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Introduction

Therapeutic vaccination based on synthetic long peptides (SLP®) containing both CD4+ and CD8+ T cell epitopes is a promising treatment strategy for chronic hepatitis B infection (cHBV).





Methods

We designed SLPs for three HBV proteins, HBcAg and the non-secreted proteins polymerase and X, and investigated their ability to induce T cell responses ex vivo. A set of 17 SLPs was constructed based on viral protein conservation, functionality, predicted and validated binders for prevalent human leukocyte antigen (HLA) supertypes, validated HLA I epitopes, and chemical producibility.





Results

All 17 SLPs were capable of inducing interferon gamma (IFNɣ) production in samples from four or more donors that had resolved an HBV infection in the past (resolver). Further analysis of the best performing SLPs demonstrated activation of both CD8+ and CD4+ multi-functional T cells in one or more resolver and patient sample(s). When investigating which SLP could activate HBV-specific T cells, the responses could be traced back to different peptides for each patient or resolver.





Discussion

This indicates that a large population of subjects with different HLA types can be covered by selecting a suitable mix of SLPs for therapeutic vaccine design. In conclusion, we designed a set of SLPs capable of inducing multifunctional CD8+ and CD4+ T cells ex vivo that create important components for a novel therapeutic vaccine to cure cHBV.
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Introduction

Chronic infection with the Hepatitis B virus (HBV) is a major global health burden that currently affects approximately 240 million people worldwide (1). Treatment with nucleos(t)ide analogs (NAs) can suppress viral replication but offers neither cure nor full abolition of the chronic HBV infection (cHBV)-related risk for hepatocellular carcinoma (HCC) or liver cirrhosis. Importantly, NAs need to be taken for life (2).

At present, a functional cure, in which the viral surface antigen (HBsAg) is cleared from the circulation with or without concomitant HBsAg-directed antibodies, is considered the desired therapy outcome (3). To achieve this, not only complete suppression of viral replication and protein production but also empowerment of the HBV-directed T cell response is likely needed (4). As reviewed recently by us and others, one way to achieve this is via therapeutic vaccination (5, 6). As outlined in these reviews, several attempts towards therapeutic vaccines for HBV clearance have been made yet have shown no clear clinical effect. Immunological effects were observed in some studies but were often not investigated in great detail and hence offered no insight into why these vaccines were ineffective. Furthermore, the design of past vaccines may have been suboptimal. Very often the vaccine targeted only one viral protein or peptide (mostly HBsAg) or were not optimal for the induction of T cell responses because of the applied adjuvant or vaccine platform (6). To achieve a long-lasting CD8+ T cell response able to clear an existing viral infection, the activation of both anti-viral CD8+ T cell responses as well as CD4+ T helper responses against multiple viral targets are needed (7–9).

In the last two decades, synthetic long peptides (SLP) have surfaced as a highly effective platform to induce both CD4+ and CD8+ T cell responses (10). SLPs are typically 20-40 amino acids long and because of this length are more efficiently processed for presentation on human leukocyte antigens (HLA) than whole proteins (11, 12). Each SLP can contain multiple epitopes for a variety of HLA types. Moreover, multiple SLPs (i.e., 10-20 SLPs) can be used in a single vaccine, further increasing epitope coverage. Furthermore, SLP vaccines are well tolerated and have demonstrated efficacy in chronic infection with human papilloma virus (HPV) and multiple cancers, either as stand-alone therapy or in combination with other forms of immunotherapy like PD-1 blockade (13, 14). SLPs can also easily be combined or even conjugated to different vaccine adjuvants (15). Previously, we have demonstrated the ability of a prototype SLP based on the HBV core protein (HBcAg) containing the immunodominant HBcAg18-27 epitope to activate CD8+ T cell responses against this epitope using cHBV patient blood cells ex vivo (16).

Here, we expand this work to other HBV proteins, also including the viral polymerase (Pol) and X proteins. T cells specific for HBV proteins HBcAg, Pol, and X are still detected in the blood of many cHBV patients and may have suffered less from antigen-driven immune exhaustion than HBsAg specific T cells (17–19). T cell responses against both HBcAg and Pol have been associated with viral immune control in cHBV (20, 21). Responses to X are in general less numerous, yet the X protein is essential for viral protein translation and maintenance of viral replication. T cell responses to X have been observed in patients clearing the infection (22–25).

We set out to develop an off-the-shelf therapeutic SLP vaccine based on these three proteins that, especially when combined into a single vaccine, can be used for all cHBV patients regardless of their HLA type and HBV genotype. We focused on the most conserved parts of these proteins with demonstrated functional relevance and a high epitope density (26). We developed 17 SLPs that were then extensively tested in vitro using blood of both HBV resolvers and cHBV patients. We demonstrate that single SLPs can activate both CD4+ and CD8+ T cells responses, but for a different set of individuals and based on different epitopes. Pools of five SLPs, however, provided a good, almost complete, coverage in both patients and resolvers. These data illustrate the direction of HBV SLP design toward therapeutic HBV vaccine development.





Materials and methods




HBV resolvers and chronic HBV patients

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats by Ficoll (GE Healthcare) density centrifugation from 17 blood donors, who had previously resolved an acute hepatitis B infection shown by the presence of anti-HBcAg antibodies (resolver; rHBV), and three healthy donors with no anti-HBV antibodies. Buffy coats were provided by the local blood bank including two-digit HLA typing and informed consent (Sanquin). To obtain PBMCs from chronic HBV patients, blood was collected from five patients with low serum viral load (HBV DNA ≤ 1000 IU/mL), serum ALT levels below the upper limit of normal (56 IU/L), and low to moderate fibrosis (fibroscan F0-F2). All patients were HBeAg negative and 80% received nucleos(t)ide analogs. All patients were negative for antibodies against hepatitis C, hepatitis D, and human immunodeficiency virus. See Table 1 for all donor characteristics.


Table 1 | Patient and donor characteristics.







Peptides

All SLPs were produced by ISA Pharmaceuticals BV, Leiden, the Netherlands, according to the design described in the results section (Figure 1, Table 2). They were generated using solid phase Fmoc/tBu chemistry on an Advanced ChemTech TETRAS peptide synthesizer and purified to at least 95% on a Gilson preparative HPLC system. The identity and purity of the peptides was confirmed with ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) on a Waters ACQUITY UPLC/TQD system. SLPs were dissolved in 10% dimethyl sulfoxide (DMSO), 90% H2O, and stored at −20°C.




Figure 1 | Design and placement in the HBV proteins of the 17 synthetic long peptides. The HBV proteins polymerase (salmon), HBcAg (green), and X (blue) were selected for the design of synthetic long peptides (SLPs). Based on the conserved parts of the proteins, functional domains, validated HLA I epitopes, predicted and validated binders for six HLA supertypes, and chemical producibility, 17 SLPs were designed. In total, 12 SLPs originated from polymerase (salmon; SLP1-12), 3 SLPs originated from the X protein (blue; SLP13-15), and 2 SLPs originated from the HBcAg protein (green; SLP16 and 17). The numbering indicates the position within the proteins.




Table 2 | Overview of synthetic long peptides.



Peptides (9-10mers and 15-16mers) selected for further analysis derived from SLP7 (pol499-523), SLP14 (x52-76), and SLP16 (c1-37) were purchased from Peptide 2.0.





IFNγ ELISpot

Cryopreserved PBMCs were thawed and rested for 45-60 minutes at 37°C before transfer to an anti-IFNγ-coated (1-D1K, 5 μg/mL, Mabtech) 96-well polyvinylidene fluoride (PVDF) plate (Millipore). PBMCs were seeded at 200,000 cells per well in quadruplicates and stimulated with 10 μM of the indicated SLP for 22 hours at 37°C. The CEF peptide pool (2 μg/mL, Mabtech), consisting of 23 HLA I-restricted peptides derived from human cytomegalovirus (CMV), the Epstein–Barr virus (EBV), and influenza virus, and phytohemagglutinin (PHA) (1 μg/mL, Sigma) were taken along as positive controls in addition to a peptide solvent (10% DMSO, 90% H2O) condition as negative control. The plate was developed using anti-IFNγ-biotin (7-B6-1, 0.3 μg/mL, Mabtech), Streptavidin-ALP (1 μg/mL, Mabtech), and BCIP/NBT-plus substrate (100 μL/well, Mabtech). The color process was stopped with water and spots were counted using an S6 Ultimate Immunospot Analyzer (Cellular Technology Limited LLC). Specific spots were calculated using two different methods: 1) the average number of spots in four wells subtracted by the average number of spots in the four corresponding DMSO control wells + 2x standard deviation; and 2) the cumulative number of spots in four wells subtracted by the cumulative number of spots in the four DMSO control wells.





Expansion and activation of SLP-specific T cells

Frozen PBMCs (5x106-10x106) were cultured in T25 culture flasks in Iscove’s modified Dulbecco’s medium (IMDM) (Lonza) + 2% human serum (Sanquin) + 1% penicillin-streptomycin (Gibco) + 1% Ultraglutamine (Gibco) at 1x106 cells/mL and a mix of five SLPs, 3 μM each, to induce expansion of SLP-specific T cells. For each rHBV (n=6) or cHBV (n=5), SLPs were distributed over two pools and immediately tested; SLP Mix 1 contained SLP5, SLP7, SLP13, SLP15, and SLP17; SLP Mix 2 contained SLP6, SLP8, SLP10, SLP14, and SLP16. On day 3, 50 IU/mL IL-2 (Miltenyi) was added to facilitate the expansion of the SLP-specific T cells and fresh medium containing interleukin-2 (IL-2) was added again on day 5, 7, and 10. On day 12, cells only received fresh medium (without IL-2) to let the cells rest before they were restimulated with the SLP mix or the single SLPs on day 13-14. After 22 hours of restimulation in 96-well round bottom plates in quadruplicate, supernatant was collected to analyze the produced cytokines (IFNγ, tumor necrosis factor (TNF)α, TNFβ, GM-CSF, IL-2, IL-3, Il-4, IL-5, IL-6, IL-8, IL-9 IL-10, IL-13, and IL-22) in response to stimulation via multiplex cytokine analysis (Procartaplex, ThermorFisher) measured on a MAGPIX (Luminex). The concentrations of IFNγ and TNFα were calculated by subtraction of the average negative control value plus two times the standard deviation. Restimulations with peptide solvent control DMSO in the concentration representative of a single SLP/SLP-mix and irrelevant PRAME peptide (T cell epitope in melanoma) were used as negative controls. The cells were used to determine the expression of activation markers CD69, CD134, and CD137 on CD4+ and CD8+ T cells using flowcytometry after restimulation. The difference between the positive percentage in the two negative DMSO controls (representative of single-SLP and mixed-SLP DMSO concentrations) was used to correct for background as only two instead of three negative controls were used. This difference (instead of standard deviation) was multiplied by two and added to the percentage measured in the DMSO control sample and this value was subtracted from the positive percentages in the different samples.

To analyze the activation of SLP-specific T cells after stimulation with SLP-contained peptides, cryopreserved PBMCs from selected donors expanded with the SLP pools as described above were stimulated with the SLP or the corresponding peptides in the presence of 1 μg/mL anti-CD28 and 1 μg/mL anti-CD49d antibodies (both Biolegend) for a total of 6 hours. Brefeldin A (10 μg/mL, Sigma) was added for the last 5 hours and the production of IFNγ and TNFα was determined by intracellular cytokine staining. Cytokine response was determined by subtraction of the average DMSO value of three DMSO control samples per donor plus two times the standard deviation.





Flow cytometry

For phenotyping of the total T cell populations, PBMCs were thawed, rested for 4 hours at 37°C, and stained with previously described panels for T cell maturation markers and T cell co-inhibitory receptors (27). Positive populations were determined using fluorescence minus one (FMO) controls and measurements were corrected for background fluorescence (Supplementary Figure 1).

For the analysis of T cell activation after 14 days of SLP-induced expansion and restimulation, cells were stained for 30 minutes at 4°C in the dark with an activation marker panel including the following antibodies; CD3 (SK7, eBioscience), CD4 (SK3, BD Biosciences), CD8 (RPA-T8, eBioscience), CD69 (FN50, Biolegend), CD137 (4B4-1, Biolegend), CD134 (ACT-35, Biolegend), CD14 (61D3, eBioscience), CD19 (HIB19, eBioscience), CD56 (NCAM16, BD Biosciences), and LIVE/DEAD Fixable Green (Invitrogen). Isotype control stainings were performed for CD137, CD134, and CD69 (Supplementary Figure 2). Samples were measured on a BD FACSCanto II (BD Biosciences).

For the assessment of cytokine production, stimulated cells were first stained with a mix of antibodies staining surface markers; CD3 (SK7, eBioscience), CD4 (SK3, BD Biosciences), CD8 (RPA-T8, eBioscience), CD56 (MY31, BD Biosciences), CD14 (MOP9, BD Biosciences), CD16 (ebioCB16, eBioscience), and LIVE/DEAD Fixable Aqua (Invritogen), followed by fixation with 2% formaldehyde and permeabilization with 0.5% saponin. Cells were next stained with IFNγ (25723.11, BD Biosciences) and TNFα (Mab11, eBioscience) or isotype control antibodies and acquired on a BD FACSCanto II (BD Biosciences) (Supplementary Figure 3). All flowcytometry data were analyzed using FlowJo version 10 software (Tree Star).





Statistical analysis

Unpaired non-parametric (Mann–Whitney) tests were performed using the GraphPad Prism 8 software (GraphPad Software). P-values of <0.05 were considered statistically significant.






Results




Synthetic long peptides based on HBV proteins all elicit an IFNɣ response in PBMCs of several HBV resolvers

Taking into account chemical manufacturability, SLPs were constructed to maximally cover predicted and validated binders (CD8+ T cell epitopes) for six HLA I supertypes that together cover around 95% of the world population and to include conserved and functional protein domains (26, 28–30) (Figure 1). Less focus was put on HLA II (CD4+ T cell) epitopes as these are more difficult to predict and HLA II binding is more promiscuous than HLA I binding (31–33). Because of the latter, however, one or more HLA II epitopes are likely already included in each SLP by chance. In total, we designed and synthetized 17 SLPs; 12 SLPs originating from the very large polymerase protein (SLP1-12), 3 SLPs originating from the X protein (SLP13-15), and 2 SLPs originating from the HBcAg protein (SLP16 and 17) (Figure 1, Table 2).

The 17 SLPs were tested for T cell activating potential on PBMCs from 15 healthy blood donors of our local blood bank that had resolved an acute HBV infection in the past (HBV resolver; rHBV). These blood donors all exhibited two or more of the HLA supertypes that the SLP design was based on (Supplementary Table 2). T cell activation was assessed by an IFNɣ ELISpot assay on PBMCs. Cryopreserved PBMCs were stimulated with each of the individual SLPs for 22 hours, a length of stimulation favoring the activation of CD8+ T cell responses (34). The average number of observed IFNɣ-producing cells (spots) was corrected for the number of spots observed with the DMSO solvent controls (Figure 2A; Methods). Interestingly, all SLPs, regardless of protein origin (Figures 2B–D), could elicit an IFNγ response in four or more rHBVs. The magnitude of the response varied for the different SLPs and between individuals and reached up to 365 spots per million PBMCs (SLP17, Figure 2D). This variation was also observed in response to the positive controls (Figure 2E). The 17 SLPs were also tested on the PBMCs of three healthy controls that had never been infected with hepatitis B. These yielded limited responses to the SLPs (Supplementary Figure 4A). A non-relevant SLP, derived from the cancer germline antigen PRAME, yielded responses in 3 out of the 18 healthy donors (15 rHBV, 3 non-HBV exposed; not shown). Based on the average spot counts, an overview of the number of reactive donors including the magnitude of the response was generated (Figures 2F, G). Since the frequency of SLP-specific T cells can be expected to be low in the periphery of individuals that cleared an HBV infection, especially if this was long ago, the number of spots can vary between the four wells of a quadruplicate measurement. Using the average spot count could therefore underestimate the response. For this reason, the spot count was also calculated and depicted as cumulative spots in the four wells subtracted by the cumulative spot count in the DMSO control condition (Supplementary Figures 4B–E). Taken together, all designed SLPs could induce an IFNɣ response in four or more rHBV donors.




Figure 2 | All SLPs elicit an IFNɣ response in PBMCs of several HBV resolvers. The PBMCs of healthy blood donors that resolved an acute HBV infection sometime in their past (rHBV) were stimulated with the 17 SLPs to test their T cell activating capacity using an IFNɣ ELISpot. (A) Representative ELISpot images from Donor 6. Summary of ELISpot data for the polymerase (B), X protein (C), HBcAg (D), and SLPs or positive controls (E), being a pool of MHC class I-restricted peptides from human cytomegalovirus, the Epstein–Barr virus, influenza virus (CEF), and phytohaemagglutinin (PHA). Spots are represented as the average number of spots in four wells subtracted by the average number of spots in the DMSO control wells + 2x standard deviation per million PBMCs. Each colored dot represents a different donor (n=15). (F) The number of responsive donors per SLP integrated with the strength of the response. Responsive donors with a spot count below 10 are depicted in dark orange (polymerase SLPs), dark blue (X SLPs), or dark green (HBcAg SLPs), spot counts from 10 to 30 are depicted in orange, blue, or green, and spot counts of 30 and above are light orange, light blue, or light green. (G) Visual overview of the responses for every rHBV donor to the polymerase (orange), X protein (blue), and HBcAg protein (green) SLPs.







SLPs can expand PBMCs from both resolvers and chronic HBV patients, but patient PBMCs harbor an altered CD4/CD8 T cell ratio that is maintained by SLP-induced expansion

Based on both the average spot count, the cumulative spot count, number of included epitopes, and covered HLA types, we selected the 10 best performing SLPs for further, more detailed, ex vivo testing on PBMCs from both rHBV donors and cHBV patients. This was done because the IFNγ ELISpot does not indicate which cell type within the PBMCs produced the IFNγ; To get more insight on this matter, PBMCs of both rHBV donors (n=6) and cHBV patients (n=5) that were matched based on HLA I type were cultured with two SLP mixes (below) in the presence of IL-2 for 13-14 days in total to induce expansion of the SLP-specific T cells followed by SLP restimulation and flow cytometry staining for T cell identification and activation markers as well as intracellular cytokines. For these experiments, we selected HBeAg negative patients with low serum viral loads (HBV DNA ≤ 1000 IU/mL), serum ALT levels below the upper limit of normal (56 IU/liter), and low to moderate fibrosis (fibroscan F0-F2) (Table 1). This patient population in general harbors a population of HBV-specific T cells and, because of their low disease burden, would be candidates to safely receive our SLP vaccine in the future (6).

T cell maturation/development status and the expression of inhibitory/exhaustion markers between the resolvers and patients could affect responses to the SLPs. For this reason, we first inspected overall T cell phenotypes in the PBMC samples. Based on the expression of CCR7 and CD45RA, no significant differences in frequencies of naive (T naive), effector memory (Tem), central memory (Tcm), and terminally differentiated effector memory (TemRA) subsets were observed between rHBV and cHBV blood donors (Figure 3A). However, CD8+ T cells of the TemRA subset appeared more numerous in the PBMCs of many cHBV patients compared with those from rHBV donors. Furthermore, the overall expression of inhibitory markers PD1, Tim3, BTLA, and LAG3 on both CD4+ and CD8+ T cells was not different between the two groups (Figure 3B). Interestingly, the percentage of CD8+ and CD4+ cells within the CD3+ T cell population was different between rHBV donors and cHBV patients (Figure 3C). PMBCs of rHBV donors contained around 75% CD4+ T cells and 20% CD8+ T cell (out of CD3+ cells), giving a CD4+/CD8+ ratio of nearly 4. PBMCs from cHBV patients, in contrast, displayed almost equal amounts of CD4+ and CD8+ T cells and therefore harbored a much lower CD4/CD8 ratio of nearly 1 (Figure 3C). No difference in the percentage of CD3+ T cells of total leukocytes was observed between resolvers and patients, indicating that the lower CD4+/CD8+ ratio was likely due to an actual increase in the numbers of CD8+ T cells at the cost of CD4+ T cells (Figure 3D).




Figure 3 | Comparable phenotypes of total T cell population between HBV resolvers and chronic HBV patients, but patients exhibit an altered CD4/CD8 ratio maintained by SLP-induced expansion. PBMCs of HBV resolvers (rHBV, n=6) and chronic HBV patients (cHBV, n=5) were analyzed for the expression of maturation markers and inhibitory molecules by T cells using flowcytometry. (A) Based on the expression of CCR7 and CD45RA, four different subsets within the CD4+ and CD8+ T cells were determined; naive T cells (T naive; CCR7+CD45RA+), central memory T cells (T cm; CCR7+CD45RA-), effector memory T cells (T em; CCR7-CD45RA-), and terminally differentiated effector memory T cells (T emra; CCR7-CD45RA+). The subsets are displayed as percentage (%) of the total CD8+ T cell (left) or of the total CD4+ (right) T cell population. (B) In a separate staining, the expression of inhibitory markers PD1, Tim3, BTLA, and LAG3 was determined. Expression is depicted as percentage (%) of the total CD8+ T cell (left part of the graphs) or total CD4+ T cell (right part of the graphs) population. (C) The percentage (%) of CD8+ and CD4+ cells within the total CD3+ T cell population and their ratio. (D) The percentage of CD8+, CD4+, and CD3+ of the total lymphocyte population. (E) Live cell numbers by trypan blue (left panel), percentage of CD4+ and CD8+ within the CD3+ T cell population (middle panel), and CD4/CD8 ratio (right panel) in PBMCs expanded for 14 days with two different mixes of SLPs (SLP mix 1 and SLP mix 2) containing 5 SLPs each. N.s., non-significant, *p<0.05, **p<0.01.



Next, we expanded PBMCs from each donor or patient with the best performing SLPs encompassing five polymerase SLPs (SLP5-8 and SLP10), three X protein SLPs (SLP13-15), and two HBcAg SLPs (SLP16 and SLP17). SLPs originating from the same HBV protein were divided over the two SLP pools (SLP Mix 1: SLP5, SLP7, SLP13, SLP15, and SLP17; SLP Mix 2: SLP6, SLP8, SLP10, SLP14, and SLP16). Although to a lower extent compared with rHBV donors, the PBMCs of cHBV patients proliferated in response to both SLP pools (Figure 3E). Remarkably, the altered CD4/CD8 ratio was maintained after SLP-induced proliferation. Notably, culture conditions seemed to have favored proliferation of CD4+ T cells within cultures of PBMCS from both cHBV patients and rHBV donors as the CD4/CD8 ratio increased after culture compared to the direct ex vivo assay (Figures 3D, E). In conclusion, the phenotype of the total T cell population was comparable between cHBV patients and rHBV donors included in our assay apart from a consistently different CD4/CD8 ratio that was maintained after in vitro SLP-induced expansion.





SLPs induce activation of both CD8+ and CD4+ T cells

To further discriminate between the activation of CD4+ and CD8+ T cells, we directly (i.e., without cryopreservation) restimulated the SLP-pool expanded PBMCs for 22 hours either with the single pool-contained SLPs or again the total corresponding SLP mix (Figure 4A). From this restimulation culture, supernatants were collected for multiplex cytokine analysis while the cells were used for flowcytometric analysis of surface activation markers.




Figure 4 | SLPs activate both CD8+ and CD4+ T cells. The 10 best performing SLPs were selected for further analysis and divided over two mixes; SLP Mix 1 and SLP Mix 2.(A) Schematic overview of the expansion protocol to expand the SLP-specific T cells (red outline). (B) Heat maps were created to visualize the production of IFNɣ and TNFα (upper two rows) in response to restimulation with the different single SLPs and the total SLP mix (left: expanded with SLP Mix 1, right: expanded with SLP Mix 2) for the rHBV (left) and cHBV patients (right). Each tested individual is depicted separately. Values are corrected for background by subtraction of the average value in the negative controls + 2x standard deviation. Next to the heatmaps, the summary of the response to the total SLP mix is depicted including the number of responders out of the total number of tested individuals. An individual was marked responder when the response was positive after background correction. In the lower two rows, the expression of CD69 on either CD8+ T cells or CD4+ T cells after restimulation with the single SLPs or the SLP mix is displayed in the heat maps. Values are corrected for background by subtraction of the DMSO negative control value + 2x the difference between the two DMSO controls. n.s. = non-significant, * p<0.05.



All single SLPs induced a cytokine response indicative of T cell activation (i.e., IFNγ and/or TNFα) by expanded PBMCs from at least one and more often from several donors/patients. Of note, IL-2 was hardly produced and the other cytokines tested were either absent or generally following the pattern of IFNγ and TNFα (not shown). Responses to single SLPs varied per donor/patient, but both pools of five SLPs induced both IFNγ and TNFα in expanded PBMCs from all individuals but one (rHBV3; Figure 4B upper two rows, bottom row of heat map; no TNFα response). When directly compared, cytokine responses against SLP pool 1 were higher in cHBV patients than the responses observed in rHBV donors, despite the earlier observed higher proliferation in rHBV donors. The cytokine responses to single SLPs can now be used to derive which SLP(s) was (were) responsible for the observed response to the SLP mix. For example, the IFNɣ response induced by SLP mix 1 in rHBV2 can be explained by responses to both SLP17 and SLP7, while the response in cHBV3 can be explained by responses to SLP5 and SLP7. In rHBV1, the IFNɣ response to SLP mix 2 can solely be ascribed to SLP8, while the observed IFNɣ response in rHBV4 was likely a result of SLP10 and SLP16. The same applies to the observed TNFα response. Interestingly, the pattern of the IFNɣ response is highly similar to the pattern of the TNFα response indicating that both cytokines are often produced together in response to both the SLP mixes or individual SLPs.

To determine whether the observed cytokines in the supernatant were more likely produced by CD8+ or CD4+ T cells, we also inspected activation of these two classes of T cells upon restimulation. Expression of activation marker CD69 was induced on both CD8+ and CD4+ T cells in response to each of the two SLP mixes in the majority of rHBV and cHBV indicating that both CD8+ and CD4+ T cells were activated (Figure 4B, lower two rows). Again, and now for both SLP pools, cHBV patient PBMC responses were larger than those observed with cells from rHBV donors. For a few individual SLPs, the predominant activation of either CD4+ T cells (e.g., response to SLP17 in rHBV2) or CD8+ T cells (e.g., response to SLP15 in rHBV4) was observed, but the majority of SLPs induced both CD4+ and CD8+ T cell activation in expanded PBMCs from one or multiple rHBV donors and/or cHBV patients. Similar data were obtained with additional, more cell specific markers of activation: CD137 on CD8+ T cells and CD134 on CD4+ T cells (Supplementary Figure 5).

In summary, single SLPs were able to induce activation of CD4+ and/or CD8+ T cells in PBMCs of one or several individuals, while pools of five SLPs could trigger more ubiquitous, multifunctional T cell responses in cells from both resolvers and chronic patients.





Responses to the same SLP are driven by dissimilar epitopes in different donors

For each protein of interest, one SLP was selected for an even more extensive analysis of the observed response to delineate whether the same or different SLP-contained epitopes were driving the response. SLP7 (pol499-523), SLP14 (x52-76), and SLP16 (c1-37) were selected for polymerase, the X protein, and the HBcAg protein, respectively, based on the highest number of contained epitopes and covered HLA types (Figure 5). For each SLP, a selection of SLP-contained HLA ligands was synthetized based on previously described and predicted HLA class I and II epitopes and binders (Figures 5A, C, E; Supplementary Table 2). Cryopreserved PBMCs that had been expanded with the SLP pool containing each of the three SLPs of interest were re-stimulated with either the SLP or the SLP-contained HLA I or II ligands (all separately) for 6 hours followed by an intracellular cytokine staining (ICS) for IFNɣ and TNFα. Each SLP was tested in those individuals, either rHBV or cHBV, who upon the direct re-stimulation after expansion (Figure 4) had shown good IFNɣ and TNFα response to the respective SLP by multiplex analysis. Based on the HLA type of the selected individual, the matching set of HLA ligands was tested.




Figure 5 | Response to the same SLP can be explained by dissimilar SLP-contained peptides in different donors. For each protein, one SLP was selected to analyze the response in more detail. (A, C, E) Overview of the tested peptides for SLP7, SLP14, and SLP16, respectively, for indicated patient and/or resolvers. The HLA class is depicted between brackets for every peptide: (I) HLA I and (II) HLA II. B, D, F) Overview of the cytokine production by CD4+ and CD8+ T cells after stimulation with the SLP or the peptides for the tested individuals. The first two columns display the production of IFNγ (first column) and TNFα (second column) that was detected via multiplex analysis after restimulation with the respective SLP. The other columns show the results of the intracellular cytokine staining. Gray depicts the peptides that were tested in the respective individuals, which was based on the HLA type of the individual and the (predicted) binding capacity of the peptide. The different red and blue shades indicate single or double cytokine-producing CD4+ and CD8+ T cells, respectively.



Most of the CD4+ T cell activation observed after full length SLP restimulation of freshly expanded cells (Figure 4) was matched by an intracellular CD4+ cytokine response in SLP-restimulated cryopreserved cells (Figure 5). In contrast, a CD8+ T cell cytokine response by ICS was only observed for the full length SLP16 in cells from one cHBV patient, indicating that the cryopreservation step or the different restimulation protocol and read-out may have hampered CD8+ T cell activation. Nonetheless, by ICS, the majority of SLP responses could be pinpointed to one or more SLP-contained minimal HLA ligands via the production of IFNɣ, TNFα, or both (Figures 5B, D, F). The responsible HLA ligand(s), however, varied between the individuals, reflecting their different HLA types (Supplementary Table 1). As an example, the response to SLP7 was likely carried by peptide 1 and 6 in rHBV2, but by peptide 2, 6, and 7 in cHBV3. Further, the response to SLP14 can likely be attributed to peptide 11 in cHBV1, while peptide 13 was the responsible HLA ligand in cHBV4. Like the full length SLPs, the minimal HLA ligands also mainly induced CD4+ T cell responses apart from one peptide in SLP7 and two peptides in SLP16. The latter two were minimal HLA I and HLA II ligands that both contained the well-established HBcAg18-27 CD8+ and CD4+ T cell epitope (Figure 5F). These results indicate that the response to single HBV-based SLPs is driven by distinct HLA ligands in different individuals illustrating that not only the combination of multiple SLPs, but also single SLPs contribute to achieving broad population coverage.






Discussion

In this study, we have taken the next step towards a globally applicable therapeutic vaccine for chronic HBV to be used in a multi-therapeutic treatment regimen to cure HBV. By focusing on regions within the pol, HBcAg, and X proteins that were conserved across HBV genotypes and rich in epitopes for globally prevalent HLA types, we generated 17 SLPs that are now strong potential candidates for inclusion in an SLP-based vaccine for clinical evaluation.

All 17 SLPs were able to trigger and/or revive T cell responses in multiple healthy individuals that express a heterogenous set of HLA types and that had resolved HBV at an unknown moment in their past. Healthy donors not previously exposed to HBV showed limited responses but were not fully unresponsive. More individuals need to be tested to draw any firm conclusions on the responsiveness of unexposed individuals to the 17 SLPs. However, these unexpected responses in HBV-naive individuals may be explained by high precursor frequencies of HBV-reactive naive T cells as was observed for several HBV epitopes by Cheng and co-workers (20), and/or may represent heterologous T cells recognizing epitopes from other pathogens/protein sources similar in peptide sequence or 3D peptide-HLA structure (35).

Although each of the 17 SLPs could still be considered a candidate for therapeutic vaccine inclusion, we focused in more detail on the 10 best performing SLPs by ELISpot in the 15 rHBV donors. We found that these 10 SLPs activated both CD4+ and CD8+ T cells in blood leukocytes extracted from both resolvers and chronically infected individuals. Each SLP triggered responses in a different set of individuals and importantly pooling of five SLPs in two separate mixes yielded responses in nearly all resolvers and patients. Together these two pools of 10 SLPs even fully covered all individuals. Typically, SLP-based vaccines harbor 10-20 SLPs, indicating that achieving significant population coverage is within reach (14, 36, 37). To place this high in vitro success rate further into perspective, the ethnicities, viral genotypes, and HLA types within our cohort are important to consider. Unfortunately, the ethnicities of our resolver cohort were not available to us. Based on geographic location, it is likely that this cohort was dominated by Caucasian participants and that this cohort had been infected with viral genotypes A and D that are most prevalent in the Netherlands (38). HLA types, however, were heterogenous in the resolver cohort and covered each of the six aforementioned prevalent HLA supertypes (A1, A2, A3, A24, B7, and B8) including also some of the HLA subtypes most prevalent in Asia (i.e., A11 and A24), where cHBV prevalence is high (39). The cHBV patient cohort was heterogeneous and included five out of six prevalent HLA types, four viral genotypes, and both Caucasian as well as Asian participants. Further clinical development and immunomonitoring of SLPs will reveal the true ability of each SLP and of a therapeutic vaccine comprised of multiple HBV SLPs to induce T cell responses across ethnicities, genotypes, and HLA types.

For a selection of three SLPs from each viral protein, we zoomed in on the specific minimal HLA ligands driving the SLP-induced T cell activation. This information is useful also to derive the epitope-specific T cell responses of interest to follow up on in clinical studies testing the in vivo immunogenicity of the SLPs. Experiments demonstrated that SLP-induced T cell responses in different individuals were driven by distinct HLA epitopes, underscoring the ability of SLPs to act across HLA boundaries. Some SLP-driven T cell responses could not be explained by any of the minimal HLA ligands included in our re-stimulation assay. This may have been a result of the stronger CD4-bias in restimulation experiments after cryopreservation of SLP-expanded PBMCs and/or caused by incomplete coverage of HLA ligands due to imperfect in silico HLA binding prediction. It is noteworthy that, despite the observed CD4 bias, the immunodominant HBcAg18-27- epitope induced a potent CD4+ and CD8+ response in one cHBV patient and was even cross-presented to CD8+ T cells from longer peptides (i.e., the full length SLP and the longer HLA II ligand) by the cryopreserved expanded PBMCs.

Our experiments indicate that designed SLPs are able to induce broad immune responses across the population. Because HLA I ligands are cross-presented more efficiently from SLPs than from whole protein, SLP-based vaccines may broaden T cell responses by enhancing T cells that recognize subdominant epitopes (11, 12). Such subdominant epitopes may not be cross presented well naturally in vivo from whole viral proteins during ongoing viral infection. Specific stimulation of subdominant conserved epitopes in mice and chimpanzees has been demonstrated to broaden T cell responses and to induce T cells that hold potential to contain viral infections (40–42).

Counterintuitively, SLPs induced T cell activation and cytokine production when using cells from cHBV patients rather than from resolvers. This could be partially explained by the fact that we used cells from individuals with low viral burden and/or on antiviral treatment. This patient population has been associated with the largest numbers and least dysfunctional T cells for the antigens targeted by our SLPs (20, 22, 43, 44). Furthermore, antigen exposure in chronic patients was likely more recent and, importantly, patients were younger than resolvers [cHBV: 42.6 (+/- 13.6), rHBV: 60.2 (+/- 7.3) (Table 1)]. These factors may together have rendered HBV-specific T cells more numerous in the peripheral blood and/or may have enhanced responses.

Despite the high responses of patient blood cells to the SLPs, we did observe some signs of immune dysfunction in our cohort of cHBV patients. Most apparent was the lower expansion of total leukocytes in the presence of SLP pools and a much lower CD4+/CD8+ T cell ratio in cHBV patients compared with rHBV donors. A low blood CD4+/CD8+ T cell ratio has been reported before for HBV, but observations were not always consistent or accompanied by matched healthy controls (45–47). The small number of patients included in our study was too small and heterogeneous to shed any light on this matter and, importantly, also in our study, the healthy HBV resolvers were not matched to patients in terms of age and gender. Older females, who mostly comprised our resolver cohort, are especially known to have relatively more peripheral CD4+ T cells and less CD8+ T cells (48). Thus, both a lower CD4+/CD8+ ratio in the studied cHBV patients and a higher ratio in studied rHBV donors may have contributed to the observed ratio difference. For this reason, it might be of interest to monitor the CD4+/CD8+ ratio in future clinical studies on therapeutic vaccines in HBV. Nevertheless, the ex vivo T cell expansion data show that HBV-specific T cells can be expanded by SLP stimulation even in cHBV individuals. In addition, SLP vaccination cannot only be considered to restore established but exhausted/weak HBV-specific T cell responses, but also to elicit de novo T cell responses to these and not yet utilized HBV T cell epitopes.

Taken together, we have designed a set of novel SLPs capable of inducing CD4+ helper and CD8+ cytotoxic T cell responses in both HBV resolvers and chronic HBV patients targeting conserved viral epitopes not easily evaded by viral mutation. These abilities endow these new SLPs with high potential to induce effective long-lasting antiviral T cell responses and render them candidates to be included in a globally applicable therapeutic HBV vaccine. By current consensus, a stand-alone therapy of any HBV-directed therapeutic vaccine will likely not suffice (5, 6). A heterologous prime-boost with a vaccine also inducing HBV-directed antibody responses may be required (reviewed in (6)). Furthermore, to combat the immune exhaustion and suppression that results from long-term chronic viral infection and/or directly from the virus itself, combination with other forms of therapy is likely needed. Examples include NA therapy and siRNA prior to vaccine administration to reduce viral load and to diminish viral protein expression, respectively, or T cell-enhancing drugs (e.g., checkpoint inhibitors and metabolism modifiers) to combat T cell dysfunction (49–53). Such combinations have already proven their value alongside SLPs or other forms of therapeutic vaccines in cancer immunotherapies (13, 14, 54). Design of the ultimate combination regime capable of establishing a functional cure for cHBV starts with the creation of highly immunogenic vaccines and by obtaining detailed insight into the strength, quality, and dynamics of vaccine responsive T cells in vivo. The outcome of monotherapy vaccination in cHBV individuals will dictate the design of subsequent clinical combinations with an anti-viral drug likely needed to effectively clear the virus.
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