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Background

Immune checkpoint blockade with monoclonal antibodies targeting programmed death 1 (PD-1) and its ligand PD-L1 has played a major role in the rise of cancer immune therapy. We have identified naturally occurring self-reactive T cells specific to PD-L1 in both healthy donors and cancer patients. Stimulation with a PD-L1 peptide (IO103), activates these cells to exhibit inflammatory and anti-regulatory functions that include cytotoxicity against PD-L1–expressing target cells. This prompted the initiation of the present first-in-human study of vaccination with IO103, registered at clinicaltrials.org (NCT03042793).



Methods

Ten patients with multiple myeloma who were up to 6 months after high dose chemotherapy with autologous stem cell support, were enrolled. Subcutaneous vaccinations with IO103 with the adjuvant Montanide ISA 51 was given up to fifteen times during 1 year. Safety was assessed by the common toxicity criteria for adverse events (CTCAE). Immunogenicity of the vaccine was evaluated using IFNγ enzyme linked immunospot and intracellular cytokine staining on blood and skin infiltrating lymphocytes from sites of delayed-type hypersensitivity. The clinical course was described.



Results

All adverse reactions to the PD-L1 vaccine were below CTCAE grade 3, and most were grade 1–2 injection site reactions. The total rate of adverse events was as expected for the population. All patients exhibited peptide specific immune responses in peripheral blood mononuclear cells and in skin-infiltrating lymphocytes after a delayed-type hypersensitivity test. The clinical course was as expected for the population. Three of 10 patients had improvements of responses which coincided with the vaccinations.



Conclusion

Vaccination against PD-L1 was associated with low toxicity and high immunogenicity. This study has prompted the initiation of later phase trials to assess the vaccines efficacy.



Clinical Trial Registration

clinicaltrials.org, identifier NCT03042793.
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Introduction

The development of monoclonal antibodies that block immune checkpoint molecules (ICB) has launched a new era in the treatment of malignancies. However, ICB treatment benefits a minority of patients with cancer and is associated with side effects (1, 2). We have recently explored whether ICBs can also be targeted by peptide vaccination. Such a vaccine could potentially combine the low toxicity of vaccination with a therapy that mitigates cancer-imposed immune inhibition.

In preclinical studies, we have demonstrated that the ICB programmed death ligand 1 (PD-L1) is recognized by T cells in both healthy donors and cancer patients (3). These PD-L1–reactive T cells can be activated by peptide stimulation. From the signal peptide of PD-L1, we developed a highly immunogenic 19-amino-acid peptide, designated IO103. IO103-stimulated PD-L1–specific T cells are cytotoxic to cancer cell lines, including melanoma, renal cell carcinoma, breast cancer, leukemia, and chronic myeloproliferative neoplasms (4–7). In vitro stimulation with PD-L1 peptide boosted immune responses to a dendritic cell (DC) vaccine (8). Similarly, immune responses to PD-L1 have been observed in multiple myeloma (MM) (Jørgensen et al., in preparation).

In MM, T cells and natural killer (NK) cells in the tumor microenvironment exhibit upregulated PD-1, and MM cells, osteoclasts, and DCs are often PD-L1+ (9–16). The PD-1/PD-L1 pathway indirectly promotes myeloma progression by causing failure of immune control. Moreover, bone marrow (BM) stromal cells induce myeloma cells to express PD-L1, inducing increased tumor cell proliferation and reduced susceptibility to chemotherapy (17). PD-L1 expression is often detected on plasma cells in extramedullary plasmacytomas of late-stage disease (18). Furthermore, PD-1 levels on T cells in myeloma patients are negatively correlated with survival (19), and PD-L1 upregulation on MM cells is common among patients with relapsed or refractory MM and associated with an aggressive phenotype (20). However, PD-1 blockade does not exhibit single-agent activity in MM (21), and initial promising data regarding combination therapy with PD-1 ICB and immunomodulatory drugs with dexamethasone was not confirmed in randomized trials (22, 23). The present study was initiated before these randomized trials were halted by the FDA in 2017.

Peptide vaccination has shown promising results in early-stage neoplasia, and combined with chemotherapy (24). High-dose chemotherapy with autologous stem cell support (HDT)-mediated lymphodepletion yields a decreased Treg/CD8+ ratio, which theoretically should favor immunotherapy post-HDT (25, 26). Furthermore, in preclinical studies, homeostatic cytokine-driven peripheral T-cell expansion after lymphodepletion reportedly aids the establishment of antitumor responses to vaccines, prompting several studies of post-HDT immune therapy (27, 28). Hence, we chose to vaccinate patients as they were in post-HDT remission.

Based on previous studies of therapeutic cancer vaccines, we expected a low level of adverse reactions. The impressive preclinical immunogenicity of the peptide led us to expect the induction of strong immune responses to IO103. Here, we present the results from a phase I first-in-human study of subcutaneous vaccination with IO103 emulsified with the adjuvant Montanide.



Subjects and Methods


Study Design

In this first-in-human open-label single-armed study, the safety and immunogenicity of vaccinations using the PD-L1 peptide IO103 with the adjuvant Montanide was evaluated. Patients were enrolled at Herlev and Gentofte University Hospital, Copenhagen, Denmark, between February and November of 2017. The study was conducted in accordance with the Helsinki Declaration, and Good Clinical Practice (GCP) recommendations. All participants gave written informed consent before enrollment. The protocol was approved by the Ethics Committee of the Capital Region of Denmark, the National Board of Health, and the Danish Data Protection Agency, and registered at www.clinicaltrials.gov (NCT03042793; date of registration: February 2, 2017). Blood samples were obtained from a reference cohort of unvaccinated patients (n = 6) with MM and who concurrently received the same standard-of-care treatment as the vaccinated patients, after they gave written informed consent in an observational study approved by the Ethics Committee of the Capital Region of Denmark (Approval no. H-17010084). In the same study, serum was sampled from patients with smoldering multiple myeloma (n = 10).

With no previous human exposure to this vaccine to perform statistical power calculations, a sample size of 10 individuals was chosen based on experience from similar studies. Eligibility criteria included Eastern Cooperative Oncology Group performance status of ≤2, no severe comorbidities or autoimmune diseases, and no signs of myeloma relapse. Cytogenetic analyses were not required. Supplementary Table 1 presents full inclusion and exclusion criteria. Patients with MM were enrolled to receive vaccination once they were in remission, between 4 weeks to 6 months post-HDT. No additional maintenance treatment was given. All patients received zoledronic acid to minimize the rate of skeletal osteolytic lesions.



Treatment

Vaccination with a long peptide forces uptake and presentation by antigen presenting cells, whereas vaccination with short peptides (9–10 amino acids) could lead to merely coating HLA molecules. Thus, vaccination with long peptides permits inclusion of patients without HLA-type restriction, and is associated with stimulation of both CD4+ and CD8+ T cells (29). In this study, patients were administered subcutaneous vaccinations containing 100 μg IO103, a 19-amino-acid peptide (FMTYWHLLNAFTVTVPKDL) from the signal peptide of PD-L1 (PolyPeptide Laboratories, France). The peptide was dissolved in dimethylsulfoxide (DMSO), sterile filtered, and frozen at –20° Celsius (NUNC™ CryoTubes™ CryoLine System™ Internal Thread, Sigma-Aldrich). At ≤2 h before administration, the peptide was thawed and dissolved in sterile water for injection. Immediately before injection, the dissolved peptide was emulsified 1:1 with the adjuvant Montanide ISA-51 (Seppic Inc. Paris, France) to a total volume of 1 ml (30). Vaccinations were administered by subcutaneous injection every two weeks, repeated six times, and then once every 4 weeks until reaching a total of 15 vaccines.



Clinical Evaluation

Adverse events were assessed according to CTCAE v.4.03. Patients were followed with frequent blood samples including a full myeloma panel and electrocardiograms. Clinical response was evaluated following International Myeloma Working Group (IMWG) response criteria (31). Time to next treatment was calculated from autologous stem cell transplant (ASCT) until initiation of next treatment.



Blood and Bone Marrow Samples

Blood samples for isolation of serum and peripheral blood mononuclear cells (PBMCs) were obtained at baseline, after three vaccinations, after six vaccinations, and after 15 vaccinations or at relapse. Samples were kept at room temperature (RT) for ≤5 h until handling. PBMCs were isolated by gradient centrifugation of heparinized blood on Lymphoprep (STEMCELL Technologies) in LeucoSep tubes (Greiner Bio-One). Isolated PBMCs were cryopreserved in 90% human serum (Sigma-Aldrich) with 10% DMSO (Sigma-Aldrich) using controlled-rate freezing (Cool-Cell, Biocision) in a –80°C freezer. The next day, the ampules were transferred to –140°C. To obtain serum samples, blood was collected in 8-ml Vacuette gel tubes containing clot activator (Greiner Bio-One). The tubes were centrifuged, and serum was stored at –140°C. Serum and PBMCs were stored in 1.8-ml NUNC™ CryoTubes™ CryoLine System™ Internal Thread (Sigma-Aldrich).

Heparinized bone marrow samples (10 ml in a heparinized tube) were obtained at baseline, after six vaccines, and after 15 vaccines or at relapse. The samples were subjected to red blood cell lysis by adding Ortho-Lysing Buffer diluted 10× in H20, followed by centrifugation and incubation for 15 min in the dark. The remaining cells were cryopreserved following the same procedure as for PBMCs.



Delayed-Type Hypersensitivity and Skin-Infiltrating Lymphocytes

Presence of tumor-specific T cells in biopsies from delayed-type hypersensitivity (DTH) testing post-vaccination is correlated with clinical outcome (32). We assessed the presence of vaccine-reactive cells at DTH sites after six vaccinations. On the lower back, we performed three intradermal injections of IO103 without adjuvant and one control injection of aqueous solvent containing DMSO without peptide. At 48 h post-DTH injection, skin reaction was measured, and punch biopsies were taken from the sites of IO103-containing injections and cut into fragments. Fragments were cultured in 24-well plates for 3–5 weeks in RPMI-1640 with 10% human serum and 100 U/ml interleukin-2 (IL-2) with penicillin, streptomycin, and fungizone. Three times weekly, half the medium was replaced with fresh medium containing IL-2. Skin-infiltrating lymphocytes (SKILs) emigrated from the biopsies. After 3–5 weeks, SKILs were harvested and tested in ELISPOT assays (see below). The remaining SKILs were cryopreserved, as described for PBMCs.



IFNγ ELISpot Assay

To assess T-cell responses against IO103, indirect interferon gamma Enzyme-Linked ImmunoSPOT (IFNγ-ELISpot) assays were performed as previously described (3). PBMCs were stimulated once in vitro to increase assay sensitivity (33). Briefly, cryopreserved PBMCs were thawed and stimulated once with IO103 at RT in 24-well plates with 0.5 ml X-VIVO medium. After 2 h, 1.5 ml X-VIVO medium with 5% human serum was added, and the plate was incubated at 37°C under 5% CO2. The next day, IL-2 was added, yielding a concentration of 120 U/ml. After 5–10 days, stimulated PBMCs were added to a 96-well nitrocellulose plate (MultiScreen, MAIP N45; Millipore) precoated with anti-IFNγ-mAb (mAb 1-DIK, Mabtech, Sweden). IO103 was added, and the cells were incubated overnight. Next day, the plates were washed, biotinylated secondary anti-INFγ mAb (Mabtech) was added, and the plates were incubated for 2 h at RT. Then, the plates were washed, Streptavidin-enzyme conjugate (AP-Avidin; Calbiochem/Invitrogen Life Technologies) was added, and the plates were incubated for 1 h at RT, and then washed again. Finally, the enzyme substrate NBT/BCIP (Invitrogen Life Technologies) was added, and the resulting spots were counted using the ImmunoSpot Series 2.0 Analyser (CTL Analyser). Maximum count was set to 500 spots/well. Raw data are available upon request.

IFNγ-ELISPOT assays on PBMCs were run in triplicate with 2.2–3.0 × 105 cells/well. For graphic representation, numbers were normalized to 2.2 × 105 cells/well. IFNγ-ELISPOT assays on SKILs were run in triplicate or quadruplicate with 3 × 105 cells/well, using a reversed sequence of the IO103 peptide as a control. IFNγ-ELISPOT assays on BM samples were hampered by low viability and high background, but singlets were run from all time points from one patient.



Flow Cytometry on PBMCs

Cryopreserved PBMCs were thawed in wash buffer (0.5% BSA, 2 mM EDTA in PBS) at 37°C, and Fc-receptors blocked by incubation with human IgG (20 mcg/ml). PBMCs were stained in three panels using the following antibodies: CD3-FITC, CD56-PE, CD11c-PE, CD8-PerCP, HLA-DR-PerCP, CD27-BV421, CD25-BV421, CD4-BV510, CD28-PE-Cy7, CD3-PE-Cy7, CD19-PE-Cy7, CD127-PE-Cy7, CD45RA-APC, CD56-BV510 (all from BD Bioscience, NJ, United States), CCR7-PE, PD-1-APC, CD14-BV421 (all from Biolegend, California, United States), CD16-FITC (Dako, Glostrup, Denmark), and NiR live-dead reagent for APC-Cy7 channel (Invitrogen-Thermo Fischer, United States). Two panels for analyzing regulatory T cells (Tregs) were run: one with intracellular FoxP3-PE and one with only surface markers, including CCR7-PE. Both Treg panels included CD45RA-FITC, CD4-PerCP, CD127-PE-Cy7, CCR4-APC, CD25-BV421, and CD15s-BV510. Samples were incubated with relevant antibodies for 20 min in the dark at 4°C, washed, and then analyzed on a FACS Canto II flow cytometer (BD) and analyzed using FACSDiva Software version 8.0.1 (BD). T cells in the CD4 and CD8 compartments were characterized by examining live singlet events in the PBMC (lymphocyte and monocyte) gate in the forward and side scatter plot. Naïve T cells were characterized as CCR7+CD45RA+, central memory (CM) as CCR7+CD45RA–, effector memory as CCR7–CD45RA–, and effector memory RA+ (EMRA) as CCR7–CD45RA+. Tregs were gated on PBMCs, singlets, live cells, and subsequently on CD4+ cells. Supplementary Figure 10 presents the gating strategy for Tregs. Myeloid DCs (LIN–CD11c+HLA-DR+CD14-CD16–) and non-classical monocytes (LIN–CD11c+HLA-DR+CD14–CD16+) were gated from the Lineage (CD3/CD19/CD56) and CD14 negative and CD11c, HLA-DR positive fraction of PBMCs. To analyze SKILs’ cytokine secretion capability, intracellular cytokine staining was performed on SKILs incubated 5 h with or without 5 μg/ml IO103 (37°C, 5% CO2). GolgiPlug (BD) was applied before staining with CD3-APC-H7, CD4-PerCP/FITC, CD8-Pacific Blue/PerCP, and Horizon Fixable Viability Stain 510 (BD). The cells were fixed and permeabilized with Fixation/Permeabilization Buffer (eBioscience), following the manufacturer’s instructions, and then intracellularly stained using IFNγ-PE-Cy7/APC (eBioscience) and TNF-APC/BV421 (eBioscience). Relevant isotype controls were used to support correct compensation and confirm antibody specificity.



Cytokines in Serum

Cytokines in serum samples were measured using the MSD Mesoscale V-Plex Human Cytokine 30-plex Kit (Catalog No. K15054D-1), following the manufacturer’s instructions, except that the samples were diluted four-fold instead of two-fold.



Statistical Analysis

Responses in ELISpot assays were determined using the previously described distribution-free resampling (DFR) method as described by Moodie et al. (34). The Wilcoxon matched-pairs signed-rank test was used to compare responses to IO103 between baseline and later time points. For flow cytometry samples, the unpaired Mann-Whitney was used to compare lymphocyte subsets in vaccinated patients versus the reference cohort at an individual time point. As this exploratory analysis was descriptive and done post hoc, no formal multiple testing corrections were performed. p values ≤ 0.05 were considered significant. All analyses were performed in Graphpad Prism v 8.0 (GraphPad Software. Inc.).

For cytokine heatmaps each protein/cytokine was normalized by subtracting the mean value and dividing by standard deviation of the logarithmic transformed values. The normalized values for the cytokines for each subject were shown in the heatmap. The dendrograms and ordering of subjects and cytokines were performed by hierarchical clustering using Ward’s method. Distances between cytokines were calculated by 1 – r, where r is the Pearson correlation coefficient and distances between subjects by Euclidian distance. The R function “agnes” in the “cluster” package was used for clustering.




Results


Patient Characteristics

Our study population included 10 patients with MM (4 female and 6 male; mean age, 60.3 years; age range: 39–70), who had undergone HDT treatment within 1–6 months. Table 1 shows patient characteristics. Nine patients were included after first-line induction therapy with HDT. Induction therapy comprised standard of care therapy of cyclophosphamide, bortezomib, and dexamethasone (Cy-Vel-Dex) for all but one patient who instead received bortezomib, thalidomide, and dexamethasone (VTD, patient 4) due to renal insufficiency at diagnosis. Patient 9 was included after Cy-Vel-Dex and HDT, following relapse occurring 18 years after primary double transplantation. Five patients lacked cytogenetic data from diagnosis. FISH was performed on BM samples at inclusion, but the low tumor burden post-HDT prohibited cytogenetic analysis. All included patients received at least 6 vaccines and are included in the data set.


Table 1 | Patient characteristics.





Adverse Events

Infections are common in patients with MM, and the infection rate is further increased for at least one1 year post-HDT. The rate of infections and other adverse events was as expected for the population (Table 2). Adverse events considered potentially related to vaccination were most commonly injection site reactions and were all transient of nature (Table 2). No adverse events above grade 2 were deemed related to the vaccine. No autoimmune adverse events were observed.


Table 2 | AEs total adverse events during vaccinations.





Immune Responses in Blood

PBMCs from blood samples were assessed using indirect ELISPOT assays against IO103. No or little response to the vaccine occurred at baseline, while all patients exhibited a response to IO103 during the vaccination course (Figures 1A–D). To assess whether immune responses to IO103 would normally occur post-HDT, we ran IO103 ELISPOT on our reference cohort at similar time points as in the vaccinated patients. Consistent with our previous data, we observed spontaneous immune responses to IO103 before HDT. These responses were not observed post-HDT in the unvaccinated reference cohort (Figure 1E), likely due to the strong lympho-depleting chemotherapy.




Figure 1 | IFNγ-ELISPOT immune responses against IO103. (A) responses in PBMCs in vaccinated patients (bars represent median); (B) Heatmap of responses in PBMCs per vaccinated per time point. (*DFRx1; **DFRx2); (C) representative example of ELISPOT-wells with response; (D) best response in PBMCs in vaccinated patients; (E) responses in unvaccinated reference cohort including time point before HDT (All p-values: Wilcoxon matched-pairs signed rank test); (F) IFNγ-ELISPOT responses against IO103 in bone marrow samples from patient 4.





Immune Responses in the Skin

Nine patients consented to DTH testing before the seventh vaccine. The cells from one patient (patient 3) were accidentally infected in culture. All eight evaluable patients had a positive skin induration of more than double the diameter of the control injection. SKILs could be grown from skin biopsies of all patients, and all were strongly reactive to the vaccine as evaluated by IFNγ-ELISPOT (Figure 2A). IL2-expanded SKILs were mainly CD4+ T cells (data not shown). Intracellular cytokine staining after stimulation with IO103 revealed that these CD4+ SKILs secreted tumor necrosis factor alfa (TNF-α) and a minor fraction also secreted IFN-γ (Figures 2B, C).




Figure 2 | Immune responses to the vaccine in the skin. (A) IFNγ-ELISPOT responses against the PD-L1 peptide IO103 of skin infiltrating lymphocytes after delayed type hypersensitivity reaction performed after 6 vaccines. 300,000 cells per well. Samples were run in triplicate or quadruplicate. **DFRx2; (B) intracellular cytokine staining (ICS) of SKILs. Almost all cells were CD4+ (not shown). Two out of six evaluable patients had TNFα- and INFγ-double positive SKILs; (C) example of a double positive ICS (patient 7).





Immune Responses in the Bone Marrow

ELISPOT assays on cryopreserved BM samples had a very high background signal due to ex vivo cell death. Reduced viability of BM mononuclear cells is well known (35). The fact that these BM samples were taken in the recovery from HDT, may have decreased the viability further. The low viability of the immune cells in the BM samples did not permit in depth immune monitoring with functional living cells. Nonetheless, singlet samples were run with only modest background in one of three tested patients, and in samples from this patient, a strong immune response to IO103 was seen in the BM (Figure 1F).



Lymphocytes

An exploratory analysis of lymphocyte phenotypes was performed comparing samples from the vaccinated patients to samples from the unvaccinated reference cohort. Vaccinated patients 1, 3, 6, and 10 were not included in these comparisons, since these patients did not have synchronous reference cohort samples for comparison. An inversion of the CD4/CD8 ratio following HDT was seen in the unvaccinated cohort, and the vaccinated patients had a similar ratio at baseline (Supplementary Figures 1A, B). A significantly lower level of CD4 cells in vaccinated patients after 15th vaccination or relapse was seen. Gating of differentiation stages did not reveal significant differences and exhibited substantial interindividual variance. Naïve cell repopulation post-HDT did not significantly differ in samples from vaccinated patients compared to the reference population (Supplementary Figures 2 and 3). The level of Tregs was not found to be significantly different compared to the reference population (Figures 3A–D). The FoxP3+ Treg levels of all vaccinated patients are shown in Supplementary Figure 12. Levels of DCs in peripheral blood samples did not show significant differences compared to the reference population (Supplementary Figure 13).




Figure 3 | Flow cytometric analyses of levels of Tregs. (A) FoxP3+ Treg. (B) CD25highCD127neg Treg; (C) CCR4 + Primed Tregs; (D) CD15s Effector Tregs. % of CD4+ PBMCs. Bars represent median (Mann-Whitney).





Clinical Course

Before vaccinations, four patients were in complete response (CR) or better, and five had very good partial response (VGPR). At the data cut-off (May 14, 2020; mean follow-up, 36.5 months), 2/10 patients had not started their next treatment, and 8/10 were still alive (Supplementary Figure 4). The relapse rate was as expected for the population.

Three patients exhibited improved depth of response during vaccination therapy: patient 2 at day 145 post-ASCT (after 5 vaccines), patient 5 at day 161 (6 vaccines), and patient 7 at day 168 (7 vaccines) (Figure 4).




Figure 4 | Clinical course. Swimmer’s plot. Colors of bars symbolize depth of response at start of vaccinations, after HDT and during the vaccination course. †patient 8 had a rapid relapse after having received 11 vaccinations and died shortly thereafter despite initiation of daratumumab-lenalidomide-dexamethasone.



Patients 3 and 7 showed declining levels of M component/involved light chain during vaccinations; however, both exhibited slow biochemical relapse after completing vaccinations. As a study amendment, these two patients were revaccinated to test if a stabilization or decline could be induced. In patient 3, revaccination did not decrease the tumor marker slope (Supplementary Figure 7). In patient 7, the M-component slope decreased briefly along with revaccinations (Supplementary Figure 8).

Patient 8 exhibited an early rapid clinical relapse, which was fatal despite initiation of therapy with daratumumab, lenalidomide, and dexamethasone. At this time, the patient had received 11 vaccines. We explored possible correlations between immune data and clinical course. Patients who did and did not relapse during the vaccination course did not differ in ELISPOT responses to IO103 in blood samples (Supplementary Figure 5). However, the two earliest relapsing patients (patients 8 and 9) showed baseline cytokine profiles that grouped apart from the remaining vaccinated patients in unsupervised analysis (Supplementary Figures 6A, B). Furthermore, two patients (patients 8 and 4) with early relapses had the lowest ELISPOT responses to IO103 in PBMCs (Figure 1C), and the highest Treg levels in PBMCs even at baseline (Supplementary Figure 11).

During the vaccination course, patient 2 exhibited significant regression of concurrent basal cell carcinoma (BCC), and patient 6 exhibited spontaneous BCC clearance that was macroscopically complete, such that planned surgery was cancelled. In patient 6, BCC recurred, coinciding with biochemical relapse of MM.




Discussion

The vaccine was generally well tolerated, and the frequency of adverse events was as expected in the patient population. Adverse events that were related or possibly related to vaccination with IO103 were mild (CTCAE grade 1–2) and reversible, and most frequently injection site reactions.

PD-L1 is expressed on cancer cells and non-cancerous cells in the tumor microenvironment, on normal antigen-presenting cells and placental cells, and frequently on cells in an inflammatory microenvironment, since its expression is primarily regulated by interferons (36). We recently demonstrated that inflammation alone induces PD-L1–specific T cells (37). The fact that PD-L1–specific T cells are so easily and rapidly activated, but do not lead to outright autoimmune reactions, implies that these cells are strictly regulated. Mouse studies of vaccination with murine PD-L1 peptides confirm the absence of signs of autoimmune events (in preparation). In this first-in-human study, we observed immune reactions to the vaccine in blood samples and skin tests from all patients. It is intriguing that stimulation of these self-reactive T cells strongly induced immune responses in all patients, with low toxicity.

In the months following lymphodepleting chemotherapy in HDT, CD8+ T-cell repopulation is aided by homeostatic peripheral expansion more than the CD4+ compartment, yielding a relatively low Treg/CD8+ ratio, which gradually normalizes as levels return to baseline (25). An inverted ratio of CD4+/CD8+ T cells was found in both vaccinated patients and the unvaccinated reference cohort. In preclinical studies, activation of PD-L1–specific T-cells reduced Treg levels in autologous PBMCs (37). Vaccination against an indoleamine 2,3-dioxygenase (IDO) peptide in patients with lung cancer similarly induced a significant decrease in Tregs (38). IDO is another self-antigen expressed in regulatory immune cells, which is recognized by pro-inflammatory T cells (39, 40). In the present study, although the proportion of CD4+ T cells was lower in vaccinated patients at the last time point, the levels of Tregs was not significantly lower among vaccinated patients at any time point. This study setting might not permit the assessment of the vaccine’s effect on Treg levels, due to the recently been exposure to lymphodepleting chemotherapy.

Antigen presenting cells at the vaccination site may be PD-L1 positive. Thus, vaccination induced elimination of these cells could impact antigen presentation at the vaccination site. However, analysis of DC infiltration at the vaccination site was not been performed in this study but will be part of future investigations. Importantly, no signs of a major effect of vaccinations were seen on the frequencies of DC in peripheral blood.

One limitation of this study was our inability to thoroughly investigate immune responses in BM samples. Since MM is a disease of BM-residing cells, one would hope to see an immune response in the BM. However, the viability of BM samples precluded other functional assays of BM immune cells, and assessment of immune responses at the tumor site. These limitations led us to instead analyze the impact of vaccinations on T-cell-receptor (TCR) diversity in SKILs and BM samples, including PD-L1–specific TCRs. These studies are currently on-going.

The current study was valuable for examining the vaccine’s safety. The minimal tumor burden post-HDT allowed us to vaccinate many times, over a prolonged period. Phase one studies are often performed in the relapsed or refractory setting, which would likely not leave sufficient time to test the vaccine’s safety before disease progression. One downside of the post-HDT setting is that clinical efficacy was difficult to investigate. Nine patients were vaccinated post-HDT as part of primary treatment of newly diagnosed MM. In this patient population, median progression-free survival without maintenance treatment is 32 months, and 20% of patients will be in long-term remission (6 years post-HDT) (41). With a median follow-up of 29 months, the PFS data are not yet mature. In a Mayo Clinic study, response improvements after day +100 occurred in up to 39% of cases (42). However, among patients treated in Barcelona and Salamanca, only 1/74 patients had an upgraded response after day 100 without maintenance or consolidation (43). Response improvements beyond day 100 rarely occur at our institution (personal communication), and late improvements have been used as an argument regarding response to immunotherapy after HDT (12). The three late response improvements (over 100 days post-HDT), and one case of short-term stabilization coinciding with revaccination, may indicate the vaccine’s efficacy.

The incidental findings of spontaneous BCC regression in patients 2 and 6 are interesting. After the initial spontaneous BCC clearance, patient 6 experienced clinical relapse of BCC coinciding with biochemical relapse of MM. This suggests that the vaccine induced a response toward the BCC, which lasted for months, and then experienced a loss of immune control affecting both malignancies once the vaccination was no longer effective. This cannot be tested with current methods but has prompted the initiation of a phase IIa study of vaccination with IO103 in BCC (NCT03714529).

Based on the present promising safety and immune data, several clinical trials have been initiated. It is hypothesized that therapeutic cancer vaccines, without chemotherapy or ICB, are likely to be most effective if administered in early disease stages (44, 45). Thus, a trial of IO103 in high-risk smoldering myeloma has been initiated (NCT03850522). Additionally, we are testing this vaccine combined with other peptide vaccines against PD-L2, IDO, and arginase, and with immune checkpoint-blocking antibodies (NCT03381768, NCT03939234, and NCT04051307).

In conclusion, the vaccination against PD-L1 was easily administered and was associated with few and low-grade and reversible side effects. Furthermore, the vaccine induced strong immune responses in all patients.
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