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To prevent SARS-CoV-2 infections and generate long-lasting immunity, vaccines need to generate strong viral-specific B and T cell responses. Previous results from our lab and others have shown that immunizations in the presence of an OX40 agonist antibody lead to higher antibody titers and increased numbers of long-lived antigen-specific CD4 and CD8 T cells. Using a similar strategy, we explored the effect of OX40 co-stimulation in a prime and boost vaccination scheme using an adjuvanted SARS-CoV-2 spike protein vaccine in C57BL/6 mice. Our results show that OX40 engagement during vaccination significantly increases long-lived antibody responses to the spike protein. In addition, after immunization spike protein-specific proliferation was greatly increased for both CD4 and CD8 T cells, with enhanced, spike-specific secretion of IFN-γ and IL-2. Booster (3rd injection) immunizations combined with an OX40 agonist (7 months post-prime) further increased vaccine-specific antibody and T cell responses. Initial experiments assessing a self-amplifying mRNA (saRNA) vaccine encoding the spike protein antigen show a robust antigen-specific CD8 T cell response. The saRNA spike-specific CD8 T cells express high levels of GrzmB, IFN-γ and TNF-α which was not observed with protein immunization and this response was further increased by the OX40 agonist. Similar to protein immunizations the OX40 agonist also increased vaccine-specific CD4 T cell responses. In summary, this study compares and contrasts the effects and benefits of both protein and saRNA vaccination and the extent to which an OX40 agonist enhances and sustains the immune response against the SARS-CoV-2 spike protein.
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Introduction

SARS-CoV-2 has been the leading cause of death in the years 2020 and 2021 in many parts of the world. The novel coronavirus-19 disease (COVID-19) has had a tremendous impact on society and daily life at present and will for years to come. To curb the spread of SARS-CoV-2, vaccines were proposed as a path to reduce viral spread, infections, and hospitalizations. Based on previous research, geared towards personalized cancer therapies, SARS-CoV-2 spike protein mRNA vaccines were quickly developed and then tested to combat COVID-19 (1–6). While other companies with differing approaches followed suit (7, 8), the ability to quickly produce a vast amount of a highly effective vaccine has made the mRNA approach the most promising and widely distributed vaccine in the world. The vaccines were initially shown to be up to 95% effective at protecting against viral infection with the original strain. Comparing the two mRNA vaccines, the Moderna vaccine (mRNA-1271) appeared to produce slightly higher antibody titers at the 6-months mark, compared to the Pfizer/BioNTech (BNT162b2) vaccine. This is not entirely surprising, given the higher dose of the Moderna vaccine (100 µg versus 30 µg, respectively). While the results of the mRNA approach seem quite promising, we still do not know the longevity of the immune responses induced by these vaccines. Data showed that B cell immunity induced by both mRNA vaccines waned over time (9) and models implied that this decrease is observed with most SARS-CoV-2 vaccines (10). Based on these findings, booster immunizations, 5 months following the primary dose, have now been approved in the USA for all adults as well as children from 5 years of age (11), and immunizations of 6 month-4 year old children were added recently, using either Pfizer or the Moderna vaccine. While mRNA vaccines have been reported to be safe, adenoviral vector vaccines were shown to cause thrombosis in a small minority of recipients (12). Furthermore, new SARS-CoV-2 variants (such as Delta and Omicron and its subvariants) are posing a constant challenge to the current vaccines; however, mRNA vaccines can quickly be adapted and modified to encode new mutated sequences.

To bind and enter cells SARS-CoV-2 uses a homotrimeric spike protein to interact with a cell surface receptor, the angiotensin converting enzyme 2 (ACE2), which triggers a cascade of events allowing membrane fusion and viral entry into cells (13). The spike protein domain crucial for this interaction is the receptor binding domain (RBD), which is present within the S1 subunit (14). B cell responses, via the production of neutralizing antibodies, are important to prevent the binding of SARS-CoV-2 to cells within the body. In support of this, Cavazzoni et al. showed that follicular helper T cells (Tfh) are essential for optimization of the germinal center response to SARS-CoV-2 protein vaccines and affinity maturation (15).

In addition to the humoral response, a potent antigen-specific T cell response is also important to induce long-lasting anti-viral immune memory (16). CD4 and CD8 T cells typically encounter foreign antigen presented by activated antigen presenting cells (APCs), expand, contract, and then persist as memory cells. These memory T cells can quickly respond if the host is re-infected with the pathogen. While several co-stimulatory molecules are involved and necessary to generate a strong memory T cell response, our lab and others have demonstrated that OX40 agonists not only enhance effector T cell activation, but also increase the number of memory T cells that persist long-term (17, 18). OX40, a member of the TNF receptor family (TNFRF), is upregulated on CD4 T cells (and to a lesser extent on CD8 T cells) after antigen recognition. Once expressed on the surface of T cells, engagement of OX40 with its ligand, OX40L, on activated APCs results in increased T cell expansion, effector function and survival (19). Engagement of OX40 in vivo by agonist antibodies or fusion proteins can lead to higher levels of T cell cytokines, aid in viral clearance, and augment anti-tumor T cell responses (20). Furthermore, OX40 stimulated T cells cooperate with ICOS expressed on the Tfh cells, to increase the humoral immune response. This leads to production of higher affinity antibodies and long-lived memory B cells, which help to sustain antibody production in future pathogen encounters (21). Hence, engaging OX40 during an ongoing immune response can increase both CD4 and CD8 T cells as well as antibody responses.

In this study, we examined whether an OX40 agonist could enhance immune responses to both protein and saRNA COVID-19 vaccine platforms. We hypothesized that this strategy would lead to stronger T cell responses as well as increased antibody titers that may help to neutralize spike protein binding to the ACE2 receptor. T cell responses and the persistence of spike-specific antibodies were examined after prime-boost vaccination. We found that injecting an OX40 agonist in both the prime and boost was the most effective way to maintain higher antibody titers over a long period of time and this approach also amplified vaccine-specific CD4 T cell responses. When compared to protein immunization the saRNA vaccine induced a much stronger spike-specific CD8 T cell response, which was enhanced by OX40 agonist administration. Similar to protein vaccination, the OX40 agonist also increased a vaccine-specific CD4 T cell response in saRNA vaccinated mice. Thus, our findings show that an OX40 agonist can enhance both, protein and saRNA COVID-19 vaccine approaches.



Results


An OX40 agonist enhances SARS-CoV-2 spike protein vaccination

Our laboratory has examined the effects of OX40 agonists enhancing T cell responses in both viral and cancer immunity for many years (22–25). We have generated a hexameric OX40L:Ig fusion protein (26), that has potent immune stimulatory effects in mice, non-human primates and humans (27). To examine the effect of OX40L:Ig to enhance protein vaccinations to SARS-CoV-2, we immunized mice with a prefusion stabilized trimeric spike protein (28). Mice were immunized with the spike protein and a TLR-4 agonist, monophosphoryl lipid A (MPLA), emulsified in Montanide ISA 51. In the boost, mice received the protein in PBS, without MPLA. Mice were treated with mouse IgG (mIgG) or OX40L:Ig in the prime vaccination, the boost vaccination or during both the prime and boost. The groups were boosted 28 days after the prime (Figures 1A, B). We first assessed the ability of the vaccine to activate T cells in the blood via ICOS/Ki67 upregulation on CD4 T cells, and GrzmB/Ki67 upregulation on CD8 T cells. CD4 and Treg cells were highly activated in the blood 5 days after the boost, with an average of 40.6% (± 15.9) Ki67+ICOShi CD4 T cells. CD8 T cells increased proliferation to a lesser extent and did not display a significant amount of GrzmB+Ki67+ cells (3.4% ± 2.6) (Supplementary Figures 1A, B). The activation of CD4 T cells was partially due to OX40 agonist alone in the absence of vaccine, as depicted in the OX40 agonist control group (14.0% ± 3.5). Thus, while upregulation of these activation markers on T cells could identify spike-specific T cells, we developed assays to enumerate the percentages of spike-specific T cells more accurately in the blood. Peripheral blood lymphocytes were isolated 6 weeks post-boost, and the cells were cultured with spike protein in vitro. After overnight incubation with the spike protein, CD40L and OX40 expression were analyzed on the surface of CD4 T cells, and PD-1 and 4-1BB on CD8 T cells (19, 29–31). CD40L and OX40 expression were detected on the surface of CD4 T cells from mice that had been injected with the OX40L:Ig fusion protein in both prime and boost, whereas the percentage of antigen-specific cells was significantly lower in animals receiving one injection of the OX40 agonist (in the prime or boost) and low in mice receiving vaccine alone (no OX40L:Ig) (Figure 1C top and D, left panel). In contrast to CD4 T cells we did not detect an increase in the percentage of 4-1BB+ CD8 T cells after ex vivo culture with the spike protein (Figure 1C bottom and D, right panel). In this short-term assay stimulation of CD4 T cells may be more efficient, as opposed to cross-presentation of peptides to CD8 T cells via MHC class I, which could take longer than 12-16 hrs to induce activation. Thus, we also analyzed the ability of the spike protein to induce T cell proliferation and cytokine secretion in 3-day cultures. While spike-specific CD4 T cells showed robust proliferation especially in mice receiving OX40L:Ig in the prime and boost, the CD8 T cells did proliferate, but not as vigorously (Figures 1E, F). When cytokines were assessed, the highest level of IFN-γ was observed in the supernatants of T cells isolated from mice treated with the OX40L:Ig protein in both the prime and the boost. IL-2 showed a similar pattern, albeit at much lower levels (Figure 1G). The Th2 specific cytokine, IL-4, was not detected in these cultures potentially due to the strong TLR agonist, MPLA, which tends to skew T cells towards a Th1 lineage phenotype (Supplementary Figure 1C).




Figure 1 | OX40 agonist enhances CD4 and CD8 antigen-specific T cell immunity to spike protein vaccination. Groups of mice were immunized with the SARS-CoV-2 spike protein emulsified in Montanide ISA 51 and MPLA (present in the prime), with mouse IgG (mIgG) or with OX40L:Ig injection in the prime, in the boost or both. Cells were isolated from the blood at 10 weeks post-immunization and cultured in the presence of recombinant spike protein. (A) Schematic representation of immunization with the spike protein and timing of the OX40L:Ig injections. (B) Description of the experimental group layout. (C) Expression of OX40 and CD40L on CD4 T cells (top) and PD-1 and 4-1BB on CD8 T cells (bottom) by flow cytometry after overnight incubation (16 hrs) with the spike protein. The dot plots shown are from representative mice in each group. Numbers in each quadrant indicate percent positive cells. (D) Summary of CD40L- and OX40-expressing CD4 T cells and 4-1BB-expressing CD8 T cells in all experimental groups. (E) Cells were cultured for 3 days in presence of antigen and EdU was added for 18 hrs to reveal replicating cells. Numbers in each quadrant indicate percent positive cells. (F) Ki67 expression and EdU incorporation (top panels) and ICOS/CD25 expression (bottom panels) were analyzed to assess T cell proliferation and activation in CD4 and CD8 T cells in all groups. (G) Supernatants of the 3-day cultures (blood) were assessed for the presence of IFN-γ and IL-2 in absence or presence of spike protein. N=6 animals per group, 1 of 2 experiments is shown. Each individual symbol in the bar graphs represents a single mouse. In D, F and G, bars indicate mean ± SEM. One-way ANOVA with Tukey’s multiple-comparisons test. *P<0.05, **P<0.01, ***P<0.001, ns, not significant.





TLR4 and OX40 stimulation and their effects in prime versus boost

We next addressed whether MPLA was more important for enhancing immune responses in combination with OX40L:Ig when delivered in the prime versus boost (see Figure 2A, B). Previous work from our group has shown that LPS, via TLR4 activation, can synergize with OX40 to enhance vaccines (17). MPLA, which also activates APCs via TLR4 uses TRIF signaling (instead of the MyD88 pathway) to release proinflammatory cytokines, is less toxic and skews T cells towards a Th1 phenotype (32, 33). Analyses of T cell activation in blood 5 days post-boost, showed that CD4 T cells were proliferating (Ki67+ICOShi) when MPLA was injected in the prime with the OX40 agonist delivered in the prime and boost (17.1% ± 12.3) (Supplementary Figures 2A, B). However, the OX40 agonist had a more substantial effect on proliferation/activation when MPLA was injected during the boost (35.8% ± 15.7 Ki67+ICOShi cells). In contrast, CD8 T cells were only minimally activated when examined for Ki67 and GrzmB expression (2.9% ± 2.2 and 5.9% ± 8.8) (Supplementary Figures 2A, B). Proliferation was generally greatest when MPLA was administered during the boost, for Tconv, Treg, CD8 T cells, as well as B cells (Supplementary Figure 2B). In parallel, we assessed the presence of Tfh cells in the animals, based on their role in fostering potent antibody responses. We tracked their frequencies at baseline, pre- and post-boost and found that, in line with recent studies (15, 34) CXCR5+ PD-1 positive Tfh cells are increased post vaccination, most prominently when OX40L:Ig was administered in both, prime and boost (Supplementary Figure 2C).




Figure 2 | OX40 agonist enhances vaccine-specific T cell responses independent of whether a TLR4 agonist was administered in the prime or the boost. Groups of mice were immunized with the SARS-CoV-2 spike protein emulsified in Montanide ISA 51 with MPLA injected in the prime or boost. In groups 1-3, mIgG or OX40L:Ig were administered in the prime with MPLA or OX40L:Ig was given in both prime and boost. Groups 4-6 received MPLA in the boost with mIgG or OX40L:Ig or OX40L:Ig was given in both prime and boost. (A) Schematic representation of immunization with the spike protein, MPLA and timing of the OX40L:Ig injections. (B) Description of the experimental group layout. (C) Secretion of IFN-γ and IL-2 cytokines examined in the supernatant of splenocytes cultured for 3 days alone, in presence of spike protein, S1 or S2 spike peptide pools. Each data point represents an individual animal. Bars indicate mean ± SEM. (D) CFSE-labeled splenic T-cells, were cultured with irradiated APCs alone, pulsed with spike protein, or S1 and S2 spike peptide pools. CD3/CD28 stimulation was used as positive control for these experiments. Histograms show the cell division by dilution of CFSE as analyzed by flow cytometry after 4 days of culture, cells were gated on either CD4 or CD8 T cells. (E) Bar graphs showing the percentage of CFSElo CD4 and CD8 T cells in 4-day cultures after spike antigen stimulation. 1 of 2 experiments is shown in (B–D).



Mice were sacrificed 21 weeks post-boost and spleen and draining lymph nodes (drLN) were analyzed. We found increases in Tfh cells in both the drLN and spleen when OX40L:Ig was administered in prime and boost (Supplementary Figure 2D). To further analyze the spike-specific CD4 but also CD8 T cells responses we cultured the spleen and drLN cells not only with the spike protein but also overlapping 15-mers that cover the full-length protein with 2 peptide pools (S1 and S2). Peptides can bind better to MHCI (and MHCII) molecules and hence can be presented more efficiently to CD8 T cells. Supernatants from the splenocyte cultures incubated with these antigens were assessed for IFN-γ, IL-2 and IL-4 cytokine secretion. Antigen-specific IFN-γ production was significantly higher when the OX40 agonist was injected in both the prime and boost independent of whether MPLA was delivered in the prime or the boost (Figure 2C). Levels of IL-2 were also increased in the same groups, but IL-4 was very low to undetectable in all groups (Figure 2C and Supplementary Figure 2E).

We next assessed spike-specific T cell proliferation via CFSE dilution assay. This assay allowed us to determine proliferation in the absence of endogenous APCs that might harbor spike-specific peptides. T cells were purified and pooled from each treatment group and cultured with irradiated splenocytes isolated from naïve mice, pulsed with the spike protein or peptides. CFSE dilution of CD4 T cells 4 days after antigen stimulation revealed that proliferation was amplified in mice injected with the OX40L:Ig protein. CD4 T cell proliferation was greatest when mice received the OX40 agonist in both the prime and boost. Mice receiving vaccine with two doses of OX40L:Ig displayed an 18-30-fold increase compared to vaccine/MPLA alone (Figures 2D, E). CD8 T cells proliferated more vigorously in the presence of peptide pools and proliferated the strongest when MPLA was administered in the prime with two doses of the OX40 agonist. The fold-increase of CFSE dilution in CD8 T cells (OX40L:Ig in prime and boost versus control mice) was lower (2 to 3-fold) than in CD4 T cells (Figure 2E).

In summary, MPLA increased T cell activation and proliferation in the blood when delivered after the boost and this effect was accentuated when combined with the OX40L:Ig protein. However, vaccine-specific CD4 and CD8 T cell responses were elevated when the OX40 agonist was injected in both the prime and boost, independent of whether MPLA was administered in the prime or the boost.



OX40 stimulation increases the longevity of vaccine-specific antibody responses

Vaccine-specific memory T and B cell responses are important to ensure long-term protection against the viral challenge. CD4 T cells help elicit and mature a potent B cell response which results in antibody production, affinity maturation and formation of long-lived plasma cells. The OX40L:Ig fusion protein greatly increased the vaccine-specific CD4 T cell response and induced Tfh cells (Figures 1, 2), hence we hypothesized that vaccine-specific antibodies would also be increased by OX40 stimulation. We tested this hypothesis by assessing antibodies after serial blood draws in the experiments described above, to monitor the magnitude and kinetics of vaccine-specific antibodies. Supplementary Figures 3A, B illustrate the presence of spike- and RBD-specific antibody titers in the serum, which persisted up to 15 weeks post-boost. Spike- and RBD-specific antibody titers were observed in all mice immunized with the spike protein and when the OX40 agonist was injected in both the prime and boost, antibody levels were higher and more sustained (Supplementary Figures 3A, B, bottom; C, right). Quantification of antigen-specific antibodies using log10EC50 values shows the strongest antibody responses were found 2 weeks post-boost and the titers remained elevated when the OX40 agonist was injected in both the prime and boost (Supplementary Figure 3C). We next explored antibody titers in spike protein vaccinated mice receiving MPLA in the prime versus boost w/wo an OX40 agonist (pre-boost, 2 weeks, and 21 weeks post-boost). In mice immunized with spike protein + MPLA (no OX40 agonist) total IgG levels were relatively low 2 weeks post-boost and returned to pre-boost levels by 25 weeks. Spike protein immunization in combination with MPLA + OX40 agonist in the prime or MPLA + OX40 agonist in the boost showed longer-lived antibody responses (Figure 3A). Interestingly, when MPLA was delivered in the prime or boost, with two injections of the OX40 agonist, the spike-specific antibody levels did not return to prime levels and remained elevated for 25 weeks (Figure 3A, right). Figure 3B displays the change in titers over time.




Figure 3 | OX40 agonists increase the magnitude and longevity of spike vaccine-specific antibodies. Experimental scheme and groups are outlined in Figures 2A, B. Mice were bled on day 28, prior to the boost (indigo circles); day 44, 2 weeks post-boost (red squares); day 177, 21 weeks post-boost (blue triangles), and antibody titers to the spike protein were assessed. (A) shows total IgG titers against the spike protein. Values on the y-axis indicate absorbance measured at 450 nm. D=day (B) shows the log10(EC50) titers of all groups at each timepoint pre boost, two weeks post boost and 21 weeks post boost (C) shows the log10(EC50) titers of IgG1 isotype spike-specific antibodies and (D) shows the log10(EC50) titers of IgG2a isotype spike-specific antibodies. C and D, one-way ANOVA with Tukey’s multiple-comparisons test. *P<0.05, **P<0.01, ***P<0.001, ns, not significant. (E) Data from the neutralization assay performed using the ACE2-Fc protein and supernatants from all groups 7 weeks post boost. All samples were diluted 1:100 and serially diluted 1:3 or 1:4 eight times in the assay and the serial dilutions are indicated by connecting lines.



Since MPLA is known to skew the immune response towards a Th1 phenotype, we further dissected the antibody isotype composition in these treatment groups. We assessed whether IgG1 (mainly Th2 response) or IgG2a (mainly Th1 response) isotypes predominated in any of these conditions. Analyses of all 6 groups showed that spike-specific IgG1 antibody levels were similar under most conditions, with MPLA/OX40 agonist in prime/boost groups displaying highest long-lived antibody titers post-boost (Figure 3C). In accord with a previous report (35), MPLA as an adjuvant in the prime increased IgG2a spike-specific antibodies, whereas levels remained lower when MPLA was injected in the boost, w/wo OX40 agonist administration (Figure 3D). IgG2a titers were comparable when the OX40 agonist was administered in the prime and boost, independent of whether MPLA was injected in the prime or boost and the OX40 agonist increased the longevity of the IgG2a response (Figure 3D). To address whether the serum antibodies had the ability to interfere with the interaction between ACE2 and the spike protein, we assessed their neutralizing activity. In line with our results above, the most potent activity was observed when OX40L:Ig was given in prime and boost – with MPLA in the prime (Figure 3E).

In conclusion, we found that OX40 agonist injections strongly augmented the magnitude and persistence of the vaccine-specific antibodies in mice vaccinated with the spike protein.



OX40L:Ig injection when combined with a booster immunization amplifies vaccine-specific T cell responses

While spike-specific memory T cell responses were detected in most mice after prime-boost vaccination, we wanted to examine the effect of a booster vaccination in mice 7 months post-initial immunization. In the booster experiment, all mice were injected with the spike protein. The OX40 agonist was given to mice that had not previously received any OX40 stimulation and to mice that were previously injected with OX40L:Ig in both the prime and boost. The groups that received OX40L:Ig in either the prime or boost initially, received only mouse IgG in the re-boost. Figures 4A, B illustrate the layout of this experiment. Supplementary Figure 4A depicts early activation of Tconv, Treg and CD8 T cells 5 days post-booster immunization, and while OX40L:Ig fusion protein did increase activation, the vaccine alone also increased T cell activation. Interestingly, CD8 T cells proliferated more vigorously than after the initial prime/boost (Supplementary Figure 4B). We then assessed the antigen-specific T cell response in the spleen and drLNs of mice receiving the booster immunization. Mice were sacrificed 7 weeks after the booster and analyzed for spike protein-specific CD4 and CD8 T cells. In the short-term antigen-specific assays, both CD40L and OX40 were upregulated on CD4 T cells, in the drLN and spleen. Mice that received the OX40 agonist in both the prime/boost as well as in the booster immunization had the greatest vaccine-specific T cell response (Figures 4C, D). T cells isolated from animals receiving anti-OX40 in the boost and mIgG in the booster responded but to a lesser extent than the other groups (Figures 4C, D). The magnitude of the antigen-specific CD8 response was lower overall compared to CD4 T cells, but higher numbers of antigen-specific CD8 T cells were found in the spleen than in the drLN and OX40L:Ig accentuated this increase, as revealed by 4-1BB upregulation (Figure 4D, bottom right). T cell activation and proliferation were then assessed in cells cultured for three days in the presence or absence of the spike protein. CD4 T cells proliferated strongly in both drLN and spleen cultures, while CD8 T cell responses were lower in both tissues (Supplementary Figure 4C). We also examined cytokines that were produced by these T cells and found increased spike-specific IFN-γ in most conditions, compared to no antigen controls. Group C (no OX40L:Ig in the booster) had the lowest cytokine production, which was a consistent finding when compared to the other assays (Figure 4D). The greatest cytokine production was found in T cells isolated from mice receiving OX40 stimulation with the booster (groups B&D) (Figure 4E).




Figure 4 | Booster immunization in combination with an OX40 agonist can increase T cell activation, antigen-specific CD4 T cells, and cytokine production. Mice initially immunized with the spike protein+MPLA in the prime received the OX40L:Ig in prime, boost or both. Animals were then boosted 30 weeks later. (A) Schematic representation of the booster immunization with spike protein w/wo OX40L:Ig injections. (B) Description of the experimental group layout. (C, D) Cells from drLN and spleen were isolated 7 weeks after the booster and examined for antigen-specific CD4 and CD8 T cells. (C) Flow cytometric analysis of the expression of CD40L and OX40 on CD4 T cells (top) and PD-1 and 4-1BB on CD8 T cells (bottom) after overnight incubation with the spike-protein (one representative mouse from each group is shown). Numbers in each quadrant indicate percent positive cells. (D) Bar graphs showing the summary of the percentages of CD40L+ CD4, OX40+ CD4 and 4-1BB+ CD8 T cells in the drLN and spleens of mice receiving booster immunizations ± OX40L:Ig. (E) Cytokine assessment for IFN-γ and IL-2 in the supernatant of 3-day cultures from drLN and spleen. N=5-6 animals per group, 1 of 2 experiments is shown. Each individual symbol in the bar graphs represents a single mouse. Bars indicate mean ± SEM. One-way ANOVA with Tukey’s multiple-comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.



Thus, boosting mice increased the vaccine-specific T cell responses especially in mice that were injected with an OX40 agonist in the initial prime/boost and adding OX40 stimulation in the booster appears to further increase the vaccine-specific CD4 and CD8 T cell responses.



OX40 agonist stimulation increases spike-specific T cell responses to a self-amplifying mRNA vaccine

RNA vaccines have been approved for use in humans and have elicited both, vaccine-specific antibodies, and CD4 and CD8 T cell responses (16). Furthermore, in contrast to protein vaccines, mRNA vaccines have the potential for rapid, scalable manufacturing, owing to the high yields of in vitro transcription reactions (36). Hence, we wanted to test whether an OX40 agonist could also enhance immune responses to RNA vaccines. To test this hypothesis, we immunized mice with a self-amplifying mRNA, encoding an alphaviral replicase (to enable replication upon uptake in the cell cytoplasm) and the SARS-CoV-2 spike protein encapsulated in lipid nanoparticles (LNPs). SaRNA can provide high expression levels and simultaneously induce a strong innate immune response. Mice received two injections of 1 µg of saRNA (in prime and boost), 28 days apart, with or without the OX40L:Ig fusion protein. Proteins encoded by saRNA vaccines can take a few days to be produced and expression can be maintained for up to a month (37). Hence, the initial experiment assessed the optimal timing of OX40 agonist administration after saRNA vaccination (days 2/5, 4/7 and 7/10) (Figures 5A, B). Stimulation with the OX40L:Ig agonist, in absence of the saRNA vaccine, served as a negative control for these experiments. The activation status of T cells stimulated with the saRNA w/wo OX40 agonist was initially assessed 5 days after the boost. Mice that received OX40 stimulation at days 2/5 had the greatest level of CD4 T cell activation (41.27% ± 4.1, ICOS+Ki67+) and expression of these two makers declined in mice receiving the OX40 agonist at later timepoints (Figures 5C, D). The CD8 T cells expressed very high levels of GrzmB and Ki67 (26.42 ± 3.2, GrzmB+Ki67+) when the vaccine was combined with OX40 stimulation especially at days 2/5 after immunization (Figures 5C, D). Interestingly, this GrzmB+Ki67+ CD8+ cell phenotype was not observed when mice were immunized with protein (Supplementary Figures 1A, 2A). Since the activation data suggested that spike-specific CD8 T cell responses may be increased with the saRNA approach, we assessed the presence of spike-specific CD8 T cells after saRNA vaccination. A p:MHCI tetramer was used to quantify the vaccine-specific CD8 T cell response (an immunodominant epitope of the spike protein in C57BL/6 mice) (38). Tetramer+ CD8 T cells were enumerated in peripheral blood 5 days after the boost OX40L:Ig injection. 11.5% ( ± 1.9) of peripheral blood CD8 T cells were tetramer+ in mice injected with saRNA vaccine alone. Mice injected with the OX40 agonist on days 2/5 showed an increase in tetramer+ CD8 T cells (20.58% ± 2.2) compared to mice receiving vaccine alone. When the OX40 agonist was delivered at later time points the enhancement of vaccine-specific responses was lower (15.4% ± 2.4 and 10.44 ± 1.3 tetramer+ cells, respectively) (Figures 5E, F). The same analysis was repeated 16 weeks post-vaccination, when the mice were sacrificed, to monitor contraction of the CD8 T cell response in the LNs, spleen, and blood. Total memory CD8 T cells were lower in the lymph node (1.3%) and ranged on average between 9-13% in blood and spleen, with no significant differences between the groups (Figure 5G). As for tetramer+ CD8 T cells (16 weeks post-vaccine), a similar trend to day 5 post-boost was observed. Mice injected with OX40 agonist at days 2/5 still contained the highest percentage of tetramer+ CD8 T cells (2-fold above vaccine alone). However, compared to day 5 post-boost in the blood, the cells had contracted approximately 4-fold in each group (Figure 5G and Supplementary Figure 5A). Interestingly, when the frequency of spike-specific tetramer+ CD8 T cells in mice immunized with the protein vaccine were evaluated in peripheral blood at the same time point (16 weeks post-boost) little to no tetramer+ CD8 T cells were detected (Supplementary Figure 5B). Splenocytes followed a similar trend, but LNs contained much lower percentages of tetramer+ CD8 T cells (Figure 5G and Supplementary Figure 5A). Production of IFN-γ and TNF-α was also assessed upon stimulation with spike peptide pools in the saRNA vaccinated mice. Both CD4 and CD8 T cells produced IFN-γ and TNF-α and the highest percentage of IFN-γ+TNF-α+ positive cells were found in the day 2/5 OX40 agonist treated group (Figure 5H). In general, the frequency of IFN-γ secreting cells was higher in CD8 T cells when compared to CD4 T cells (Figure 5I). Proliferation of CD4 and CD8 vaccine-specific T cells was also assessed by CFSE dilution. Mice injected with saRNA alone increased spike protein-induced CFSE dilution in CD4 and CD8 T cells compared to the negative control group (OX40 stimulation alone). When the OX40 agonist was delivered on days 2/5 and 4/7 there was an increase in the percentage of T cells that diluted CFSE when compared to mice receiving vaccine alone (Supplementary Figures 5C, D). Similar to the results from the protein vaccine experiment (CFSE dilution; Figures 2D, E), the OX40L:Ig induced the greatest fold-increase in spike-specific CD4 proliferation. It also increased CFSE dilution in CD8 T cells from mice vaccinated with saRNA, but to a lesser extent than in the CD4 cells. Interestingly, the magnitude of the CD4 response (maximum percentage of diluted cells) was a slightly higher in the protein versus saRNA vaccinated mice. Finally, the serum antibody levels in saRNA immunized groups were examined, prior to the boost and two- and 12-weeks post-boost. We found that, in contrast to the protein vaccine, spike-specific antibodies generated with the saRNA only and saRNA + OX40 stimulation at days 2/5 or 4/7 were predominantly of the IgG2a isotype, with lower IgG1 titers (Supplementary Figure 5E). OX40 agonist delivered late after vaccination at days 7/10 had almost no effect on either isotype and titers were low overall.




Figure 5 | OX40 agonists enhance T cell responses in mice immunized with a self-amplifying RNA vaccine. Groups of mice were immunized i.m. with self-amplifying RNA (saRNA), encoding the spike-protein, encapsulated in lipid nanoparticles (LNPs). Mice received the vaccine alone or with OX40 stimulation on days 2/5, days 4/7 or days 7/10 post-vaccination. (A) Schematic representation of the timing of the administration of the saRNA vaccine w/wo OX40L:Ig. (B) Description of the experimental group layout. D=day (C) Flow cytometric assessment of the upregulation of ICOS/Ki67 on peripheral blood CD4 T cells and GrzmB/Ki67 on CD8 T cells five days after the 1st OX40L:Ig dose. The dot plots shown are from representative mice in each group. Numbers in each quadrant indicate percent positive cells. (D) Summary of the percentage activated Ki67+ICOS+ Tconv CD4 cells and Ki67+GrzmB+ CD8 T cells in blood. Bars indicate mean ± SEM. (E) Flow cytometric assessment of the frequency of tetramer+ CD44+ CD8 T cells 5 days post-boost (in each group). Each plot is from a representative animal per group. Numbers in the upper two quadrants represent the tetramer+ cells. (F) Summary of the data in (E). (G) Summary of tetramer+ T cells in blood, LN and spleen, 16 weeks post-immunization (day118). (H) Mice were euthanized at day124. Frequency of IFN-γ+ and TNF-α+ CD4 and CD8 T cells among splenocytes after in vitro stimulation with the S1 peptide pool. One representative animal per group is shown. The outlined box indicates the IFN-γ+TNF-α+ double-positive cells. (I) Summary of the frequency of IFN-γ+TNF-α+ CD4 and CD8 T cells stimulated with either S1 or S2 peptide pools in vitro. Bar graphs show the mean frequencies ± SEM per group in D, F, G and (I) One-way ANOVA with Tukey’s multiple-comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant. N=10-11 animals per group in D, F, G, and (I) 1 of 2 experiments is shown.



Taken together, the data suggests that the saRNA vaccine approach generates a strong Th1-type response with long lasting, potent spike-specific CD8 T cells and this response can be enhanced by OX40L:Ig administration shortly after immunization.




Discussion

The SARS-CoV-2 pandemic has been ongoing for two and a half years and in several countries individuals have received two vaccine doses, followed by one or two boosters. In order to reduce or eliminate the need for recurrent immunizations we tested whether an OX40 agonist would increase the immune response to a SARS-CoV-2 vaccine. This idea has been supported by previous publications showing that OX40 agonists can have strong immune adjuvant effects in the generating vaccine-specific T cells in mice, monkeys, and humans (22, 25, 39). OX40 agonists have been injected systemically to hundreds of cancer patients with low toxicity (22, 23), hence this is a strategy that could potentially be translated to human vaccines. Several studies suggest that co-stimulation via OX40 in a vaccine setting can not only increase CD4 T cell activation but can also boost CD8 T cell responses and increase secretion of vaccine-specific antibodies (24, 40, 41). The timing of OX40 agonist administration combined with vaccination has been explored, with findings showing that OX40 agonist injections delivered during the vaccine boost (14 days after a priming immunization) resulted in increased long-lived polyfunctional CD4 and CD8 T cells (39). However, another study showed that if the OX40 agonist was delivered after protein vaccination or viral challenge it could dampen immune responses (42).

In this study, we found that an OX40L:Ig fusion protein greatly increased vaccine-specific CD4 T cell responses and augmented spike-specific antibody secretion when injected with a protein vaccine. Interestingly, the saRNA vaccine was much more effective at generating spike-specific CD8 T cells, which was accentuated by the OX40L:Ig agonist.

Based on the differences observed in the publications discussed above, we examined the timing of OX40 agonist administration (OX40L:Ig in prime, boost or both) in combination with a spike protein vaccine. Panagioti et al. observed that if an OX40 agonist was injected during the booster phase of vaccination, it was more efficient to enhance T cell immunity than if it were administered during the priming phase (39). When we analyzed T cell activation 5 days after the boost, the OX40 agonist administered with the boost induced stronger proliferation in the CD4 T cell compartment than when given during the prime. However, contrary to the Panagioti manuscript, we detected the greatest increase of vaccine-specific T cell percentages when the OX40 agonist was injected in both the prime and the boost (Figures 1 and 2B). Differences between the two studies included the use of synthetic long peptides for vaccination by Panagioti et al, while we vaccinated with a whole protein; the time interval between prime and boost, which was 14 days, whereas in our study it was 28 days; and lastly we used the OX40L:Ig protein versus an OX40 agonist antibody (OX86) used in their study.

Successful SARS-CoV-2 vaccines should elicit long-lasting protection (via memory T and B cell responses), which will allow us to live with this virus in an endemic phase. In this study we explored how to increase the longevity of the vaccine-specific immune response by co-administration of an OX40 agonist with two different SARS-CoV-2 vaccines. We assessed the presence of spike-specific T cells and antibodies in mice several months after prime/boost immunizations w/wo the OX40L:Ig protein. Injecting the OX40 agonist in both the prime and the boost delivered the greatest numbers of functional spike-specific CD4 T cells as well as Tfh cells. Similarly, mice subjected to two rounds of OX40 agonist stimulation showed the greatest increase in spike- and RBD-specific antibody titers in their serum, and these levels were sustained for 6 months. This is an important observation because antibody responses elicited by the currently approved vaccines wane 3-6 months after the boost immunization (9). Thus, injecting the OX40 agonist in the prime and boost appears to increase the longevity of vaccine-specific immunity, which would potentially alleviate the need for repeated booster immunizations.

When vaccinated mice were re-challenged with a booster immunization 7 months later, they mounted an increased T cell response. OX40 engagement further increased the levels of activated and proliferating CD4 and CD8 T cells after the booster (Supplementary Figure 4). When analyzing the spike-specific immune responses in drLN and spleen several weeks after the booster it was clear that delivering the OX40L:Ig protein with all immunizations (prime/boost/booster) elicited the highest levels of spike-specific CD4 and CD8 T cells. These data suggest that an OX40 agonist added to a booster vaccine could enhance spike protein-specific immunity in individuals already immunized against the spike protein.

While mice injected with the spike protein vaccine combined with an OX40 agonist elicited a strong vaccine-specific antibody response (Figure 3), the CD8 T cell response was not very robust. Since RNA vaccines are known to elicit a potent CD8 T cell response, we determined whether an OX40 agonist could enhance CD8 responses when combined with a SARS-CoV-2 mRNA vaccine (16, 43, 44). mRNA vaccines have some advantages over protein vaccines, as they are easier and faster to produce as well as scalable for large immunization studies (36). In particular for this study we tested whether an OX40 agonist could enhance a self-amplifying RNA vaccine which contains an alphaviral replicase together with a gene of interest (spike protein) that is encapsulated in lipid nanoparticles (45). The saRNA vaccines require a much lower dose (0.1-1 µg/dose) compared to “traditional” mRNA vaccines (30-100 µg/dose), while at the same time leading to expression of higher protein levels (37). In our experiments, the saRNA-LNP vaccine was able to generate a strong vaccine-specific CD8 T cell response when compared to protein vaccination, and the antibody titers were biased towards a Th1-type response. Of importance for this study, the OX40 agonist was able to increase T cell activation and the magnitude of antigen-specific CD4 and CD8 T cell responses. In particular, the vaccine-specific CD8 T cell response elicited by the saRNA vaccine alone was strong (20% tetramer+ cells) at the peak of activation and the OX40-agonist increased it approximately 1.5 to 2-fold. The vaccine-specific CD4 T cell response to the saRNA vaccine was lower than with protein vaccination; however, the OX40-agonist did increase the CD4 T cell response to the saRNA vaccine as assessed by both proliferation and cytokine production (Figure 5).

It is clear from these studies that OX40 agonists can enhance vaccine-specific immune responses for both protein and RNA vaccines. In particular, both the magnitude and longevity of vaccine-specific responses were increased by the OX40L:Ig fusion protein especially when delivered both in the prime and the boost. A recent study combined an OX40 agonist antibody with a Sindbis alphavirus vector that expressed the spike protein and they found an enhancement of T cell activation, cytokine production and antibody titers (46). In most experiments however, mice were analyzed at only 7 days after the prime for metabolic and transcriptional changes, effects on T cell subsets, secretion of cytokines and cell surface markers. The authors assessed activation of total T cell populations with little distinction for vaccine-specific T cells, which differs from our study. Also, in this study we evaluated the longevity of the B and T cell responses, which was not emphasized in their study.

While both studies show that OX40 agonists can enhance COVID-19-specific vaccines, injecting a protein OX40 agonist is not practical for delivery for human vaccines. Engineering the OX40L:Ig fusion protein into viral vaccine vectors or adding the OX40L:Ig mRNA into the same lipid nanoparticles as RNA vaccines would be an economical and practical approach that will be pursued by our group in the future.

The data obtained with both protein and saRNA vaccines in these studies, suggest that a heterologous prime/boost approach may be beneficial to increase the lack of a CD8 response in the protein setting. Heterologous prime/boost vaccinations have been performed in humans for the spike protein (e.g. adenoviral vector vaccines + mRNA vaccines, or mRNA-Pfizer, followed by mRNA-Moderna) and this approach has officially been accepted by the government authorities. A heterologous and efficient prime-boost setting has been reported decades ago for HIV vaccines (47) and has since gained momentum for a wide range of pathogens. Heterologous vaccination can foster a broader array of immune responses (e.g. Th1 versus Th2), increase the effectiveness of existing vaccines and induce more immunogenic responses. It can lead to higher neutralizing antibody titers and more potent T cell responses compared to using the same vaccine in the prime-boost setting (48). While this suggests that heterologous prime/boost may lead to superior immune responses, careful analysis of combined approaches in the COVID-19 vaccine setting, is lacking. Our data suggest that there are differences in the potency of generating humoral and cell-mediated immune responses with the protein and RNA vaccine approaches. Of course, there are limitations - the assessment of the T cell and antibody responses in mice does not always correlate with level of protection in humans. Therefore, future experiments will combine both vaccine approaches, together with increased T cell costimulation. In summary, we observed differential immune stimulating effects when comparing protein versus saRNA SARS-Cov2 vaccines and it is clear that OX40 agonists can enhance immunity to both approaches.



Material and methods


Animals

C57BL/6 mice were purchased from the Jackson Laboratory. All animals were bred and maintained under specific pathogen-free conditions in the Providence Portland Medical Center (Portland, OR) animal facility and all experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee. Only females were used for the COVID vaccination studies. Control polyclonal mouse IgG was purchased from BioXCell. Anti-OX40L:Ig mAb was produced by MedImmune/AstraZeneca. Animals were randomly assigned to treatment cohorts. No outliers were excluded from the data presented.



Synthesis of self-amplifying mRNA encoding the SARS-CoV-2 spike protein

The codon-optimized gene, encoding the full-length spike protein of SARS-CoV-2 with a single dominant mutation was synthesized and cloned into Precision NanoSystem’s proprietary custom self-amplifying mRNA cloning vector. The vector incorporates non-structural proteins encoding VEEV alphavirus replicases and a strong sub-genomic promoter with an engineered multiple cloning site. The cloned codon-optimized genes were synthetically constructed and amplified in Escherichia coli and purified using a Plasmid Maxi kit (QIAGEN). High quality saRNA was synthesized using a proprietary manufacturing process developed by PNI. Briefly, the plasmid DNA was linearized by restriction digest at the 3′ end of the saRNA sequence. Next, the linearized DNA templates were transcribed into RNA using the cell-free in vitro transcription and enzymatic capping method described by Geall A et al. (49).



Formulation of lipid nanoparticles encapsulating saRNA

A lipid mix was prepared at a concentration of 37.5 mM in ethanol using a proprietary ionizable lipid, 1,2-distearoyl-sn-glycero-3-phosphocholine, cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000. saRNA was diluted to a concentration of 252 μg/ml in RNA formulation buffer at pH 4. Lipid mix in ethanol and saRNA in aqueous buffer were mixed to form lipid nanoparticles using a NanoAssemblr® Ignite™ NxGen™ microfluidic mixer at a flow rate ratio of 3:1 (saRNA to lipids), total flow rate of 12 ml/min and start waste volumes of 0.35 ml and end waste volume of 0.05 ml. The LNP were then diluted 40× in PBS (Ca2+ and Mg2+ free) and further processed using Amicon® ultra 15 10kDa MWCO units (EMD Millipore) filtration technique at 2000 x g for 30 min at 4°C to remove ethanol. The final LNPs were mixed with a PNI proprietary cryobuffer (1:1 V/V) and stored at -80°C. The LNPs were thawed at RT before immunization of animals.



LNP characterization

After preparation of LNPs as described above, particle size (hydrodynamic diameter of the particles) was determined by Dynamic Light Scattering (DLS) using a ZetaSizer™ Nano ZS™ (Malvern Instruments, UK). He/Ne laser of 633 nm wavelength was used as the light source. Data were measured from the scattered intensity data conducted in backscattering detection mode (measurement angle = 173°). Measurements were an average of 10 runs of two cycles each per sample. Z -average size was reported as the particle size and is defined as the harmonic intensity averaged particle diameter. All solutions were analyzed using polystyrene cuvettes.



saRNA encapsulation efficiency

saRNA encapsulation efficiency (EE%) was measured by a modified Ribogreen™ assay (Quanti-iT RiboGreen™ RNA assay kit, Fisher).1x TE buffer, and a 2% Triton-X (w/v) in 1x TE buffer were prepared for diluting the LNPs to the required concentrations for the assay. A 20 ug/mL RNA stock solution was prepared using 1x TE. Solutions for standard curve were prepared in the range of 0.1 – 2 ug/mL in Triton-X TE buffer in a 96 well. LNP solutions were then diluted in the 96 well plate using 50 ul 1x TE or 2% Triton-X TE buffer and incubated for 10 min at 37 °C (total 100 uL). 100 μL of 1:100 diluted Ribogreen reagent in 1x TE was then added to the wells and gently agitated for 30 sec. saRNA concentrations were quantified by measuring fluorescence (λem = 525 nm, λex = 485nm) at room temperature using a BioTek™ Synergy™ H1 Hybrid Multi-Mode Monochromator™ Fluorescence Microplate Reader. Encapsulation efficiency (EE) was calculated using the following equation:

EE= 100x {(Total RNA(RNA in Triton TE) - RNA outside LNP(Ribogreen in TE))/Total RNA(Ribogreen in Triton TE)}



Immunization

Animals were immunized s.c. in the right flank/inguinal area of the animal with an emulsion of Montanide ISA 51 with 20 µg/ml of spike protein (Lake Pharma, Inc) with or without Monophosphoryl Lipid A (MPLA) (Avanti Polar Lipids, Inc) as adjuvant. Additionally, the animals received anti-OX40L:Ig injected i.p. on days 0 and 3 post immunization, or mIgG. Mice were boosted with 20 µg/ml of spike protein in PBS, with or without MPLA. saRNA-LNP preparation was obtained from PNI. Animals were immunized i.m. in the left or right footpad with 1 µg of saRNA in lipid nanoparticles, diluted in 50 µl of PBS. Animals also received two injections of anti-OX40L:Ig or mIgG, i.p., on differing days post immunization, 3 days apart.



Blood collection and lymphocyte isolation

Blood was isolated from the animals by bleeding from the saphenous or submandibular veins. Between 0.1 and 0.4 ml of blood were collected, depending on the downstream applications. When mononuclear cells were isolated and analyzed, blood was collected in heparin-coated tubes. For T cell activation assays, peripheral blood mononuclear cells were separated using Fico/Lite-LM (R&D Systems) mouse cell separation medium. The peripheral mononuclear cells were washed with complete RPMI 1640 (Gibco) containing 0.292 ng/ml glutamine, 100 U/ml streptomycin/penicillin, 0.1 μM nonessential amino acids, 1 mM sodium pyruvate, and 10 mM HEPES (Sigma-Aldrich) and used in further experiments. For assessing cell phenotypes in blood, the blood was incubated with the ammonium-chloride-potassium (ACK) buffer to lyse red blood cells, prior to staining. When serum was isolated, blood was directly harvested in serum separation tubes (Microtainer, BD). Serum was aliquoted and stored at -80°C and thawed prior to use in the ELISA.

Draining lymph nodes (drLN) and spleens were harvested and processed to obtain single-cell suspensions using the plunger of a syringe and a petri dish. Spleens were incubated with ACK lysing buffer (Lonza) for 3 min at room temperature to lyse the red blood cells. Cells were rinsed with PBS containing 1% FBS and 4 mM EDTA prior to staining or washed with complete RPMI prior to in vitro cell culture.



T cell activation assay

PBMC or cells from LN and spleen were plated at 1.5 – 2 x 105 cells per well in 96-well u-bottom plates. As positive control, cells were stimulated with 1 µg/ml anti CD3 (clone 145-2C11) and anti-CD28 (clone 37.51), both Biolegend, Inc. 2 µg/ml of spike protein (LakePharma, Inc) or a peptide mix (1 µg/ml) spanning the S1 and S2 regions of the spike protein, were used to assess the antigen-specific responses (JPT Peptide Technologies, GmbH). To reveal upregulation of CD40L in response to antigen, a blocking anti-mouse CD40 antibody (clone HM40-3) and an APC-conjugated CD40L antibody (clone MR1) were present in the culture for the duration of the assay (29–31). Cells were stained for surface and intranuclear markers after 16-20 hrs.



Proliferation assay

Mononuclear cells isolated from blood, LN or spleen, were incubated in absence of or with spike protein or spike peptide pools in 96 well plates. After 3 days, 5-ethynyl-2’-deoxyuridine (EdU) was added at 2 µM to the culture medium. Cells were labeled for 16 hrs. Plates were spun down and supernatants were collected for analysis by ELISA and cells were pelleted for staining. Cells were washed twice with PBS prior to labeling with a viability dye. Cells were then washed with 1% BSA in PBS and surface labeled. The pellet was then fixed with 4% PFA for 20 min in 100 µl. After an additional wash with 1% BSA/PBS, cells were washed with a saponin-containing wash buffer and incubated for 20 min in 100 µl. The cells were pelleted again and resuspended in 50 µl of Click-iT reaction cocktail (PBS with Cu2SO4, Alexa647-Azide and the reducing agent sodium ascorbate). After 30 min of incubation at RT in the dark, cells were washed with wash buffer and intracellular antibodies were added in 30 µl/well. Cells were washed in wash buffer and resuspended in 250 µl PBS/1%BSA prior to analysis on a flow cytometer.



Antibodies and flow cytometry

For flow cytometric analysis, cells were washed in PBS, then incubated on ice for 20 with a viability dye (zombie yellow; ThermoFisherScientific) to exclude dead cells. Cells were washed with FACS buffer containing PBS, 1% FCS and 0.01% NaN3. Surface antibodies used in the study were: TCRβ (clone H57-597), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD44 (clone IM7), CD62L (clone MEL-14), ICOS (clone C398.4A), PD1 (clone J43), CD40L (clone MR1) CD25 (clone PC61.5), OX40 (clone OX-86), CD19 (clone eBio1D3), CXCR5 (clone 2G8)4. Intracellular proteins were detected with the following antibodies: Foxp3 (clone FJK-16s), Ki67 (clone SolA15), granzyme B (clone NGZB). For tetramer analysis, cells were stained separately with the PE-conjugated tetramer (VNFNFNGL, H-2Kb, NIH tetramer core) for 30 min at RT, followed by surface staining or intranuclear staining, as indicated above. All samples were analyzed on an AttuneNxt flow cytometer (ThermoFisherScientific), and data were analyzed with FlowJo software v10.8.1 (Tree Star).



Spike and RBD direct ELISA

Nunc Maxisorp 96 well u-bottom plates (Thermo Scientific™, high-binding) were coated with Sars-CoV-2 spike or RBD protein (1-2 µg/ml in 50 µl of PBS) and incubated at 4°C overnight. Plates were washed 6x using an automated plate washer with 0.05% Tween20 in PBS. Plates were blocked with 10% non-fat dry milk blocking buffer (BioRad, in PBS/Tween 0.05%) at 100 µl per well for 2 hours at 37°C. Plates were washed 6x times with PBS/Tween 0.05%. Serum was serially diluted 7-11 times in 50 µl of blocking buffer, across the plate. Binding was performed for 90 minutes on a plate shaker at 300rpm protected from light at room temperature. After 6 washes, a secondary HRP conjugated F(ab’)2 fragment goat anti-mouse IgG (H+L) antibody (Jackson ImmunoResearch Laboratories, Inc) was prepared at a 1/6000 dilution in blocking buffer. For IgG1-specific antibody detection, an HRP-conjugated goat anti-mouse IgG, Fcγ subclass 1-specific antibody was used (1:6000, Jackson ImmunoResearch Laboratories, Inc); for IgG2a-specific antibody detection, an HRP-conjugated goat anti-mouse IgG2a antibody was used (1:1000, ThermoFisherScientific). The antibody was incubated for 30 minutes on a plate shaker at 300 rpm at room temperate. Plates were washed 6x times and Sureblue™ TMB substrate (VWR) was added at 50 µl/well and allowed to develop for 3 to 5 minutes. The reaction was stopped with 25 µl of H2SO4. Plates were read at 450 nm absorbance. Three- or four-fold serial dilutions were analyzed and graphed in Prism. EC50 values were calculated using a non-linear regression analysis.



Cytokine ELISA

Nunc Maxisorp 96 well flat-bottom plates (Thermo Scientific, high-binding) were coated with the monoclonal antibody AN18 (IFN-γ) 1A12 (IL-2) or 11B11 (IL-4) all from Mabtech, at 1 µg/ml in PBS at 100 µl per well. The plates were incubated overnight at 4°C. Plates were washed twice with PBS. Plates were blocked for 1 hour with incubation buffer (PBS, 0.05% Tween 20, and 0.1% BSA) at room temperature. Plates were washed 6x on an automated plate washer with PBS/0.05%Tween 20. The recombinant mouse IFN-γ standard was serially diluted, in incubation buffer, starting at 5 µg/ml, and incubated in 100 µl/well for 2 hours at RT (IL-2 and IL-4 were added at 4 and 1 µg/ml, respectively). The secondary biotinylated antibody R4-6A2 (IFN-γ) 5H4 (IL-2) or BVD6-24G2 (IL-4) were added at 0.5 µg/mL in incubation buffer, after washing the plates, then incubated for 1 hour at RT. After 6 washes, Streptavidin-HRP (BD) was added at 1:250 in incubation buffer and incubated on the plate for 1 hour. For development, Sureblue™ TMB substrate (VWR) was added at 100 µl/well and developed for 5-10 minutes. The reaction was stopped with 25 µl of 0.2M H2SO4. Plates were read at 450 nm absorbance. Cytokine concentrations in the cell cultures were extrapolated from the standard curve and graphed in Prism.



T cell isolation and CFSE assay

Total T cells were freshly isolated from pooled splenocytes (pooled by treatment group) using the Easysep negative mouse T cell isolation kit (#19851, Stemcell Technologies). Isolation was performed according to the manufacturer’s protocols. (Stemcell Technologies). After T cell isolation, cells were washed in PBS and labeled with 0.5 µM CFSE diluted in PBS. T cells were cocultured with splenocytes, isolated from C57BL/6 animals and irradiated at 5000 rad prior to pulsing with whole spike protein or S1 and S2 peptide pools. Anti-CD3 and anti-CD28 served as positive control. Cells were cultured in complete RPMI for 3 days, then harvested and stained, prior to analysis on a flow cytometer. CFSE low cells indicate the proportion of proliferating cells.



Statistical analysis

Statistical analysis was performed with GraphPad Prism v9 software (GraphPad). The p values were calculated with a Student paired t test (for comparison between two groups), or a one way ANOVA for multiple comparisons. A p value <0.05 was considered significant. Error bars denote ± SEM as indicated. The number of biological replicates (individual animals) for each experiment is indicated in the figure legends. The titer for each mouse was calculated as log10EC50.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee, Earle A. Chiles Research Institute, Providence Cancer Institute.



Author contributions

AW, RD and H-MH initiated and AW and RD supervised the study. RD and AW designed the experiments. RD and MB performed the experiments. RD, MB and AW analyzed the data. SAbb, SAbr, NJ, AT and AG designed, generated and provided the saRNA-LNP. SJ and BF provided reagents and protocols for the antibody assays. RD and AW wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Providence Portland Medical Foundation.



Acknowledgments

We thank the Earle A. Chiles Research Institute vivarium staff for assistance with injections and husbandry of animals on these studies. We thank Newsha Arezi and Helena Son for their support with formulation of lipid nanoparticles and Sitalakshmi Thampatty and Emily Soon for their support in design and synthesis of saRNAs. We also thank the National Institutes of Health Tetramer Facility for generating the H-2K(b) tetramer for use within the study presented in this manuscript. Marie-Eve Koziol at SEPPIC, Inc. provided the Montanide ISA 51.



Conflict of interest

AW is founder  of AgonOx, which has an ownership interest in OX40 patents. Authors SAbb, SAbr, NJ, AT and AG are/were employed by Precision Nanosystems (PNI).

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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.896310/full#supplementary-material



References

1. Anderson, EJ, Rouphael, NG, Widge, AT, Jackson, LA, Roberts, PC, Makhene, M, et al. Safety and immunogenicity of SARS-CoV-2 mRNA-1273 vaccine in older adults. N Engl J Med (2020) 383(25):2427–38. doi: 10.1056/NEJMoa2028436

2. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med (2021) 384(5):403–16. doi: 10.1056/NEJMoa2035389

3. Dagan, N, Barda, N, Kepten, E, Miron, O, Perchik, S, Katz, MA, et al. BNT162b2 mRNA covid-19 vaccine in a nationwide mass vaccination setting. N Engl J Med (2021) 384(15):1412–23. doi: 10.1056/NEJMoa2101765

4. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine. N Engl J Med (2020) 383(27):2603–15. doi: 10.1056/NEJMoa2034577

5. Thompson, MG, Burgess, JL, Naleway, AL, Tyner, HL, Yoon, SK, Meece, J, et al. Interim estimates of vaccine effectiveness of BNT162b2 and mRNA-1273 COVID-19 vaccines in preventing SARS-CoV-2 infection among health care personnel, first responders, and other essential and frontline workers - eight U.S. locations, December 2020-march 2021. MMWR Morb Mortal Wkly Rep (2021) 70(13):495–500. doi: 10.15585/mmwr.mm7013e3

6. Frenck, RW Jr., Klein, NP, Kitchin, N, Gurtman, A, Absalon, J, Lockhart, S, et al. Safety, immunogenicity, and efficacy of the BNT162b2 covid-19 vaccine in adolescents. N Engl J Med (2021) 385(3):239–50. doi: 10.1056/NEJMoa2107456

7. Sadoff, J, Le Gars, M, Shukarev, G, Heerwegh, D, Truyers, C, de Groot, AM, et al. Interim results of a phase 1-2a trial of Ad26.COV2.S covid-19 vaccine. N Engl J Med (2021) 384(19):1824–35. doi: 10.1056/NEJMoa2034201

8. Voysey, M, Clemens, SAC, Madhi, SA, Weckx, LY, Folegatti, PM, Aley, PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, south Africa, and the UK. Lancet (2021) 397(10269):99–111. doi: 10.1016/S0140-6736(20)32661-1

9. Levin, EG, Lustig, Y, Cohen, C, Fluss, R, Indenbaum, V, Amit, S, et al. Waning immune humoral response to BNT162b2 covid-19 vaccine over 6 months. N Engl J Med (2021) 385(24):e84. doi: 10.1056/NEJMoa2114583

10. Khoury, DS, Cromer, D, Reynaldi, A, Schlub, TE, Wheatley, AK, Juno, JA, et al. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat Med (2021) 27(7):1205–11. doi: 10.1038/s41591-021-01377-8

11. Walter, EB, Talaat, KR, Sabharwal, C, Gurtman, A, Lockhart, S, Paulsen, GC, et al. Evaluation of the BNT162b2 covid-19 vaccine in children 5 to 11 years of age. N Engl J Med (2022) 386(1):35–46. doi: 10.1056/NEJMoa2116298

12. Baker, AT, Boyd, RJ, Sarkar, D, Teijeira-Crespo, A, Chan, CK, Bates, E, et al. ChAdOx1 interacts with CAR and PF4 with implications for thrombosis with thrombocytopenia syndrome. Sci Adv (2021) 7(49):eabl8213. doi: 10.1126/sciadv.abl8213

13. Li, W, Moore, MJ, Vasilieva, N, Sui, J, Wong, SK, Berne, MA, et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature (2003) 426(6965):450–4. doi: 10.1038/nature02145

14. Babcock, GJ, Esshaki, DJ, Thomas, WD Jr., and Ambrosino, DM. Amino acids 270 to 510 of the severe acute respiratory syndrome coronavirus spike protein are required for interaction with receptor. J Virol (2004) 78(9):4552–60. doi: 10.1128/JVI.78.9.4552-4560.2004

15. Cavazzoni, CB, Hanson, BL, Podesta, MA, Bechu, ED, Clement, RL, Zhang, H, et al. Follicular T cells optimize the germinal center response to SARS-CoV-2 protein vaccination in mice. Cell Rep (2022) 38(8):110399. doi: 10.1016/j.celrep.2022.110399

16. Sahin, U, Muik, A, Vogler, I, Derhovanessian, E, Kranz, LM, Vormehr, M, et al. BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans. Nature (2021) 595(7868):572–7. doi: 10.1038/s41586-021-03653-6

17. Maxwell, JR, Weinberg, A, Prell, RA, and Vella, AT. Danger and OX40 receptor signaling synergize to enhance memory T cell survival by inhibiting peripheral deletion. J Immunol (2000) 164(1):107–12. doi: 10.4049/jimmunol.164.1.107

18. Rogers, PR, Song, J, Gramaglia, I, Killeen, N, and Croft, M. OX40 promotes bcl-xL and bcl-2 expression and is essential for long-term survival of CD4 T cells. Immunity (2001) 15(3):445–55. doi: 10.1016/S1074-7613(01)00191-1

19. Croft, M. Control of immunity by the TNFR-related molecule OX40 (CD134). Annu Rev Immunol (2010) 28:57–78. doi: 10.1146/annurev-immunol-030409-101243

20. Fu, Y, Lin, Q, Zhang, Z, and Zhang, L. Therapeutic strategies for the costimulatory molecule OX40 in T-cell-mediated immunity. Acta Pharm Sin B (2020) 10(3):414–33. doi: 10.1016/j.apsb.2019.08.010

21. Tahiliani, V, Hutchinson, TE, Abboud, G, Croft, M, and Salek-Ardakani, S. OX40 cooperates with ICOS to amplify follicular Th cell development and germinal center reactions during infection. J Immunol (2017) 198(1):218–28. doi: 10.4049/jimmunol.1601356

22. Curti, BD, Kovacsovics-Bankowski, M, Morris, N, Walker, E, Chisholm, L, Floyd, K, et al. OX40 is a potent immune-stimulating target in late-stage cancer patients. Cancer Res (2013) 73(24):7189–98. doi: 10.1158/0008-5472.CAN-12-4174

23. Duhen, R, Ballesteros-Merino, C, Frye, AK, Tran, E, Rajamanickam, V, Chang, SC, et al. Neoadjuvant anti-OX40 (MEDI6469) therapy in patients with head and neck squamous cell carcinoma activates and expands antigen-specific tumor-infiltrating T cells. Nat Commun (2021) 12(1):1047. doi: 10.1038/s41467-021-21383-1

24. Evans, DE, Prell, RA, Thalhofer, CJ, Hurwitz, AA, and Weinberg, AD. Engagement of OX40 enhances antigen-specific CD4(+) T cell mobilization/memory development and humoral immunity: comparison of alphaOX-40 with alphaCTLA-4. J Immunol (2001) 167(12):6804–11. doi: 10.4049/jimmunol.167.12.6804

25. Weinberg, AD, Thalhofer, C, Morris, N, Walker, JM, Seiss, D, Wong, S, et al. Anti-OX40 (CD134) administration to nonhuman primates: immunostimulatory effects and toxicokinetic study. J Immunother (2006) 29(6):575–85. doi: 10.1097/01.cji.0000211319.00031.fc

26. Morris, NP, Peters, C, Montler, R, Hu, HM, Curti, BD, Urba, WJ, et al. Development and characterization of recombinant human fc : OX40L fusion protein linked via a coiled-coil trimerization domain. Mol Immunol (2007) 44(12):3112–21. doi: 10.1016/j.molimm.2007.02.004

27. Oberst, MD, Auge, C, Morris, C, Kentner, S, Mulgrew, K, McGlinchey, K, et al. Potent immune modulation by MEDI6383, an engineered human OX40 ligand IgG4P fc fusion protein. Mol Cancer Ther (2018) 17(5):1024–38. doi: 10.1158/1535-7163.MCT-17-0200

28. Hsieh, CL, Goldsmith, JA, Schaub, JM, DiVenere, AM, Kuo, HC, Javanmardi, K, et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science (2020) 369(6510):1501–5. doi: 10.1126/science.abd0826

29. Chattopadhyay, PK, Yu, J, and Roederer, M. A live-cell assay to detect antigen-specific CD4+ T cells with diverse cytokine profiles. Nat Med (2005) 11(10):1113–7. doi: 10.1038/nm1293

30. Frentsch, M, Arbach, O, Kirchhoff, D, Moewes, B, Worm, M, Rothe, M, et al. Direct access to CD4+ T cells specific for defined antigens according to CD154 expression. Nat Med (2005) 11(10):1118–24. doi: 10.1038/nm1292

31. Kirchhoff, D, Frentsch, M, Leclerk, P, Bumann, D, Rausch, S, Hartmann, S, et al. Identification and isolation of murine antigen-reactive T cells according to CD154 expression. Eur J Immunol (2007) 37(9):2370–7. doi: 10.1002/eji.200737322

32. Mata-Haro, V, Cekic, C, Martin, M, Chilton, PM, Casella, CR, and Mitchell, TC. The vaccine adjuvant monophosphoryl lipid a as a TRIF-biased agonist of TLR4. Science (2007) 316(5831):1628–32. doi: 10.1126/science.1138963

33. Cekic, C, Casella, CR, Eaves, CA, Matsuzawa, A, Ichijo, H, and Mitchell, TC. Selective activation of the p38 MAPK pathway by synthetic monophosphoryl lipid a. J Biol Chem (2009) 284(46):31982–91. doi: 10.1074/jbc.M109.046383

34. Baumjohann, D, and Fazilleau, N. Antigen-dependent multistep differentiation of T follicular helper cells and its role in SARS-CoV-2 infection and vaccination. Eur J Immunol (2021) 51(6):1325–33. doi: 10.1002/eji.202049148

35. Netea, MG, van der Meer, JW, Sutmuller, RP, Adema, GJ, and Kullberg, BJ. From the Th1/Th2 paradigm towards a toll-like receptor/T-helper bias. Antimicrob Agents Chemother (2005) 49(10):3991–6. doi: 10.1128/AAC.49.10.3991-3996.2005

36. Pardi, N, Hogan, MJ, Porter, FW, and Weissman, D. mRNA vaccines - a new era in vaccinology. Nat Rev Drug Discovery (2018) 17(4):261–79. doi: 10.1038/nrd.2017.243

37. Vogel, AB, Lambert, L, Kinnear, E, Busse, D, Erbar, S, Reuter, KC, et al. Self-amplifying RNA vaccines give equivalent protection against influenza to mRNA vaccines but at much lower doses. Mol Ther (2018) 26(2):446–55. doi: 10.1016/j.ymthe.2017.11.017

38. Poluektov, Y, George, M, Daftarian, P, and Delcommenne, MC. Assessment of SARS-CoV-2 specific CD4(+) and CD8 (+) T cell responses using MHC class I and II tetramers. Vaccine (2021) 39(15):2110–6. doi: 10.1016/j.vaccine.2021.03.008

39. Panagioti, E, Boon, L, Arens, R, and van der Burg, SH. Enforced OX40 stimulation empowers booster vaccines to induce effective CD4(+) and CD8(+) T cell responses against mouse cytomegalovirus infection. Front Immunol (2017) 8:144. doi: 10.3389/fimmu.2017.00144

40. Salek-Ardakani, S, Moutaftsi, M, Crotty, S, Sette, A, and Croft, M. OX40 drives protective vaccinia virus-specific CD8 T cells. J Immunol (2008) 181(11):7969–76. doi: 10.4049/jimmunol.181.11.7969

41. Salek-Ardakani, S, Moutaftsi, M, Sette, A, and Croft, M. Targeting OX40 promotes lung-resident memory CD8 T cell populations that protect against respiratory poxvirus infection. J Virol (2011) 85(17):9051–9. doi: 10.1128/JVI.00619-11

42. Gamse, JT, Freebern, W, Haynes Ii, R, Simutis, F, Pazian, M, Crona, J, et al. Decreased immune response in monkeys administered a human T-effector cell agonist (OX40) antibody. Toxicol Appl Pharmacol (2020) 409:115285. doi: 10.1016/j.taap.2020.115285

43. Oberhardt, V, Luxenburger, H, Kemming, J, Schulien, I, Ciminski, K, Giese, S, et al. Rapid and stable mobilization of CD8(+) T cells by SARS-CoV-2 mRNA vaccine. Nature (2021) 597(7875):268–73. doi: 10.1038/s41586-021-03841-4

44. Schulien, I, Kemming, J, Oberhardt, V, Wild, K, Seidel, LM, Killmer, S, et al. Characterization of pre-existing and induced SARS-CoV-2-specific CD8(+) T cells. Nat Med (2021) 27(1):78–85. doi: 10.1038/s41591-020-01143-2

45. Perri, S, Greer, CE, Thudium, K, Doe, B, Legg, H, Liu, H, et al. An alphavirus replicon particle chimera derived from venezuelan equine encephalitis and sindbis viruses is a potent gene-based vaccine delivery vector. J Virol (2003) 77(19):10394–403. doi: 10.1128/JVI.77.19.10394-10403.2003

46. Scaglione, A, Opp, S, Hurtado, A, Lin, Z, Pampeno, C, Noval, MG, et al. Combination of a sindbis-SARS-CoV-2 spike vaccine and alphaOX40 antibody elicits protective immunity against SARS-CoV-2 induced disease and potentiates long-term SARS-CoV-2-Specific humoral and T-cell immunity. Front Immunol (2021) 12:719077. doi: 10.3389/fimmu.2021.719077

47. Hu, SL, Klaniecki, J, Dykers, T, Sridhar, P, and Travis, BM. Neutralizing antibodies against HIV-1 BRU and SF2 isolates generated in mice immunized with recombinant vaccinia virus expressing HIV-1 (BRU) envelope glycoproteins and boosted with homologous gp160. AIDS Res Hum Retroviruses (1991) 7(7):615–20. doi: 10.1089/aid.1991.7.615

48. Lu, S. Heterologous prime-boost vaccination. Curr Opin Immunol (2009) 21(3):346–51. doi: 10.1016/j.coi.2009.05.016

49. Geall, AJ, Verma, A, Otten, GR, Shaw, CA, Hekele, A, Banerjee, K, et al. Nonviral delivery of self-amplifying RNA vaccines. Proc Natl Acad Sci U S A (2012) 109(36):14604–9. doi: 10.1073/pnas.1209367109



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Duhen, Beymer, Jensen, Abbina, Abraham, Jain, Thomas, Geall, Hu, Fox and Weinberg. 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/Images/fimmu-13-896310-g005.jpg
ICOS

GrzmB

Tetramer

% Tetramer+ CD8

's‘:':; A - DTHO o D38 monitor humoral ~ Group 2 = LNP-saRNA + OX40L:lg D2/5
i opoasod s l l ll i and Group 3 = LNP-saRNA + OX40L:Ig D4/7
m. i 1K B
YY ¥y YVYOY cell-mediated Group 4 = LNP-saRNA + OX40L:lg D7/10
02851 A0 B O NPH 2D ays [ESPONSES Group 5 = OX40L:Ig only D2/5
D ns
ns
saRNA saRNA saRNA saRNA OX40 only ol
+0X40 D2/5 + OX40 D4/7 +0X40 D7/10 T a0 =
fa)
227 1.91 19.1/18.55 414 [3) &3
& 60 Q
7 co4  § g
T 40 o
4.43 3.76 10.1 5 ~
: < 20 )
Ki67 c =
X =
334 424 7.56((0.14 | 0.23|0.71 0.35 0
F;
cD8 &
Q’ ££ &
6.71 7.65 4.91 9.35 %
—————— D5 post boost
Ki67 —ns
ns
F =
saRNA saRNA saRNA saRNA OX40 only - 409 ™ e saRNA only
+OX40 D2/5 +0X40 D417 + 0X40 D7/10 bt u saRNA+OX40 D2/5
0.90 10.9] [1.83 27.4| [145 12.3] [3.24 12.7] [0.60 0| Blood O 301 4 saRNA+OX40 D4/7
cD8 + P + saRNA+OX40 D7/10
“E’ 201 ¢ . O 0OX40 only
2\ /5\ © - .
S H
@ S B 10{& [k
= 5
8.59 8.92 OI 2.45 = - t
0 e
H saRNA saRNA saRNA saRNA OX40 only
+0X40 D2/5 +OX40 D4/7 +0X40 D7/10
o saRNA
16 weeks post boost & ERNAOX40 D25 0.081 i 0.32 0.13 0.04 0 CD4
4 saRNA+OX40 D4/7 e ‘» J
+ saRNA+OX40 D7/10 : !
© OX40 only
o ‘ cD8
i
z
[
TNF-a
| B o S2 pepti
2 2 peptide pool
3 g 0207 < cpa %1 . cos
+ +
Y45l o
3 Fois : 010
= Foro] | s T
= 7 e
¥ EOVOS-'ﬁEﬁP~ ooséﬁ .0
[ I
= govooﬁ‘fﬁ%—owv.m
N3 O & SRS I
N RGN
‘?\9@0*} ﬁ"@@e+>
SF ST o SF STt
SRS FE°
PR =
£ 57’% '?Q;'g' & 'o'g;'n

Ox40L:lg — gf;g

LNP+ %
saRNA

OX40L:lg T 23053

B Group 1 = LNP-saRNA + migG D2/5






OEBPS/Images/fimmu.2022.896310_cover.jpg
’ frontiers \ Frontiers in Immunology

OX40 agonist stimulation
increases and sustains
humoral and cell-mediated
responses to SARS-CoV-2
protein and saRNA vaccines





OEBPS/Images/fimmu-13-896310-g002.jpg
A : C

Spike Spike
protein  +/- migG or protein  +/- migG or
+/- MPLA OX40L'Ig +/- MPLA OX40L:lg Spleen e« control
= Spike
drLN 8
\l l Spleen 481 pep(!de pool
=6 N * 82 peptide pool
I Y Tt days £
c
Spike protein+ o
Grcup 1 mlgG prime+boost =

Group 2 MPLA  ox40L: Ig prime, mIgG boost
in prime
Group 3 OX40L:lg prime+boost =
P A 2 D 13
Group 4 ’ mlgG prime+boost 0‘0\9 e‘o\ﬂ G‘°°Q G‘o&} e‘°“°

-] A v > 1Y S
6‘0\9 G‘O\Q G‘o\ﬂ 6‘0\3\3 G‘O\Q G‘O\N 6‘°“Q

Group 5 iMPLA migG prime, OX40L:Ig boost
Group 6 OX40L:lg prime+boost
MPLA in prime MPLA in boost
D control OX40L:lg prime  OX40L:Ig prime+boost control OX40L:lg boost OX40L:lg prime+boost

CcD4 [[] T+APC+CD3/CD28
[[] T+APC+S2 peptide pool
T+APC+S1 peptide pool
] T+APC+Spike protein
[ T+APC

CD8

|~
- LA B y - ~
N - a
LA Il 2 L 2 |
—» CFSE
E + Spike + S1 peptide + S2 peptide + Spike + S1 peptide + S2 peptide
50 pool pool cD4 & pool pool mcos

@ @

3% B

2 30 o 4@

@ ®

&2 S 20

X 10 xR

0
© o © o NS X o
R Q»‘? \\Ro‘?o‘?o‘?&o‘? Q»‘? Q QQQ ‘7»‘? ~>Q\>Q\§?\>Q\>Q\§?

\,ng X Q Qo\)Qd)Q X8 QQQ
SEHHTES o‘e%‘b‘o‘o‘ SoHES SHETEET BT TSR





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        OX40 agonist stimulation increases and sustains humoral and cell-mediated responses to SARS-CoV-2 protein and saRNA vaccines

      

        		

          Introduction

        



        		

          Results

        

          		

            An OX40 agonist enhances SARS-CoV-2 spike protein vaccination

          



          		

            TLR4 and OX40 stimulation and their effects in prime versus boost

          



          		

            OX40 stimulation increases the longevity of vaccine-specific antibody responses

          



          		

            OX40L:Ig injection when combined with a booster immunization amplifies vaccine-specific T cell responses

          



          		

            OX40 agonist stimulation increases spike-specific T cell responses to a self-amplifying mRNA vaccine

          



        



        



        		

          Discussion

        



        		

          Material and methods

        

          		

            Animals

          



          		

            Synthesis of self-amplifying mRNA encoding the SARS-CoV-2 spike protein

          



          		

            Formulation of lipid nanoparticles encapsulating saRNA

          



          		

            LNP characterization

          



          		

            saRNA encapsulation efficiency

          



          		

            Immunization

          



          		

            Blood collection and lymphocyte isolation

          



          		

            T cell activation assay

          



          		

            Proliferation assay

          



          		

            Antibodies and flow cytometry

          



          		

            Spike and RBD direct ELISA

          



          		

            Cytokine ELISA

          



          		

            T cell isolation and CFSE assay

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-896310-g004.jpg
A Prime-Boost:

Re-Boost:

Spike  +/-migG or SPike  +i.migGor SPike ./ oG or
protein  Ox40L:lg Protein ox4oL:lg protein oy .|
+MPLA in PBS in PBS g i
vl v v
03 28 31 215 218 269" days
Cc
drLN Spleen
Booster: mlgG OX40L:lg migG OX40L:Ig
4.01 268 9.07 250][121 12.4|CD4
o
X
S @ NQ
1.26 1.58 2.74
CD40L
1.34 0.16[2.80 0.38| [4.66 0.68][17.6 3.71|CD8
o) 3 S
o & X % L
E 068 @ 1.87 @ 3.48 ® 426
4-1BB
E
drLN Spleen
ns
- 1
80 Fokk 40 ns * control
- 1 [ — "
ns . . = Spike
— e =1
£ 60 . L] 30
= |
o i .
> i3 -
Ty 3 20 T
w . . b « [
20 é . 10 .
- .
0l st s 0 ﬁ AL ...Iﬁ -
N
N N 0°Q’b <>\§2h & o"qﬁ, c?qrb o&h
* & & & & & &

Spike protein+
Group 1 = prime+boost-mlgG, re-boost-OX40L:lg
Group 2 = prime-OX40L:lg, boost-mIgG, re-boost-migG
Group 3 = prime-mlgG, boost-OX40L:lg, re-boost-migG
Group 4 = prime/boost-OX40L:lg, re-boost-OX40L:lg

drLN
i
fiid
2L li| 2 ook 2 %
820 =1 825 P B
+ L 1 + ns
= 320 @ o
F15 < 7 @ ,ﬁ\
8 615 3 =
+10 % . & * o
<
2 o[ Bolon | B B.°
o _|s o g o1
= Sl X 51p 2 (Plfef [t
o 8 N - é: : o 5 -
3| |e o
ol L ol sl o b L LT
Spleen
il
*x *
i — -1
23 24 25, S
8 19 8 x
+ © © —/
+
= &30 m *
S N o
g2 X S1o
&.) + 20 3
3 A < @©
et =] Qs 4
o : O 10 o |
R 3 > X
0 0
Ny D N N D> N
R KK R K R K
FEEE PSP FESE






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-896310-g001.jpg
B

A spke  +-migGor Spike +-migG or Spike protein+
E;;::SA T e PR monitor humoral and eroue mlg@ primeboost
\l l \l l cell-mediated responses Group 2 | MPLA  OX40L:lg prime, mlgG boost
a_g—z.mays Group 3 | IN PNIME migGprime, OX40L:lg boost
Group 4 OX40L:lg prime+boost
C Spike protein+ D
MPLA MPLA MPLA MPLA
+OX40 in prime +0X40 in boost +OX40 in prime+boost 125, — = 125 s 125
0.80 047] [167 064 [152 092] [362 6.78 o m L, ns -
3 — 2 — E
g g 10.0{ : 1004 1 L g100
+ M i +
ol _u i 140 cD4 3 75 %75 * 75 ns
@ @ 8 1 8 ] © —
| + e + ns
1 100 . 1.41 1.08 203 g 80 J; g 50 l 8 %0 —
. 5
CD40L S 25 1 O 25 Y
2 = N o "
il AT o lammA
1.76 012] [1.92 024] [1.12 021] [157 0.32 ool ELL LT 0.0 @ =] Yr:Yal_la
5 & I & L &
< SN S SEES
[a] R R R
o CD8 O 0 OO 0 O W
7 @J6F oo N O Sulou K
s B
il - _*_h = _\} =) +b~
0.21 0.73 0.30 0.81 o o o
4-1BB
E cD4 cDs8 F o G0 G e
H i *%
0.37 088| [210 0.83| Spike protein+ 2 . 1 2 —
& 504 — 8 504 —
+ ns + 304 e control ]
@ MPLA 3 404 ™ 4 32 40 i = Spike
w w <
@ + 304 a0 e £ 20/ .
© T © — c T
0.14 0.18 < 50l € ) s —
& i E3 = 4 [T I i
0.51 1.76| [1.80 216 S 10/ bl 8 10 . = L .
o .
® Al ® ) ﬁ .
MPLA olomBl; olodif o BB,
@} +OX40 in prime @ 50- = o 50-
) 8 s 4 8
0.15 0.34 a0l —m % 3 40l
b 404 7 g 40
0.71 2.37| [1.65 6.72 Q — Q _
; i ; 30- T ; 30 . E
B O YN O 5 Q2] s e
) i o 4 0 — o8
@ @ +0X40 in boost % i e - n =
5 L g @
104 . 10{ M
024 0.89 8 K i 5 . "
= 11 @gﬂlﬁ
6.60 414| [204 7.05 T o agé ol g
~ 3 S ~<)()o”" & i coozao*
g @ Q lpa G St
S S
@ +OX40 in prime .@.030"')(0*;@" .\030+x0*;\o" &
+boost R 4 R S 2
262 0.74 2 2
EdU





OEBPS/Images/fimmu-13-896310-g003.jpg
A

Spike - total IgG

Spike + MPLA in prime Spike + MPLA+OX40L:lg in prime  Spike + MPLA in prime - = Group 1
3. _ _+OX40L:lg in prime + boost 8“’ = Group 2
° 4 -+ Group 3
§ 24 J J 8 s Group 4
= = Group 5
8 g 37 - Group 6
14 4 4 = P
=
%
2 24
O ———— T ———— T =
c
Spike + MPLA in boost Spike + MPLA+OX40L:lg in boost ~ Spike + MPLA in boost ©
3 _ _ +OX40L:lg in prime + boost A=
S S o
) 2 P
=) . & LS
2 24 : T VS D
a N ¢
(]
14 4
—@— D28 - pre boost
o —M- D44 - 2 weeks post boost
RS o 0 R R RS Sy 2y B 0 —¥— D177 - 21 weeks post boost
OO ’i\QQ%@Q&bQQ@bQ%\QQ ] @gm@g@(ﬁ@%\@@g (ﬁ@é\@ P
LN N 2R A NLEN
NI PA NSNS
Dilution Dilution
C Spike - 1gG1
—~ MPLAinprime  MPLA+OX40L:lg MPLA in prime MPLA in boost MPLA+OX40L:lg MPLA in boost
O% in prime +OX40L:lg in boost +0OX40L:lg
) in prime + boost in prim:: + boost
Sp . " ——
s} 1 — 1 ]
:‘_/ 6 *k%k%k Ns *% ns * * ns I_‘
Q 1 1 — —r—
21L&z *p = Ll |4
-
5 |® A “l |& -
2 2 &
=
g 0l—— I —— s —— —
D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177
Spike - IgG2a
. MPLAinprime MPLA+OX40L:lg MPLA in prime MPLA in boost ~ MPLA+OX40L:lg MPLA in boost
3 in prime +0OX40L:lg in boost +OX40L:lg
8 in prime + boost in prime + boost
*
5 " P .
o6 ns — % ns *k — 1
et *%  ns '—l o * ns
s ns  ns —r *% s i
g 4 ’—Hj —
= ? ¥.I> *kk NS ,—|
© ° ] ]
N
optd ¥ H SRR
2 .
2o SN T -
< D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177 D28 D44 D177
E
25+ o
ACE-2 neutralization
204 @ Group1
. @ Group2
L 154 o Group3
8 10 @ Group4
' @ Group5
0.5 O Group6
O Blank

Dilution





