes were developed using Clarity™ Western ECL Substrate (Bio-Rad, 170-5061) and luminescence was detected by G:BOX XT4: Chemiluminescence and Fluorescence Imaging System (Syngene). For each sample, mouse anti β-actin was used as a loading control (Sigma-Aldrich, A5441).



Phenotypic Analysis of Target Cell Lines

Surface staining was performed to characterise target cells phenotypically to detect HLA-A2 expression using an (APC-conjugated anti-human HLA-A2 antibody (BioLegend, 343308, Clone: BB7.2). Phenotypic analysis was also performed to assess the success of HHDII gene transfection using an FITC-conjugated anti-human β2m antibody (Sigma-Aldrich, SAB4700012, Clone: β2M-01). Cells were incubated with PI immediately prior to running the samples. At the end of the assay, cells were re-suspended in Beckman Coulter Isoton II™ diluent and analysed immediately on the Beckman Coulter Gallios™ flow cytometer.



DNA Vaccine-Bullet Preparation

Expression vectors encoding HAGE- and WT1-ImmunoBody® (28) were coated onto 1.0μm gold microcarriers, as per the manufacturer’s instructions. In brief, 200μL of 0.05M spermidine containing 16.6mg of gold was mixed with 36μg of the ImmunoBody® DNA. After giving the sample a short sonication, 200μL of 1M CaCl2 was then added in a dropwise manner to the mixture while vertexing, and then the DNA-gold complex was kept for 10 minutes at the room temperature. The pellet was then re-suspended in 2mL of 0.025mg/mL Polyvinylpyrrolidone after being washed twice with anhydrous ethanol. After this, and while the tube was sonicating, the sample was syringed into dried Tefzel™ tubing and kept standing in a Tubing Prep Station for five minutes. Without disturbing the gold, the ethanol was then gradually taken off using a syringe. Nitrogen gas was turned on while the tube was kept spinning for 7-10 minutes inside the station. When completely dried out, the tube was detached from the station and cut by a guillotine. Bullets were kept at 4°C until used.



Immunisation Programme

HHDII/DR1 mice were immunised with DNA bullet containing 1µg of either HAGE DNA ImmunoBody® which encodes the HAGE 30-mer sequence [QTGTGKTLCYLMPGFIHLVLQPSLKGQRNR] or WT1 ImmunoBody® which encodes the WT1 15-mer sequence [VRDLNALLPAVPSLG] or both, administered by gene gun device on Day 1, 7 and 14. On Day 21, mice were culled and splenocytes were immediately harvested and used in an IFN-γ Enzyme-Linked ImmunoSpot (ELISpot) assay.



Ex Vivo IFN-γ ELISpot Assay

The immunogenicity of either HAGE or WT1 peptides was determined using splenocytes harvested from immunised mice in an ex vivo IFN-γ ELISpot assay (ELISpot kit for mouse IFN-γ/MABTECH, 3321-2A). The assay was performed as previously described (29). Briefly 0.5x106 of freshly isolated splenocytes were seeded per well in triplicates into the pre-coated IFN-γ ELISpot plate along with 1μg/mL of either HLA class I or 10μg/mL of HLA class II HAGE/WT1 derived peptides, cells were then incubated at 37°C in a 5% (v/v) CO2 incubator for 48 hours. The plates were then washed and biotinylated detection antibody against mouse IFN-γ was then added and incubated for 2 hours at room temperature. Plates were then washed followed by the addition of alkaline phosphatase (AP)-conjugated streptavidin, after which they were incubated for 60 minutes at room temperature. Plates were washed, development solution (BCIP/NBT, Bio-Rad) added left in dark at room temperature until spots could be seen. Once spots developed, the reaction was stopped by rinsing the plates under tap water. Plates were then left to dry and the spots were quantified using an ELISpot plate reader (Cellular Technology Limited). Staphylococcal enterotoxin-B (SEB), was used as a positive control, and unstimulated splenocytes (cells alone) were used as a negative control for every ELISpot assay. Animals were scored as having a positive reaction when the number of spots in the cells alone wells did not reach more than 20 spots and when the response in the peptide containing wells were at least twice that of standard deviation of the mean of the control wells.



Chromium (51Cr) Release Cytotoxicity Assay

Splenocytes derived from vaccinated mice were cultured for 7 days with mitomycin-C treated peptide pulsed LPS blast cells as previously written (29). Briefly, LPS blast cells were prepared using splenocytes extracted from naïve mice and stimulated with LPS and dextran sulphate in a T75 flask. After 48 hours, cells from LPS blasts were harvested and treated with mitomycin-C. Following the incubation, cells were washed and counted and incubated with immunogenic HLA class I peptides, as determined by the ex vivo IFN-γ ELISpot assay for 90 minutes at 37°C. The peptide-pulsed LPS cells were then washed and co-cultured with freshly isolated splenocytes from immunised mice at a ratio (1) LPS (5): splenocytes in the presence of β-mercaptoethanol and murine IL-2 (mIL-2, Sigma-Aldrich, I0523, 50U/mL) at 37°C for 6 days. After incubation, LPS blast/T cells were then harvested, washed and counted to be ready for co-culture with 51Cr-labelled target cells.

Target cells were labelled with 1.85Mbq of 51Cr in a water bath at 37°C for one hour. Cells were then washed twice and rested for another hour at 37°C in 1mL of medium. Meanwhile, in vitro stimulated T cells were harvested and counted. Effector cells and target cells were plated in a 96-well rounded-bottom plate at a final volume of 200µL at different effector: target ratios of 100:1, 50:1, 25:1 and 12.5:1. Maximum and spontaneous release were set up in 4 replicates using 1% (w/v) SDS and plain medium, respectively. After 24 hours of co-culture of the effector and target cells at 37°C in 5% (v/v) CO2 incubator, 50μL supernatants were transferred to 96-well Luma plates to be dried on the plate. The 51Cr release was measured using a TopCount Microplate scintillation counter (beta scintillation counting) and the percentage of specific cytotoxicity was calculated using the following equation:

	



In Vitro Peptide Re-Stimulation (IVS) of the Murine Splenocytes

Fresh splenocytes isolated from vaccinated animals were stimulated with either HAGE 30-mer long peptides, WT1 15-mer long peptides or both, at a concentration of 1μg/mL in the presence of β-mercaptoethanol and 50U/mL mIL-2 for 7 days at 37°C in a 5% (v/v) CO2 incubator. Cells were then washed and counted using a NucleoCounter™ (Chemometec).



Tumour Model

In the prophylactic setting, mice were immunised with 1µg of gold-coated HAGE-ImmunoBody® DNA in one flank and 1µg of gold-coated WT1-ImmunoBody® DNA into the contralateral flank simultaneously once, on 3 consecutive weeks (Day-1, -7 and -14). On Day-21, mice received 0.75x106 hB16/HAGE+/Luc+. In the therapeutic setting, 0.75x106 hB16/HAGE+/Luc+ cells were first implanted and the next day mice received the double vaccine which was then followed by two additional injections 7- and 14 days post tumour implantation. A control group of mice received the same dose of tumour cells, but no vaccines. Animals were monitored twice weekly and tumour growth assessed by callipers until a palpable tumour was detected. Mice were then monitored twice weekly by in vivo imaging until termination. For each imaging session, luciferin was administered intraperitoneally at 150mg/kg, and anaesthesia induction began 10 minutes afterwards. All mice were anaesthetised with an appropriate concentration of isoflurane and imaged using the IVIS Lumina III system (Perkin Elmer). Mice were sacrificed when the tumour volume reached a maximum of 1.2cm2 for the prophylactic group and 1.5 cm2 for the therapeutic group or show clinical signs.



Processing of B16 Tumour Tissue


Tumour Volume and Weight

Once threshold endpoints were reached, tumours were dissected, weighed and scaled. Tumour volume was measured applying the formula: Π/6 (length X width2). Approximatively 1g of tumour was excised and enzymatically digested to study tumour-infiltrating lymphocytes (TILs), the remaining tumour was snap-frozen in liquid nitrogen.



Isolation of Tumour Infiltrating Lymphocytes (TILs)

Briefly, 1g of tumour tissue was excised from B16 tumours, chopped into small pieces using scissors and incubated with 5mL of RPMI containing 1mg/mL of collagenase-I (Sigma-Aldrich, C0130). The mixture was kept shaking at 37°C for 30 minutes to help tumour dissociation. Thereafter, the suspensions were filtered through a 70-μm filter, washed with PBS to remove the dissociation medium and re-suspended in 5mL of T cell medium. Cells (1x106) were then stained for CD8 (APC/Cy7™-conjugated anti-mouse CD8a, BioLegend, 100714, Clone: 53-6.7), CD4 (Alexa-Fluor™ 700-conjugated anti-mouse CD4, BioLegend, 100430, Clone: GK1.5), CD3 (Brilliant Violet™ 421-conjugated anti-mouse CD3, 100228, Clone: 17A2) and PD-1 (APC-conjugated anti-mouse CD279 (PD-1), 135210, Clone: 29F.1 A12), as well as ZOMBIE™ or LIVE/DEAD™ Yellow™ viability stains to exclude dead cells. TILs were then analysed by a flow cytometry.





Statistical Analysis

Data were analysed with GraphPad Prism7 software. The Mann-Whitney U-test was used for comparisons of two non-parametric datasets and one-way ANOVA or two-way ANOVA tests with post hoc testing using Tukey’s multiple comparison were used for multigroup comparisons. For tumour challenge studies, the survival proportion was evaluated by both the Gehan-Breslow-Wilcoxon test and the log-rank test. For each test, P-value (probability value) was calculated, and was found to be significant if *p-value=<0.05, very significant if **p-value=<0.01 and highly significant in case ***p-value=<0.001 or ****p-value =<0.0001.



Results


Prediction of Peptide Binding to HLA-A2 and HLA-DR1

The immunogenic region of the HAGE antigen was previously identified in our group using combination approaches of matrix-screening method of overlapping peptides and reverse immunology. It has been found that a 30-mer peptide sequence [QTGTGKTLCYLMPGFIHLVLQPSLKGQRNR]/[position: 286-316] derived from the HAGE protein is associated with high immunogenicity, as detected using an ex-vivo IFN-γ ELISpot assay (22). From that sequence, various short peptides were predicted to bind to HLA class I (HLA-A2) and HLA class II (HLA-DR1) using the freely available software SYFPEITHI, Tables 2A, B. Only HLA-A2 and HLA-DR1 restricted peptides were selected to be used in the HLA-A2/DR1 double transgenic mice (HHDII/DR1). Similarly, a 15 amino acid HLA-DR1 binding peptide [VRDLNALLPAVPSLG] derived from the WT1 protein containing two known HLA-A2 9-mer (30) was initially assessed for its binding affinity using the SYFPEITHI database (Tables 2C, D).


Table 2 | Class I and class II peptides sequence derived from the entire length of the HAGE and WT1 proteins.





In Vitro Peptide-HLA-A*0201 Molecule Affinity and Stability

Several factors influence the capacity of peptide-MHC complexes to stimulate T cells, of which the primary two are the affinity of peptides for the MHC molecules and the cell surface stability of the peptide-MHC complex (31, 32). Although scoring of peptide binding to HLA-A2 via the computer algorithm predictions is useful, its accuracy is less than 70–80% (33). Therefore, the strength and stability of the interaction between the respective HAGE and WT1 class I peptides and the HLA-A2 molecules were assessed experimentally using peptide-HLA-A2 T2 binding and stability assays, respectively. Overall, data in (Figure 1) (A, B) demonstrate that the intensity of HLA-A2 expression as measured by Mean Fluorescence Intensity (MFI) progressively increases in a dose-dependent manner in comparison with the control (MFI produced by cells that were treated with matched doses of DMSO vehicle control), indicating a successful peptide-MHC engagement, apart from WT1/P5 which did not increase the MFI, thereby reflecting its poor binding affinity toward HLA-A2 molecules. In addition, the Fluorescence Intensity Ratio (FIR) was calculated for each peptide concentration using the MFI of HLA-A2 expressed by T2 cells incubated with peptides and the MFI of HLA-A2 expressed by T2 cells that were incubated in the absence of peptide, but with the same concentrations of DMSO as background level of HLA-A2 molecules present on the surface of T2 cells. A summary of the results is shown in Table 3. Peptides with FIR=1 were categorised as being non-binders, 1<FIR ≤ 1.5 as weak binders, 1.5<FIR<2 as moderate binders and 2≤FIR as strong binders. All HAGE peptides demonstrated strong binding affinity towards HLA-A2 molecules, from 30μg/mL onwards (Figure 1A and Table 3). WT1 peptide, P3, was found to be a strong binder even at 10μg/mL, whereas WT1/P5 exhibited the least binding affinity with a score of 1 (non-binder) at 10 µg/mL, and only weak binding capability (1.4 to 1.5) at the higher concentrations (Figure 1B and Table 3).




Figure 1 | In vitro determination of the HAGE and WT1 peptides-HLA-A*0201 molecule affinity and stability. The affinity of class I HAGE peptides (HAGE/P4, HAGE/P5 and HAGE/P6) shown in (A) and WT1 peptides (WT1/P3 and WT/P5) shown in (B) to bind HLA-A2 molecules in comparison to controls (DMSO-treated cells) was determined using the T2 binding assay. T2 cells were incubated with 10, 30, 50 and 100µg/mL peptide in serum-free media containing 3µg/mL human β2m overnight in a 26°C incubator. Cells were stained with an anti-HLA-A2 antibody and propidium iodide (PI), and then immediately analysed using a flow cytometer. Values are expressed as the mean ± SD of three independent experiments and the level of significance was determined using Two Way ANOVA, followed by Tukey’s multiple comparisons test. Results indicate that all peptides were strong binders to MHC class I with the exception of WT1/P5. The binding stability (measured by MFI) of class I HAGE peptides and WT1 peptides shown in (C) in comparison to cells that were incubated with the same concentration of DMSO. DC50 for these peptides is shown in (D). T2 cells in serum-free medium containing human β2m at 3µg/mL were incubated with 50µg/mL of the respective peptides overnight and assessed in a time course analysis for HLA-A2 expression using a flow cytometer. Values are expressed as the mean ± SD of two independent experiments. All peptide-HLA complexes studied are stable on the T2 cells surface as their DC50 values were > 8 hours, apart from the WT1/P5- HLA-A2 complex which shows poor stability as there was a drop in DC50 value earlier between 5-6 hours. *p-value=<0.05, significant; **p-value=<0.01, very significant and ****p-value=<0.0001, highly significant, ns, not significant.




Table 3 | Categorisation of the binding affinity of class I HAGE- and WT1-derived peptides toward HLA-A2 molecules, as assessed using the T2 binding assay.



The persistence of the peptide-HLA class I complex on the cell surface was assessed in a time course manner using a Brefeldin A (BFA) assay (Figures 1C, D). BFA has a trap effect by obstructing anterograde transport of vesicles from the ER to the Golgi apparatus, thereby preventing peptide-MHC proteins from being transported to the cell surface. Results in Figures 1C show that there is a steady, time-dependent reduction in the level of MFI in all complexes within the first hours of study, but that the reduction stopped after 6 hours. With regards of the DC50 value, all HAGE and WT1/P3-HLA-A2 complexes on the T2 cell surface were stable as their DC50 values were all more than 8 hours (Figure 1D). However, WT1/P5-HLA-A2 complex exhibited a poor stability, as DC50 value fell before 6 hours.



Immunogenicity of HAGE- and WT1-ImmunoBody® Vaccines

To determine the immunogenicity of the HAGE (30mer) and WT1 (15mer) sequences and whether the predicted HLA-A2 and HLA-DR1 derived from these sequences were endogenously processed, HHDII/DR1 mice were immunised with either HAGE-ImmunoBody® or WT1-ImmunoBody® constructs on Day- 0, -7 and -14 (Figure 2A). On Day 21, animals were culled, and their respective spleens harvested and assessed in an ex-vivo IFNγ ELISpot assay. Results in Figure 2B confirms the immunogenicity of two class I peptides (HAGE/P5 and HAGE/P6) and one class II (HAGE/P7) in comparison to cell alone (cells that did not receive any peptide) as reflected by the high number of IFN-γ producing cells (P-value<0.0001, n=3). Whereas, HAGE/P4 and HAGE/P8 peptides did not produce any IFN-γ, indicating that these peptides were not endogenously produced and presented to T cells in vivo. WT1-specific responses induced by a novel WT1 DNA ImmunoBody® vaccine was also assessed and the results in Figure 2C demonstrate the immunogenicity of WT1/P1 and WT1/P3, and the poor immunogenicity of WT1/P5.




Figure 2 | Immunogenicity of HAGE- and WT1-ImmunoBody® vaccines, as determined using the IFN-γ ELISpot assay. Schematic presentation of ImmunoBody® immunisation regime is demonstrated in (A) where a prime-boost strategy was applied to assess the immunogenicity of HAGE-and WT1- ImmunoBody® administered in separate sets of mice. In this programme, each mouse received a total of three injections at 7-day intervals and spleens were then harvested on Day-21 for IFN-γ ELISpot assay. The level of IFN-γ produced by fresh 0.5x106 splenocytes harvested from a group of mice immunised and boosted with HAGE-ImmunoBody® (B) and WT1- ImmunoBody® vaccine (C) were assessed using the ELISpot assay. Values are expressed as the mean ± SD of at least 8 independent experiments (3 mice/group) and the level of significance was assessed using One Way ANOVA followed by Dunnett’s multiple comparisons test. Results in (B) demonstrate the potent immunogenicity of the two class I peptides; HAGE/P5 and HAGE/P6 and one class II; HAGE/P7 in comparison to cells alone, whereas the class I HAGE/P4 and class II HAGE/P8 are shown to be poorly immunogenic. Results in (C) demonstrate the potent immunogenicity of WT1/P3, mild immunogenicity of WT1/P1 and poor immunogenicity of WT1/P5 in comparison with the absence of peptide ‘cells alone’. *p-value=<0.05, significant and ****p-value=<0.0001, highly significant.





In Vitro Recognition and Killing of CML Targets Expressing HLA-A2, HAGE and WT1 Antigens by Dual Vaccine-Induced T Cells

K562, KCL-22 and TCC-S CML cell line-derived targets were assessed for HLA-A2 expression. Histograms in Figure 3B shows that that only a small percentage of K562 cells naturally express HLA-A2, whereas a high percentage of KCL-22 and TCC-S cells are HLA-A2 positive (Figures 3A, B). Therefore, K562 cells were electroporated with PcDNA-3.1/HHDII construct encoding the chimeric HLA-A2 gene (HHDII). Figure 3C demonstrates the success of HHDII transfection of K562 cells.




Figure 3 | HLA-A2, HAGE and WT1 expression in target cells: (A) Representative gating strategy used for the analysis of the surface expression of HLA-A2 on targets, as assessed by flow cytometry. Live cells were first gated according to their Side Scatter and Forward Scatter profile, and then single cells were selected, avoiding doublets. (B) The level of surface HLA-A2 expression was determined on basis of fluorescence intensity depicted by a shift to the right of the histogram in comparison to unstained samples. (C) Overlay histogram illustrates HLA-A2 surface expression on the targets in comparison to a negative control (non-stained sample). The constitutive expression of WT1 and HAGE by KCL-22, K562 and TCC-S cell lines using RT-qPCR and Western blot shown in (D, E). HAGE is transcribed at low levels in KCL-22 and K562 cells, but protein level are high. In contrast, TCC-S cells have constitutively high HAGE transcript and protein levels. WT1 was expressed by all cells studied as detectable by transcription and and protein levels. The Success of transfection; knock-in and knockdown, seen in (F–H) Values of PCR are expressed as the mean ± SD of two independent experiments. The doublet on WT1 seen in the Western blot might represent WT1 isoforms resulting from an alternative splicing event. ****p-value=<0.0001, highly significant.



The constitutive expression at mRNA and protein levels of both HAGE and WT1 was then determined in all CML targets using RT-qPCR and Western blotting (Figures 3D, E). All cell lines expressed WT1 mRNA and protein, whereas HAGE mRNA and protein expression was only detected in TCC-S cells. Therefore, both K562/HHDII+ and KCL-22 cells were then transduced with PLenti-Puro/HAGE plasmid construct, followed by antibiotic selection using puromycin to maintain HAGE expression in addition to G418, for K562/HHDII, to maintain HHDII gene expression. Post selection, the success of the transduction was demonstrated at mRNA and protein levels using RT-qPCR and Western blot (Figures 3F, G).

TCC-S cells were found to express HLA-A2, WT1 and HAGE proteins. It was expected that knockdown of WT1 in these cells could establish a negative control for WT1 expressing TCC-S (wild-type) upon assessing the responsiveness of WT1-specific CTLs in the cytotoxicity assay. Data in Figure 3H demonstrate the outcome of WT1 knockdown in TCC-S at protein level using two WT1.shRNA sequences in comparison with cells that were transfected with the lentiviral carrying the empty vector (PLKO.1.Puro), as a control vector. Although both sequences of shRNA were successful in significantly inhibiting WT1 protein expression, the WT1.shRNA.1 appeared to be more efficient than WT1.shRNA.2, and therefore the WT1.shRNA.1 clone was used in the cytotoxicity assay. All the modified cell types were periodically checked for the maintenance of the transduced genes.

Once all the target cells had successfully been “engineered” to express the correct HLA-A haplotype and/or antigens the ability of the vaccine induced cells to recognised and kill them was assessed. Briefly, splenocytes harvested from animals immunised with either HAGE-ImmunoBody® alone, WT1-Immunobody® alone or both were co-cultured in vitro with mitomycin-C treated and peptide-pulsed LPS blasts at ratio of 1:5 (LPS blast: T cell) for 6 days. Cells were then plated with 51Cr labelled K562 cells at various target: effector ratios (1:100, 1:50, 1:25, and 1:12.5) for 24 hours at 37°C. Supernatants were then transferred onto Luma plates and read using a TopCount beta scintillation counter.

Figure 4 shows that in vitro expanded cells from all vaccinated mice were able to specifically recognise and kill all the target cells expressing the antigen against which the mice were vaccinated, Figure 4 (A1, A2) (B1, B2) (C1, C2). Moreover, cells derived from the mice immunised with both HAGE- and WT1-ImmunoBody® vaccines could consistently kill significantly more target cells expressing both antigens indicative of a synergistic effect achieved with the combined vaccines Figure 4 (A3, A4) (B3, B4) (C3, C4) (P-value<0.0001, n=3) in almost all ratios used.




Figure 4 | Specific in vitro killing of target cells by vaccine induced CTLs, as assessed by 51Cr release assay. Splenocytes from mice immunised with HAGE, WT1 and combined, were co-cultured in vitro with mitomycin-C treated and peptide-pulsed LPS T cells for 6 days and then plated with 51Cr labelled-targets at various ratios for 24 hours at 37°C, followed by measuring 51Cr in the medium. Values are expressed as the mean ± SD of three independent experiments (3 mice/group) and the level of differences between groups were assessed using Two Way ANOVA followed by Tukey’s multiple comparisons test. Results demonstrate that the percentage of lysis generated from combined vaccine is higher than the individual vaccines. P*-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****P-value < 0.0001 versus the corresponding control group. NS, not significant.



In our previous studies, the B16/murine MHC knockout/HHDII+/DR1+ murine melanoma cell line was shown to constitutively express the murine WT1 protein (data not shown). Herein, these cells (with/without HAGE) were used as targets to assess the capability of HAGE- and WT1-ImmunoBody® vaccines derived cells to provoke in vitro killing activity. Figure 4D highlights the significant difference in the lysis produced by each indicated group against these cells. Here again, a statistically significant difference was found between the killing of B16 cells expressing HAGE (almost 50%) and HAGE-negative B16 (20%) at 1:100 ratio (shown in D1), whereas no differences in killing were found against these two targets when the effector cells used were derived from mice immunised with only WT1 (shown in D2), since both express murine WT1. This indicates that the WT1 peptide used in this study was endogenously processed naturally and presented on the surface of the B16 cells and was recognised by cytotoxic T lymphocytes (CTLs). Again, as for the other targets, a significantly higher percentage of B16/HAGE+ cells was killed when the CTLs used were derived from mice immunised with the combined approach (Figure 4D, at almost 60%) than when they were derived from mice immunised with either HAGE or WT1 vaccine individually (50% and 45%, respectively). This difference is shown to be a statistically significance at 1:100 (target: effector ratio) (P-value=0.0032, n=3 and P-value=0.0002, n=3) in HAGE and WT1 groups, respectively.

Overall, these findings demonstrate that the sequences contain within HAGE- and WT1-ImmunoBody® derived vaccines either individually or in combination was endogenously processed and displayed on the surface of antigen presenting cells (APCs) in association with HLA-A2 molecules leading to the development of professional CTLs which are able of specifically recognising and killing antigen-expressing target cells. They also indicate that the combination approach improves CTL responses.



Efficacy of the Combined HAGE/WT1 ImmunoBody® Vaccines in HHDII/DR1 Mice Bearing the Aggressive hB16/HAGE+/Luc+ Tumour

The efficacy of the combined HAGE/WT1 ImmunoBody® vaccines was then tested in both prophylactic and therapeutic settings in female HHDII/DR1 mice (n=10/group) using the aggressive hB16/HAGE+/Luc+ tumour. In the prophylactic setting, mice were first immunised with both HAGE- and WT1-ImmunoBody® vaccines 3 times, a week apart, and on Day 21 mice were then challenged with subcutaneous injection of hB16/HAGE+/Luc+ cells, as shown in Figure 5A1. In the therapeutic setting, mice were first implanted with the same dose of hB16/HAGE+/Luc+ cells, followed by immunisation the next day, and then received two more injections of the dual HAGE/WT1 ImmunoBody® vaccines 7 days apart. The control group received no vaccine (Figures 5A2, A3).




Figure 5 | Combined HAGE/WT1 ImmunoBody® vaccines significantly delay tumour growth in tumour challenge experiment. Schematic representation of the in vivo experimental design is shown in (A) where three groups of mice were used in this study using prime- boost regime. In the prophylactic setting, mice were received the vaccine then challenged with hB16/HAGE+/Luc+ cells on Day-21, whereas, in the therapeutic setting, tumour cells were implanted, followed by vaccination in the determined days. The control group of mice received DPBS instead of the vaccine. Intra-tumoural luciferin bioluminescent signals in the vaccinated HHDII/DR1 mice bearing the aggressive hB16/HAGE+/Luc+ tumour in comparison to the control are shown in (B). The figure demonstrates the prophylactic and therapeutic efficacy of the combined HAGE/WT1 ImmunoBody® vaccines, wherein luciferin bioluminescent signals were detected in all groups as a total flux measured by photons/second. Data shows that the total flux in the prophylactic group and therapeutic declined in comparison with the control, and that both treatment settings led to prolong mice survival rate. Most mice from the control group were culled after Day-39 post transplantation session whereas mice in the vaccinated groups survive while they were holding small size tumour. Post-culled hB16/HAGE+/Luc+ tumour weight and volume are shown in (C, D). For each indicated group, tumour weight in grams and tumour volume in mm3 were determined, and post-culled tumour images highlighted the tumour size shown in (D). Mice were euthanized when tumour size reached endpoint threshold (12 mm2 for the prophylactic setting and 15 mm2 for the therapeutic setting). (E) Data in these graphs are expressed as the mean ± SD, and the level of the significance was determined using one-way ANOVA analysis followed by Dunnett’s multiple comparisons test. Survival analysis demonstrates the antitumor efficacy of the combined HAGE/WT1 ImmunoBody® vaccines in vaccinated tumour bearing mice. Results shows that the combined HAGE/WT1 vaccines is significantly protective in the prophylactic group in comparison to the control group at **P-value<0.01, but not in the therapeutic setting. The significance of the difference was evaluated by both Gehan-Breslow-Wilcoxon test and log-rank test. The total number of mice is 30, (10/group). *p-value=<0.05, significant; **p-value=<0.01, very significant, ns, not significant.



Details of bioluminescence images and mice culling per session are shown in Supplementary Figure 2. Mice that did not receive the vaccines had to be sacrificed as early as Day 39 post-implantation due to tumour size endpoints, whereas tumour growth was delayed in mice that combined vaccines in comparison to the controls (Figure 5). Indeed, at around day-46 post-implantation, the number of surviving mice was 8/10 (80%) for the prophylactic group and 6/10 (60%) for the therapeutic group, in comparison with only 1/10 (10%) for the control group. Tumour growth, as measure by the total luminescence flux for each group was recorded and plotted in Figure 5B. Eventually, 4 mice from prophylactic group (Mouse-6, Mouse-7, Mouse-9 and Mouse-10) and one mouse from the therapeutic group (Mouse-24) were the last mice to be culled. The study was then terminated on Day 56 post-implantation before the tumours reached their end point size. This was purposely done in order to be able to perform immune characterisation of the tumour infiltrating lymphocytes extracted from the growing tumour and performed functional assay on splenocytes extracted from these mice.

Interestingly, although the total luminescence flux signals, as expected, were very similar on Day 22 (one day post-transplant), 10 days later, a statistically difference between the size of the tumours for the prophylactic group and those for the control was detected. Thereafter, the size of the tumour in the prophylactic group and for the therapeutic group remained below the 1x109 threshold for the majority of the tumours. However, by Day 39, tumours in a distinct group consisting of 4 mice separated from the rest of the prophylactic group, continued to grow until they had to be culled on Day 46. In the future, it would be important to re-immunise animals showing such a trend before their tumour became too large. It is also evident from the data that for 7 out of the 10 mice that received the vaccine after tumour implantation, the tumour first regressed below the 1x109 threshold, whereas the size of the tumours from the control group was, for the majority, above or very near this value (with the exception of one mouse), but then by Day-39 these increased again. This demonstrates the ability of the combined vaccines to delay the growth of the tumour, but there would likely be a requirement for further vaccination on Day-39 or additional interventions, such as checkpoint inhibitor. The survival proportion in Figure 5C clearly demonstrates that the combined HAGE/WT1 ImmunoBody® vaccines were able to significantly delay the aggressive growth of B16 melanoma cells and increases the overall survival in the prophylactic setting in comparison to the control at **P-value<0.01. However, this level of efficacy was not shown in the therapeutic group.

Tumour volume and weight were measured as soon as animals were culled. Data in Figure 5D demonstrates that there was a significance difference in the tumour volume in the prophylactic and therapeutic group compared to the control (P-value =0.003, n=10 and P-value= 0.0271, n=10), respectively, which indicates a shrinkage of the tumour, probably due to the activation of anti-B16 CTLs.



The Combined HAGE/WT1 ImmunoBody® Vaccine Provokes In Vivo Anti-Tumour Effector T Cell Function in HHDII/DR1 Mice Bearing hB16/HAGE+/Luc+ Tumour

Until Day 56 post-implantation, all mice were sacrificed due to tumour size reaching the endpoint threshold, except for Mouse-6, Mouse-7, Mouse-9 and Mouse-10 from the prophylactic group and Mouse-24 from the therapeutic group. However, it was decided to terminate the study to enable the analysis of TILs and perform functional assays, such as IFN-γ ELISpot.

The immune response generated in these mice was compared with that of the IFN-γ response assessed in a set of mice culled earlier in the study, (Mouse-11, Mouse-13, Mouse-15 and Mouse-16) from the control group and one mouse from the therapeutic group (Mouse-22). Interestingly, comparing data in Figure 6A1 versus A2, IFN-γ production was significantly greater in the surviving mice than those which were culled early in the study due to their tumour size reaching the end point. Vaccinated mice which had to be sacrificed early in the study due to tumour size (such as mouse-22) lacked the development of a specific anti-tumour immune response and therefore could not maintain tumour growth in a similar pattern as the control. IFN-γ production from spleens of these mice was also assessed after 1week in vitro stimulation (IVS) using the IFN-γ ELISpot assay. As demonstrated in Figure 6A3, IFN-γ secretion was significantly increased after IVS in comparison with those obtained straight ex-vivo demonstrating that these cells can be further expanded in vitro after in vivo priming.




Figure 6 | Number of IFN-gamma symbol producing cells can be further expanded in vitro. Tumour induced PD-1 expression on T-cells. Ex vivo IFN-gamma symbol ELISpot analysis on splenocytes derived from HHDII/DR1 tumour bearing mice vaccinated by the combined HAGE/WT1 ImmunoBody® vaccines shown in (A). Result of direct ELISpot assay on fresh splenocytes derived from the last surviving tumour-bearing mice from the prophylactic group (Mouse-6 ,Mouse-7 ,Mouse-9 and Mouse-10) and one mice from therapeutic group (Mouse-24) shown in (A1) versus samples from mice culled earlier shown in (A2), cells were harvested and plated at a density of 0.5x106 cells/well and re-stimulated with 1µg/mL of short peptides for 48hours. Results demonstrate that IFN-gamma symbol is much greater in the surviving mice than the control. These splenocytes were also assessed in vitro after one-week stimulation using IVS assay, wherein, cells were incubated at a density of 0.1x106 cells/well with 1ug/mL short peptides shown in (A3). Results reveal that there was a significance induction of IFN-gamm symbol secretion after 1-week IVS. Data plotted as an average of spots/mouse, expressed as the mean ± SD of all 5 mice and the level of the significance was assessed using two-way ANOVA. Cells were processed and incubated with anti-mouse FcR block at 1μg/test for 15 minutes at 4°C and then stained with surface antibody; anti-CD3, -CD4, -CD8, -PD-1 and LIVE/DEAD YellowTM stain for 30 minutes at 4°C, cells were then assessed by a flow cytometry. Overall profile of T cells derived from spleens and TILs harvested from vaccinated and non-vaccinated tumour-bearing mice were analysed according to the gating strategy shown in (B) and the results are presented in (C) (for the % of T-cells) and (D) (for the % of PD1+). Data are expressed as the means± SD of at around 10 mice/group and the level of significance were assessed by two-way ANOVA followed by Dunnett’s multiple comparisons test. Data demonstrate an inversed CD4:CD8 ratio derived from tumour in comparison to spleens and demonstrates PD-1 upregulation in the T cells derived from tumour tissues. *p-value=<0.05, significant; **p-value=<0.01, very significant; ***p-value=<0.001 and ****p-value=<0.0001, highly significant, ns, not significant.





Phenotypical Characterisation of T Cells and TILs From Mice Bearing hB16/HAGE+/Luc+ Tumour

The profile of tumour-infiltrating lymphocytes (TILs) was assessed and compared with T cells extracted from spleens from tumour bearing mice. After each culling, a small piece of tissue was immediately digested and stained with anti-mouse CD3, CD4, CD8a and CD279 PD-1 antibodies. Thereafter, samples were assessed by flow cytometry and analysed according to the gating strategy shown Figure 6B. Figures 6C, D demonstrates the expression pattern of CD3+, CD4+, CD8+ and PD-1 on TILs and T cells from freshly isolated splenocytes from tumour bearing mice in both treatment settings in comparison to the control group. From these data, the following points can be concluded; firstly, the majority of CD3+ T cells recruited in spleens were CD4+ cells, whereas the majority of CD3+ T cells in all tumours studied were CD8+ cells, indicating a reversal in the CD4+/CD8+ ratio of TILs in comparison with those derived from the spleens. Although this trend was observed regardless of whether the mice were vaccinated, the percentage of CD8+ T cells within the tumour of the prophylactic and therapeutic mice was significantly higher than the control at ***P-value= 0.0003 and *P-value= 0.0323, respectively, indicating that the combined vaccines were able to recruit more CD8+ cells in the vaccinated group in both the prophylactic and therapeutic settings. Secondly, more than 60% of CD4+ and CD8+ TILs expressed PD-1 compared to 5-10% in the spleens, suggesting that T cells of both types CD4+ and CD8+ in the tumour microenvironment have been jeopardised by immunosuppressive elements, PD-1, which might be induced by immune immunosuppressive cells in the hostile B16 microenvironment. Finally, the percentage of CD4+PD-1+ cells in the tumour was higher in the prophylactic group at **P-value= 0.0046 than the control.




Discussion

Although the choice of antigen and peptide sequence remain crucial elements for the success of peptide-based vaccines, the adjuvant and/or delivery system and route of delivery used with these also play an important role in the intensity and duration of the response. It is now well established that long peptide vaccines are preferred to single CD8 epitopes due to their capacity to harbour multiple CD8+ and CD4+ T cell epitopes and bind to a wider range of HLA-haplotypes, thereby increasing their efficiency at generating durable anti-tumour responses (34, 35). In addition, the targeting of multiple antigens, and epitopes therein, reduces the risk of escape variants. HAGE and WT1, have both been shown to be immunogenic (36, 37), with the HAGE long 30-mer peptide sequence [QTGTGKTLCYLMPGFIHLVLQPSLKGQRNR] having been found to be immunogenic and to encompass several immunogenic class I and class II restricted epitopes that bind to HLA-A2 and HLA-DR1 haplotypes (23). The superiority of ImmunoBody® over peptide immunisation has previously been demonstrated using several different antigens including HAGE (23, 28). Hence, the present study focused on the use of two ImmunoBody® vaccines - HAGE-ImmunoBody® and WT1- ImmunoBody® vaccine. In a similar manner, a 15 amino acid peptide [VRDLNALLPAVPSLG] derived from the WT1 protein contained two known and previously published HLA-A2 9-mers, and was selected so the efficacy of the WT1 vaccine could be studied. Here the combination of both HAGE and WT1 HLA-A2 restricted epitopes were evaluated for their MHC binding affinity in vitro using a T2 binding assay. Results showed that all HAGE HLA-A2 restricted peptides; HAGE/P4, HAGE/P5, and HAGE/P6 were able to stabilise HLA-A2, as was reflected by the high FIRs which correlated with the SYFPEITHI software predication of high binders. Likewise, the binding affinity of WT1 peptides to HLA-A2 was experimentally studied. WT1/P3 was found to be a very strong HLA-A2 binder, which would reasonably be expected to activate WT-1 specific T cells in vitro and in vivo. On the other hand, although WT1/P5 has a predicted SYFPEITHI score of 27, it exhibited low binding capability to HLA-A2 which was not improved with higher peptides concentrations. It was therefore categorised as being a weak HLA-A2 binder. However, while a high peptide binding affinity to MHC is associated with high frequency peptide-MHC complex production, it does not necessarily mean that these complexes will induce potent T cell activation, as in some instances peptide-MHC complexes are relatively unstable and subject to rapid recycling and endocytosis, thereby hindering T cell recognition and subsequent killing. In addition, it has been reported that the peptide-MHC stability, more than the peptide-MHC binding affinity, is linked to T cell activation (38). It was therefore decided to study the stability of the respective peptide-MHC complex on T2 cells using DC50 as an indicator (the time required for a 50% reduction in the MFI), such that the higher the DC50 the more stable is the interaction between peptide and MHC. This study revealed that all HAGE-HLA and WT1-HLA complexes were associated with rapid dissociation within the first 6 hours of the experiment, as reflected by the drop in the MFI values, however this decline seemed to stop thereafter. As far as the DC50 value is concerned, the results indicated that all complexes were technically stable, as there was less than 50% reduction in MFI in comparison to time zero during the time range of the experiment (>8 hours), except for WT1/P5-HLA-A2 complex which showed poor stability as its DC50 value was between 5-6 hours. Collectively, the feasibility of using the candidate peptides for future experiments was validated, as they were associated with strong binding affinity toward HLA molecules as well as potential resistance to the dissociation, except for WT1/P5 which demonstrated low binding and early dissociation from HLA-A2 molecules.

The endogenous presentation of these peptide after vaccination of HHDII/DR1 mice with HAGE-ImmunoBody® and WT1-ImmunoBody® were then assessed using direct ex vivo IFN-γ ELISpot in order to determine the frequency of T cell responses. Class I HAGE/P5, HAGE/P6 and class II HAGE/P7 epitopes were all associated with high T cell responses. However, no specific IFN-γ response was detected for the class I peptide HAGE/P4, indicating this peptide may not be endogenously processed, despite being a strong and stable HLA-A2 binder. WT1/P3 epitope was found to elicit high number of IFN-γ producing cells in response to WT1-ImmunoBody® vaccination while WT1/P5 peptide was not recognised by the vaccine-induced splenocytes as indicated by a lack of IFN-γ production.

The capability of HAGE/WT1-ImmunoBody® induced T cells to recognise and kill HAGE and WT1 expressing leukaemia cells was then assessed using in vitro cytotoxicity assays. For this purpose, three CML cell lines were chosen, K562, KCL-22 and TCC-S cells. TCC-S and KCL-22 cells were found to express HLA-A2, unlike K562, therefore the latter was transfected with the chimeric HHDII construct to be compatible with HHDII/DR1 mice. In addition, as both K562 and KCL-22 cells do not express HAGE, they were transduced with the HAGE construct. All cell lines expressed WT1. TCC-S cells were the only cells found to express HAGE, WT1 and HLA-A2. Some of these cells were transfected with shRNA for WT1 to produce TCC-S-HAGE+/WT1Low cells. Splenocytes derived from HAGE/WT1-ImmunoBody® vaccinated animals were stimulated once in vitro. These splenocytes were able to recognise and kill targets in an antigen dependant manner. Interestingly, although the number of IFN-γ producing cells generated with either vaccine alone was similar to those generated when both were used simultaneously, the combined vaccine led to a significant increase in cell killing compared to either vaccines alone. Importantly, the level of HAGE protein detected in the transduced cell lines was similar to that of the naturally HAGE expressing TCC-S cells.

In the absence of an available murine CML model that can be used in the HLA transgenic mice we tested the efficacy of this combination in in vivo tumour challenge experiments, wherein a pre-defined dose of the modified hB16/HAGE+/Luc+ cells, which also endogenously express WT1, was injected subcutaneously as a “Proof-of-Concept” to form tumour. The combination vaccines were assessed in prophylactic and therapeutic trial. This melanoma-derived tumour model is obviously far from ideal being a solid tumour with a very different tumour microenvironment to that of a blood-derived cancer. Therefore one should be careful in translating the findings obtained here to leukaemia. Nonetheless, results showed that the combination of HAGE- and WT1-ImmunoBody® was able to significantly delay tumour growth and prolong mouse survival when compared to mice in the control group. Indeed, mice that did not receive the vaccines exhibited faster growing tumours than those that received the vaccines and had to be sacrificed earlier due to the endpoint tumour size being reached. Interestingly, while the vast majority of mice in the prophylactic group developed a slow growing tumour, a distinct group of four mice exhibited faster tumour growth and these had to be culled earlier than the remaining six mice. Having seen such pattern of tumour development detected by bioluminescent imaging, it would be important, in the future, to continue administering the vaccines to the animals showing such a trend before the tumour size becomes too big. The mice in the therapeutic group exhibited a reduction in tumour size while the immunisation regime was ongoing, but as soon as the last injection of the vaccine was performed, the tumour started to grow, highlighting the fine balance between the efficacy of the vaccine and the increasing immunosuppression of the microenvironment as described by Schreiber’s group (39).

Comparing the outcomes of the present study with our previous studies using either HAGE- or WT1-ImmunoBody® vaccination programme as a monotherapy (data not shown), the combined HAGE/WT1 ImmunoBody® vaccines used herein were found to further improve the delay in the tumour growth in pre-immunised mice, but also and importantly, to delay tumour growth in a significant proportion of mice even when the vaccines were used after tumour implantation. Significance was not achieved when either vaccine was used on their own. These observations highlight the importance of incorporating epitopes from both HAGE and WT1 epitopes in future immunotherapy strategies. Moreover, this novel combination was found to induce notable HAGE- and WT1-specific T cells in the tumour bearing mice which were culled later in the experiment. This was in comparison to the mice that were euthanised early in the study in order to assess the IFN-γ ELISpot assay on splenocytes derived from the immunised mice so examination could occur before too much immunosuppression could interfere with the results.

Immunophenotypic analysis on TILs and splenocytes isolated from mice from different groups using flow cytometry demonstrated a clear reverse in the CD4+/CD8+ ratio of TILs in comparison with those derived from the spleens. Whereas the majority of CD3+ T cells in the spleens were CD4+ (80%), more than 75% of them were CD8+ T cells in the tumours. The high percent of recruited CD8+ cells were found in both vaccinated and non-vaccinated mice, thereby indicating that B16 tumour cells were being recognised as non-self probably due to the presence of HAGE and the luciferase reporter gene; the latter has been reported to induce immunogenicity in mice tumours (40, 41). However, the frequency of CD8+ TILs isolated from mice that were vaccinated with combined vaccines in the prophylactic and the therapeutic settings was significantly higher than those derived from the control group, indicating that these cells were the principal T cell type involved in controlling tumour growth.

We also noted that the CD4+ and CD8+ TILs that trafficked through the hB16/HAGE+/Luc+ tumour model exhibited a remarkable upregulation of PD-1 that was independent of the immunisations. PD-1 expression is promptly induced on T cell after TCR activation (42), and this expression is temporary, and declines when immunogen is cleared. PD-1 is, however, maintained and becomes persistently expressed on antigen-specific T cells in cancer or chronic disease (43) leading to functional impairment of CD8+ T-cells (44). As B16 expresses PD-L1 (PD-1 ligand), it is possible that the PD-1/PD-L1 pathway was activated and that this could be attributed to the modest efficacy noticed in the therapeutic setting. However, the prophylactic setting demonstrated significant benefits in terms of prolonged mouse survival and resistance to tumour growth, despite the upregulation of PD-1 on TILs. This suggests the occurrence of other mechanisms that could enable the combined vaccines in the prophylactic treatment to overcome PD-1/PD-L1 pathway activity. Because of the modest response seen in the therapeutic setting, we would recommend the incorporation of anti-PD-1/anti-PD-L1 in combination with novel vaccines to study whether a further enhancement of the anti-tumour effect that could be obtained.



Conclusions

The present study revealed that the combined HAGE and WT1 vaccine was more effective than either vaccine alone, demonstrating the superiority of combination HAGE- and WT1- ImmunoBody® vaccines. CTLs generated using this combination were also shown to specifically recognise and kill relevant targets.

The WT1 sequence used in this study was completely human and differs from the murine WT1 by a single amino-acid. Although this had no consequence when used in double transgenic mice, the same vaccine failed to generate any detectable immune responses in syngeneic C57BL/6 mice (Joshua Pearson, personal communication).

Although the observed delayed growth of the implanted tumour cells was only significant in the prophylactic study, these results also showed that the mice would have benefitted from a more sustained vaccination strategy. Moreover, the fact that B16 cells are PD-L1 positive and that CD3+ T cells were also positive for PD-1, means that one should consider continued vaccinations post-tumour implantation, as well as consider the inclusion of anti-PD-1 antibody therapy.

Overall, the data presented herein support the development of vaccine strategies based on a combination of both HAGE- and WT1-ImmunoBody® vaccines which could be further improved with the use of immune checkpoint inhibitors.
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Supplementary Figure 1 | HAGE and WT1 expression in CML stem cells and normal stem cells. CML single cell (SC) gene expression data was downloaded from GEO database (Acc. No. GSE76312, Giustacchini et al 2017), All data from single cell CML cell line were removed from the matrix prior to the analysis. Single cell gene expression data was available for 1964 patient derived CML cells and 232 Normal Hematopoietic cells (HSC). Gene expression values (RPKM) of CD34, CD38, HAGE and WT1 genes were extracted from the data matrix and matched up with the patient identities and clinical information. Values greater than 1RPKM were considered as a positive expression. Both HAGE and WT1 expression on single cells was shown to vary within patients with some cells express very high level of HAGE while others do not. No expression was detected in HSC cells for both WT1 and HAGE expression highlightinh their tumour cell specific expression.

Supplementary Figure 2 | Sequential, real-time in vivo analysis of tumour burden in live animals assessed by Perkin Elmer IVIS Lumina III system. The figure reflects intra-tumoral luciferin bioluminescence signals in anesthetised HHDII/DR1 mice bearing hB16/HAGE+/Luc+ tumour. Images from different groups point out a decline in tumour size and prolonged mice survival in vaccinated group in comparison with control. Colours overlying mice represent the rate of photons emission of the luciferin per second, wherein, red refers to the highest photons density and violet corresponding to the least detectable emission.
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Murine Primer sequences §'-3'
Genes
Forward Reverse

PDAL1  CCAGCCACTICTGAGCATGA  CTTCTCTICCCACTCACGGG
NP CCOTATGGAGATGACGGAGA  CTGTCTGCTGGTGGAGTTCA
Ny AGCAAGGCGAAMAGGATGC  TCATTGAATGCTIGGCGCTG
MHCI  TGTICCCTGTGAGCCTATGG  GGAAGGGAAGACAGAGCAGT
MILLI  TCCCGAGATACAGGATTTCTGC GCTGTGATCATITTAGGCTGGC
M2 GTTGATCTTAGGGCTGCTCCTT TGCTGGAACCATGAACCTCC
Aot ATGGATACACCAACGGGCTG  TCCACTAAGCACTTCGGTTCA
R0l AAGAGGGGTGGCGATITCAG — CTGGGCCCTCAGGGACTATT
HE0b  GGTATICGCTIGGTGTATGCTG CTCCCCAGCACAGCTTGITA
H60c  TCAACAAATCGTCGOCACAC  CCATCAAAGGGGCTGGACTT
ULBPI  TIGACAGTGCCTGAGACGTG  TCGTCTGAAGTCAACAGCACA
HPRT  AGCCTAAGATGAGCGCAAGT  GGCCACAGGACTAGMCACC
Human Primer sequences 5'-3'
Genes

Forward Reverse
FNB  AAGGCCAAGGAGTACAGT  ATCTICAGTTTCGGAGGTAA
HPRT  TATGGCGACCCGCAGOCCT  CATCTCGAGCAAGACGTICAG





OPS/images/fimmu.2020.576756/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.591139/fimmu-11-591139-g002.jpg
- MOC2-huEGFR ;-]

sces
£1.000 gwm —&k § 1000 e
- i

3=

£ £ H

A ETWITIR L B )

o MOC1-hUEGFR Fg

$

Es2 H

HH 5

HH H

g o &

. W !

S s woczneorn 5

g . H T . Er o

& HE HE

it a i Il 5

& 2 " [wlcluoleniuelcal § *eew

Doy 80y gy ey pestins 0y





OPS/images/fimmu.2020.591139/fimmu-11-591139-g003.jpg





OPS/images/fimmu.2020.591139/fimmu-11-591139-g004.jpg





OPS/images/fimmu.2020.591139/fimmu-11-591139-g005.jpg





OPS/images/fimmu.2020.591139/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.591139/fimmu-11-591139-g001.jpg





OPS/images/fimmu.2020.576756/fimmu-11-576756-g008.jpg





OPS/images/fimmu.2020.576756/table1.jpg
Subjects 50 g fimaporfin 100 g fimaporfin

=2 n=2 n=2
rjecton ste 1 2 1 2 1 2 1 2
Fitonol o) [ 0 o 50 o 50 o 50
Iraiance (mw/c’) 5 5 10 10 s 5 10 10
Bummination duraton 5) 20 20 100 100 20 Ed 100 100

Gach subjoct 180800 21D 00505 O Taporn, it A wAN 190 &Aoo Hinl.Four Sujects 1608ed he same g 0ose whero o Subfects eceve samo lghtracance
SRR lohd





OPS/images/fimmu.2020.576756/table2.jpg
Dose group. Control Low Intermediate High Non-tolerated Overal  Safety run-in

N=12) [=0) n=6) =] =18) N=s) N=8)

Fimaporin dose Oug  075-75ug 125 1759 255049 0-504 50- 10049
Age, yoars (metan, ange) W/9GG)  UA2(95)  M@I5)  ME5SY 047955 (9 45159
S Malo 9050 FTE04%  SE3IW 4(@67% 12(66.7%) 67 (76.1%) 4(500%
Femalo 3@s0%  9(196% 1(16.7%) 2@3% 6@.3% 21 ag) 4(500%

Race  Wito 2(1000%  46(1000%  6(1000%  6(1000%) 18{1000% 8(1000%  8(1000%)
sty NoHepioorlao  11@17%  46(1000%  6(1000%  6(1000%) 17 (4.4%) 8O77%  8(1000%
Hispanic or Latind 163%  000%) 000% 000%) 166%) 2@3%) 0000%

s Tl & St of S B Sacaaal ol s s it iy





OPS/images/fimmu.2020.576756/fimmu-11-576756-g004.jpg
§ oo

b ks





OPS/images/fimmu.2020.576756/fimmu-11-576756-g005.jpg
o o 25 sue

usw s Bun 108 sove

TREBasiBBARIBs oY I Bne i Al s s s

I





OPS/images/fimmu.2020.576756/fimmu-11-576756-g006.jpg
o i
i .
* .
*erzrzzaz v
PR R
e

AR e





OPS/images/fimmu.2020.576756/fimmu-11-576756-g007.jpg
‘control 2.5 pg fimaportin 12.5 ug imaportin

—

=

r

E
b

o

|
—
—

% of total CD8+ T-cell

HTINE

F_l:

couy sublect number:





OPS/images/fimmu.2020.576756/fimmu-11-576756-g001.jpg
Tl
o gt ettt | [ =i
s
=
e Wi
e
) ot tolerated. e
I W e
| (e et
|
l 25 g fimaporfin, 1)/c? ot tolerated - pain,ulcers.
=== g
N )
p—
e
e
el e,
6 subjects. )
—
—
e B S
Lo Cohort extended with 6 subjects.
[
—_—
e B
3
e
R e
|
R

R —

075 s ivaportin et
Ssubjects






OPS/images/fimmu.2020.576756/fimmu-11-576756-g002.jpg
Hi i 4






OPS/images/fimmu.2020.576756/fimmu-11-576756-g003.jpg





OPS/images/fimmu.2020.583382/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.583382/fimmu-11-583382-g001.jpg





OPS/images/fimmu.2020.584680/M9.jpg
=t S hocha) (-T2, )






OPS/images/fimmu.2020.584680/table1.jpg
Parameter Description Estimate  Reference

d Peptit decayrata 61608y @y
o Mt DG uptae e ™ 3x10% @
Ly itay
o it OC oo™ 684 107 @)
KLy
for Voccho dearncoratodoto 3187508y @
e macrophages
3 Imatre OC oy e ™ sxw0ve 9
S immaturo OC suppyato 0o Sty
e
0 immaturo OG concantason somrs L @)
5 Acfant washeut o™ 039810y @n
o ‘Sommaturodlorzod 0C Sxy  Esimo
matatonrato
o Acfuon satration consant WogmL  Esimate
% Maturo OG docay o™ 033108y @5
‘ Conosmvationcinonaccns:  Tx 10 gml ()
assocated proers ™
o Mo OCpussnaoncae ™ 24x10° (9,50
POy
d. VG dsgcton o™ 200/ @
N (Congudatons) masirum 70 6
oo of vacone-assocted
VG on'a mateng OC.
, Namber of vty els 2 )
AN Naw CTL supplyrate Steady
Sato
S0 Navotep Toslspphy e OwA(O) Steaty
Sato
Sn N nteg spply rate el Steaty
v v OTL ogress rato™ 12708y ©@
choe  Nawobolpe T ool oress 22y =)
atn®
e NabonTieg e o™ 22x10%sy 9
MO iwnaveCTL T8x 0% (@)
concansaion™
MO anavonope Toot 00871 kL
concartrason™
MO el navo ey 005 xN10) o
concerirton™
Ru  Fato oflwhih ity rave 100 Assempton
ons
™ Rhambar ofnTreg disions s @)
foc Ravo OTL0G inracton oamwey G
o
w O migason e o075 )
View  Vokrmaoftssun ste 1000 (6
Vou Voo of i nod a2u [
»~ Hhamber of hape T oot 0 @
avions
Y T o dson o 1oay .12
e Efoctar heer T st decay ooscay @)
o™
" Reambar of CTL isions s 2,04
an
o Etoctor L cocay o™ 00ay @)
o sogpn sauatonconsan  Sx10'ngmL (1)
" Secton w0 olgounsend  O.1/day It

vCTs





OPS/images/fimmu.2020.584680/table1b.jpg
2 N e G e ey e

by Tels

o Guontnoctorcay ™ sy G

‘o Tostroun oormacion 01 6WMSey (1)
a

o g stwdasen o o2y 0

n g decay o™ 00860y

e Elocc ey dicay 005360y

. N Tegmoocinrwo™  Swy (1)

< ©ompuatons) masimen 5 ®
s of cogrto s
praso o cncw ot

r Gouhatooimotnonas”  O0ESdy  (51-69)

‘ Garygcapcyof B )
mircenas™

« S rogenssion o™ sasy 550

k. Tumor Gl moactionrate ™ 16.1 (bl iy Estmats

o Prbobity of togyoss ™ 07 Esimete

o Ly hood rkonst oz st
ausy (= HOL

o Lyss eircag fornpest ass st
sty =D O

Coe i cancercononcaion oosk (619

sty osimats ot arbascloncol cutro i o mkod i a s parsa V.
i e e S





OPS/images/fimmu.2020.584680/table2.jpg
Parameter Description Range  SRCC

s Pepiide decay rate. +50% 00575
ko Mature DC uptake rate. 250% 00283
o Immature DC upteke rate 250% 00825
koo Clearance rate due to splenic 250% 00342
‘macrophages
ko Mature DC presentation rate £50% 00274
1 Concentration of non-vaccine-associated  +50%  -0.0530
proteins
& Immature DC decay rate +50% 00198
A Adywvant washout rate £50% 01015
do Mature DC decay rate +50% 00989
ks ‘Semi-matured/tolerzed DG maturation £50% 00505
rate
. 'PMHC degradation rate £50% 00322
iy Naive CTL egress rate 250% 01761
st Naive helper T cell egress rate £50% 00490
s Naive nreg tumover rate 250% 00285
i DC migration time. 250% 00717
koo Naive GTL-DC interaction rate. 250% 01214
Viwn  Voumeof tissue ste 250% 00427
Vi Volume of ymph node 250%  -00591
Run Ratio of low-high avidity naive CTLs 10-500  -0.0630
o T cel dvision time 250% 0053
o Antigen saturation constant +50% 00239
nr Number of CTL diisions. 1020 04981
" Number of helper T cell divisions 410 00036
o Number of nifreg diisions £50% 02006
In reg decay rate =50% 00907
o Eflctor Treg decay ate £50% 01181
dr Eflector CTL decay rate +50% 00497
u CTL-Treg interacton rate. £50% 02410
o T colhgrowth factor interacton rate +50% 00841
ke reg diferentiaton rate £50% 00951
du Eflector helper T cel decay rate 250% 00119
N Secrtion rate of growth signal by CTLs +50% 00857
% ‘Secreton rate of growh signal by helper  £50% 00508
Teals
do Growth factor docay rate. 250% 00774
v Growth rate of melanomas 3x10%t0 07318
8.7 x 10-%cay
N ‘Canying capaciy of meianomas 487102060 00260
L
« PMHC regeneration rate +50% 00925
r Tumor-CTL interaction rate: £50% 00908
pr Probabilty of trogocytosis £50%  -0.13%6

o Lyss ikeihood for lowest avidty = )OTL +50% 00588






OPS/images/fimmu.2020.584680/M5.jpg
. P8
=

P
D p Mot My~ oMo, ()





OPS/images/fimmu.2020.584680/M6.jpg
am, A P
G g thgp®e- M)
Moo o o PHE o
ot

* dn(2Ms = M) = dp My,
(2= g

s e e

©)





OPS/images/fimmu.2020.584680/M7.jpg
(v

“l.p

G e

= M) + du( G+ DM,

e N-

)= doM,
e

@)





OPS/images/fimmu.2020.584680/M8.jpg
1.;7

My -

Nl My oMy

®)





OPS/images/fimmu.2020.583382/fimmu-11-583382-g011.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g007.jpg
'a ) =
J
||| ||| = 1I F |I |I





OPS/images/fimmu.2020.583382/fimmu-11-583382-g008.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g009.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g010.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g003.jpg
h -
i 1
=il

= A
T L=
Il
i 4
— Y
3 ———

LJ‘

b
.Lv

‘lh ][L |






OPS/images/fimmu.2020.583382/fimmu-11-583382-g004.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g005.jpg
.'J
i

8y >
Hisa ;
L & ‘

?lﬁfn

RN Ay

il
ol il





OPS/images/fimmu.2020.583382/fimmu-11-583382-g006.jpg





OPS/images/fimmu.2020.583382/fimmu-11-583382-g002.jpg





OPS/images/fimmu.2020.596303/fimmu-11-596303-g004.jpg
wscTer






OPS/images/fimmu.2020.596303/fimmu-11-596303-g003.jpg
MSCTPr v i sC Dounssputed Upseguiated

Log Fld change

Proteasomal Ubiquitin-
Idependent prtain Catabolsm

N

procesing/posentaion

“of andoganous AR
Ubiquitin Depondent ERAD Pty






OPS/images/fimmu.2020.596303/fimmu-11-596303-g002.jpg
VEGH Pos.
i
e g
e {

171 3
£ 113,

g 112
Bua

1191 -

16—

.
5

=
ot
:

- 3 o %o
N i :
giol MW 2 iy

B 10 e £

~ o o- o

g, g
N 5% 3 .

H 2

G B

e T o g





OPS/images/fimmu.2020.596303/fimmu-11-596303-g001.jpg
. 2

e E
(B ‘ix
HE P S
T ==
e R
: ‘ |
R e B-actin






OPS/images/fimmu.2020.596303/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.576756/table6.jpg
Fimaporfin dose Completed allvaccinations Completed HPV vaceinations Completed KLH vaccinations.

~a) Hev KK Ttdose  2%dose  dose 1 dose 2% dose
o 2 12(100%) 2000% 120008 12000%  12000%  12(100%) 12(100%)
075 6 6(100%) 6(100% 6(00%  6(100%  6(100% 6(100% 6(100%
15 s 6(100%) 6(100% 6(00%  6(100%  6(100%) 6(100% 6(100%
25 0 10(100%) 10000%  10(100%)  10(100%  10(100%  10(100%) 10(100%)
510 2 12(100%) 2000 120008 120008 120006 12(100% 12(100%)
15 2 11 (2% 12000%  12000% 120008 1162%) 12/100%) 12(100%)
1251 6 6(100%) 6 100% 6(00%  6(100%  6(100%) 6(100%) 6(100%
750 6 107%) 5% 6U00%  s@W 107 6(100% 6%
2509 12 1063% 1162% M 106w 106K 11 @2%) 162%
s0v 6 oo 263% S0 2% 0w 6(100% 2%

Subjcts f ho fmaport coso- g par o0 0cow up 13 Goses wih HPY and 2 dosas i KLH, Subocts i 1o highist 0oso grups: sconteed oamant 6o to coho
IR g ol





OPS/images/fimmu.2020.576756/table5.jpg
Fimaporfin dose

504

2519

1759

7509

Subject

207
208
209
210
211
212
215
224
250
251
252
253
254
264

Reason for discontinued treatment

Cohort discontinued:

‘Gohr dscontinved

Uceraton (Stopping creria me)
Cohort discontinued:

‘Cohort discontinued

Ulceration (Stopping criteria met)
Unable to tolerate ight dose’
Unable to tolerate kgt dose®
‘Gohor discontinued

‘Gohor dscontinved

Erythema (Stopping criteria me*
‘Cohort dscontinued

Erythema (Stopping citeria metf*
Local reaction/erythema®

When the stopping crtona for a doso cohort was me, al Subjects in that cohor
giscontinued further treatment. "withdrawn after second ID dosing due o pan
(compietec 2 KLH cosas but only ono HPY dosa), “witickauwn dus [0 pain during frst
dosing (physician decision), Jlocal erythemna 210 om in 22 subjects.





OPS/images/fimmu.2020.576756/table4.jpg
Dose grovp. ‘Control etz
Fenspoi dose o
oyrosedTere o
Lo TEAE smwl -
Cvescs P :
Searnn smwm -
o0 - -
S - -
Srcten , -
Somre - -
S - -
Sysame TEAE rewm -
ooy vewm -
Prmasascen - -

Low piess)
it

s
st
26081
20n]

1ene

e

Intarmediate (4-6)
Py

T
1o

o

High (v=6)
50

ey
e
e
o
1o
2m
T
s}

o

Nonviglrated (4s18)
w0
]
Sawm  a0m

20mE -
L -
B9 a0
Bon 20
swsns 1w
somE -

PR e

Overalt )
S
memry son
Dem 3EW

Temn -
Tewe -
seRE 1o
o 2298
e -
ewm -
e -
R
swom -
s e

T e S ——
L corairsto s ey e oA b T o o 7 o Pt S = o
L N e





OPS/images/fimmu.2020.576756/table3.jpg
Dose group. 50 g fimaporfin (N=¢) 100 g fimaporfin(N=4)

Proforred Torm ~ Mid  Moderato Mid  Moderate
Anyrolated TEAE - 1@50%(1]  4(1000%(6 -
Local TEAE - - 4(000%6] -

1S uier - - 3050% (4] -

S exavasaion - - 1250% (1] —

1S parestesa - - 1250% (1] -
Systemic TEAE - 1esomm < =

Sycope - 1esomin = -

AEs wero consicered to b kocal symptoms were anywherothe MedDRA Preferd Term
contained thotem njction site.For Reateto Stucy Troatment i counts ol TEAE tht
have been recordsd as having a suspected reaionshi (0 study treatment with anclor
without 1o kght. N, Number of subjects stucked: . Percentage ofsubjects with ackersa
GG R Absober G iAo S BOE st St UG BAEIEYIA Whkaite T





OPS/images/fimmu.2020.596303/fimmu-11-596303-g005.jpg
@ s

- ‘ I

i






OPS/images/cover.jpg
CANCER VACCINES: TIME
TO THINK DIFFERENTLY!

Pal

@ frontiers Research Topics





OPS/images/fimmu.2020.618428/table1a.jpg
Individual Subjects' CDB+ T Call Response (SFU per 300,000 PBMC)

PeptideName  Sequence 1 2 B3 L4 DS D6 D7 b8 I

05 ww
e
PR T S
> e 2 s
s TRt L
o o s s o 2
wosi05-121 o s w2 1
PPB5:106-114. o 2 13 1 3
pocs107-108 o o NN - .
PpE5:114-121 2 23 “ ) 3
it o s m s 2
- -
« m ow o o
e e s s
o s s o
o o & w1
T2 s s e
w1491 o v 2z 2
wos161156 S s 1 e
) R
2 s s o
o T e
s s ow
P
S
o o w & o
sz o s
PO S S
e
o s 2 o
o s s 7
2 7 2 s 2
AR
[ T
o s s 1 s
HI- S S A
G w5
S
0w \ e
i w2 2
o & m o
o B e v 7
e
. s w e
S
EPANATY w0 o DS - S






OPS/images/fimmu.2020.618428/im6.jpg





OPS/images/fimmu.2020.618428/im5.jpg
(X =29+ 17)





OPS/images/fimmu.2020.618428/fimmu-11-618428-g001.jpg
Percentile Binding Score

80

60:

40

20

7

"
:
.

i x s
. e
LI ..

i
® .
.
A . T o .
M
LS | H

S
& &
I

¥ ¥ &<

HLA| Aleles Expressed In Donor

PP6S-251-258
PPOS-495-503
PPOS-188-196
PPES-431-439
PPES-070-078
PP65-018-026
Pp65-193-201
PPOS-432-440





OPS/images/fimmu.2020.618428/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.593363/fimmu-11-593363-g009.jpg
o f

Human blood

Differentiation

in cancer

Ciiical app{icanar
inmunotherapy
|

(2]

IL4 + GM-CSF

AMY
XANVO 15
DendriMACS
RPMI4FBS

Phenotypic characterization

Apoptotic tumor cell engulfment
R —
Metabolic characterization

+Poly 1:C +IFN

Phenolypic characterization

-
Cytokine production

v
T cell and NK cell stimulation





OPS/images/fimmu.2020.593363/fimmu-11-593363-g008.jpg
XUNO15 OAMY OsndiMACS ORPMI

°

t 1 H
L N: § AN
i : " i
z i HEEIREEE
s i
i : . !
T 14 £ i i
H 1S
: 3 1 i 3 i ;
N s N
RIS S i
e
. =
s 5
i 5t
.. it
v B cn il
3 23 —
an " H
s : & : : 3 3 :t t 3 2
s 8 2 2 3 H ] 3 M H H m
\woetona 1 I I RN i
o P





OPS/images/fimmu.2020.593363/fimmu-11-593363-g007.jpg
100

= DencriMACS
=P

2
H
1

-y

S1sk7 oyposds %

2898823
(519 0594K) sish1 10 %
199 1600 Surods-usBue Jo %

[

s Ll





OPS/images/fimmu.2020.593363/fimmu-11-593363-g006.jpg
-~

o

T cell proliferation (%)

I,

CD4* T-bet" T cells (%)

o 3 8 &
%
v

o3888
%
%
2
&

& o &
T F&E
< 00‘1"
Tcells + mDCs

>

%
%
s

T cells + mDCs.

o> &

<& $\° e
£ 0_@?‘

R

m

T

CD4* CD25* FOXP3*

CD4* T calls
proliferating (%)

CD4* CD69* T cells (%)

T cells (%)

— .

:;HI]]

)
© e
g‘

T cells + mDCs

© o & &
4’\@" v"gs”
4
I
T colls + mDCs
[ ———

¢ o @

$‘°~‘§z~"‘9"8$
&

&

e ey

o 03 #
2% w0
32w
ti.
82
8% =
¢ o & &
&
< 'SQS" &
¥
T cells + mDCs

g

3

CD8"CDB9" T cells (%) ™
s

¢ ©
«"\\ & &&e?

T cells + mDCs

IFN-y (pgimL)

T cells + mDCs.





OPS/images/fimmu.2020.593363/fimmu-11-593363-g005.jpg
™

w128

142970

500101 homneres
Bur oy
VN0 2001






OPS/images/fimmu.2020.593363/fimmu-11-593363-g004.jpg
Normalized to Mode

CCR1

CCR2

CCRS

CCR7

XVIVO 15

AlM-V

DendriMACS

1146
1939

5
i B

219
a9

-






OPS/images/fimmu.2020.593363/fimmu-11-593363-g003.jpg
Normalized to Mode

X-VIVO 15

AlM-V

DendriMACS

RPMI

s

i

1ri0n






OPS/images/fimmu.2020.593363/fimmu-11-593363-g002.jpg





OPS/images/fimmu.2020.593363/fimmu-11-593363-g001.jpg
X-VIVO:15 AIM-V DendriMACS *  RPMI






OPS/images/fimmu.2020.593363/crossmark.jpg
©

2

i

|





OPS/images/fonc.2020.584367/table1.jpg
Strategios Target steps® Effect on tumor vaccines Challenges.

1. Improve the design of tumor vaccines.

Vaccines based on both nbiion of T o priming and actiation CD4" T cets hap actvato CDB" Tosts and  Loss of MHC-I moecules:
MHC speciic tumor elp thom mature nto CTLs; movo effcont  expression on tumor cols;fow of
antigens and MHC-II uptake and presentation; ylckinos: secreted  ound MHCH estcted tumor
specific tumor antigens by CD4" T cels ictate the qualty of CTLs.  anigens dus o current ediction
aigorims.
Re-assembling tumor  Inbiion of T ol priing and actation; Fatitn of  Vectors for ferent mecules that synergize. Tho saoty of chosen maedal
vaccines with traficking and nfiraion {0 tumor bed; imparent of  wih tumor vaccines; stabize the oaded composiins; oplimize the physical
nanoparticies T cel funcion and the induction of dystuncional T adjvants: reshape immunosuppressive TME:  propertes of nanoparices.
cols promote the producton of L.
2. Combine tumor vaccins with other tharapios.
Tumor vaceines plus  mpairment of T cal functon and thelncction of | Switch to metabolsms bensfical o Toal S efcts caused by the.
metabolic therapy  ystuncional T cets functon; magndy the metabol plstity  dystunctional ol cel
dect of tumor cals. metabolsms; s toxcsy.
Tumor vaceinos plus  ahbition of tumar anigen recognton Recogrize antgen on any HLA background;  Increased (xiciy.
CAR-T therapy target tumar cols that downroguate MHC
mocues.
Tumor vaceines plus Inbiion of T cell priing and actvation; impaimment  Rendgorale exrausid T cets; evoke tumor
(08 therapy of T ool functon and inducton ofcystunctonal T immunogeniciy.
cels
Tumor vaceines plus  Inibiion of tmor antigen recogniion; ibiton of T Hep reverso the downreguiation of MHC-  Balancg the anttumor immune
OVs therapy. ol priring and actiation; invbiton of aficking and molecules; induce the maturaon and functon  105ponse and aniealimmune
infiraton to tmor bed of DO reshape the immuncsuppressive  esponse; moro approprate cincal
™E indicatars.
Tumor vaceines plus Inbiion of tumor anigen recognton; inbiton of T Help estore APM expression; ncrease Intinsi toxiy balancng the pro-
epigenetic therapy  cel priming and actation: nhbiton of raficking and. mmuna infitation deecty renigorate immunogenic and
niraion 1o umor bed; impaient of T ool function exhausted T cals. Eomunosuppressie functons.

andithe induction o cysiunctonal T cels

“According to Mocton ofTCol Functon by Tumors secton, how umors nenco he o of T ol can bobrif conctied o th lowing t0ps: o o mor anton
ocogeiton, Wi o T ca pimingand actiaton, hbiionof aflcking e ftaton o tumor oo, impaimentof Tca et and o A< of cystctond T cos. TS s
oy focuses 00 Whih eps th talogy arets 1 mprovo thoucton o tmer vacoies. MHC, mao histocomgatitycss; LS, cyttonTcal; TWE,tumor miroenséormnt;
i havsine chechooht Dictiok: AL ontkin Gaceaes aiAIG.





OPS/images/fonc.2020.584367/fonc-10-584367-g001.jpg
/- Aberrant epigenetic silence 1 Inhibition of antigen recognition

2. APCs activation defect

3. Exclusion from tumor bed

4. Deficiency of cytokines and chemokines

Tumor cells  MDSCs M2 macrophages Effector T cells  Tregs

¢ @ #

Stromal cells Inactivated APCs  Activated APCs

Tl

Methylated Unmethylated






OPS/images/fonc.2020.584367/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.596303/fimmu-11-596303-g007.jpg
Effector
CD8 T cells

Clodronate

CD8 T cell

(Chemokines)

P

=3 ‘ E e

Tumor





OPS/images/fimmu.2020.596303/fimmu-11-596303-g006.jpg
EIETEIREE
o o §






OPS/images/fimmu.2020.584680/im13.jpg
vt





OPS/images/fimmu.2020.584680/im14.jpg
?(P) = —zP—.
Plods






OPS/images/fimmu.2020.584680/im15.jpg
.G,

Coon





OPS/images/fimmu.2020.584680/im1.jpg





OPS/images/fimmu.2020.584680/im10.jpg





OPS/images/fimmu.2020.584680/im11.jpg
e nta





OPS/images/fimmu.2020.584680/im12.jpg





OPS/images/fimmu.2020.584680/fimmu-11-584680-g001.jpg





OPS/images/fimmu.2020.584680/fimmu-11-584680-g002.jpg
dosing norval
(v afr vaceine)

 pr—

w 3 ot 3 o
100 dose ()
Woopwos s W ssomecs
100 ng dal with 10 0Cs
100 g daiy with mDGs.
100 daily with IDCs
710%ng avery 2 weks with no DGs
710" ng overy 2 weeks with mOCs
7x10° g every 2 weeks wih DG
oo o1 1 0 100
Sulated Sl DG Eciciimiiion S0 ALY





OPS/images/fimmu.2020.584680/fimmu-11-584680-g003.jpg
Prodicted cancer
‘concentration (L)

Porcentage

08

08

04

02

006
005
004
003
o2

oot

02

015,

01

005,

CER T Sew - st chopp ekl

eftsctor CTL (100 ng daih) efector GTLs (7108 ng every 2
|
vgevey2
08 e win 08
e TS s_“\ I
T00ng ds. foo o
e § 0.] 70 ngwvery 2
P— 804 s
oo

10 15 20 s 1 15 2
Low  Avdtyciss,j  High Low  Avdtycassj  High
006 —7x10° g every 2 ks, 0 0Cs

—100ng daiy. o 0Cs 710" ng every 2 weoks, wih mOCs

7107 ng evory 2 wooks, win DG

10
Avidity class, j





OPS/images/fimmu.2020.615240/fimmu-11-615240-g002.jpg
g8 8 8 8§ &
stet uado Jo soquiny

% § 8 8 ¢

< sto uado jo soquiny
B






OPS/images/fimmu.2020.615240/fimmu-11-615240-g001.jpg
3 Phase!
2 Phase !
22 Phase 1y,

€ g ]
Stetn uodo jo soquiny





OPS/images/fimmu.2020.615240/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.620374/table3.jpg
Giinical trial . Study ttle Interventions Phase.
NCTOA078260  MIDRIXNEO-LUNG Dandiic el Vacoina in Patients Wih Nonsmal Cel  Bioogiak: Dencirc oallimmunotharapyBiiogca: Phaso |
Lung Cancor Angonvspeciic DTHBidogiak: Contol OTH
NCTOA082182  MIDRIX3-LUNG Dendiiic Col Vaccine in Pationts With Metastatic:Non-  Bidogiat: Denciic ool immunotherapyBioiogica: Praso 1
smal Cat Lung Cancer Angon-speciic DTHBiokgcak: Contol OTH
NCTO3406715  Combnation immunotherapy-Ipmumab- Nvolumab Denditc Coll 953 Vac - Drug: NivolumabDrug: IpimumabBioogiat: Dondiic Cof - Prase 2
~ Patients Wih Smal Gl Lung Cances (SCLC) based p33 Vaccine
NCTO4199550  Evalating Combination Therapy using Autoogous Dendit Cels Pusad  Drug: Augous dendiiic s pused wih antgen  Phase 1
‘Wih Antgen Pepies and Nvolumab for Subiacts Wi Advanced Non-
smal Cal Lung Cancer
NCTOS371485  AST-VAG2 Vaccne in Patnts With Non-smal Cat Lung Carcor Boogica: AST-VAC2 Paso 1
NCTOB360630  Ant-PD-1 Akone or Gombined With Autoogous Cel Therapy in Advancod  Bilogiat: AntPD-1 pus DC-CKBilogical: AntiPD-1  Phase 1
NsoLe aono
NCTO3070746  Safey, Immunogenilty and Preiminary Cinical Acty Study of Bokogica: POCTugOTDr: Keytuda ociatio Phaso 12
POCung01 Cancer Voccno A NSCL ProduciDnug: Auria inectablo Prodket
NCTO4147078  Porsonstized DG Vaccine for Postoperative Cancor Biokogica: DG veccino subculancous adminstraion Praso 1
NCTOS546361  Intatumoral Adminitaton of COL21-gene Modifed Dendiic COlWah  Genelic: AG-COL21-0G 1 x 107 Paso 1
Intravenous Pombroizumab for Advanced NSOLC Gonotc: Ad-COL21-0C 3 x 107
Gonetic: Ad-COL21-DG 0.05 x 10'Drug: Pembrotzumab
Genatic: Ad-CCL21-DC B0
NCTOB735200 A stucy to Evakato tho Saty and Efccivenass of Lbadancl Bokgica: ixadencalDrug: Pemtrokzumab Phaso 12
Admistere nto Tumars in Combination Wi Checkpaint Inbitor (CP) n
Patents With Advanced Cancor
NCTOB047525  Study of DG-CTL Gombinad Wit CK for Advanced Sokd Tumor Boogica: Oytokino-nducod Kie Cols Praso 12
NCTO2470463  Evalation of Saety and Eficacy of DCVAG/LUCa fmmunctherapy of Lung  Bidogial: DCVAC add on fo SOCBokogica: OCVAC and  Prase 112
(Gance) i Patients Wih Metastatic Lung Cancer mmune ennancers add on o SOCOter: Standard of
Gare Chemotherapy
NCTO3871205  Necaniigen-prmed DC Vaccines Therapy for Refactory Lung Cancer  Bidogical Neoanigen loaded DC vaccine Paso 1
NCTOA147078  Personlized DC Vaccine for Postoperative Cancer Boiogca: DC vaccne subcuianeous adminstraion Praso 1

Datobase seerch {CIIcalTieis.0ou) wes seshiciod (o cinoal Sials Shal o 8cive or vl e actvaled 3 e ioer Adure.





OPS/images/fimmu.2020.620374/table2e.jpg
L ncrey) e T LT IR G Ry
G2 tmont ooy
oot
fomi—
o g0 ns
oo
a1 rcion o pun
s
Croppon o (0, Goo3ioapmin! TS Srvedbom e olowolmont  Poskhs I cpors oro e 205 o o s s 54 08B s WA
™ o B2 s maca hopor oM A B oo s 4 4355 o STAC 0+ pasi L 5000 0 W 31000
G oicssans (22 ot b nam 8155 AR e e 62 03 e = 0280,
s g coro G 152t ot sty
Ui P

Oy i e s e
A2 s it AT ot T s AT, i ;GO Gty e O ok sk CK Y o R CRC ol s, T chsgy O 4o o
0GR s oot OF, o b v TN Oy 54 ey, EOO . v Cotto, o 1 Tares UL L e . A - A -3 e
g ST o .1t i Py G, 0ot koo oGO, sy 1 50 A 0o, TAA o s s T e e s
B T I AY





OPS/images/fimmu.2020.620374/table2d.jpg
Zongetd. () Grace 1-2kever 30
pons
o003 e psors
G 12 snrmnn?
pors

Zemes ) Gow12lmns
pors
fovigh——,
pors
Goso1200m00m3
pors
o0 20080
proumonta o
o003 s
o 3 potirs

Sopaneh WA

Cons ) Gowsarssnz

s
Goso12400ens
s
Gosodasmment
s
Goso120wsn2
s
Gosogacmsn
s
AKT.00 therapy inSCLC
K Fovc T80 ot
Grensaanatm
Fitgmn 2080t
Nossan 170%atva
Ko, 7, Fare 6 2% a9
4 e
Grsmossote
06 teray i st
Croppa 8. 61 G 1 wvap g
a0 pters
Gos2amagant

ey
Grace 1 o

w021
wen

™
s

N

e 0S tims was sqpécanty
e comorng o 0 on
a0y 06 003,

T mosnPES was sy
gt 10 COC g o
ool g 000 G
235 0018,

s v 0 dbnce s
S waen bt 7003 5+
oas,

o5 208

o2 1005y OS s
9% 03 529% s

a2 2005y 05 i wero
950% od 0% DA
647% od £5.1% &,
ety Weh L0474

T —
BB,

A posithe respono to DTH sk test was seen i 59 Matched patients (N = 406) weh NSCLC that 6 not
s 605%). ncin DG 5 0 o g,

o st v s s s of 230
19618 s o bro ke e
ncoonor

o s oro e vt O ot o
(O k. A iy ot s 60 GOl
oo Tt s 100 con g

oo s of s Trogs o owod Rocuronc s e 190 305 700
I K et o AR 10 <3 ks 7 § £ 002

i s o OCCK btmer.

POLT it s .04 k0 o Ancn s e S, 50w i 1 irt.
sy o s I i 0 G

tocrdonas s

o oy o o o rup s
50 10 ot s it o 0 g 0t
s BB . %)

0 08O Tontrovas s APeper 5 s it <66y 00

e e ] iacnd - 000 00056, ma st R 474, et wn

kot 1 0.7 v wir g 8
Corcer 110599 paers o ads ecows
Dot chmaerpy 110085,

N opcar 555 s 5o s 6o Putn Weh o s 5o 3
0184 s 1250 s o amwol
7850 f o paorts Wi a st s eseren
i g o 2 o chananasoy





OPS/xhtml/Nav.xhtml




Contents





		Cover



		CANCER VACCINES: TIME TO THINK DIFFERENTLY!



		Editorial: Frontiers’ Research Topic “Cancer Vaccines: Time to Think Differently!”



		Author Contributions









		Treatment and Prevention of Lung Cancer Using a Virus-Infected Reprogrammed Somatic Cell-Derived Tumor Cell Vaccination (VIReST) Regime



		Introduction



		Materials and Methods



		Cells and Viruses



		Teratoma Test



		Induction of LSL-KRASG12D/+; LSL-Trp53R172H/+ iPSCs to Lung Cancer Cells



		Immunofluorescence



		Quantitative Real-Time PCR



		Identification of Loxp-Stop-Loxp Cassette Removal After Ad5-Cre Addition



		Karyotype Analysis



		Transcriptome Sequencing



		Cytotoxicity Assay



		Viral Replication Assay



		Cell Proliferation and Plate Colony Formation of KP-LC With Ad5/VVL15-RFP Infection and MMC Treatment



		Cell Growth Curve



		Soft Agar Colony Formation Assay



		Plate Formation Assay



		Wound Healing Assay



		Western Blot



		In vivo Experiments



		VIReST Vaccinations for Subcutaneous Tumor Experiments



		Immunohistochemistry



		Establishment of Orthotopic Lung Cancer Model



		Vaccinations for Survival Experiments



		Flow Cytometric Analysis



		IFNγ Expression Induced by Vaccination



		In vivo CD8+ or CD4+ T Cell Depletion



		Mouse Anti-nuclear Antibody ELISA



		Statistical Analysis









		Results



		Lineage Differentiation and Transformation of iPSCs Provides an Antigenically Compatible Whole Cell Lung Cancer Vaccine



		Oncolytic Viruses Can Successfully Infect and Express Viral Proteins in KP-LC Cells



		A VIReST Regime Using OV-Infected iPSC-Derived KP-LC Cells Prevents Tumor Growth in Immunocompetent Mice



		VIReST Using iPSC-Derived Lung Cancer Cells Evokes Anti-tumor Immune Responses in an Induced Transgenic Model of Lung Cancer



		VIReST Can Delay Tumor Development in an Induced Transgenic Lung Cancer Model in a CD8+ and CD4+ T Cell Dependent Manner









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Mature Dendritic Cells May Promote High-Avidity Tuning of Vaccine T Cell Responses



		Introduction



		Material and Methods



		Basic Model



		Dendritic Cells



		T Cells



		Cancer Cells









		Functional Forms



		Peptide Vaccine Injection Rate



		Vaccine Adjuvant Injection Rate



		Peptide Uptake Rates



		Activation Probability



		Initial Conditions









		Sensitivity Analysis









		Results



		Modified Mathematical Model



		Increased immature DC levels yields lower peptide:MHC levels and tumor cell reduction



		Immature DCs Promote High-Avidity T Cells and Tumor Clearance in Clinically Relevant Dosing Schemes









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		References









		Induction of Progenitor Exhausted Tissue-Resident Memory CD8+ T Cells Upon Salmonella Typhi Porins Adjuvant Immunization Correlates With Melanoma Control and Anti-PD-1 Immunotherapy Cooperation



		Introduction



		Materials and Methods



		Mice



		Porins Purification



		Melanoma Culture and Tumor Challenge



		Prophylactic Immunization



		Therapeutic Immunization



		Circulating Lymphocyte Depletion Experiment



		CD8+ and CD4+ OVA-Specific T Cell Enrichment and Adoptive Transfer



		Skin and Skin-Draining Lymph Node Processing



		Tumor Processing



		Flow Cytometry



		Mice Immunofluorescence Assay



		Human Samples of Melanoma and Skin Control



		Immunofluorescence Assays of Human Samples



		Confocal Microscopy



		Statistics









		Results



		Immunization With Porins Elicits Prophylactic and Therapeutic Melanoma Control



		Porins Elicit Circulatory and Tissue-Resident Memory T Cells



		Formation of Functional Trm T Cells Correlates With Melanoma Protection



		Porins Induce Enhanced Adjuvant Protection More Than the Cholera Toxin B Subunit



		Porins-Induced Progenitor Exhausted Trm T Cell Population Correlates With an Enhanced Protection



		Porins-Induced Progenitor Exhausted Trm T Cell Population Correlates With Anti-PD-1 Immunotherapy Cooperation



		Progenitor Exhausted Trm T Cells in the Tumor Stroma of Melanoma Patients Also Correlate With Disease Control









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Tumor-Specific Antibody, Cetuximab, Enhances the In Situ Vaccine Effect of Radiation in Immunologically Cold Head and Neck Squamous Cell Carcinoma



		Introduction



		Material and Methods



		Cell Lines and Preparation



		Cytotoxicity Assay



		Clonogenic Assay of Radiation Sensitivity



		Murine Tumor Models



		Radiotherapy



		Immunohistochemistry and Cytokine Analysis



		Cell Sorting and Flow Cytometry



		Real-Time Quantitative PCR



		Immunoblot and Cell Viability Assay



		Statistical Analysis









		Results



		Murine HNSCC Cells That Express huEGFR at the Plasma Membrane Are Resistant to Cetuximab Effects on Cell Viability and EGFR Signaling



		huEGFR-Expressing Murine HNSCC Cells Are Not Sensitized to Radiation by Cetuximab but Upregulate Type I Interferon and NKG2D Ligands Following Radiation



		Cetuximab and Radiation Cooperate to Enhance the ADCC Anti-Tumor Immune Response



		NK Cell-Dependent Increase in the Local Anti-Tumor Effect of Radiation Therapy by Cetuximab



		NK Cells, Host FcγR, and huEGFR Are Required for the Cooperative Interaction of Radiation and Cetuximab Therapy



		Radiation Combined With Cetuximab Augments Response to Anti–PD-L1 Checkpoint Inhibition









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Photochemical Internalization Enhanced Vaccination Is Safe, and Gives Promising Cellular Immune Responses to an HPV Peptide-Based Vaccine in a Phase I Clinical Study in Healthy Volunteers



		Background and Aims



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Study Design and Participants



		Materials



		Study Procedures



		Safety Measures in the Study



		Safety Assessments



		Immune Monitoring Analysis



		Peripheral Blood Mononuclear Cells Isolation and Storage



		ELISpot Analysis



		Flow Cytometry Analyses



		KLH IgG Antibody Analysis















		Results



		Subject Disposition



		Safety and Tolerability of PCI Mediated Vaccination



		Immune Responses to KLH and HPV16 E7 Peptide Vaccination









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Thymoproteasome-Expressing Mesenchymal Stromal Cells Confer Protective Anti-Tumor Immunity via Cross-Priming of Endogenous Dendritic Cells



		Introduction



		Materials and Methods



		Animals and Ethics



		Cell Lines and Reagents



		Generation of Bone Marrow–Derived Dendritic Cells



		Generation of BM-Derived MSCs



		Engineering MSCs to Express the TPr Subunits



		Cytokine and Chemokine Analyses



		RNA Extraction and Sequencing



		Bioinformatics Analysis



		Detection of MHC-Peptide Complexes on the Surface of Pulsed MSC-TPr



		Monitoring Antigen Uptake and Processing



		Antigen Presentation Assay



		Peritoneal Lavage and CellTrace™ Analysis



		Generation of Heat-Killed MSCs



		Cancer Cell Lysate Preparation



		Immunization and Tumor Challenge



		Statistical Analysis









		Results



		Phenotypic Characterization of TPr-Expressing MSCs



		TPr Expression May Limit the Ability of MSCs to Process and Present Endogenous Antigens



		MSC-TPr Can Present Peptides Derived From Exogenous Soluble Proteins



		Prophylactic Vaccination of Macrophage-Depleted Animals Confers Potent Long-Term Protection Against T-Cell Lymphoma



		DC Cross-Priming Is Indispensable to the Anti-Tumor Effect of MSC-TPr









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Enhancing the Efficacy of Tumor Vaccines Based on Immune Evasion Mechanisms



		Introduction



		Modulation of T Cell Function by Tumors



		Inhibition of Recognition, Priming, and Activation



		Inhibition of Trafficking and Infiltration to Tumor Bed



		Impairment of T Cell Function and the Induction of Dysfunctional T Cells









		Strategies to Improve Tumor Vaccine Efficacy



		Improve the Design of Current Tumor Vaccines



		Vaccines Based on Both MHC-I–Specific Tumor Antigens and MHC-II Specific Tumor Antigens



		Re-Assembling Tumor Vaccines With Nanoparticles to Enhance the Immunogenicity









		The Combination of Tumor Vaccines and Other Therapies



		The Combination of Tumor Vaccines and Metabolic Therapy



		The Combination of Tumor Vaccines and Chemeric Antigen Receptor T Cells Therapy



		The Combination of Tumor Vaccines and Immune Checkpoint Blockade Immunotherapy



		The Combination of Tumor Vaccines and Oncolytic Viruses



		The Combination of Tumor Vaccines and Epigenetic Therapy









		Discussion



		Author Contributions



		Funding



		References









		In-Depth Analysis of the Impact of Different Serum-Free Media on the Production of Clinical Grade Dendritic Cells for Cancer Immunotherapy



		Introduction



		Methods



		Culture Media



		Cell Isolation and Culture



		Flow Cytometry



		Phagocytosis Assay



		Cytokine Analysis



		Mixed Leukocyte Reaction (MLR)



		Cytolytic Assays



		Metabolomic Analysis



		Statistical Analysis









		Results



		Different SFM Distinctly Impact the Phenotype of iDCs



		Culture Media Used during DC Differentiation Affects Their Response to Maturation Stimuli



		Culture Media Influence the Functional Capacities of Produced DCs



		DCs Generated in Different Culture Media Have Distinct Metabolic Activity and Composition









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Discordance Between the Predicted Versus the Actually Recognized CD8+ T Cell Epitopes of HCMV pp65 Antigen and Aleatory Epitope Dominance



		Introduction



		Materials and Methods



		Peripheral Blood Mononuclear Cells



		Peptides and Antigens



		Human IFN-γ ImmunoSpot® Assays



		Statistical Analysis



		HLA-Binding Predictions



		Previously Defined Epitopes









		Results and Discussion



		Experimental Design



		Highly Variable HCMV pp65 Epitope Recognition Patterns in HLA-A*02:01 Positive Subjects



		Multiple HCMV pp65 Epitopes Are Recognized in Each HLA-A*02:01 Positive Subject



		The Majority of the pp65-Specific CD8+ T Cell Repertoire Targets Super-Dominant Epitopes



		CD8+ T Cells Target pp65 Epitopes in an Aleatory Manner



		HLA Binding Scores Are Unreliable Predictors of Actual CD8+ T Cell Epitope Utilization









		Concluding Remarks



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgements



		Supplementary Material



		References









		Dendritic Cell-Based Immunotherapy in Lung Cancer



		Introduction



		Clinical Use of DCs in Oncology: Track Record and Critical Factors



		DC-Based Immunotherapies in Lung Cancer



		DC Therapy in NSCLC



		DC/CIK Cell Therapy in NSCLC



		AKT-DC Therapy in NSCLC



		DC Therapy in SCLC









		Discussion



		The Way Forward



		Optimizing the Choice of Target Antigens



		Selecting the Right Patients



		Using the Right Combination Partner









		Conclusion



		Author Contributions



		Funding



		Abbreviations



		References









		Cancer Vaccines: Adjuvant Potency, Importance of Age, Lifestyle, and Treatments



		Introduction



		Immunostimulatory Adjuvants



		Cytokines



		Toll-Like Receptor Ligands



		Saponins



		Stimulator of Interferon Genes Agonists









		Delivery System as Adjuvants



		Mineral Salts



		Emulsions



		Liposomes



		Virosomes



		Nanoparticles



		Novel Biomolecule-Based Targeting Strategies









		Combinatorial Strategies to Improve Cancer Vaccine Efficacy in the Immunosuppressive Context of Cancer Patients



		Combining Different Adjuvants to Induce More Extensive Immune Responses



		Blocking VEGF to Restore Tumor Vessels and Promote T Cell Homing to Tumors



		Depletion of Immunosuppressive Leucocyte Populations by Combining Chemotherapy With Cancer Vaccines



		Enhancing Cytotoxic T Lymphocyte Function by Combining Cancer Vaccines With Immune Checkpoint Inhibitors



		Combining Cancer Vaccine With Radiotherapy to Favor Antigen-Presentation by Cancer Cells









		Understanding and Manipulating the Patients’ “Life-Style” to Increase Vaccine Potency



		Conclusions



		Author Contributions



		Acknowledgments



		References









		Prophylactic Cancer Vaccines Engineered to Elicit Specific Adaptive Immune Response



		Introduction



		Role of the Immune System in Cancer



		Cancer Vaccines and the Immune System



		Safety Concerns and Challenges of Prophylactic Cancer Vaccines









		Humoral Cancer Vaccines



		Virus-Like Particles



		Carbohydrate-Based Vaccines



		Lipid Nanoparticle Vaccines









		Cellular Cancer Vaccines



		Peptide Vaccines



		DNA Vaccines



		Tumor-Derived Exosomes



		mRNA Vaccines









		Combined Cellular and Humoral Cancer Vaccines



		Combined Peptide Vaccines



		Virus-Like Particles



		Carbohydrate-Based Vaccines



		Autologous Tumor Cell Vaccines



		Allogenic Tumor Cell Vaccine



		DNA Vaccines









		Conclusions



		Author Contributions



		References









		Cancer Vaccines, Adjuvants, and Delivery Systems



		Introduction



		Target Antigens



		Adjuvants



		Current Vaccine Adjuvants



		New Emerging Vaccine Adjuvants









		Delivery Systems



		Electroporation and Gene Gun Vaccine Delivery



		Nanoparticle Vaccine Delivery Systems



		Self-Assembling Peptides









		Genetic Vaccines



		DNA Vaccines



		RNA Vaccines









		Viral Vector Vaccines



		Peptide Vaccines



		Peptide-Adjuvant Conjugate Vaccines









		Vaccines in Combination With Other Therapies



		Tumor Microenvironment and Tumor Induced Immune Suppression



		Conclusions



		Author Contributions



		Funding



		References









		Immune Modulation Plus Tumor Ablation: Adjuvants and Antibodies to Prime and Boost Anti-Tumor Immunity In Situ



		Introduction



		In Situ Tumor Ablation



		Antigen Presenting Cells and Immune Activating Strategies



		Adjuvants



		Toll-Like Receptor (TLR) Agonists



		STING Agonists



		Saponin-Based Adjuvants









		Agonistic Antibodies









		Counteracting the Immunosuppressive TME



		Immunosuppressive Cytokines



		Immune Checkpoints









		Future Perspective: Multifunctional Antibody Development and In Situ Tumor Ablation



		Conclusion



		Author Contributions



		Funding



		References









		Clinical Experience and Recent Advances in the Development of Listeria-Based Tumor Immunotherapies



		Introduction



		Development of Inactivated and Attenuated Bacteria as Tumor Immunotherapeutics



		Use of Listeria Monocytogenes as a Tumor Immunotherapeutic to Elicit Tumor Specific Immunity



		Clinical Experience With Lm-Based Vaccines for Cancer



		HPV-Associated Cancers



		Pancreatic Cancer



		Malignant Pleural Mesothelioma



		Non-Small Cell Lung Cancer



		Osteosarcoma



		Future of Listeria in the Clinic









		New Trends in Lm Vaccine Constructs



		Enhanced Attenuation Methods



		Listeria as a Targeted Radionuclide Therapeutic (TRT) Platform



		Incorporation of Lm-Derived Products Into Nanovaccine Platforms



		Listeria as a Gene Delivery Vector









		Combination Therapies With Lm



		Lm in Combination With Immune Checkpoint Inhibitors (ICIs)



		Lm Combination With Adoptive Cell Therapy (ReACT Cells)



		Lm in Heterologous Vaccination Schedules



		Lm in Combination With Radiotherapy



		Lm in Combination With Inhibitors of Complement Signaling



		Lm in Combination With Traditional Chemotherapy



		Conclusion









		Author Contributions



		Funding



		References









		A Novel HAGE/WT1-ImmunoBody® Vaccine Combination Enhances Anti-Tumour Responses When Compared to Either Vaccine Alone



		Introduction



		Materials and Methods



		Animals



		Cell Lines and Growth Condition



		Epitope Prediction



		Peptide Binding Affinity Assay



		Brefeldin A Decay Assay (BFA)



		Target Cell Line Preparation: Gene Knock-In and Knock Down



		Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)



		Protein Assay and Western Blot Analysis



		Phenotypic Analysis of Target Cell Lines



		DNA Vaccine-Bullet Preparation



		Immunisation Programme



		Ex Vivo IFN-γ ELISpot Assay



		Chromium (51Cr) Release Cytotoxicity Assay



		In Vitro Peptide Re-Stimulation (IVS) of the Murine Splenocytes



		Tumour Model



		Processing of B16 Tumour Tissue



		Tumour Volume and Weight



		Isolation of Tumour Infiltrating Lymphocytes (TILs)















		Statistical Analysis



		Results



		Prediction of Peptide Binding to HLA-A2 and HLA-DR1



		In Vitro Peptide-HLA-A*0201 Molecule Affinity and Stability



		Immunogenicity of HAGE- and WT1-ImmunoBody® Vaccines



		In Vitro Recognition and Killing of CML Targets Expressing HLA-A2, HAGE and WT1 Antigens by Dual Vaccine-Induced T Cells



		Efficacy of the Combined HAGE/WT1 ImmunoBody® Vaccines in HHDII/DR1 Mice Bearing the Aggressive hB16/HAGE+/Luc+ Tumour



		The Combined HAGE/WT1 ImmunoBody® Vaccine Provokes In Vivo Anti-Tumour Effector T Cell Function in HHDII/DR1 Mice Bearing hB16/HAGE+/Luc+ Tumour



		Phenotypical Characterisation of T Cells and TILs From Mice Bearing hB16/HAGE+/Luc+ Tumour









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		Abbreviations



		References























OPS/images/fimmu.2020.620374/table2c.jpg
pasonts 10 tholow doso group: 1 pasnt had o recusrence, |
oo 1-2mapans. piert PO st o 80
prors ikt don g 3 gt hir
Gooer-2antein s iy
o oo s 1 pkor o | psers
PO 7 s 0 oo
0CICHK thropyinCLC
Uoa  NoguwduiAfs  NA  Th2yOSwssovamy  ncssdpeceion o 20w 05 e T 0 7562 72%)
it e Y 1) of o oo et e s e s i 1.7 6595 B0%)od
oy toman oo, chaiog P, TN a0 TN npserts o w10 Spdcan S,
a0/ 05 B<005, Wil PO,k hy o und ) rthangy s st 1 ot e
s o Gorpud .
Zoas ) G iSsnisyn NA  Thaswasrosuisialy sleorca NA
Opeons 0S bt 14
G0 -4 10 umommpconrioy ro s
pee anciiaoy 7o 0 015,
SIMLE)  Foendpms VD ThoPrSuos sy noesed A s, s o CO3 ant

B3 0 DODGOK ol gpcampred O T ok s e, i s A 08
omandganRze 2% o

mor; <005,
Yoo Moo s T 300 2 OS i s At o s o Ny T i st SRt e 0
S12ams 2% mew N s 1000 G TGS et 0 s st

iy 70 1 R e R ety 4 8 e s
e ity o oG o) 1 COSB ko

umcirios 7o 605,
SHA(D  Fmendpmns  NA  ThPrSuossovensyomgwn Ao s of COGs Ols i COBM T
R 4 s DGO s i g otk s o i Ty 1 50 0CIOK
ottty 10 PO G0 i 7,k L o G
562 358 mont 005,
et o sl spin
et o S it
oo g - 029
Bmwas WA N A T conumcecorons o o T2 ks 4.
10 e g o v vy
por 0 i saiod NSCLC bt
s
st gy T ki (4 e pserts
W e NSELG tpcary e o
s o i e,
oy rorca gt oy 2 ok (.4
10 s oo o
Zuas @) GowidlwnS 20 LyewOSwassoicayhone  Asguca rasseo|COS, D COMVC08
s (55 n bamrer gt + o 0 T up, A L 80

ol goup (355 v £08%. o 7.
puiyey





OPS/images/fimmu.2020.620374/table2b.jpg
Potoodetd. (1) Guoa2fgmandonls NA  Suvvalierngsd bomB21o AN MmproveTent i the speckic mmuna sponsa - From the st dose of ha vacins, et o dsecse

B 277 g oot G e cston 4 s 0t 100%) . cpesin e 1o 2 .
1 wtha ko of 12 . s o
Tearas ot (49 No s s s@ Tt s ‘S cramcto s e citnadn %
Gamtomns B sens g O onwn
pers B was o 60 of ot
G2t 2 ot St was o ks Wi ECOG50
G crion s o1 et o e > S vcensors.
o cten a2
s
WSO oo lwnSpes 27 MeonOSsi0Smeurs  NA
(115 o5 - 45 mortrs.
Tharoi s () NA Do T 13 " 165745 et oo O oceesconbn
(125 Trosuwa s tumi st sz chanaboy.
o e 1554 shr 1 Prrts i adwacaceona s asrécarty
3635 e 2yt et oo conpred 10 o s ST
5%y 153 o v 88 mooma 5 - 000
vy recion 7 cin o ot s =
13 ot s o o Sy i
S o st vocn ST 2041588 mor.
Py
Vs Nosomss 1605 Sl um 0O hrpy v A posth epors 0 DT skt was s S st o s scuonc o proyssin -
G gy e rmparis | irs 100% W s Gk s VNS
cortran 1 et o610 2ot Tt was o spdeon o N yoprson
G 1 3 andoy v G0,
pers Tt s o e rond o ma CD.008
G+ v et o v 50 0038 0.
G e et
G 1t
pers
Umed (2 Gosibbesmoems NA  MST-30ments syt s s TAR's vas son 116 501w o 25 o oy 56
o et s 67.5%)
G s e Tive G087 o tin s ke 5% o
oschecicn gt sifs.
G a1 Pt i crsnd CORT el ooy
P s shows spdcanty rresad PO
G 1ot A e
e
Tereto e (59 Fovr 16 s MU spete o e o s ATipor ST s s s 0 >
Loceocianat o 0 S 7 s (155, cciotons, ks v o ndn
G pirts iens e Toper o s
Fosorngriaynt Imehonyes.
= Th0 0GR 7 g of pers ko o
scctins s 2.
s ) Nowomses [ Ao o CO54 G CO25+ ForsnTno pans showe 16%and 6% dose  CEA
G 12 T by a0 v TN s 900 YFRAR! gt
pers e oo 21 s (1355 Trovaccntn v i s sty

Grade 1-2 b6 o GOL whin adubonian s e N doas





OPS/images/fimmu.2020.620374/table2.jpg
Ratoronce. satoty
06 terpy i HSCLC
o () G 1o 2vstaion
o o
o1 2o ns
s
a0 Gu o ciont
mrnsenz
puns
ek o
ot (5 Fowr 07 s
oo, oo A
.0 o i rsion -
arpnsion 10
ety
G g na
s
PRI ool
o () Wogosm2i0tEs
o () NogoseSer 485
ooz, Lootrosiors e
o fcson ot
proviaie)
tnprsomo s Fevr s
5 At 1 prts
masie  Moguwseits

et gy Y

oRR"

o208

)

nom

2

N

"
c2sm

osom

osom)

A

wa

ST vos sy oo
G o et e K.
e s 1681598
miro: - 00101

oy

S g vom 310
e i o 4 B,

A

‘S g fom 010200
et mado o oren:

Immune response.

(Cehapeoc CO8: T st ey was s 712
ey

A posts ipor 0 DTH ki st s s
10 et 0%t | s e g .
ACBAspucc CILporsawassoni 110
s (0%,

ACEA spotc nd s snigan s OT.-
escrdavas oo 50 ot wn NSCLC e
e s i sere s s i
Cotsoucec mmporiscone.

Aposti epor o DTH ki st s s 59
s E56%),

AW sprcc L sorsnvos soon 37
s @29%).

e pasc o s v oo 0/
16 ot 3.5

A posth epor o DT ki st s soon -
1T otk 455%) A CBAspirc CIL ponie
8 061 s (5455

Moo o moser s T o s
e g s e 3 s

ACEAspacc s rspors anorgbon D4
O T ol s s 131 ol ks
oo

Tt v o re g gy o
(CEtspoce T s s osa et e
o cr S0,

Ao s s s s 1 14 s
ey

A posth epors o DT ki st s soon -
15 ot 60%)

s o gscortagn o G4 ok
ik sucat fubapns otiprisive o RO

T poses g o P
T gsrs o e o s ety
o 0.kt e e
s 2 Gcppean o e sl s
Fovoate 00 et cs o0 e
bonir o e mmeviog egores.

P e o gt s o progessn -
eh 3 s G 1 PO

et aerts it oy carce o e
s St e G

Tuo s 10350,
o2 trs v kg s convc s
e T egoro.

o s o spicans s h GEA ok
e s a et 03
i o P et ot s
stk ougn ot o oo .

P pers o gt o o pogrsin -
e s oot i S
o o5 s wn P shoves o ot

S e, i 1 WANSCLG, P SO >
mor,on 7 o pers 103 PO T o
rron anged fom 1o 10 weha mocn
e,

T o e e 1 70 e s
fonspionodu utio cmspium: yapalssorcy





OPS/images/fimmu.2020.620374/table1e.jpg
e it i OOV e v .
™ neswaoc RGT

H
iy
|

|

i

G necion
@ eng0 sonct 2.6 0 ct -

et
)

racocrosmrsrison

e o100 s

iy

521G 3o vrscss i o e s sy COL2 e A5, i cls . W 30 e s 1 05 P, e 1 GO ko
w21 CEA oy g, e e e o R, o DTG Gt oo At i s, S5l ooty ey o A2 o
oot roue e ettt 5 FUA I o g . BT & AP L, Tt 1t Tt o F4 3 A T 1, e e IG5 o seond
e T A2 e e w2 D Pt v s A T a1 e At e L 1t o oo P2, s 2 T s
B i L T L s v Ay S e )





OPS/images/fimmu-11-01996/fimmu-11-01996-g002.gif





OPS/images/fimmu-11-01996/fimmu-11-01996-g003.gif





OPS/images/fimmu-11-01996/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-01996/fimmu-11-01996-g001.gif





OPS/images/fimmu-11-01996/fimmu-11-01996-g006.gif





OPS/images/fimmu.2020.584680/crossmark.jpg
©

2

i

|





OPS/images/fimmu-11-01996/fimmu-11-01996-g004.gif
i

"o, By swizan

P
v

ot T ]






OPS/images/fimmu-11-01996/fimmu-11-01996-g005.gif





OPS/images/fimmu.2021.771319/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.620374/table1d.jpg
Duged ) SagIBNNSOLC
Deman@  SwenvNSAC
A T
[
TP ——
AKT0 thrapyin L
Kimgasa G oo o0 B4V
RSOLG winhG coen
T we——
@ =
oc gy i sctc.

Grocpon o ) B deosa A

a1

v

a

we

a2

Freeror

e

[ —
a0

i

nea

Human SKMES.-1 and fuman SPC-A-1 kg
o et

01 g

[T —

v
wases

6 voccnators.
B v

v, fcon s o .
i ot )

3110 o e vcerion
Pipponty

B ko

9ec i

91510 e vcersion
25 wcenond w2 ks

e
22wkt -2k -
2 o i -5 o)

91 DOCK 0 8 rpsin €01
9201 10 oo vsern

P e o 2 venore
nron. 320
)k o b et s,
W ooy

v ien

9 a0 s o83 10 ot g
e

FI OnPp——
2

2t

i e

@ o 707 10 s -
oz

it oo ot 5 e
st e e,
a2 e e

i psen

@ st 10,210 ot

23 wccers o PO st
e 3 s ecraieos
) Bt ot
Vicatans vk 0
rowpieeay

i mecion
@i coonct 55 10 e
——





OPS/images/fimmu.2020.620374/table1c.jpg
Looetal ()

‘Stage B NSOLC

Tomao s o () SwpIBNNSAC

Goma £y Pomiosme i
e

0CICK thorapyiniscLc

RS SeA NG

Tomean ey SepimuNSaC
o CEA

SenE  SwemaASac

U SeeIBNASIC

Siaden  SspmunsCwn
Emon 1 e 21

Dooas ) Rociodsa LANSCLC
) et
S uma

Buase)  Swenesuc

.

12

o 12

=

BB OB

i

TR

B O

S
oot
pressty

o

nea

Vil voctor (A9.C0L21-00)

W01 et

101 i
S st

oty

-

Asckoomumersan

[y —

2 vaccatons.
5 oot
e
o
@i don o310 e pc
e

iy —

2 skt

clse pion
87210 s por i
3o

5 vt

Gl ppcien

IR i —
et

4 sacrios
5 1anaen i

i rpeten

@ i f 19510 e
s

0 1ancen i

Gl rpetin

@ o i 15110 g
ensan

Siconsere

vt

clsc peion
800 et s

8 svmcersrs

1o e

Gl rpeton

@ e o 125110 cstsor
6o

0 1ot

clsc pcion

8 Do ot oo

S ovacrsion

B ook
15200 . mecion DC0H)
815210 s prvarotin
85w

B st

Gl rpeion
=t e A





OPS/images/fimmu.2020.620374/table1b.jpg
Heschowsz ot .
s

Moo ot .

uneoL

P

on——

ey

Topan ot 61

Slago HIB NSCLC.

[r—

S ASLS

SomvNSLC

Loty oo

prteery

S ASLC

Loty omocndor
pemtoesry

Sapii8 S0

sewn

e

BB OB B

i}

i

i

o

i
ey
e
i

e

Apoptons bodes ofan sogenec NSOLG oot
008 coerpresod HERD e CEA W
AGED st

Asoims e s

s
cenpgin

HAGE oo

renz ion
Aoy c e rons
AR, CEA scoona o B0 HAA

Ao eyt

v s
T s

WaGE S o
i

2 voconatons.
B ot

1. mecioni e in

@ Anesgssonct 82110/ 3179
10 Gl o st iy

93\wcensers

Sk

v ion

@ Vo 0 o 62110 -

i mecten
9 e oo 12510 s o
joy

92 wcensers

2kt

ec waiv pon o o
95 10 o e vosion
Pt b o 0vcensos
ity

By

) mocion o o e
gt oo

@110 oo vssson

@ o e 101 mornos
ek

i mecion

9 Awsgs st 110 com o
T e ——
nron 53

1 By

1. mecion o o ikt
g

8110 o e vosraion
aocaz

9 2uwccnsers

B Vo

i

99110 cmana62 10 co o
ceoion ey





OPS/images/fimmu.2020.620374/table1.jpg
Aeterence. ‘Stugy popuiaton.
00 tmrpy i HSGLC
o () Mt CROarNSCAG
ey
w00 e dgsa ot
g o e, A
o) M s
Kt ) Ao o ot
bt g e
Gbouzed, SoplBNLC
ey
ot (1) st gurortasin
ot serociscnns
o CEA
o 1 SappNSCLC W
e e tion
o () st coe
sy CEA

2own

0@
ety

30w

g
g

e
\ngemi

g

il phase.

0C sbsat

BnopoB

i

i

i

Maturotion  Antigon soection and formulaton
ctors

' Ev—

i ey

N AR o st ik

o [arere——

Aocpc s o n o NSCLG ot
ot cvverrosod HEFG s GEA WY
MAGE, st

eV

s oyt s m s s
ionspucmis

Fouoevus oo CeA e vt
ot oo F CEASOLTRGON

Vaccimation potocel

2 oncrers
ot

v pcion

@ o 10 cts e
Py~

2okt

el s rocienst o samo 0
o i ogen

@ To o127 % 10 cts 1016 %
o

A nea

@ dvcemsere

B et

i

33210 s g1 x 10 s
) o vcceson
230 12 et
B2kt
Glscormgard

P pe—
a2 wocrore

8 et

s rcion e i

@ oo sen k81 %10 w082 x
0 s perveson sy
ok o f oo
g5

[mene

Gl masc roctonst o same w0
i o

9055 10 cu prarsion
Hovcentere

5 oask ot &
o, i ety
i i e scoogenc
Py

8 o et et

14 s o o Svaosrs





OPS/images/fimmu.2020.620374/fimmu-11-620374-g002.jpg
Antigen class
+ Shared tumor antigens.

Maturation method + Cancer-gemiine anigens
+ cylokine cocktails + Whole tumor-derived antigens
+ TLRdigands + Neoantigens.
+ MRNA/SRNA-based
modulation

Cellular source
" Autologous
+ Allogeneic

Route of injection

+ Intradermal

+ Subcutaneous.

+ Intravenous

+ Intranodal v

+ Intratumoral .
Dose and frequency .
+ MTD? .

«  Booster injection?

Antigen formulation
+ Killed tumor cells
+ Tumor cell lysate

* Peptides

+ mRNA

Target patient population
- Early stage

« Locally advanced stage
+ Advanced stage

Combination therapies

Chemotherapy
Radiotherapy
Anti-PD-1/PD-L1
Anti-CTLA-4
Sequencing?





OPS/images/fimmu.2020.620374/fimmu-11-620374-g001.jpg
‘monocytes immature DCs ~ mature DCs

EE @@ e gl LW

® S l _w
- ’ T D IR .

% —

antigen-
presenting
DCs






OPS/images/fimmu.2020.620374/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.618428/table3.jpg
Peplide Tested Individual Subjects' CDBs T Cell Response (SFU per 300,000 PEMC)
pp6s Porcontie  Popide D1 D2 D3 4 DS e 17 B8 DS D1
Rank

onzeoguvooRINoNGaRRe NN

N_m.M“Mgmws,wlww-w_wm

- N0 -000MNGNOO-00--NN-00000NGG®

o
o
PPE5115-128 o
8 o8 ppes2e20s 1 2
10 085 ppes10113 2 0
2
0
0
0
1
0
0
0
o 8
2 s
o 3 15 2 1
08 42 39 39 84 54 32
13 3 4t 0 56 o7 27
46 19 w1 85 83 2 es 13
72 21 289 65 185 844 %3 200 168
e 107 17 40 478 91 258 64 &2 25 %3

100SFU >100SRU >100SFU >100SFU >100SFU >100SFU >100SFU 5100 SFU >100 SFU >100 S

A8 553 nonamer pp6S peptoes.incur ey werou on thoeUUHCIoa seach angie of e [EDB Anaysis Resourcforprcitig the 6dng 0 1ho HLAA0201 all,rsutng
'PpBS Rank” shon, wih o top bicr peptc ranke No. 1. Tho 30 Nghest rarking papies areted. Adaonal, an Parcetie Binding Score hat Compares a pegt's bing
14010 thobining scares compue o 1,0001acom none Papis,epOXtg 1hopercentio bicing Scoe i S0 ted A ower parcanto bining ore dnotes ol pepie
57310100 HLAA'G2.01 ako. Poptce that v bosn descrbocas HLA 0201 ratod ponamer @p10pgs i th Horaturo o Bighlct i groan and hocokrcooed 10sponso
caikondas i Tible ¥ i aisalisd





OPS/images/fimmu.2020.618428/table2.jpg
Cryptic Epitopes

Numbor

Cum. SFU

% oftotal SFU.
Subdominant Epitopos

Number

Cum. SFU

% of total SFU.
Dominant Epitopes.

Number

Cum. SFU

% of total SFU.
Super Dominant Epitopes.

Number

Gum. SFU

% oftotal SFU.

Total Epitopes Recognized
Cumulative Spec. SFU

D1

n
1210
102%

"
a5
%

15
281
2%

3
87
7%

£
1185

02

2

1867
a1

s
3
8%

4
7
%

1
28
70%

)
a2

03

2
67.15
302%

5
&
3%

s
147
%

4
1008
8%

“
2226

Test Subjects' CD+ T Cells Specific or Epitopes

D4

2
9250
18545

”
20
%

4
19
2%

2
168
25%

a7
683

6
300
o073%

6
14
%

s
263
&%

1
159
%

2
18

Y

2
039
024%

2
21
1%

o
o
o%

161

07

14
S840
40%%

6
194
1%

3
178
12%

3
1019
0%

2%
1450

08

s
108%

et

Y

2157
280%

1
7
%

o
o

0%
2

77
%%

n
6

10

2
.12
5.00%

1
132
12%

5
221
20%

3
604
3%

3
1103

T mbar of crypt, subdominant, dominant and superdomiant ptopes as uled 1 xt, o show for 1o ikl (st subets, dong Wi 10 sum o epopes 1 aach
catogory (Tt Epfopes Rocognied oraach PBMC dono. The absoltoetr of CD8 T ol argting potidos  a0chcatogoy (Cum. SRU) i a0 shown. Fomtho ambar ofa
2065 specic CDB+ T cats dfocted i oach suect (Cumulat Spoc. SFU) (o parcotago of COB T cats argetng pop(ces in aach of 1o four 1050010 Calogoris has boen
catudaed (% of ot SR, T SFU counts shoaar afe subtactng he mean + 3 SDspeciicl cutof vabe,Bacauso SFU ounts o tho ypl categor focuenty wereat ot of

ARG SRl R T SRR R





OPS/images/fimmu.2020.618428/table1b.jpg
PPB5:503-511
PO6SS11-510
PB5512:520
Pp65518.521
Ppe5S1A-522
065521529
Pp65524-532
PP5SH-552
Nogathe.
Contross and
Cut Of Values:
for Rosponso
Categores

VOGONLKYQ
QEFPANDAND
EFFWDAND!
FANDANDY

YRFAELEG
FAELEGWIQ
QoALPGRCI

2
10
10
39

58
107

o8
13
a8

72
187

a2
36
149

21
400

250
a8

39
05
55

65
01

253

65
56
23

a4
624
[>10087U >100SFU >100SFU >100SU >100SFU >100SFU >I00SFU >100SFU >100SFU >100 S

252
363
642

"
2
54
a7
166
20
25

2
32
27
"
163
03

T subjcts" PBMC af 300,000 ol por el were challngec it a Ry of 53 ronamer papies hal ysteaticaly coverdal posst C8e T ol epiopes of g HOMY pppes
aigen. An IFN-yimnoSyot 4550 was prorect it he ot formtg s (SFU) fcte by each papitorecorce. The mean an SO fo 18 negatve Gontomedia wels, ad te
-0 s o hocolv- ol 059010 Cogonos ar 5pOcfed o 1hoblom of i Tabl. Oy P hat ko at st o Gominant (xange) o super-dominant o rec
ato0nie 1 81 Mt 0k SNRET S it PUcitieg Thar S Do CRsaIDEd a8 HUA TN Asskaic nnkessr aolored 1t s INtus Srs BMEARC Sadn:





OPS/images/fimmu.2021.642316/fimmu-12-642316-g001.jpg





OPS/images/fimmu.2021.642316/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.617365/fimmu-12-617365-g002.jpg
Bispecific agonistic

antibodies Bispecific ICB Antibody-enzyme fusions
1 2 3. Siglec
— DI
e A S TR
\=y &
I e p B A N I W
Toamor antigen MHCT

Antibody-adjuvant fusions ~Antibody-cytokine fusions

Phagocytosis






OPS/images/fimmu.2021.617365/fimmu-12-617365-g001.jpg
Tumor ablation
Release of tumor antigens

.
g
\/ e

Scavenging of inhibitory  Immune checkpoint

Agonistic antibodies ptokines blockade (1CB)

L o %)=
o
©

S0«






OPS/images/fimmu.2021.617365/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.627932/table1.jpg
Tumor Specific:
Antigens (TSA)

Tumor associatod
Antigons (TAA)

Glass of tumor
antigen

Cancer Gornino
anigons:

Tumor specic
mutated anigens

Oncogenic vial
anigens
Tissoe
Diferentation
anigons
Overerpressed
antigens

Description

Exprossion on healthy cols mitad o tostes, fotal ovars and
trophobasts.

Exprossed on awide a varty o cancor ypes.

Mtatons resuling in tho generaton ofa now pepido.
Matations can be genealed at the gens eve,fom chvomosame
transiocations or dus post ransiatonal modicaton.

Aonommal exprossion on cels nfectad with an 00COWUS.

Anigen expressed o tumor cels and nomnal cels.

Antgen ovor expressed on tumor s and normal love of oxprosson
on heaithy cels.

Tumor
specifiity

Hgh

£§ g

Example of tumor antigen

MAGE, NY-ES0-1, GAGE, BAGE

KRAS, p53, NRAS, BORABL
ransiocaton, ETVE, NPMALK, ALK

EBY LVP-1LMP-2A, HPV EGE7,
HILVA Tax

Mean AMART-1, 99100,
Tyrosnase, PSA, CEA

HER, NTERT, p53, Sunivn, MUCH,
W, oycin .






OPS/images/fimmu.2021.627932/fimmu-12-627932-g004.jpg
wxk

Survival (%)

~— Control *
— sciB2
— Anti-PD-1Ab —
— 5CIB2 +Anti-PD-1Ab
o+ T T v
0 20 a0 60

Days post tumour injection





OPS/images/fimmu.2021.627932/fimmu-12-627932-g003.jpg
12.90% Dendritic

9.60% Otar collvaccnos

6.45% mRNA

068% Adoptve
TCR thorapy

968% Roactve
Teals 41.04% Popido
vacones

968% DNA vaccines





OPS/images/fimmu.2021.627932/fimmu-12-627932-g002.jpg
b ‘Tumor cell axpressing shared
g citrullinated peptide
56,
33 g APC

\_} bl
Kille cell

Coar
Killer cell





OPS/images/fimmu.2021.627932/fimmu-12-627932-g001.jpg
NHJ

Peptidyl Arginine Peptidyl Citrulline
(+ charge) (neutral)

PAD = peptidylarginine deiminase






OPS/images/fimmu.2020.584680/M22.jpg
D e
ettt i 3 SkocpuINelt - TWIMy(t = Ty = T), (22
Fot <





OPS/images/fimmu.2020.584680/M23.jpg
aCo

= 10 = G/ ¥)(C 4 C) = aCy

ke (liﬂ) (Ecutnn). @





OPS/images/fimmu.2020.584680/M24.jpg
s vl PMHC regeneraton
& - — = roatres)
= 70~ Cot/ )= G+ 2C + o + Ct) + @(Ciy = G

@9

qk) —aa- qm) ~kr TG

P LT Lysis





OPS/images/fimmu.2020.584680/M25.jpg
dc, X
4= YO = Cu/ ) + iy = (rzr,)cm ~ o)~ krgl,ﬂ,@ (25)






OPS/images/fimmu.2020.584680/M19.jpg
SRS
3 B ke ) M (- T) (19
2





OPS/images/fimmu.2020.584680/M2.jpg
N A T 1 @
e o W2 L

ks





OPS/images/fimmu.2020.584680/M20.jpg
e ke do' “zp,AN,u STM(-T-T). QO





OPS/images/fimmu.2020.584680/M21.jpg
Akt D SN (- (1= 5= %) Q)





OPS/images/fimmu.2020.584680/M17.jpg
Yo gl

KocPis) Nt =) - a7





OPS/images/fimmu.2020.584680/M18.jpg
P )N/ Mt = T,) .

a8





OPS/images/fimmu.2021.627932/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.626463/table2.jpg
Vaccine Strategy

Vi fke Parices

Catbotydate-based

Tumor derved Exosomos.

Aogenic Tumor Col

Example Vaccines Developed

‘Corvarx and Gardasi - Commercialy avaiable vacnos for HPV (76)
HER2-VLP Vacoina - Vaocine for HER?:Postie breast cancar (19)

MS2 MANA-basod VLP - Vaccn fo prostate cances (12)

4.KLH Vacona - Vacoina for coborectal cancer targeting ST (54)
KRAS-targeting Peptdo Vacrine - Vaccins or g cancor (100)
MUGH-pol-10LC Vacoine - Vacoine for cokorectal cancer (107)
RALApPSCAvioaded MN - Vaccin for CRPC (26)

HPV Polnuciectide Vaccine - Vaocne or HPVIG and HPVI8 (115)
RT-TEX Vacoio - Veogino for mammary carcnoma (29)

Nasal Encapsidated mANA Vacgine - Vaocng ancoding for tumor anigen (31)
MS2 mANA-based VLP - Vacone fo prosate cancer (12)

“Tumor NanorLysate Vaccing - Vaccinfor e negative breast cancer (37)

Antigens/Targets
HER2 - protein (79)

‘SaTN - oncoletal anigen (17)
KRAS - proto-oncogene (100)
MUCH- gicoprotein and TAA (107)
Ral-A- proten (26)

EBE7 - oncoprotan (116)

Mtpl targets (29)

Ml targets (12, 31)

Mutple targets (37)





OPS/images/fonc.2021.626463/table1.jpg
Vaccine Strategy

Vi fke Paricies

Cabotydate-based

Lpid Nanopartce

Tumor Derted Exosomos

Autclogous Tumor Cel

Alogeni Tumor Cal

Advantages

Overcome B caltoeanca (1)
Humoral and oot responses (12)
Ease ofsynthesss (14)

target uique gyeans (15)
Homoraland cstuar responses (16)

igh stabity aganst degradaton i vivo (16)
Ease of synthess (19)

Humoral and ostuar responses (20, 21)
‘Ovescome genstc material degradaton ()
Easiy synthesized (24)

‘Stado at ambient tomperatures (25)
Ease o preparaton (25)
Humoraland cstuar responses (26)
Play natural e i tumor progression 2)
Low manutacturing cost (20)
Potental hgh potency

Possiio non-imasivo adminstaton (31)
Personaized ormatons (32)

Humoral and ool rosponses (59)
Gical il or therapeuti vesion (35
Humoral and ostuar responses (36, 37)

Disadvantages
Mst ba highy stabl for proper downsiseam appications (12

Poorimmunogency (17)

Ineffcent imune response (22)

Oiful t0 evauate and precict i vvo fectiveness o denty
proper dosage and sideefects (24)
Inadoquato immunoganicty (27)

Primany csiar response (29)
v tabiy (20)
Pty ceur response (31)

Rocqtes paint tumor csts (32)
Many thecapeutc cutenty (34
Linitod curent ofctivenass (:5)
Main therapeutc curentl (35)





OPS/images/fonc.2021.626463/fonc-11-626463-g002.jpg





OPS/images/fonc.2021.626463/fonc-11-626463-g001.jpg
Virus-like Particles

Carbohydrate-based

Autologous &
Allogenic






OPS/images/fonc.2021.626463/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2020.615240/table1c.jpg
S, R
pemcima:

h
o
oowt oot
g O1AEOHT)
vt ovemase
Moo oonioss
ooy oot
o

o oomrsro
Gt czverios

T

B R gpEEE ]

e
s
oy

“pa—

FHIET
§

taecdsennd
oy

i
;

w ovan.

6
wwigonpe oAtz
ooy

o
awose

o
cucs

s
s

>y

o

A

e

oGSt

Focsen
P G-
o

Rituaccon s
aerpospranis,

ouncten

e e
oy 2%
presd

ot oo
s

Py
Aoty oo
oy oo
onoonwen
o5

w

rn—y
o0

o cotson
o5

Poneg
ooy osors

SerRmeE

noprs

o8
o7
Hoprsnios)

Hoprs

o8

Yes 09 comgors o esosen

ponig
Hoprsmios)

R

@
@

s

)

)

@

Gritias

s
@

P e s s 5 oo G 0 At 00 17 e .0 R AP 06 7 80 50 ) 0 f 7 e e o s 1.
S5 vtk 600 s G G G 125 oo i 1. CEA Gy o X, 75, ol o Wt 40 ot et 00 0t . G5 ol o s Gl
o GIACSE Gy g oy AR o €. aron el o G et . FS5PG., ot Stk rion G Gome . 3.t A .2 7 .
gt L syt oty MU, o 11, ko v s ek VSOG4, v er G5 vk P0,ress o hsga FFS.
o o PEA et i SCL e G ot o T ooy TO T youd s . TR, LA P01, CEND1, GOV, PGS T,
i P g e B B A R Mt s Y e e Pl g





OPS/images/fimmu.2020.615240/table1b.jpg
Sone T/
SomeT/
SomeasT/

L IR

e

000079

pereny

omosour
oonessiz

o

onzasso

oz

ouszsro

omoror

ovesae0

ooz

ooonrers

P FRRE TP RET 1 8

i

saccnsen
Pre——

e e

oo
ponian wctr

R s

isapn

oucs

st spporio
o

oGS

Nors ang08)

noos
o bt v T oru 800 o
Yes575.08)

GG miamn o

e i A s oGS,
SN GG, o G ko3
o105 cn o sogeksion e

it Sosn Ko g oo
ot bt b e v

vt

0.2

@

8

@

o





OPS/images/fimmu.2020.615240/table1.jpg
Vacine  Clcal  Cancer  Vaccmotpe  Amigen Adwont  Associalod  Controlamm  esults:immuno- Resut:ciniol efficacy? rom shose ) References

ot oo wesmant lagetesponse
mben romphas 108
)
st e 01960572 Mo Pt trconsn, Wornd | UGS PR oot NoBFS 08 o
@i sas o
a1 G
OIS 000 Wras P @O o g Pao " o8 @
sas1 i g et s
0025217 00019682 Mo oot ww oz by Cotmosusa RS wa O @
2 o contsen
vt vn o5
GoTERGTA 0079045 Mo P wces sis pocstn ooy osond oS @
NN G i Gafosts  Gagosn OS2\ | Coomtin Wn Noprsnios) ®
- Ourmnsiaoomn
Ly — - Pooos05 Mo BT 08 Dwimasiosome 5.1
COURG) 052190 o
oo 01861908 Mikrima R x| 6 O / Cosis sy @
wccna oty £
e
o
. < Motwoms Rogmcto [ Coumoen  Cotmosons NoprSan08) @
iy wa St A R2 -
popn
oA 0000008 NSO Pept woess s/ pocatn ooy motond oGS w
oomy
oo Gt NSO Pt WO Upmome ckopoqnunits Passbowd  Cobmesund  Koi05) o
veis oohospraTid (00 con S Sl enl s who o
o5 ChoneAT s
coro i NSO Pon B Mo ockonoqpnce Bt supotiocn Aoy mosond Yes 081 w
oty O14ART povd
Saor P
e OOBTOS07 NS Abgactuncc 1 7 ' pocitn Ot oy oS o 05 [
o prind [ arna——
T oy v s
o
GO G NSO WAweeom MCT L2 Cpmawd  Cabnms  Cotmeowd P w0
s Grooes gcubm gumemoeo (008 Famgrcn B sty ot s
[y o s
s
00 oS NSO WAmiom  WCT L2 S Puosto . sontvs Cotrosass  Pencg s
iy {odes chomaesgysad  cramorergy (008 orden i trao Bty or kg PES
ey b beccmnt | bwsemont | wn0S| 05 otnts wh o s
W et s s ymonanyos (161 G061
oy
oty U2 SO Arsidonpe NGNS Am Beappotio Mooy muond. Pencin 0
oy k= Framocn By b Yos PR3 00

b o





OPS/images/fimmu.2020.615240/fimmu-11-615240-g003.jpg
.ombo of vaccine adjuvants

R2 A

Effective expansion of immune cell types.
Preventon f Ag degradaton

I effe

e e
B-8q

Tumor imadiaton.-Reloase of stmulatory

Inductonof CTL and memary T
Use o immunc-stimulatorycyokines.

Chemotherapy. /

Targeting reduction/depletion of
immuno-suppressive cells

. Improved
cancer vaccine

molecus (doath roceplors,Fas, adhesion
molecules)

efficacy

ol 1y,

Improving interactions between
tumour and immune

SN poLiiansiens
D1, oTLAR, T, LA nhors

] puf i e
558wy e Mmoo
i o > 1COS etc)
< -





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fimmu.2020.584680/M35.jpg
S+ v(0) = 8l —kp

da
F T [e5)





OPS/images/fimmu.2020.584680/M36.jpg
v(t) = v 3 8(t - a). en)





OPS/images/fimmu.2020.584680/M4.jpg
@

L
7P

ooy

- g8 -

)





OPS/images/fimmu.2020.584680/M29.jpg
ult) = 1B 8(-a).





OPS/images/fimmu.2020.584680/M3.jpg
@)






OPS/images/fimmu.2020.584680/M30.jpg
a(t) = (5 x 10°ng/ml) x 38(t —nn)






OPS/images/fimmu.2020.584680/M33.jpg
ifj=1 andk= N,

otherwise .





OPS/images/fimmu.2020.584680/M26.jpg
Ci+ Co+ Gyt + Ca) (26)





OPS/images/fimmu.2020.584680/M27.jpg
Ky (ZX3 T) ((Ehmeker Conthm—tm) — Cil1 = Go)) (27)






OPS/images/fimmu.2020.584680/M28.jpg
B





OPS/images/fimmu.2020.584680/im6.jpg





OPS/images/fimmu.2020.584680/im7.jpg





OPS/images/fonc.2021.636977/table3.jpg
Peptides FIR obtained from various HAGE and WT1 peptide doses

10pg/mL 30ug/mL 50pg/mL 100pg/mL

HAGE/P4 1.8 (moderate) 2.3 (strong) 2.4 (strong) 2.3 (strong)
HAGE/P5 1.9 (moderate) 2.4 (strong) 2.4 (strong) 2.3 (strong)
HAGE/P6 1.8 (moderate) 2.3 (strong) 2.3 (strong) 2.2 (strong)
WT1/P3 2.6 (strong) 3.3 (very strong) 3.4 (very strong) 3.5 (very strong)
WT1/P5 1.0 (non) 1.4 (weak) 1.4 (weak) 1.5 (weak)

Serial doses were used to assess peptides binding affinity toward HLA-A using flow cytometry, peptides were then categorised for being a strong, moderate, and weak HLA-A2 binder
according to Fluorescence Intensity Ratio (FIR).
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primers

W1 forward
W1 reverse

0DX43 forward

0DX43 roverse

GUSB forward

GUSB roverse

HAGE forward (codon optimised)
HAGE reverse (codon optimised)

Sequence

GACTCATACAGGTGAMAGC
GAGTITGGICATGITICTCTG
CAACACCTATICAGICACAG
GACCAGATGAATAMTOGAGG
ACTGAACAGTCACCGAC
AARCATIGTGACTIGGCTAC
CCACATGCACTITCGACGAT
ATTCCTGGTOGGTICCTCTG

Annealing Temp

s8C
s8C
5C
58C
58C
56C
565G
s8°C
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The entire HAGE protein sequence of 648 amino acid length, from which the long 30-mer (yellow highlighted in A) and other short 9-15-mer peptides derived from the long 30-mer are
shown in A&B. This length was fully copied from NCBI website/FASTA, available at: https://www.ncbi.nim.nih.gov/protein/QINXZ2.2?report=fasta. Whereas the entire WT1 protein
sequence of 522 amino acid length (Isoform-D), from which the long 15-mer (vellow highlighted in C) and the two others short peptide derivatives are illustrated in C&D. This length was fully
copied from NCBI website/FASTA available at: https://www.ncbi.nim.nih.gov/protein/NP_077744.4?repol
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