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Antigen-specific immunotherapies, in particular peptide vaccines, depend on the recognition of naturally presented antigens derived from mutated and unmutated gene products on human leukocyte antigens, and represent a promising low-side-effect concept for cancer treatment. So far, the broad application of peptide vaccines in cancer patients is hampered by challenges of time- and cost-intensive personalized vaccine design, and the lack of neoepitopes from tumor-specific mutations, especially in low-mutational burden malignancies. In this study, we developed an immunopeptidome-guided workflow for the design of tumor-associated off-the-shelf peptide warehouses for broadly applicable personalized therapeutics. Comparative mass spectrometry-based immunopeptidome analyses of primary chronic lymphocytic leukemia (CLL) samples, as representative example of low-mutational burden tumor entities, and a dataset of benign tissue samples enabled the identification of high-frequent non-mutated CLL-associated antigens. These antigens were further shown to be recognized by pre-existing and de novo induced T cells in CLL patients and healthy volunteers, and were evaluated as pre-manufactured warehouse for the construction of personalized multi-peptide vaccines in a first clinical trial for CLL (NCT04688385). This workflow for the design of peptide warehouses is easily transferable to other tumor entities and can provide the foundation for the development of broad personalized T cell-based immunotherapy approaches.
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Introduction

The breakthrough clinical success of T cell-based immunotherapy approaches, including immune checkpoint inhibitors, CAR T cells, bispecific antibodies, and adoptive T cell transfer, has recently revolutionized the treatment of solid tumors and hematological malignancies. However, some patients do not respond to available therapies at all, others only temporarily calling for further efficacy improvement of T cell-centered immunotherapies. Peptide-based approaches, which rely on the specific immune recognition of tumor-associated human leukocyte antigen (HLA)-presented peptides, represent promising alternatives with low side effects. Targeting mutation-derived neoepitopes by vaccination in melanoma – a high-mutational burden tumor entity – has demonstrated immunogenicity and first clinical efficacy (1). However, only a minority of mutations at the DNA level is translated and naturally processed to HLA-presented neoepitopes targetable for T cells (2, 3). Non-mutated tumor-associated antigens, arising through differential gene expression or protein processing in tumor cells, might supplement or even substitute neoepitope targeting in low-mutational burden malignancies. Whereas a huge number of clinical studies have shown immune responses, including strong CD8+ T cell responses, to vaccines targeting non-mutated tumor antigens, so far, all performed trials failed to show meaningful clinical results (4–10). Nonetheless, several studies showed a pathophysiological relevance of these tumor antigens, correlating spontaneous, pre-existing as well as immune checkpoint inhibitor-induced T cell responses, targeting non-mutated tumor antigens with improved clinical outcome of malignancies (11–14). Therefore, the usage of novel technologies and methods, to unravel and resolve the underlying issues and limitations of non-mutated antigen-based vaccines, might enable that T cell responses, induced or boosted by these vaccines, may result in clinical effectiveness in the future (15).

One issue of former peptide-vaccine trials was the selection of non-mutated tumor antigens that were not proven to be naturally presented on the tumor cell surface of the individual patients. For multiple of the applied “classical” tumor antigens novel analyses showed a distorted correlation of tumor-associated presentation on mRNA level, and limited or even lacking presentation on cell surface HLA (16–22).

In recent years, characterization of naturally presented mutated and non-mutated tumor antigens was refined using direct, mass spectrometry-based analyses of the entirety of HLA ligands termed the immunopeptidome (13, 20–25). While mass spectrometric identification of neoepitopes remains rare with inter-individual heterogeneity and requires a time- and cost-intensive fully personalized vaccine design (1), distinct panels of high-frequent non-mutated tumor-associated antigens have been previously identified (13, 20–24). Such panels could enable the construction of off-the-shelf pre-manufactured peptide warehouses for the design of broadly applicable personalized therapeutics, such as multi-peptide vaccines or products for adoptive T cell transfer, that could be assembled based on patient-individual characteristics. To evaluate this concept in chronic lymphocytic leukemia (CLL) as representative example of an immunogenic, low-mutational burden malignancy (26, 27), we here developed a widely applicable workflow for the immunopeptidomics-guided design of such a warehouse, that provides the basis for the selection of personalized multi-peptide vaccine cocktails for a first-in-man clinical trial (NCT04688385).



Materials and Methods


Patients and Blood Samples

Peripheral blood mononuclear cells (PBMCs) from CLL patients as well as PBMCs from healthy volunteers (HVs) were isolated by density gradient centrifugation and stored at -80°C until further use for subsequent HLA immunoprecipitation or T cell-based assays. For immunopeptidome analysis, PBMCs from CLL patients with white blood cell counts ≥ 20 000 per µl were used. Informed consent was obtained in accordance with the Declaration of Helsinki protocol. The study was performed according to the guidelines of the local ethics committees (373/2011B02, 454/2016B02, 406/2019BO2). HLA typing of CLL patient samples was carried out by the Department of Hematology and Oncology, Tübingen, Germany. Patient characteristics of the immunopeptidome cohort (n = 61) are provided in Supplementary Table 1. Sample characteristics of the immunogenicity cohort (n = 51) are provided in Supplementary Table 2.



Isolation of HLA Ligands

HLA class I and HLA class II molecules were isolated by standard immunoaffinity purification (28) using the pan-HLA class I-specific monoclonal antibody W6/32, the pan-HLA class II-specific monoclonal antibody Tü-39, and the HLA-DR-specific monoclonal antibody L243 (all produced in-house) to extract HLA ligands.



Analysis of HLA Ligands by Liquid Chromatography-Coupled Tandem Mass Spectrometry (LC-MS/MS)

Isolated peptide samples were analyzed as described previously (13, 29). Peptides were separated by nanoflow high-performance liquid chromatography. Eluted peptides were analyzed in an online-coupled LTQ Orbitrap XL or Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher, Waltham, Massachusetts, USA).



Data Processing

Data processing was performed as described previously (13, 29). The Proteome Discoverer (v1.3, Thermo Fisher) was used to integrate the search results of the SequestHT search engine (University of Washington) (30) against the human proteome (Swiss-Prot database, 20 279 reviewed protein sequences, September 27th 2013) accompanied with recurrent somatic CLL-associated mutations in 61 different proteins (Supplementary Table 3) as described in the literature (31, 32) and assigned in the COSMIC database (http://cancer.sanger.ac.uk) (33) without enzymatic restriction. Precursor mass tolerance was set to 5 ppm. Fragment mass tolerance was set to 0.5 Da for ion trap spectra (LTQ Orbitrap XL) and 0.02 Da for orbitrap spectra (Orbitrap Fusion Lumos). Oxidized methionine was allowed as dynamic modification. The false discovery rate (FDR) estimated by the Percolator algorithm 2.04 (34) was limited to 5% for HLA class I- and 1% for HLA class II-presented peptides. HLA class I annotation was performed using SYFPEITHI 1.0 (35) and NetMHCpan 4.0 (36, 37).



Peptide Synthesis

Peptides were produced by the peptide synthesizer Liberty Blue (CEM, Kamp-Lintfort, Germany) using the 9-fluorenylmethyl-oxycarbonyl/tert-butyl strategy (38). Peptides for the peptide warehouse were selected with regard to a subsequent good manufacturing practice (GMP) and manufacturing license conform production process, including peptide length restriction of 20 amino acids, avoiding cysteine-containing peptides as well as peptides with histidine or proline at the C-terminus.



Spectrum Validation

Spectrum validation of the experimentally eluted peptides was performed by computing the similarity of the spectra with corresponding synthetic peptides measured in a complex matrix. The spectral correlation was calculated between the MS/MS spectra of the eluted and the synthetic peptide (39).



Amplification of Peptide-Specific T Cells and Interferon-γ (IFN-γ) Enzyme-Linked Immunospot (ELISpot) Assay

PBMCs from CLL patients were treated with 1 µg/ml anti-human PD-1 monoclonal antibody (CD279, #14-2799-80, Invitrogen, Carlsbad, CA, USA) and 1 µg/ml anti-human CTLA-4 monoclonal antibody (CD152, #16-1529-82, Invitrogen) for one hour before pulsing with 1 µg/ml or 5 µg/ml per HLA class I or HLA class II peptide, respectively. Negative control peptides with the respective HLA restrictions were also used for stimulation: YLLPAIVHI for HLA-A*02 (source protein: DDX5_HUMAN), KYPENFFLL for HLA-A*24 (source protein: PP1G_HUMAN), TPGPGVRYPL for HLA-B*07 (source protein: NEF_HV1BR) and ETVITVDTKAAGKGK for HLA class II (source protein: FLNA_HUMAN). Cells were cultured for 12 days adding 20 U/ml IL-2 (Novartis, Basel, Switzerland) on days 2, 5, and 7 (13, 22). Peptide-stimulated PBMCs were analyzed by IFN-γ ELISpot assay on day 12 (23, 40). Spots were counted using an ImmunoSpot S6 analyzer (CTL, Cleveland, OH, USA) and T cell responses were considered positive when > 10 spots/500 000 cells were counted, and the mean spot count was at least three-fold higher than the mean spot count of the negative control.



Refolding

Biotinylated HLA:peptide complexes were manufactured as described previously (41) and tetramerized using PE-conjugated streptavidin (Invitrogen) at a 4:1 molar ratio.



Induction of Peptide-Specific CD8+ T Cells With Artificial Antigen-Presenting Cells (aAPCs)

Priming of peptide-specific cytotoxic T lymphocytes was conducted using aAPCs as described previously  (42). In detail, 800 000 streptavidin-coated microspheres (Bangs Laboratories, Fishers, Indiana, USA) were loaded with 200 ng biotinylated HLA:peptide monomer and 600 ng biotinylated anti-human CD28 monoclonal antibody (clone 9.3, in-house production). CD8+ T cells were cultured with 4.8 U/µl IL-2 (R&D Systems, Minneapolis, MN, USA) and 1.25 ng/ml IL-7 (PromoKine, Heidelberg, Germany). Weekly stimulation with aAPCs (200 000 aAPCs per 1 × 106 CD8+ T cells) and 5 ng/ml IL-12 (PromoKine) was performed four times.



Cytokine and Tetramer Staining

The functionality of peptide-specific CD8+ T cells was analyzed by intracellular cytokine staining (ICS) as described previously (40, 43). Cells were pulsed with 10 µg/ml of individual peptide and incubated with FITC anti-human CD107a (BioLegend, San Diego, CA, USA) for one hour before incubating with 10 μg/ml Brefeldin A (Sigma-Aldrich, Saint Louis, MO, USA) and 10 μg/ml GolgiStop (BD, Franklin Lakes, NJ, USA) for 12-16 h. Staining was performed using aqua fluorescent reactive dye (Invitrogen), Cytofix/Cytoperm (BD), PE-Cy7 anti-human CD8 (Beckman Coulter, Brea, CA, USA), Pacific Blue anti-human tumor necrosis factor (TNF), and PE anti-human IFN-γ (Biolegend) monoclonal antibodies. PMA and ionomycin (Sigma-Aldrich) served as positive control. Negative control peptides were used as described for the ELISpot assays. The frequency of peptide-specific CD8+ T cells after aAPC-based priming was determined by PE-Cy7 anti-human CD8 monoclonal antibody and HLA:peptide tetramer-PE staining. Cells of the same donor primed with an irrelevant control peptide and stained with the tetramer containing the test peptide were used as negative control. The priming was considered successful if the frequency of peptide-specific CD8+ T cells was ≥ 0.1% of CD8+ T cells within the viable single cell population and at least three-fold higher than the frequency of peptide-specific CD8+ T cells in the negative control. The same evaluation criteria were applied for ICS results. Samples were analyzed on a FACS Canto II cytometer (BD).



Software and Statistical Analysis

An in-house Python script was used for the calculation of FDRs of CLL-associated peptides at different presentation frequencies (13). Overlap analysis was performed using BioVenn (44). The population coverage of HLA allotypes was calculated by the IEDB population coverage tool (www.iedb.org) (45, 46). Flow cytometric data was analyzed using FlowJo 10.0.8 (Treestar, Ashland, Oregon, USA). All figures and statistical analyses were generated using GraphPad Prism 9.0.2 (GraphPad Software, San Diego, CA, USA).




Results


Mass Spectrometry-Based Identification of Naturally Presented CLL-Associated Antigens

In the first step of our workflow for the definition of an off-the-shelf peptide warehouse (Figure 1A), we comprehensively mapped the immunopeptidome of 61 primary CLL samples (n = 52 for HLA class I, n = 49 for HLA class II, Supplementary Table 1). We identified a total of 58 554 unique HLA class I ligands representing 10 854 source proteins, obtaining 96% of the estimated maximum attainable source protein coverage (Figure 1B). The number of identified unique peptides per patient ranged from 527 to 9 530 (mean 3 035, Supplementary Table 4). For HLA class II, we identified 70 525 different peptides (range 575-10 392, mean 3 842 per sample, Supplementary Table 4) derived from 6 074 source proteins, achieving 85% of maximum attainable coverage (Supplementary Figure 1A).




Figure 1 | Comparative immunopeptidome profiling identifies CLL-associated antigens. (A) Mass spectrometry-based workflow for the design of a CLL-associated immunopeptidome-derived peptide warehouse. (B) Saturation analysis of source proteins of HLA class I-presented peptides. Number of unique source protein identifications shown as a function of cumulative immunopeptidome analysis of CLL samples (n = 52). Exponential regression allowed for the robust calculation of the maximum attainable number of different source protein identifications (dotted line). The dashed red line depicts the source proteome coverage achieved in the CLL cohort. (C) HLA-A*02, -A*24, and -B*07 allotype coverage within the CLL cohort (n = 61). The frequencies of individuals within the CLL cohort carrying up to three HLA allotypes (x-axis) are indicated as gray bars on the left y-axis. The cumulative percentage of population coverage is depicted as black dots on the right y-axis. (D, E) Overlap analysis of (D) HLA-A*02- and (E) HLA class II-restricted peptide identifications of primary CLL samples (D, n = 30; E, n = 49) and benign tissue samples (D, n = 351 including 162 HLA-A*02+; E, n = 312). (F, G) Comparative immunopeptidome profiling of (F) HLA-A*02- and (G) HLA class II-presented peptides based on the frequency of HLA-restricted presentation in immunopeptidomes of CLL and benign tissue samples. Frequencies of positive immunopeptidomes for the respective HLA-presented peptides (x-axis) are indicated on the y-axis. To allow for better readability, HLA-presented peptides identified in < 5% of the samples within the respective cohort were not depicted. The box on the left highlights the subset of CLL-associated antigens that show CLL-exclusive high-frequent presentation. IDs, identifications.



For the identification of broadly applicable non-mutated CLL-associated antigens, we focused on antigens presented by the common allotypes HLA-A*02, -A*24, and -B*07. In total, 87% (53/61, 61% A*02+, 28% A*24+, 28% B*07+) of CLL patients in our cohort carry at least one of the selected HLA class I allotypes (Figure 1C). In comparison, 76% of patients included in a previous CLL peptide vaccination trial (NCT02802943), 68% of the European population, and 61% of the world population carry one or more of these HLA allotypes (Supplementary Figures 1B–D). Allotype-specific immunopeptidome analysis revealed 8 575 unique HLA-A*02- (range 82-3 723, mean 1 121 per sample), 5 280 unique HLA-A*24- (range 134-1 926, mean 1 042 per sample), and 5 780 unique HLA-B*07-restricted (range 223-2 933, mean 1 140 per sample) peptides derived from 5 020, 3 813, and 3 886 source proteins, achieving 89%, 85%, and 86% of the estimated maximum attainable protein coverage, respectively (Supplementary Figures 1E–G, Supplementary Table 4). For comparative immunopeptidome profiling we utilized a dataset of benign hematological and non-hematological (www.hla-ligand-atlas.org) tissue samples (n = 351 for HLA class I, n = 312 for HLA class II) including 162 HLA-A*02+, 39 HLA-A*24+, and 63 HLA-B*07+ samples, comprising 97 738 unique HLA class I- and 168 060 HLA class II-presented peptides. Overlap analysis of the total HLA class I immunopeptidome of the CLL cohort with the benign tissue cohort revealed 23 676 peptides to be exclusively presented on CLL samples and never on benign tissue samples (Supplementary Figure 1H). Allotype-specific overlap analysis with the entirety of benign tissue-derived immunopeptidomes revealed 2 774 HLA-A*02-, 1 440 HLA-A*24-, and 1 450 HLA-B*07-presented peptides detected exclusively on CLL samples (Figure 1D and Supplementary Figures 1I, J). For HLA class II, overlap analysis identified 42 314 peptides to be CLL-exclusive (Figure 1E). At a target-definition FDR of < 1%, a total of 393 HLA-A*02-, 168 HLA-A*24-, and 127 HLA-B*07-restricted ligands with allotype-specific representation frequencies up to 73%, 81%, and 60%, respectively, and 3 970 HLA class II-restricted peptides with frequencies up to 59% were identified (Figures 1F, G and Supplementary Figures 1K, L, 2).



The Role of Neoantigens in the Immunopeptidome of CLL

In addition to the identification of high-frequent non-mutated tumor-associated peptides, we screened our CLL cohort for naturally presented neoepitopes derived from common CLL-associated point and frameshift mutations (95 point and 3 frameshift mutations within 61 different genes representing 85 different mutation sites, Supplementary Table 3). Even though these mutations potentially provide HLA binding motifs for several HLA allotypes, no naturally HLA-presented neoepitopes were identified in our immunopeptidome analyses. Of note, we were able to identify wild-type peptides derived from 57/61 (93%) mutation-bearing proteins in benign and/or CLL immunopeptidomes with an average of 15 and 11 HLA class I- and HLA class II-presented peptides per protein, respectively. However, only 17/85 (20%) mutation sites are covered directly by wild-type peptides as most of the recurrent CLL-associated mutations are located in “dark spots” of the immunopeptidome, defined as protein regions without any detectable HLA-presented peptides (Figures 2A, B).




Figure 2 | Immunopeptidome coverage of common CLL mutation sites and spectral validation of CLL-associated peptides. (A, B) Hotspot and dark spot analysis by HLA class I (above x-axis) and HLA class II (below x-axis) peptide clustering. All identified HLA class I- and HLA class II-presented peptides of the CLL and benign tissue immunopeptidomes were mapped to their amino acid positions within the respective source protein. Representative examples are shown for (A) XPO1 and (B) DNS2A. Representation frequencies of amino acid counts for the respective amino acid position (x-axis) were calculated and are indicated on the y-axis. The red lines highlight the analyzed mutation sites of recurrent CLL-associated mutations. (C, D) Representative examples of the validation of the experimentally eluted (C) HLA class I-restricted peptide P1B07 and (D) the HLA class II-restricted peptide P2II using synthetic isotope-labeled peptides. Comparison of fragment spectra (m/z on the x-axis) of peptides eluted from primary CLL patient samples (identification) to their corresponding synthetic peptides (validation). The spectra of the synthetic peptides are mirrored on the x-axis. Identified b- and y-ions are marked in red and blue, respectively. The calculated spectral correlation coefficients are depicted on the right graph, respectively. aa, amino acid; npep, number of peptides.





Definition of Peptide Warehouse

For the setup of a broadly applicable peptide warehouse, we focused on the 532 non-mutated peptides presented by ≥ 20% of (HLA-matched) CLL samples comprising 82 HLA-A*02-, 105 HLA-A*24-, 127 HLA-B*07-, and 218 HLA class II-restricted peptides (Supplementary Tables 5–8). For HLA class II, 184/218 (84%) peptides showed length variants (> 50% overlap) that were presented on benign samples and were therefore omitted.

To enable the peptide warehouse production for clinical application, further selection steps, including approval of producibility, solubility, and stability of target antigens under GMP conditions, delineated a 14-peptide panel (Table 1) comprising 9 HLA class I- (3 for each allotype) and 5 HLA class II-restricted CLL-exclusive high-frequent target antigens. Experimentally acquired spectra of the selected peptide identifications were validated by comparison of mass spectrometric fragment spectra using isotope-labeled synthetic peptides (Figures 2C, D and Supplementary Figure 3).


Table 1 | Immunogenicity of CLL-associated warehouse peptides.





Warehouse Peptides Show Pre-Existing and De Novo Inducible Immune Responses in CLL Patients and HVs

In the final step, selected peptide targets were analyzed for their immunogenicity, i.e., their potential to induce antigen-specific T cell responses. Using aAPC-based in vitro priming of naive CD8+ T cells of HLA-matched HVs, we confirmed induction of peptide-specific CD8+ T cells for all 9 HLA class I peptides in at least 2/3 HVs (Figure 3A, Supplementary Figures 4A, B and Table 1). Intracellular cytokine and degranulation marker staining revealed induction of multifunctional peptide-specific T cells for 7/9 (78%) peptides (Figure 3B, Supplementary Figures 4C, D and Table 1). Moreover, IFN-γ ELISpot assays, using PBMCs from HLA-matched CLL patients, revealed preexisting peptide-specific memory T cells targeting 2/9 (22%) and 4/5 (80%) HLA class I- and HLA class II-restricted warehouse peptides in up to 29% and 50% of CLL patient samples, respectively (Figures 3C, D, Supplementary Figure 5 and Table 1). In total, we validated 13/14 (93%) of the preselected naturally presented CLL-associated HLA class I- and HLA class II-restricted peptides as immunogenic, with either pre-existing or de novo inducible immune responses, unveiling these as ideal targets for peptide-based immunotherapy approaches.




Figure 3 | Immunogenicity analyses of CLL-associated peptides. (A) Representative example of P3B07-specific tetramer staining of CD8+ T cells after 4 cycles of aAPC-based in vitro priming. Graphs show single, viable cells stained for CD8 and PE-conjugated multimers of indicated specificity. The upper panel displays P3B07-tetramer staining of T cells primed with P3B07. The lower panel (negative control) depicts P3B07-tetramer staining of T cells from the same donor primed with an HLA-matched irrelevant control peptide. (B) Functional characterization of induced P1B07-specific CD8+ T cells after in vitro aAPC-based priming by intracellular cytokine (IFN-γ, TNF) and degranulation marker (CD107a) staining. Representative example of IFN-γ and TNF production as well as CD107a expression after stimulation with the peptide P1B07 compared to an HLA-matched negative control peptide. (C, D) Representative examples of preexisting T cell responses to (C) HLA-B*07- and (D) HLA class II-restricted peptides as evaluated by IFN-γ ELISpot assays after 12-day in vitro expansion using PBMC samples of CLL patients (C, UPN064; D, UPN066). Data are presented as scatter dot plot with mean. FSC, forward scatter; Neg, negative control; Pos, positive control.






Discussion

We present a novel workflow for the immunopeptidomics-guided design of off-the-shelf peptide warehouses, here applied to CLL as a representative of low-mutational burden tumor entities. The mass spectrometry-based characterization of high-frequent, non-mutated, tumor-associated, and immunogenic antigens naturally presented on primary CLL samples enables the development of a personalized peptide-based immunotherapy in a time- and cost-effective manner, and can be easily transferred to other tumor entities.

The treatment landscape for CLL has faced profound changes with the development and clinical success of targeted therapies in the past years (47, 48), including the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib (49). However, beside the combination of anti-CD20 antibodies and venetoclax, all novel substances require continuous treatment bearing the risk of therapy resistance and accumulation of side effects. Current efforts are now focusing on the further and earlier elimination of minimal residual disease (MRD) to allow for reduced treatment duration and the therewith associated side effects, as well as the achievement of long-lasting remission and potential cure in the future. The favorable immune effector-to-target cell ratios in the MRD setting and the immunogenicity of CLL (26, 27) suggest that this malignancy might be effectively targeted by peptide-based immunotherapy.

For the clinical application of such approaches three different strategies have been proposed. (i) Stratification, applying an invariant drug product to every patient, seems unsuitable due to the patient-individual HLA allotypes. Therefore, such an approach must focus on very common HLA allotypes thereby excluding a substantial proportion of patients. In addition, as shown by us and others, even in allotype-matched patients of the same entity, presentation of tumor-associated peptides is not given in 100% of tumors, calling for more personalized approaches of target selection (21, 50). However, the broad applicability of (ii) completely individualized peptide vaccine concepts is hampered, since these are based on time- and cost-intensive patient-specific identification and selection processes and on-demand de novo drug production (1, 5, 51). The approach of (iii) peptide warehouse design, comprising a collection of pre-defined and pre-manufactured high-frequent tumor-associated peptides, enables the subsequent composition of patient-specific vaccine cocktails based on individual characteristics (5, 10, 52).

In recent years, multiple peptide vaccination approaches were focused on the targeting of neoepitopes from tumor mutations as prime tumor-specific targets. For tumor entities with high mutational burden, such as melanoma, high immunogenicity and first signs of clinical efficacy have been demonstrated (1, 53). However, only a minority of mutations at the DNA sequence level is translated and processed to naturally presented HLA-restricted neoepitopes that can be targeted by T cells (2, 16, 54, 55). This is in line with our data demonstrating the lack of naturally presented neoantigens in the immunopeptidome of CLL. Together with recent immunopeptidomic studies (16, 21, 56) we showed that HLA-presented peptides are not randomly distributed across protein sequences but rather show “hotspot” locations of presentation. Most of the recurrent CLL-associated mutations are located in “dark spots” of the immunopeptidome, defined as protein regions without any detectable HLA-presented peptides, explaining the rare detection of neoepitopes especially in low-mutational burden entities. The underlying reasons for the occurrence of such hotspots and corresponding dark spots still remain ambiguous but might include differential proteasomal cleavage, peptide processing, and HLA-binding (16, 56, 57). Thus, the role of neoantigen-based T cell responses in tumor entities with low-mutational burden remains obscure, calling for the application of alternative targets in peptide-based immunotherapy approaches (1–3). Non-mutated tumor peptides, arising through altered gene expression or protein processing in the tumor cells have been suggested as vaccine targets for many years (4–10, 13, 58, 59). However, although numerous clinical trials reported peptide-specific T cell induction upon vaccination with non-mutated tumor antigens, no correlation with clinical activity was shown and no meaningful clinical results were achieved (4–10). Nevertheless, there are two main points that prompt us and others, despite former disappointing clinical data, to use novel technologies and methods to unravel and resolve the underlying issues and limitations of non-mutated antigen-based vaccines: (i) Several studies report on the existence of spontaneous preexisting T cell responses targeting non-mutated tumor antigens and their correlation with beneficial clinical outcome, suggesting a pathophysiological relevance of these immune responses in vivo (11–14) and (ii) recent data show that immune checkpoint inhibitor-mediated T cell responses are not only targeting neoepitopes but also non-mutated tumor antigens (60–62).

Several unmet issues that hamper the development of effective peptide vaccines have been identified in recent years and need to be considered and addressed during future peptide vaccine design. These include target antigen selection, time points of application, and selection of combinatorial drugs (15, 63). Within this study we aimed to address one obvious and often discussed issue of former vaccination trials, where peptide selection included non-mutated tumor antigens that were never proven to be naturally presented on the tumor cell surface of the individual patients. For multiple of the applied “classical” tumor antigens novel analyses showed a distorted correlation of tumor-associated presentation on mRNA level, and limited or even lacking presentation on the immunopeptidome level (16–22), highlighting that the immunopeptidome is an independent complex layer formed by the antigen presentation machinery, and does not necessarily mirror the transcriptome or proteome. Therefore, it is essential to use direct methods of peptide target identification (64). This can be realized by mass spectrometry-based analysis of the entirety of naturally presented HLA ligands, termed the HLA ligandome or immunopeptidome of cancer cells (65). In recent years, we and others worked intensively on the characterization of such naturally presented tumor-associated peptides based on the direct isolation of HLA class I- and class II-presented ligands from tumor cells and the subsequent identification by mass spectrometry (21–24, 66, 67). Our approach allowed the identification of distinct panels of high-frequent non-mutated tumor peptides across multiple donors.

In addition to cytotoxic CD8+ T cells, CD4+ T cells play important direct and indirect roles in anti-cancer immunity (68) and therefore are indispensable for vaccination approaches. Consequently, the here described workflow comprises target selection of multiple HLA class I- and HLA class II-presented peptides to prevent antigen loss and reduce the risk of immune escape, which often occurs under therapeutic pressure (69, 70). Furthermore, the promiscuous binding motifs of HLA class II molecules enable a broad allotype-independent application of these peptides.

Moreover, the detection of preexisting memory T cell responses targeting our warehouse peptides underscores the pathophysiological relevance of our selected antigen targets for immune surveillance in CLL.

Further limitations of peptide vaccines in general, and in particular of non-mutated antigen vaccine peptides, comprise tumor evasion, immune-editing and immune cell exhaustion (71). Increased numbers of regulatory T cells (Treg) have been associated with a worse outcome of vaccination, both in mice and patients (72, 73). In addition, peripheral tolerance limits the available T cell repertoire capable of recognizing cancer cells with high affinity. T cell recruitment is often impaired by an immunosuppressive tumor environment (74) and the aberrant tumor vasculature actively suppresses the access of cancer-specific T cells (75), which limits therapeutic vaccine efficacy. Therefore, combinatorial approaches to further improve vaccine-induced effects are currently being investigated. These include strategies to deplete or modulate Tregs (7, 76–80) as well as the development of modified, so-called heteroclitic, vaccine peptides to enhance low-affinity T cells (81, 82). Furthermore, to overcome limited T cell function and recruitment, combinatorial approaches with immune checkpoint inhibitors (83, 84) as well as with direct or indirect microenvironment modifiers, such as MEK or PARP inhibitors as well as VEGF-targeting antibody- or inhibitor-based therapies, are already evaluated (85). The importance of a rational selection of combinatorial drugs was recently demonstrated in a phase III peptide vaccination study (86), which failed to confirm the vaccine-induced immune responses and clinical outcome reported in the preceding phase II trial (7). Here, the combination of the peptide vaccine with the tyrosine kinase inhibitor sunitinib, for which a negative impact on T cell responses was described (87), was suggested as an underlying reason. In contrast, a supporting and positive effect on T cell functionality was proven for other tyrosine kinase inhibitors, such as ibrutinib (88–90), suggesting this BTK inhibitor as a potential combination drug for peptide vaccines in CLL patients.

Together, this study presents a mass spectrometry-based workflow for the design of an immunopeptidome-derived off-the-shelf CLL-associated peptide warehouse, which is currently being evaluated within a first personalized multi-peptide vaccine trial in combination with the novel adjuvant XS15 (91) in CLL patients under ibrutinib treatment (iVAC-XS15-CLL01, NCT04688385). Integrating next generation developments and insights, in terms of antigen selection, interaction of tumor cells with the immune system and rational selection of combination therapies, we aim to contribute a further step on the way to clinically effective peptide vaccinations with this study. Our warehouse design concept is further easily transferable to other tumor entities, enabling the construction of broadly applicable peptide warehouses, which provide the foundation for the development of time- and cost-effective personalized T cell-based immunotherapy approaches.



Data Availability Statement

The mass spectrometry data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE (92) partner repository with the dataset identifier PXD024871.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics committee of the University Hospital Tübingen. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

AN, YM, H-GR, and JW designed the study. AN, AM, and JB performed immunopeptidome experiments. YM and TB conducted in vitro T cell experiments. HS, MR, JH, MN, WA, CD, GI, and JW provided new reagents/analytic tools/samples. HS, MR, JH, MN, WA, CD, GI, and JW collected patient data. AN, YM, and JW analyzed data. AN, YM, and JW wrote the manuscript. All authors revised the manuscript. H-GR and JW supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation, Grant WA 4608/1-2), the Deutsche Forschungsgemeinschaft under Germany’s Excellence Strategy (Grant EXC2180-390900677), the German Cancer Consortium (DKTK), the Wilhelm Sander Stiftung (Grant 2016.177.2), the José Carreras Leukämie-Stiftung (Grant DJCLS 05 R/2017), and the Fortüne Program of the University of Tübingen (Fortüne number 2451-0-0 and 2581-0-0).



Acknowledgments

We thank Ulrike Schmidt, Sabrina Sauter, Hannah Zug, Claudia Falkenburger, Beate Pömmerl, and Ulrich Wulle for technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.705974/full#supplementary-material

The Supplementary Information contains the Supplementary Figures 1–5 and the Supplementary Tables 1–8.



References

1. Ott, PA, Hu, Z, Keskin, DB, Shukla, SA, Sun, J, Bozym, DJ, et al. An Immunogenic Personal Neoantigen Vaccine for Patients With Melanoma. Nature (2017) 547(7662):217–21. doi: 10.1038/nature22991

2. Yadav, M, Jhunjhunwala, S, Phung, QT, Lupardus, P, Tanguay, J, Bumbaca, S, et al. Predicting Immunogenic Tumour Mutations by Combining Mass Spectrometry and Exome Sequencing. Nature (2014) 515(7528):572–6. doi: 10.1038/nature14001

3. Finn, OJ, and Rammensee, HG. Is It Possible to Develop Cancer Vaccines to Neoantigens, What Are the Major Challenges, and How Can These Be Overcome? Neoantigens: Nothing New in Spite of the Name. Cold Spring Harb Perspect Biol (2018) 10(11):a028829. doi: 10.1101/cshperspect.a028829

4. Schmitt, M, Schmitt, A, Rojewski, MT, Chen, J, Giannopoulos, K, Fei, F, et al. RHAMM-R3 Peptide Vaccination in Patients With Acute Myeloid Leukemia, Myelodysplastic Syndrome, and Multiple Myeloma Elicits Immunologic and Clinical Responses. Blood (2008) 111(3):1357–65. doi: 10.1182/blood-2007-07-099366

5. Hilf, N, Kuttruff-Coqui, S, Frenzel, K, Bukur, V, Stevanovic, S, Gouttefangeas, C, et al. Actively Personalized Vaccination Trial for Newly Diagnosed Glioblastoma. Nature (2019) 565(7738):240–5. doi: 10.1038/s41586-018-0810-y

6. Oka, Y, Tsuboi, A, Taguchi, T, Osaki, T, Kyo, T, Nakajima, H, et al. Induction of WT1 (Wilms' Tumor Gene)-Specific Cytotoxic T Lymphocytes by WT1 Peptide Vaccine and the Resultant Cancer Regression. Proc Natl Acad Sci USA (2004) 101(38):13885–90. doi: 10.1073/pnas.0405884101

7. Walter, S, Weinschenk, T, Stenzl, A, Zdrojowy, R, Pluzanska, A, Szczylik, C, et al. Multipeptide Immune Response to Cancer Vaccine IMA901 After Single-Dose Cyclophosphamide Associates With Longer Patient Survival. Nat Med (2012) 18(8):1254–61. doi: 10.1038/nm.2883

8. Brunsvig, PF, Kyte, JA, Kersten, C, Sundstrom, S, Moller, M, Nyakas, M, et al. Telomerase Peptide Vaccination in NSCLC: A Phase II Trial in Stage III Patients Vaccinated After Chemoradiotherapy and an 8-Year Update on a Phase I/II Trial. Clin Cancer Res an Off J Am Assoc Cancer Res (2011) 17(21):6847–57. doi: 10.1158/1078-0432.CCR-11-1385

9. Hubbard, JM, Cremolini, C, Graham, RP, Moretto, R, Mitchell, JL, Wessling, J, et al. Evaluation of Safety, Immunogenicity, and Preliminary Efficacy of PolyPEPI1018 Off-the-Shelf Vaccine With Fluoropyrimidine/Bevacizumab Maintenance Therapy in Metastatic Colorectal Cancer (mCRC) Patients. J Clin Oncol (2020) 38(15_suppl):4048. doi: 10.1200/JCO.2020.38.15_suppl.4048

10. Yoshimura, K, Minami, T, Nozawa, M, Kimura, T, Egawa, S, Fujimoto, H, et al. A Phase 2 Randomized Controlled Trial of Personalized Peptide Vaccine Immunotherapy With Low-Dose Dexamethasone Versus Dexamethasone Alone in Chemotherapy-Naive Castration-Resistant Prostate Cancer. Eur Urol (2016) 70(1):35–41. doi: 10.1016/j.eururo.2015.12.050

11. Casalegno-Garduno, R, Schmitt, A, Spitschak, A, Greiner, J, Wang, L, Hilgendorf, I, et al. Immune Responses to WT1 in Patients With AML or MDS After Chemotherapy and Allogeneic Stem Cell Transplantation. Int J Cancer J Int du Cancer (2016) 138(7):1792–801. doi: 10.1002/ijc.29909

12. Hojjat-Farsangi, M, Jeddi-Tehrani, M, Daneshmanesh, AH, Mozaffari, F, Moshfegh, A, Hansson, L, et al. Spontaneous Immunity Against the Receptor Tyrosine Kinase ROR1 in Patients With Chronic Lymphocytic Leukemia. PloS One (2015) 10(11):e0142310. doi: 10.1371/journal.pone.0142310

13. Kowalewski, DJ, Schuster, H, Backert, L, Berlin, C, Kahn, S, Kanz, L, et al. HLA Ligandome Analysis Identifies the Underlying Specificities of Spontaneous Antileukemia Immune Responses in Chronic Lymphocytic Leukemia (CLL). Proc Natl Acad Sci USA (2015) 112(2):E166–75. doi: 10.1073/pnas.1416389112

14. Godet, Y, Fabre, E, Dosset, M, Lamuraglia, M, Levionnois, E, Ravel, P, et al. Analysis of Spontaneous Tumor-Specific CD4 T-Cell Immunity in Lung Cancer Using Promiscuous HLA-DR Telomerase-Derived Epitopes: Potential Synergistic Effect With Chemotherapy Response. Clin Cancer Res an Off J Am Assoc Cancer Res (2012) 18(10):2943–53. doi: 10.1158/1078-0432.CCR-11-3185

15. Nelde, A, Rammensee, HG, and Walz, JS. The Peptide Vaccine of the Future. Mol Cell Proteomics (2021) 20:100022. doi: 10.1074/mcp.R120.002309

16. Bassani-Sternberg, M, Braunlein, E, Klar, R, Engleitner, T, Sinitcyn, P, Audehm, S, et al. Direct Identification of Clinically Relevant Neoepitopes Presented on Native Human Melanoma Tissue by Mass Spectrometry. Nat Commun (2016) 7:13404. doi: 10.1038/ncomms13404

17. Weinzierl, AO, Lemmel, C, Schoor, O, Muller, M, Kruger, T, Wernet, D, et al. Distorted Relation Between mRNA Copy Number and Corresponding Major Histocompatibility Complex Ligand Density on the Cell Surface. Mol Cell Proteomics (2007) 6(1):102–13. doi: 10.1074/mcp.M600310-MCP200

18. Fortier, MH, Caron, E, Hardy, MP, Voisin, G, Lemieux, S, Perreault, C, et al. The MHC Class I Peptide Repertoire is Molded by the Transcriptome. J Exp Med (2008) 205(3):595–610. doi: 10.1084/jem.20071985

19. Bassani-Sternberg, M, Pletscher-Frankild, S, Jensen, LJ, and Mann, M. Mass Spectrometry of Human Leukocyte Antigen Class I Peptidomes Reveals Strong Effects of Protein Abundance and Turnover on Antigen Presentation. Mol Cell Proteomics (2015) 14(3):658–73. doi: 10.1074/mcp.M114.042812

20. Neidert, MC, Kowalewski, DJ, Silginer, M, Kapolou, K, Backert, L, Freudenmann, LK, et al. The Natural HLA Ligandome of Glioblastoma Stem-Like Cells: Antigen Discovery for T Cell-Based Immunotherapy. Acta Neuropathol (2018) 135(6):923–38. doi: 10.1007/s00401-018-1836-9

21. Bilich, T, Nelde, A, Bichmann, L, Roerden, M, Salih, HR, Kowalewski, DJ, et al. The HLA Ligandome Landscape of Chronic Myeloid Leukemia Delineates Novel T-Cell Epitopes for Immunotherapy. Blood (2019) 133(6):550–65. doi: 10.1182/blood-2018-07-866830

22. Berlin, C, Kowalewski, DJ, Schuster, H, Mirza, N, Walz, S, Handel, M, et al. Mapping the HLA Ligandome Landscape of Acute Myeloid Leukemia: A Targeted Approach Toward Peptide-Based Immunotherapy. Leukemia (2015) 29(3):647–59. doi: 10.1038/leu.2014.233

23. Walz, S, Stickel, JS, Kowalewski, DJ, Schuster, H, Weisel, K, Backert, L, et al. The Antigenic Landscape of Multiple Myeloma: Mass Spectrometry (Re)Defines Targets for T-Cell-Based Immunotherapy. Blood (2015) 126(10):1203–13. doi: 10.1182/blood-2015-04-640532

24. Schuster, H, Peper, JK, Bösmüller, HC, Rohle, K, Backert, L, Bilich, T, et al. The Immunopeptidomic Landscape of Ovarian Carcinomas. Proc Natl Acad Sci USA (2017) 114(46):E9942–51. doi: 10.1073/pnas.1707658114

25. Reustle, A, Di Marco, M, Meyerhoff, C, Nelde, A, Walz, JS, Winter, S, et al. Integrative -Omics and HLA-Ligandomics Analysis to Identify Novel Drug Targets for ccRCC Immunotherapy. Genome Med (2020) 12(1):32. doi: 10.1186/s13073-020-00731-8

26. Ribera, JM, Vinolas, N, Urbano-Ispizua, A, Gallart, T, Montserrat, E, and Rozman, C. "Spontaneous" Complete Remissions in Chronic Lymphocytic Leukemia: Report of Three Cases and Review of the Literature. Blood Cells (1987) 12(2):471–83.

27. Gribben, JG, Zahrieh, D, Stephans, K, Bartlett-Pandite, L, Alyea, EP, Fisher, DC, et al. Autologous and Allogeneic Stem Cell Transplantations for Poor-Risk Chronic Lymphocytic Leukemia. Blood (2005) 106(13):4389–96. doi: 10.1182/blood-2005-05-1778

28. Nelde, A, Kowalewski, DJ, and Stevanovic, S. Purification and Identification of Naturally Presented MHC Class I and II Ligands. Methods Mol Biol (2019) 1988:123–36. doi: 10.1007/978-1-4939-9450-2_10

29. Nelde, A, Kowalewski, DJ, Backert, L, Schuster, H, Werner, JO, Klein, R, et al. HLA Ligandome Analysis of Primary Chronic Lymphocytic Leukemia (CLL) Cells Under Lenalidomide Treatment Confirms the Suitability of Lenalidomide for Combination With T-Cell-Based Immunotherapy. Oncoimmunology (2018) 128(22):3234. doi: 10.1182/blood.V128.22.3234.3234

30. Eng, JK, McCormack, AL, and Yates, JR. An Approach to Correlate Tandem Mass Spectral Data of Peptides With Amino Acid Sequences in a Protein Database. J Am Soc Mass Spectrom (1994) 5(11):976–89. doi: 10.1016/1044-0305(94)80016-2

31. Hernandez-Sanchez, M, Kotaskova, J, Rodriguez, AE, Radova, L, Tamborero, D, Abaigar, M, et al. CLL Cells Cumulate Genetic Aberrations Prior to the First Therapy Even in Outwardly Inactive Disease Phase. Leukemia (2019) 33(2):518–58. doi: 10.1038/s41375-018-0255-1

32. Amin, NA, and Malek, SN. Gene Mutations in Chronic Lymphocytic Leukemia. Semin Oncol (2016) 43(2):215–21. doi: 10.1053/j.seminoncol.2016.02.002

33. Tate, JG, Bamford, S, Jubb, HC, Sondka, Z, Beare, DM, Bindal, N, et al. COSMIC: The Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res (2019) 47(D1):D941–D7. doi: 10.1093/nar/gky1015

34. Kall, L, Canterbury, JD, Weston, J, Noble, WS, and MacCoss, MJ. Semi-Supervised Learning for Peptide Identification From Shotgun Proteomics Datasets. Nat Methods (2007) 4(11):923–5. doi: 10.1038/nmeth1113

35. Schuler, MM, Nastke, MD, and Stevanovic, S. SYFPEITHI: Database for Searching and T-Cell Epitope Prediction. Methods Mol Biol (2007) 409:75–93. doi: 10.1007/978-1-60327-118-9_5

36. Hoof, I, Peters, B, Sidney, J, Pedersen, LE, Sette, A, Lund, O, et al. NetMHCpan, a Method for MHC Class I Binding Prediction Beyond Humans. Immunogenetics (2009) 61(1):1–13. doi: 10.1007/s00251-008-0341-z

37. Jurtz, V, Paul, S, Andreatta, M, Marcatili, P, Peters, B, and Nielsen, M. NetMHCpan-4.0: Improved Peptide-MHC Class I Interaction Predictions Integrating Eluted Ligand and Peptide Binding Affinity Data. J Immunol (2017) 199(9):3360–8. doi: 10.4049/jimmunol.1700893

38. Sturm, T, Leinders-Zufall, T, Macek, B, Walzer, M, Jung, S, Pommerl, B, et al. Mouse Urinary Peptides Provide a Molecular Basis for Genotype Discrimination by Nasal Sensory Neurons. Nat Commun (2013) 4:1616. doi: 10.1038/ncomms2610

39. Toprak, UH, Gillet, LC, Maiolica, A, Navarro, P, Leitner, A, and Aebersold, R. Conserved Peptide Fragmentation as a Benchmarking Tool for Mass Spectrometers and a Discriminating Feature for Targeted Proteomics. Mol Cell Proteomics (2014) 13(8):2056–71. doi: 10.1074/mcp.O113.036475

40. Widenmeyer, M, Griesemann, H, Stevanovic, S, Feyerabend, S, Klein, R, Attig, S, et al. Promiscuous Survivin Peptide Induces Robust CD4+ T-Cell Responses in the Majority of Vaccinated Cancer Patients. Int J Cancer J Int du Cancer (2012) 131(1):140–9. doi: 10.1002/ijc.26365

41. Altman, JD, Moss, PA, Goulder, PJ, Barouch, DH, McHeyzer-Williams, MG, Bell, JI, et al. Phenotypic Analysis of Antigen-Specific T Lymphocytes. Science (1996) 274(5284):94–6. doi: 10.1126/science.274.5284.94

42. Peper, JK, Bosmuller, HC, Schuster, H, Guckel, B, Horzer, H, Roehle, K, et al. HLA Ligandomics Identifies Histone Deacetylase 1 as Target for Ovarian Cancer Immunotherapy. Oncoimmunology (2016) 5(5):e1065369. doi: 10.1080/2162402X.2015.1065369

43. Neumann, A, Horzer, H, Hillen, N, Klingel, K, Schmid-Horch, B, Buhring, HJ, et al. Identification of HLA Ligands and T-Cell Epitopes for Immunotherapy of Lung Cancer. Cancer Immunol Immunother CII (2013) 62(9):1485–97. doi: 10.1007/s00262-013-1454-2

44. Hulsen, T, de Vlieg, J, and Alkema, W. BioVenn - A Web Application for the Comparison and Visualization of Biological Lists Using Area-Proportional Venn Diagrams. BMC Genomics (2008) 9:488. doi: 10.1186/1471-2164-9-488

45. Bui, HH, Sidney, J, Dinh, K, Southwood, S, Newman, MJ, and Sette, A. Predicting Population Coverage of T-Cell Epitope-Based Diagnostics and Vaccines. BMC Bioinform (2006) 7:153. doi: 10.1186/1471-2105-7-153

46. Vita, R, Overton, JA, Greenbaum, JA, Ponomarenko, J, Clark, JD, Cantrell, JR, et al. The Immune Epitope Database (IEDB) 3.0. Nucleic Acids Res (2015) 43(Database issue):D405–D12. doi: 10.1093/nar/gku938

47. Burger, JA, Barr, PM, Robak, T, Owen, C, Ghia, P, Tedeschi, A, et al. Long-Term Efficacy and Safety of First-Line Ibrutinib Treatment for Patients With CLL/SLL: 5 Years of Follow-Up From the Phase 3 RESONATE-2 Study. Leukemia (2020) 34(3):787–98. doi: 10.1038/s41375-019-0602-x

48. Seymour, JF, Kipps, TJ, Eichhorst, B, Hillmen, P, D’Rozario, J, Assouline, S, et al. Venetoclax–Rituximab in Relapsed or Refractory Chronic Lymphocytic Leukemia. New Engl J Med (2018) 378(12):1107–20. doi: 10.1056/NEJMoa1713976

49. Woyach, JA, Ruppert, AS, Heerema, NA, Zhao, W, Booth, AM, Ding, W, et al. Ibrutinib Regimens Versus Chemoimmunotherapy in Older Patients With Untreated CLL. N Engl J Med (2018) 379(26):2517–28. doi: 10.1056/NEJMoa1812836

50. Ternette, N, Olde Nordkamp, MJM, Muller, J, Anderson, AP, Nicastri, A, Hill, AVS, et al. Immunopeptidomic Profiling of HLA-A2-Positive Triple Negative Breast Cancer Identifies Potential Immunotherapy Target Antigens. Proteomics (2018) 18(12):e1700465. doi: 10.1002/pmic.201700465

51. Fang, Y, Mo, F, Shou, J, Wang, H, Luo, K, Zhang, S, et al. A Pan-Cancer Clinical Study of Personalized Neoantigen Vaccine Monotherapy in Treating Patients With Various Types of Advanced Solid Tumors. Clin Cancer Res an Off J Am Assoc Cancer Res (2020) 26(17):4511–20. doi: 10.1158/1078-0432.CCR-19-2881

52. Narita, Y, Arakawa, Y, Yamasaki, F, Nishikawa, R, Aoki, T, Kanamori, M, et al. A Randomized, Double-Blind, Phase III Trial of Personalized Peptide Vaccination for Recurrent Glioblastoma. Neuro Oncol (2019) 21(3):348–59. doi: 10.1093/neuonc/noy200

53. Sahin, U, Derhovanessian, E, Miller, M, Kloke, BP, Simon, P, Lower, M, et al. Personalized RNA Mutanome Vaccines Mobilize Poly-Specific Therapeutic Immunity Against Cancer. Nature (2017) 547(7662):222–6. doi: 10.1038/nature23003

54. Freudenmann, LK, Marcu, A, and Stevanovic, S. Mapping the Tumour Human Leukocyte Antigen (HLA) Ligandome by Mass Spectrometry. Immunology (2018) 154(3):331–45. doi: 10.1111/imm.12936

55. van Rooij, N, van Buuren, MM, Philips, D, Velds, A, Toebes, M, Heemskerk, B, et al. Tumor Exome Analysis Reveals Neoantigen-Specific T-Cell Reactivity in an Ipilimumab-Responsive Melanoma. J Clin Oncol (2013) 31(32):e439–42. doi: 10.1200/JCO.2012.47.7521

56. Pearson, H, Daouda, T, Granados, DP, Durette, C, Bonneil, E, Courcelles, M, et al. MHC Class I-Associated Peptides Derive From Selective Regions of the Human Genome. J Clin Invest (2016) 126(12):4690–701. doi: 10.1172/JCI88590

57. Marino, F, Semilietof, A, Michaux, J, Pak, HS, Coukos, G, Muller, M, et al. Biogenesis of HLA Ligand Presentation in Immune Cells Upon Activation Reveals Changes in Peptide Length Preference. Front Immunol (2020) 11:1981. doi: 10.3389/fimmu.2020.01981

58. Mailander, V, Scheibenbogen, C, Thiel, E, Letsch, A, Blau, IW, and Keilholz, U. Complete Remission in a Patient With Recurrent Acute Myeloid Leukemia Induced by Vaccination With WT1 Peptide in the Absence of Hematological or Renal Toxicity. Leukemia (2004) 18(1):165–6. doi: 10.1038/sj.leu.2403186

59. Van Tendeloo, VF, Van de Velde, A, Van Driessche, A, Cools, N, Anguille, S, Ladell, K, et al. Induction of Complete and Molecular Remissions in Acute Myeloid Leukemia by Wilms' Tumor 1 Antigen-Targeted Dendritic Cell Vaccination. Proc Natl Acad Sci USA (2010) 107(31):13824–9. doi: 10.1073/pnas.1008051107

60. Berner, F, Bomze, D, Diem, S, Ali, OH, Fassler, M, Ring, S, et al. Association of Checkpoint Inhibitor-Induced Toxic Effects With Shared Cancer and Tissue Antigens in Non-Small Cell Lung Cancer. JAMA Oncol (2019) 5(7):1043–7. doi: 10.1001/jamaoncol.2019.0402

61. Lo, JA, Kawakubo, M, Juneja, VR, Su, MY, Erlich, TH, LaFleur, MW, et al. Epitope Spreading Toward Wild-Type Melanocyte-Lineage Antigens Rescues Suboptimal Immune Checkpoint Blockade Responses. Sci Transl Med (2021) 13(581):eabd8636. doi: 10.1126/scitranslmed.abd8636

62. Zhou, J, Li, J, Guleria, I, Chen, T, Giobbie-Hurder, A, Stevens, J, et al. Immunity to X-Linked Inhibitor of Apoptosis Protein (XIAP) in Malignant Melanoma and Check-Point Blockade. Cancer Immunol Immunother CII (2019) 68(8):1331–40. doi: 10.1007/s00262-019-02370-4

63. Shae, D, Baljon, JJ, Wehbe, M, Becker, KW, Sheehy, TL, and Wilson, JT. At the Bench: Engineering the Next Generation of Cancer Vaccines. J Leukoc Biol (2020) 108(4):1435–53. doi: 10.1002/JLB.5BT0119-016R

64. Di Marco, M, Peper, JK, and Rammensee, HG. Identification of Immunogenic Epitopes by MS/MS. Cancer J (2017) 23(2):102–7. doi: 10.1097/PPO.0000000000000252

65. Falk, K, Rotzschke, O, Stevanovic, S, Jung, G, and Rammensee, HG. Allele-Specific Motifs Revealed by Sequencing of Self-Peptides Eluted From MHC Molecules. Nature (1991) 351(6324):290–6. doi: 10.1038/351290a0

66. Kowalewski, DJ, Walz, S, Backert, L, Schuster, H, Kohlbacher, O, Weisel, K, et al. Carfilzomib Alters the HLA-Presented Peptidome of Myeloma Cells and Impairs Presentation of Peptides With Aromatic C-Termini. Blood Cancer J (2016) 6:e411. doi: 10.1038/bcj.2016.14

67. Heidenreich, F, Rucker-Braun, E, Walz, JS, Eugster, A, Kuhn, D, Dietz, S, et al. Mass Spectrometry-Based Identification of a Naturally Presented Receptor Tyrosine Kinase-Like Orphan Receptor 1-Derived Epitope Recognized by CD8(+) Cytotoxic T Cells. Haematologica (2017) 102(11):e460–4. doi: 10.3324/haematol.2017.167312

68. Janssen, EM, Lemmens, EE, Wolfe, T, Christen, U, von Herrath, MG, and Schoenberger, SP. CD4+ T Cells are Required for Secondary Expansion and Memory in CD8+ T Lymphocytes. Nature (2003) 421(6925):852–6. doi: 10.1038/nature01441

69. Chang, CC, and Ferrone, S. Immune Selective Pressure and HLA Class I Antigen Defects in Malignant Lesions. Cancer Immunol Immunother CII (2007) 56(2):227–36. doi: 10.1007/s00262-006-0183-1

70. Khong, HT, Wang, QJ, and Rosenberg, SA. Identification of Multiple Antigens Recognized by Tumor-Infiltrating Lymphocytes From a Single Patient: Tumor Escape by Antigen Loss and Loss of MHC Expression. J Immunother (2004) 27(3):184–90. doi: 10.1097/00002371-200405000-00002

71. Zhang, Z, Liu, S, Zhang, B, Qiao, L, Zhang, Y, and Zhang, Y. T Cell Dysfunction and Exhaustion in Cancer. Front Cell Dev Biol (2020) 8:17. doi: 10.3389/fcell.2020.00017

72. 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

73. Zhou, G, Drake, CG, and Levitsky, HI. Amplification of Tumor-Specific Regulatory T Cells Following Therapeutic Cancer Vaccines. Blood (2006) 107(2):628–36. doi: 10.1182/blood-2005-07-2737

74. Murciano-Goroff, YR, Warner, AB, and Wolchok, JD. The Future of Cancer Immunotherapy: Microenvironment-Targeting Combinations. Cell Res (2020) 30(6):507–19. doi: 10.1038/s41422-020-0337-2

75. Schaaf, MB, Garg, AD, and Agostinis, P. Defining the Role of the Tumor Vasculature in Antitumor Immunity and Immunotherapy. Cell Death Dis (2018) 9(2):115. doi: 10.1038/s41419-017-0061-0

76. Rech, AJ, Mick, R, Martin, S, Recio, A, Aqui, NA, Powell, DJ Jr, et al. CD25 Blockade Depletes and Selectively Reprograms Regulatory T Cells in Concert With Immunotherapy in Cancer Patients. Sci Transl Med (2012) 4(134):134ra62. doi: 10.1126/scitranslmed.3003330

77. Sharma, M, Khong, H, Fa'ak, F, Bentebibel, SE, Janssen, LME, Chesson, BC, et al. Bempegaldesleukin Selectively Depletes Intratumoral Tregs and Potentiates T Cell-Mediated Cancer Therapy. Nat Commun (2020) 11(1):661. doi: 10.1038/s41467-020-14471-1

78. Alizadeh, D, and Larmonier, N. Chemotherapeutic Targeting of Cancer-Induced Immunosuppressive Cells. Cancer Res (2014) 74(10):2663–8. doi: 10.1158/0008-5472.CAN-14-0301

79. Tanaka, A, and Sakaguchi, S. Regulatory T Cells in Cancer Immunotherapy. Cell Res (2017) 27(1):109–18. doi: 10.1038/cr.2016.151

80. Zeng, G, Jin, L, Ying, Q, Chen, H, Thembinkosi, MC, Yang, C, et al. Regulatory T Cells in Cancer Immunotherapy: Basic Research Outcomes and Clinical Directions. Cancer Manag Res (2020) 12:10411–21. doi: 10.2147/CMAR.S265828

81. Gigoux, M, Zappasodi, R, Park, JJ, Pourpe, S, Ghosh, A, Bozkus, CC, et al. Heteroclitic Peptide Cancer Vaccine Counters MHC-I Skewing in Mutant Calreticulin-Positive Myeloproliferative Neoplasms. J Immunol (2020) 204(1 Supplement):239.34–.34.

82. Dao, T, Korontsvit, T, Zakhaleva, V, Jarvis, C, Mondello, P, Oh, C, et al. An Immunogenic WT1-Derived Peptide That Induces T Cell Response in the Context of HLA-A* 02: 01 and HLA-A* 24: 02 Molecules. Oncoimmunology (2017) 6(2):e1252895. doi: 10.1080/2162402X.2016.1252895

83. Ribas, A, and Wolchok, JD. Cancer Immunotherapy Using Checkpoint Blockade. Science (2018) 359(6382):1350–5. doi: 10.1126/science.aar4060

84. Martínez-Usatorre, A, Donda, A, Zehn, D, and Romero, P. PD-1 Blockade Unleashes Effector Potential of Both High-and Low-Affinity Tumor-Infiltrating T Cells. J Immunol (2018) 201(2):792–803. doi: 10.4049/jimmunol.1701644

85. Pelster, MS, and Amaria, RN. Combined Targeted Therapy and Immunotherapy in Melanoma: A Review of the Impact on the Tumor Microenvironment and Outcomes of Early Clinical Trials. Ther Adv Med Oncol (2019) 11:1758835919830826. doi: 10.1177/1758835919830826

86. Rini, BI, Stenzl, A, Zdrojowy, R, Kogan, M, Shkolnik, M, Oudard, S, et al. IMA901, a Multipeptide Cancer Vaccine, Plus Sunitinib Versus Sunitinib Alone, as First-Line Therapy for Advanced or Metastatic Renal Cell Carcinoma (IMPRINT): A Multicentre, Open-Label, Randomised, Controlled, Phase 3 Trial. Lancet Oncol (2016) 17(11):1599–611. doi: 10.1016/S1470-2045(16)30408-9

87. Gu, Y, Zhao, W, Meng, F, Qu, B, Zhu, X, Sun, Y, et al. Sunitinib Impairs the Proliferation and Function of Human Peripheral T Cell and Prevents T-Cell-Mediated Immune Response in Mice. Clin Immunol (2010) 135(1):55–62. doi: 10.1016/j.clim.2009.11.013

88. Yin, Q, Sivina, M, Robins, H, Yusko, E, Vignali, M, O'Brien, S, et al. Ibrutinib Therapy Increases T Cell Repertoire Diversity in Patients With Chronic Lymphocytic Leukemia. J Immunol (2017) 198(4):1740–7. doi: 10.4049/jimmunol.1601190

89. Cubillos-Zapata, C, Avendano-Ortiz, J, Cordoba, R, Hernandez-Jimenez, E, Toledano, V, Perez de Diego, R, et al. Ibrutinib as an Antitumor Immunomodulator in Patients With Refractory Chronic Lymphocytic Leukemia. Oncoimmunology (2016) 5(12):e1242544. doi: 10.1080/2162402X.2016.1242544

90. Sagiv-Barfi, I, Kohrt, HE, Burckhardt, L, Czerwinski, DK, and Levy, R. Ibrutinib Enhances the Antitumor Immune Response Induced by Intratumoral Injection of a TLR9 Ligand in Mouse Lymphoma. Blood (2015) 125(13):2079–86. doi: 10.1182/blood-2014-08-593137

91. Rammensee, HG, Wiesmuller, KH, Chandran, PA, Zelba, H, Rusch, E, Gouttefangeas, C, et al. A New Synthetic Toll-Like Receptor 1/2 Ligand is an Efficient Adjuvant for Peptide Vaccination in a Human Volunteer. J Immunother Cancer (2019) 7(1):307. doi: 10.1186/s40425-019-0796-5

92. Vizcaino, JA, Deutsch, EW, Wang, R, Csordas, A, Reisinger, F, Rios, D, et al. ProteomeXchange Provides Globally Coordinated Proteomics Data Submission and Dissemination. Nat Biotechnol (2014) 32(3):223–6. doi: 10.1038/nbt.2839



Conflict of Interest: H-GR is shareholder of Immatics Biotechnologies GmbH, Synimmune GmbH, and Curevac AG, and holds a patent application on an adjuvant, XS15. AN, H-GR, and JW are listed as inventors on patents related to peptides described in this manuscript.

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 Nelde, Maringer, Bilich, Salih, Roerden, Heitmann, Marcu, Bauer, Neidert, Denzlinger, Illerhaus, Aulitzky, Rammensee and Walz. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunopeptidomics-Guided Warehouse Design for Peptide-Based Immunotherapy in Chronic Lymphocytic Leukemia

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients and Blood Samples

          



          		

            Isolation of HLA Ligands

          



          		

            Analysis of HLA Ligands by Liquid Chromatography-Coupled Tandem Mass Spectrometry (LC-MS/MS)

          



          		

            Data Processing

          



          		

            Peptide Synthesis

          



          		

            Spectrum Validation

          



          		

            Amplification of Peptide-Specific T Cells and Interferon-γ (IFN-γ) Enzyme-Linked Immunospot (ELISpot) Assay

          



          		

            Refolding

          



          		

            Induction of Peptide-Specific CD8+ T Cells With Artificial Antigen-Presenting Cells (aAPCs)

          



          		

            Cytokine and Tetramer Staining

          



          		

            Software and Statistical Analysis

          



        



        



        		

          Results

        

          		

            Mass Spectrometry-Based Identification of Naturally Presented CLL-Associated Antigens

          



          		

            The Role of Neoantigens in the Immunopeptidome of CLL

          



          		

            Definition of Peptide Warehouse

          



          		

            Warehouse Peptides Show Pre-Existing and De Novo Inducible Immune Responses in CLL Patients and HVs

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-705974-g002.jpg
Intensity

XPO1

©] M cumtng 476

A i =14

Frequency of aa (%]

DNs2A

st <20

A i =191

o =0 si0 5
Sequence position

Pliy SPRVYWLGL

1000

Correation coefficient

0 ES
Sequence position

P2, QPPDWLQGHYLVRYEDL

Correation coefficient






OEBPS/Images/fimmu.2021.705974_cover.jpg
, frontiers
in Immunology

Immunopeptidomics-Guided
Warehouse Design for Peptide-
Based Immunotherapy in Chronic
Lymphocytic Leukemia





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-705974-g001.jpg
Identification

W02, A"24, 807 A s -

Immuncpeptidonic
Epotents (53] v+ [Benigntoes (o= 351)

denticaton of CLLssocted eptdes

Scvening or necepiopes
N/
Cl-associated peptides

Selection|

Produdiy sobliy sabiky

7
Peptide panel for validation

Validation

Valdaton with et pepdes

Immanogenicty testg

nviropining.

l\ asporan

P —

peptide warehouse

- e
P ——

2000 3005 st 1307 rtem.

Frequency o positve

Immunopeptidomes %]

= e atiees)

e s samges
0 g 162 M)

19 0.

Frequency of positive

immunopeptidomes (]

-
. e s oo 1231)

50 ni
§-. ngg
X .
in| ML
z

L2 3
LA classallotypes pr Indvidual

T pe—
= 0+ e

o mpg S

HUAA®02 restricted igands (n = 10485)

"HUA class W-restricted peptides (n = 26 006)





OEBPS/Images/table1.jpg
Peptide ID

P102
P2p02
P3a02
Plazs
P2x2q
P3a24
Plgo7
P2g07
P3go7
P1,
P2,
P3,
P4,
P5,

Sequence

VIAELPPKV
ALHRPDVYL
TLDTSKLYV
GYMPYLNRF
KYSKALIDYF
RHTGALPLF
SPRVYWLGL
RPSNKAPLL
LPRLEALDL
GSSFFGELFNQNPE
QPPDWLQGHYLWRYEDL
YPDRPGWLRYIQRTPYSDG
DHAQLVAIKTLKDYNNPQ
LLLILRDPSERVLSDY

ID, identification; HVs, healthy volunteers.

Source
protein

IGHM
IGHM
RGRF1
SWP70
AFF3
SiL3
CL17A
EHMT1
TLR9
CHST2
CHST2
SGCE
ROR1
HS3S1

HLA
restriction

A*02
A*02
A*02
A24
A24
A24
B*07
B*07
B07
class Il
class Il
class Il
class Il
class Il

Peptide
length

S © ©©©

© © ©

Allotype-specific
frequency

47%
40%
37%
56%
50%
50%
53%
47%
40%
59%
29%
27%
24%
24%

Tcell
response in
CLL

0/19 (0%)
019 (0%)
0/19 (0%)
0/14 (0%)
0/14 (0%)
0/14 (0%)
4/14 (29%)
0/14 (0%)
414

0/10 (0%)
3/10 (30%)

In vitro CD8*
T cell priming
in HVs

3/3
3/3
3/3
3/3
2/3
3/3
3/3
3/3
3/3

Functionality of peptide-
specific T cells after
in vitro priming

TNF*
TNF*
IFN-y* TNF*
IFN-y* TNF*
IFN-y" TNF*
IFN-y* TNF* CD107a*
IFN-y* TNF* CD107a*
IFN-y* TNF* CD107a"
IFN-y* TNF* CD107a*





OEBPS/Images/fimmu-12-705974-g003.jpg





