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Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) kills about 1.5 million people each year and the widely used Bacille Calmette-Guérin (BCG) vaccine provides a partial protection against TB in children and adults. Because BCG vaccine evades lysosomal fusion in antigen presenting cells (APCs), leading to an inefficient production of peptides and antigen presentation required to activate CD4 T cells, we sought to boost its efficacy using novel agonists of RIG-I and NOD2 as adjuvants. We recently reported that the dinucleotide SB 9200 (Inarigivir) derived from our small molecule nucleic acid hybrid (SMNH)® platform, activated RIG-I and NOD2 receptors and exhibited a broad-spectrum antiviral activity against hepatitis B and C, Norovirus, RSV, influenza and parainfluenza. Inarigivir increased the ability of BCG-infected mouse APCs to secrete elevated levels of IL-12, TNF-α, and IFN-β, and Caspase-1 dependent IL-1β cytokine. Inarigivir also increased the ability of macrophages to kill MTB in a Caspase-1-, and autophagy-dependent manner. Furthermore, Inarigivir led to a Capsase-1 and NOD2- dependent increase in the ability of BCG-infected APCs to present an Ag85B-p25 epitope to CD4 T cells in vitro. Consistent with an increase in immunogenicity of adjuvant treated APCs, the Inarigivir-BCG vaccine combination induced robust protection against tuberculosis in a mouse model of MTB infection, decreasing the lung burden of MTB by 1-log10 more than that afforded by BCG vaccine alone. The Inarigivir-BCG combination was also more efficacious than a muramyl-dipeptide-BCG vaccine combination against tuberculosis in mice, generating better memory T cell responses supporting its novel adjuvant potential for the BCG vaccine.
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Introduction

Mycobacterium tuberculosis (MTB) kills more than 1.5 million people each year and is the leading cause of death due to infections (1). Despite the high infectivity rate of the pathogen, 90% of people do not develop active disease and instead show a latent infection lasting decades (LTBI) (2). Although anti-tuberculosis immunity is multifactorial involving many types of innate and adaptive immune cells, Th1 immunity mediated by macrophages (MΦs), dendritic cells (DCs) (Antigen Presenting Cells; APCs), CD4, CD8 T cells and non-canonical T cells appears to be the major defense mechanism (3). Paradoxically, MΦs are also the reservoirs of MTB, and require either T cell derived IFN-γ mediated activation to kill MTB through nitric oxide or lyse MTB infected MΦs through perforin-granulysin from cytotoxic CD8 T cells (4).

BCG, an attenuated strain of Mycobacterium bovis has been used as a vaccine against tuberculosis since 1921, and nearly a billion doses have been given to infants so far with remarkably fewer side effects. Although BCG is known to effectively protect infants against disseminated forms of TB, it provides a variable (0–80%) protection against pulmonary tuberculosis and appears to be ineffective in protecting against adult tuberculosis (5, 6). The poor efficacy of BCG vaccine has been suggested to be due to 1) the lack of the RD1 region encoding for many immunodominant antigens, 2) vaccine strain-dependent variation, 3) exposure of infants to parasitic infestations which may skew Th1 to Th2 responses, and 4) heterogeneity of population genetics (5–8). Paradoxically, BCG is also known to induce “trained immunity” which protects against unrelated bacterial and viral infections of children and even against an experimental yellow fever virus infection of adults (9, 10). It is relevant to note here that, countries where primary BCG immunization is practiced report significantly less deaths due to COVID-19 (11). Therefore, BCG vaccine is now being repurposed for protection against SARS-CoV-2 infections (12, 13).

Although BCG is routinely used in many countries, an often-overlooked issue is the observation that the neonatal immune system is immature and antigen presenting cells (APCs) of neonates require adjuvant mediated stimulation to elicit robust cytokine responses to antigens (14). It has also been suggested that premature neonatal immune cells may not induce strong enough Th1 immune responses that can last for longer period of time (15). Poor processing and presentation of antigens generated from BCG at the site of vaccination may also negatively impact the T cell proliferation and recruitment to mount a strong Th1 immune response (16, 17). These observations together suggest that, BCG induces a sub-optimal immune response which is likely related to an inadequate activation of the APCs and subsequent priming of T cells during infancy even though, T cell mediated adaptive immune responses are critical for pulmonary immunity against TB (18–20).

In our previous studies, we sought to increase the efficacy of the BCG vaccine through recombinant technology. We identified a unique defect during the antigen processing of the BCG vaccine (21, 22). After BCG vaccination, APCs present antigens to CD4 and CD8 T cells through the MHC-I and MHC-II pathway, respectively, which mediate Th1 immunity. MHC-II dependent activation of CD4 T cells requires peptides from lysosomal degradation of BCG antigens (23). Paradoxically, BCG vaccine sequesters within the immature phagosomes of APCs avoiding lysosomal fusion, thereby reducing the MHC-II dependent CD4 T cell activation (24). This is because, BCG secretes sapM phosphatase which prevents lysosomal localization (25). In addition, we demonstrated that the near neutral pH of the BCG phagosomes prevents the activation of cathepsins and cathepsin-dependent in situ generation of an Ag85B-derived p25 immunogenic peptide (21). To bypass this defect we overexpressed the immunodominant secreted Ag85B in BCG, which triggered autophagy in APCs, increased lysosomal delivery, enhanced antigen processing and boosted vaccine efficacy against tuberculosis in mice (26). However, recombinant BCG vaccines still face two hurdles to enter into clinical trials; first, they need to go through safety and regulatory certification, and the infrastructure for the BCG vaccine manufacture and quality control which are established around the world would need to be adapted for production of recombinant BCG vaccines.

We therefore sought to increase the efficacy of the BCG Pasteur parent vaccine strain using novel adjuvants since, infant vaccines already contain adjuvants like alum (27). Because BCG vaccine phagosomes evade lysosomal degradation, we have investigated the hypothesis that agonists of the nucleotide-binding oligomerization domain-containing protein 2 (NOD2) and Retinoic acid-inducible gene-I (RIG-I) can act as adjuvants for BCG. Supporting a role for NOD2 adjuvants, previous studies show that mycobacterial cell-wall derived muramyl-dipeptide (MDP) activates NOD2 and it was used as an adjuvant for many subunit vaccines. The mycobacterial MDP is N-glycosylated unlike N-acetylated MDP from other bacteria and it is better in inducing cytokine secretion from MΦs (28). Coincidentally, the hypoimmunogenic Freund’s adjuvant also contains MDP (29). NOD2 plays a major role during pathogen sensing by phagocytic cells and determines the differential growth of BCG vaccine and MTB in MΦs (30–34). Together, these observations indicate that NOD2 signaling is an attractive target to boost immunity. Similar to NOD2, RIG-I, which senses bacterial and viral nucleic acids in the cytosol, is critical for initiating effective host immune responses against intracellular infections (35–37). Coincidentally, we had developed several novel small molecule nucleotide hybrid (SMNH®) - based agonists that ligate with NOD2 as well as RIG-I. We have reported that the dinucleotide SB 9200 (Inarigivir) activates RIG-I and NOD2 to provide a broad-spectrum antiviral activity against hepatitis B and hepatitis C viruses, as well as, Norovirus, RSV, influenza and parainfluenza (38–40).

In this study, we have tested the hypothesis that SMNH activation of NOD2/RIG-I, which are cytosolic sensors of pathogens, enhances the lysosomal delivery for the BCG vaccine increasing its peptide epitope production and thereby, T cell activation. Our studies show that Inarigivir and its derivative compounds increase the ability of APCs to activate T cells ex vivo during BCG infection. We further demonstrate that Inarigivir boosts the efficacy of the BCG vaccine against tuberculosis in mice and represents a new generation of adjuvants that target NOD2/RIG-I signaling and perhaps they can be safely combined with other vaccines.



Materials and Methods


Compounds

Inarigivir, a compound derived from the SMNH® platform, is a dinucleoside phosphorothioate ester prodrug that is converted to the active dinucleoside phosphorothioate SB 9000 by esterase-mediated hydrolysis in vivo. Both Inarigivir and SB 9000 are a mixture of two isomers designated as Rp, and Sp and the chemical structures of the various compounds used in the study along with the details of their synthesis, and metabolism have been described elsewhere (38–40).



Demonstration of SB 9200 (Inarigivir) Binding to RIG-I

Sandwich ELISA Method: A sandwich ELISA was developed for assessing the binding of SB 9000 (Inarigivir) to RIG-I by using SB 9000 derivatized with biotin at the 5′-OH group of the dinucleotide. Briefly, 96-well ELISA microplate was coated with anti-DDK antibody (Origene, TA50011-100) @ 1:200 dilution in coating buffer (0.1M carbonate, pH 9.6). 1 µg/ml DDK-tagged RIG-I recombinant protein (Origene, TP317615) was then captured onto microplate followed by blocking with superblock (Thermofisher, 37537). Biotinylated SB 9000 was then added at different concentrations and the SB 9000 bound to RIG-I, was detected using HRP-conjugated Streptavidin (Origene, AR100017) followed by development with TMB substrate solution (Thermofisher, 34028), followed by absorbance measurement at 450nm.

Surface Plasmon Resonance Method: For this assay, full length hRIG-I was generated in mammalian cells using Expi293F cells (ThermoFisher Scientific, A14527), ExpiFectamine™ 293 Transfection Kit (ThermoFisher Scientific, A14524) and DDX58 - HaloTag(R) human ORF in pFN21A (Promega). The protein was then purified using HaloTag® Mammalian Protein Purification System (Promega, G6790) according to manufacturer’s instructions. To perform SPR, various concentrations of biotinylated SB 9000 dissolved in water were manually printed onto PlexArray Nanocapture Sensor Chip (Plexera Bioscience, Seattle, WA) at 40% humidity. The signal changes after binding and washing (in AU) were recorded as the assay value. Selected protein-grafted regions in the SPR images were analyzed, and the average reflectivity variations of the chosen areas were plotted as a function of time. Real-time binding signals were recorded and analyzed by Data Analysis Module Kinetic analysis using BIA evaluation 4.1 software.



Mycobacterial Culture and Reagents

Log-phase organisms of wild type M. tuberculosis H37Rv (ATCC 27294), M. tuberculosis Erdman (ATCC 35801) and M. bovis BCG (Pasteur strain,ATCC 35734) cultured in Middlebrook 7H9 broth for 7 days were frozen in aliquots. Before use, aliquots were thawed, washed three times in PBS (12,000 rpm; 15 min), sonicated at 4 watts using a soniprobe (60S Sonic Dismembrator, Fisher Scientific). A dispersed suspension adjusted to McFarland #1 in turbidity (108 CFU/ml) was prepared for in vitro use as well as in vivo infection. M. tuberculosis H37Rv strain was used for in vitro infections whereas, M. tuberculosis Erdman strain was used for infection of mice in vivo. M. bovis BCG Pasteur strain (ATCC 35734) was used for all the in vitro as well as in vivo studies. For infection of MΦs and DCs in vitro, a multiplicity of infection (MOI) 1 was used uniformly in all assays confirmed by plating for CFUs on 7H11 agar. Inarigivir and other SMNH compounds were prepared in DMSO at concentration of 1 mg/ml and diluted as required. Doses used were well below cytotoxicity levels.



Isolation and Cultivation of Primary Mouse MФs and DCs

Bone marrow from C57BL/6 mice (M/F) (5–6 weeks) (Jackson research Labs, USA) was obtained by flushing both the femur and tibia. The bone marrow pooled from two to four mice at a time was centrifuged for 5 min at one thousand rotations per minute. The bone marrows were washed two times in ACK lysing buffer (Fisher BW10-548E), followed by 1 ml of phosphate buffered saline (PBS) passed through a 27-gauge needle and suspended in Iscove’s Modified Dulbecco’s Medium (IMDM) medium supplemented with 10% percent fetal bovine serum (FBS), 20 ng per/ml mouse-granulocyte macrophage colony stimulating factor (GM-CSF) (for MФs), and 10 ng per/ml mouse-IL-4 (for DCs) and 10 µg/ml penicillin and gentamicin. The cells were then plated into six well plates and incubated at 37°C, 5% CO2 for 1 week, while adding the wells with two milliliters of fresh media, every two days. After seven days, the wells are flushed and the cells were pelleted and resuspended in MACS buffer; PBS containing 0.5% FBS, at a volume of 400 µl per 108 cells. CD11c microbeads (Miltenyi 130-052-001; for DCs) or CD11b microbeads (for MФs) were then added to the cells, 100 µl per 108 cells. The cells were incubated at 4°C for 15 min, washed once in 1 ml of MACS buffer and resuspended into 500 µl MACS buffer. During this time, the Miltenyi separation columns (Miltenyi 130-042-201) were prepared by rinsing once with 500 µl MACS buffer, one column per 108 cells and placed onto magnetic holders. The cells were added to the columns and the flow through was collected. The columns are washed three times with 500 µl MACS buffer and then removed from the magnetic holders. One milliliter dissociation buffer was then flushed through the column. Wash off was repeated once. The cells (DCs and MΦs; APCs) were counted and plated into twenty-four well plates with 106 cells per well in IMDM supplemented with 10% FBS and GM-CSF and allowed to differentiate for 4 to 7 days. Medium was then replaced with GM-CSF free medium and cells were used for various assays.



In Vitro Antigen-85B Presentation Assay

This has been described in detail elsewhere, and the original method described by the Harding lab has been extensively used by us and others for in vitro antigen presentation by APCs (21, 22, 26, 41). Briefly, MTB-infected mouse APCs were washed after a 4-h infection and overlaid with the BB7-CD4 T cell hybridoma (a gift from Dr. David Canaday) which recognizes the Ag85B-p25 epitope in context of mouse MHC-II. IL-2 secreted from hybridoma T cells were determined using a sandwich ELISA kit (Ebiosciences). To test the effect of Inarigivir and other SMNH compounds on antigen presentation, APCs were pre-activated overnight at indicated dose, prior to infection with BCG. Doses used were well below cytotoxicity levels. Where indicated, the APCs were pharmacologically blocked with various inhibitors at indicated doses. Viability of APCs was monitored at >90% using trypan blue assay throughout the assay period.



Cytokine assay in APCs

Quantification of cytokines produced by MΦs and DCs was carried out by enzyme-linked immunosorbent assay (ELISA) using commercially available kits (Biolegend for mouse IL-12, TNF-α IFN- β and IL-1β). Supernatants were collected at indicated times after activation or blockade with Inarigivir, SMNH compounds, other pharmacological agents followed by infection with MTB. Supernatants were first filtered through a 0.22-µm filter (EMD Millipore, MA, USA) before they were titrated for cytokine levels according to the manufacturer’s protocol.



M. tuberculosis Growth Assay in MФs

Primary mouse MΦs, and human THP-1 MΦ cell line were lysed with 0.05% SDS at different time-points post MTB infection with or without Inarigivir and other pharmacological agents. Lysates were plated at serial 10-fold dilutions in PBS using 7H11 Middlebrook agar plates (Difco Laboratories, Surrey, UK). The plates were incubated at 37° for 3 weeks before counting colony-forming units (CFUs). Data were expressed as log10- CFUs per million APCs.



Mouse Vaccination and Infection Experiments

Mouse models of vaccination used in this study have been previously described in detail (17, 26). Mice (C57Bl/6, M/F, 6–8 weeks of age; 20 per group) were immunized with BCG (Pasteur strain) given once subcutaneously at 1 x 106 CFU per mouse or mixed with 25 μg of Inarigivir or its isomers. An experiment also included muramyl dipeptide (MDP; 25 μg) mixed with BCG vaccine and used as a combination vaccine for comparison. Four weeks later, mice were exposed to an aerosol dose of MTB (Erdman strain)(200- CFUs per mouse), using a Glas-Col (Indiana, USA) aerosol chamber. Mice were then housed in BSL3 conditions as per approved IACUC protocols, sacrificed 4 weeks later and their organs were processed for analysis of CFU and T cells in lungs and spleen as detailed below. For re-challenge studies shown in Figure 7, the primary challenge of animals was same as described above but mice were treated with INH (25 mg/kg) and rifampin (10 mg/kg) given orally as 15 daily doses over 3 weeks followed by resting until 4th week. Mice were then aerosol rechallenged with approximately 200 CFU of virulent MTB (Erdman strain) using a Glas-Col aerosol apparatus. Four weeks after rechallenge, organs were harvested for CFUs and T cell profiles in the lungs and spleens. Briefly, lungs and spleens were homogenized in 5 ml saline with 0.05% Tween 80 and 100 µl aliquots were then plated in replicates on 7H11 agar plates with 5 µg/ml thiophene 2-carboxylic acid hydrazide (TCH) that inhibits BCG. Plates were read for CFU counts of MTB and plotted against different vaccine groups. Vaccine induced-protection was expressed as log-10 reduction in CFU counts and significance was determined using two-way ANOVA with Dunett’s test. From one half of spleen of each mouse, T cells were fractionated and analyzed for IFN-γ secreting CD4 and CD8 T cells, tetramer stained CD4 and CD8 T cells and surface markers of memory using standard procedures (26). PE-labeled tetramer specific for Ag85B (CD4), and CD8 T cell tetramers specific for MTB32, ESAT6 and TB10.4 were prepared by the NIH tetramer facility at Emory University, USA. The short living effector CD4 T cells (SLECs) were typed as CD62L- CCR7− CD127− CD44+/− and memory precursor effector CD4 T cells were typed as (MPEC) as CD62L+CCR7+ CD127+/CD44+/−.

Significance of differences between groups was determined using the two-way ANOVA with Dunett’s post-hoc test. For each experiment, 10 mice per group were used, and 5 of them were used for CFU assays and three to five mice were used for analysis of various T cell populations in organs via flow cytometry staining. The data presented are an average of 2 independent experiments (each experiment having 10 mice per group (total 20 mice per group).




Results


SB 9000 (Inarigivir), the Active Metabolite of Inarigivir Shows Dose-Dependent Binding to Human RIG-I (hRIG-I)

To demonstrate a dose-dependent binding of SB 9000, a biotinylated form was synthesized by incorporating biotin at the 5′-OH group of SB 9000 via phosphoramidite chemistry. DDK-tagged RIG-I recombinant protein (Origene, TP317615) was then captured onto microplate and biotinylated SB 9000 was then added at different doses. Biotinylated SB 9000 bound to RIG-I, was detected using HRP-conjugated Streptavidin (Figure 1A). Dose-dependent binding of biotinylated SB 9000 to hRIG-I was clearly visible through ELISA based detection method, confirming that SB 9000 interacted with hRIG-I. We also found that SB 9000 binds to hRIG-I via its helicase domain (manuscript under preparation). In order to determine the Kd value of binding of Inarigivir to hRIG-I, surface plasmon resonance technique was further employed. The Kd value of binding was assessed to be 12 picomolar, demonstrating high affinity binding of SB 9000 to hRIG-I (Figure 1B).




Figure 1 | Binding of SB 9000 (Inarigivir) to retinoic acid-inducible gene I (RIG-I). (A) Sandwich ELISA method: Binding of SB 9000 to RIG-I by using SB 9000 derivatized with biotin at the 5′-OH group of the dinucleotide. ELISA microplate coated with anti-DDK antibody at 1:200 dilution in coating buffer (0.1M carbonate, pH 9.6), followed by 1 µg/ml DDK-tagged RIG-I recombinant protein. Biotinylated SB 9000 was then added as indicated and the SB 9000 bound to RIG-I was detected using HRP-conjugated Streptavidin followed by development with TMB substrate solution and absorbance measurement at 450nm (mean ± SD; n = 2). (B) Surface Plasmon Resonance Method: Human RIG-I (hRIG-I) was generated in mammalian cells using Expi293F cells and DDX58 - HaloTag(R) human ORF in pFN21A. The protein was then purified using HaloTag® Mammalian Protein Purification System. SPR was measured by using various concentrations of biotinylated SB 9000 dissolved in water manually printed onto PlexArray Nanocapture Sensor Chip at 40% humidity. The signal changes after binding and washing (in AU) were recorded as the assay value. Selected protein-grafted regions in the SPR images were analyzed, and the average reflectivity variations of the chosen areas were plotted as a function of time. Real-time binding signals were recorded and analyzed by Data Analysis Module. Kinetic analysis was performed using BIA evaluation 4.1 software. Data are representative of 2 independent experiments, carried out in duplicates and values are expressed as mean ± SD.





Inarigivir and Isomers Enhance In Vitro Antigen Presentation and Th1 Cytokine Production in MΦs

Adjuvants modulate cytokine secretion in APCs, reduce the dose of antigen required, sustain immune responses through T and B cell activation and increase vaccine efficacy, although individual agents vary greatly in their efficacy. To determine the adjuvant activity, Inarigivir and isomers were screened using an in vitro antigen presentation assay (AGPR) (21). APCs like MΦs and DCs present peptides through MHC-II and MHC-I pathway to activate CD4 and CD8 T cells respectively. Th1 immunity mediated by these T cells in turn, protects against intracellular infections including tuberculosis (23). The MHC-II pathway involves sorting the vaccine into lysosomes, where the Cathepsin-dependent degradation of the vaccine produces peptide epitopes (21). These are in turn, loaded into MHC-II -peptide complex which is then exported to the plasma membrane for activation of CD4 T cells. In contrast, BCG secreted Ag85B can leak into the cytosol to be digested by the proteasome and the peptides exported through a TAP-dependent process to MHC-I for the activation of CD8 T cells. An in vitro mycobacterial AGPR model has been described in which, APCs infected with BCG vaccine or MTB process and present the Ag85B-derived p25 epitope to a p25-specific BB7 CD4 T cell hybridoma (21, 22, 26, 41, 42). Upon recognition of the MHC-II-p25 complex, these T cells secrete IL-2, which is an indicator of antigen presentation. AGPR screening studies indicated an enhanced antigen presentation by MΦs when SMNH compounds were combined with BCG vaccine (Figure 2A). Four compounds (Inarigivir, SB-2, SB-3 and SB-4) that induced significantly higher antigen presentation were identified of which, Inarigivir was more potent compared to other SB compounds while taking into consideration the effective doses. Inarigivir was then further compared with other SB compounds that activate TLR-7/9 (unpublished) along with TLR-4 activating LPS to determine its relative adjuvant effect. LPS is a known agonist of TLR-4, and hence was used as a positive control. While SB2 was also found to be as effective as Inarigivir in inducing antigen presentation, SB-3, SB-4 and LPS induced significantly less antigen presentation in MФs (Figure 2B). It is important to note here that Inarigivir was able to induce better antigen presentation as compared to SB2 compound even at a lower dose of 1 µg/ml (Figure 1A). Since Inarigivir is a mixture of two isomers, it was of interest to determine if a single isomer had more potent adjuvant activity. The isomers were therefore synthesized and compared with LPS (Figures 2C–D). We found Rp isomer of inarigivir to be more effective in inducing antigen presentation in MΦs as compared to Sp isomer. However, when we examined the effect of these isomers on Th1 cytokines secreted by MΦs and DCs, both these compounds were equally potent in inducing IL-12 and IL-1β in MΦs and DCs, although some variability was seen between these 2 cell types (Figure 2E). Neither Rp or Sp isomer combination with BCG induced significant levels of TNF-α when compared with BCG alone.




Figure 2 | Small molecule nucleotide hybrids (SMNHs, aka. SB series) enhance antigen presentation by BCG vaccine infected macrophages and increase Th1 cytokine secretion. C57Bl/6 mouse bone marrow derived MΦs and dendritic cells (DCs) (aka. APCs) were treated with SMNHs (SB series) at indicated doses, followed by infection with Mycobacterium bovis Bacille Calmette Guerin (BCG) for 4 h (MOI = 1). Mycobacterial Antigen-85B (Ag85B) derived p25 peptide specific BB7 CD4 T cells were overlaid and supernatants collected after 18 h were tested for IL-2 using sandwich ELISA. (A) Initial screening of SB series of SMNHs including Inarigivir (NOD2/RIG-I agonist), SB-2 (TLR-7/9 agonist), and SB-3 and SB-4 (dinucleotides related to Inarigivir). *p values vs. BCG alone. (B, C) Comparison of Inarigivir and its resynthesized isomers Rp-Inarigivir and Sp-Inarigivir (10 µM) with the LPS agonist of TLR-4 (1 µg/ml) and related SB compounds during antigen presentation. *p values for groups compared. (D) Structures of Rp-Inarigivir and Sp-Inarigivir. (E) MΦs and DCs were treated or not with Rp-Inarigivir and Sp-Inarigivir (10 µM), followed by BCG infection. Supernatants collected at 18 h tested for Th1 cytokine levels using sandwich ELISA. *p values for treated vs. BCG alone (*<0.01; **< 0.009; p values, 1-way ANOVA with Tukey’s posttest). Data are representative of two independent experiments carried out in duplicates and values are expressed as mean ± SD.





NOD2-/RIG-I Agonist Inarigivir and Its Isomers Increase Caspase-1–Dependent IL-1β Secretion and NOD2-Dependent Antigen Presentation

Additional studies were carried out to confirm NOD2 and RIG-I receptor activation by Inarigivir using live cell cultures. Increased NF-κB luciferase activity in HEK-293 cells after transfection with NOD2, RIG-I and NF-κB, was observed only when they were incubated with Inarigivir, which confirmed activation of these receptors (Figure 3A). Since NOD2 protein is also a part of some inflammasomes which can trigger an intracellular inflammatory response (43), it was of interest to see if inflammasome activation could have been triggered by activation of NOD2 by Inarigivir. It is known that NOD2 containing inflammasomes (aka. Nodosomes) mediate the cleavage of IL-1β through Caspase-1 (44, 45). Thus IL-1β secretion by MΦs with and without Inarigivir addition was measured during BCG infection and concurrently, caspase-1 specific inhibitor Z-YVAD-fmk was added to another set of MΦs (Figure 3B). Z-YVAD–fmk, which is an irreversible inhibitor of Caspase-1, can prevent the downstream activation of inflammasome signaling by preventing the cleavage of pro-IL-1β into active secreted form of IL-1β  (46). Increased production of IL-β by MΦs that received Inarigivir and BCG compared to MΦs that received BCG only, indicated the activation of inflammasome by Inarigivir. Blockade of Caspase-1 using Z-YVAD-fmk abrogated this increased IL-1β secretion to a significant extent, which further confirmed that, Inarigivir mediated activation of NOD2 led to the secretion of IL-1β through inflammasome signaling. SB2 and SB3, that ligate with TLR-7 and TLR-9 also induced IL-1β secretion via inflammasome activation since blockade of Caspase-1 with Z-YVAD-fmk resulted in a significant reduction of this cytokine.




Figure 3 | Inarigivir activates NOD2/RIG-I receptors enhancing Capsase-1 dependent IL-1β secretion and NOD2 dependent antigen presentation. HEK cells were used for assay of receptor activation (A) and wild type C57Bl/6 (B–F) or NOD2−/− (G–H) mouse derived APCs were left either untreated or treated with Inarigivir, Rp-Inarigivir and Sp-Inarigivir and SB-2 or SB-3 (10 µM), followed by inhibitors as indicated, and where indicated, a 4-h infection with BCG (MOI = 1). Supernatants were tested for cytokines at 18 h or APCs overlaid with BB7 CD4 T cells for antigen presentation assay to measure IL-2. (A) Induction of NF-kB activity by Inarigivir (mix of Rp-Inarigivir and Sp-Inarigivir) through NOD2 and RIG-I activation. HEK-293 cells were transfected with pcDNA, NOD2, RIG-I, and NF-kB-luciferase. The cells were then incubated with Inarigivir (10 µM). Following 12 h incubation, Luciferase activity was measured and presented as mean ± S.D. from three independent experiments. (B) Rp-Inarigivir and Sp-Inarigivir combinations with BCG increase IL-1β secretion which is decreased after Caspase-1 blockade using Z-YVAD-fmk (50 µM). (C–E) IFN-β, TNF-α, and IL-12 cytokines are not affected by the Caspase-I blockade, although Inarigivir, SB2 and SB3 enhance IFN-β levels. (F) Caspase-1 blockade decreases antigen presentation. (G, H) Rp-Inarigivir and Sp-Inarigivir enhance antigen presentation by BCG infected wt-APCs, which is decreased in NOD2−/− APCs. (* < 0.01 ** < 0.006 p values using 1-way ANOVA with Tukey’s posttest). Data are representative of 2 independent experiments carried out in duplicates and values are expressed as mean ± SD.



Apart from NOD2 activation, Inarigivir activates RIG-I receptor, which is known to trigger intracellular interferon (IFN) response (47). For example, we showed that Inarigivir and isomers activate RIG-I, and (a) its Interaction with RIG-I led subsequent launching of a type I IFN response, and (b) its binding to RIG-I resulted in the direct inhibition of viral replication (38–40). In order to determine if Inarigivir mediated activation of RIG-I triggers type I IFN response during BCG infection as well, IFN-β levels secreted by MΦs after addition of Inarigivir were measured during BCG infection (Figure 3C). IFN-β levels were found to be markedly increased in MΦs that received Inarigivir as well as BCG compared to MΦs that received only BCG. Addition of Z-YVAD-fmk did not alter the levels of IFN-β in MΦs during BCG infection with and without Inarigivir and other SMNH compounds, which indicated that IFN-β response was independent of inflammasome activation. Increased IFN-β levels were also seen in MΦs that were activated with SB2 and SB3 compounds during BCG infection, and in MΦs that were treated with Z-YVAD-fmk, suggesting that the activation of TLR-7/9 also induces IFN-β response in an inflammasome independent manner.

To determine the specificity of inflammasome activation, supernatants of APCs activated with SMNH and BCG with or without Z-YVAD-fmk were titrated for proinflammatory cytokines TNF-α and IL-12. The levels of TNF-α and IL-12 were significantly higher in MΦs that received Inarigivir, SB2 and SV3 compounds compared to MΦs that received only BCG (Figures 3D, E). However, Z-YVAD-fmk had no significant effect, suggesting that induction of TNF-α and IL-12 by Inarigivir was independent of inflammasome activation.

Since some of the cytokines (IFN-β, TNF-α and IL-12) were induced in inflammasome independent manner whereas, IL-1β was inflammasome dependent, it was of interest to find out if the enhancement of antigen presentation by Inarigivir was dependent or independent of inflammasome activation. MΦs were infected with BCG combinations with Inarigivir, SB2 and SB3 followed by AGPR for IL-2 levels using BB7 hybridoma T cells in the presence and absence of Z-YVAD-fmk (Figure 3F). Increased levels of IL-2 induced by Inarigivir were abrogated by Z-YVAD-fmk, indicating that enhance antigen presentation was dependent on inflammasome activation. This effect was also observed with SB2 and SB3 compounds, indicating that TLR-7/9 activation mediated increased antigen presentation also involved inflammasome activation.

To further confirm that NOD2 activation is involved in the Inarigivir mediated enhanced antigen presentation, we examined the antigen presentation using MΦs and DCs derived from the bone marrow of WT and NOD2 knockout mice. NOD2 KO MΦs and DCs showed markedly reduced levels of antigen presentation indicated by IL-2 levels measured daily over 3 days in presence of either Rp or Sp isomers of Inarigivir compared to those from wt-mice (Figures 3G, H). These data confirm that Inarigivir enhances antigen presentation via NOD2 activation.



Inarigivir Enhances the In Vitro Bactericidal Activity of MΦs Against M. tuberculosis

We had earlier observed that TLR-4 activation of mouse MΦs through LPS led to an increased bactericidal activity against mycobacteria through the induction of autophagy (48). NOD2 signaling pathway is also linked to the induction of mycobacterial autophagy (49). To determine if NOD2/RIG-I activation enhances the bactericidal activity, mouse and THP1 human MΦs were activated in vitro with Rp-inarigivir and Sp-inarigivir, followed by infection with viable MTB and growth assays. MΦs were blockaded using Z-YVAD-fmk or 3-methyladenine to determine the role of Caspase-1 and autophagy, respectively. Prior activation of both mouse and human MΦs with Inarigivir led to a significant decline in the CFU counts of intracellular MTB (Figures 4A, B). Caspase-1 and autophagy blockade via Z-YVAD and 3-MA markedly reduced the Inarigivir mediated bactericidal activity in mouse and MΦs respectively, suggesting that it promotes intracellular killing of MTB through inflammasome and autophagy dependent pathways (Figure 4A).




Figure 4 | Inarigivir enhances the bactericidal function of mouse and human THP-1 macrophages against M. tuberculosis. Wt-C57Bl/6 mouse derived MΦs and phorbol myristyl acetate activated THP-1 human MΦs were treated with Rp-Inarigivir and Sp-Inarigivir or Inarigivir (10 µM) followed by infection with M. tuberculosis and incubated maintaining >90% viability of MΦs (MOI = 1). On day three, lysates were plated for colony counts (CFUs) of MTB. (A) Rp-Inarigivir and Sp-Inarigivir enhance the bactericidal function mouse derived MΦs, which is decreased by prior incubation of MΦs with either Z-YVAD-fmk inhibitor of Caspase-1 (50 µM) or 3-methyladenine (100 µM), which inhibits autophagy through PI-3 Kinase. (B) Rp-Inarigivir and Sp-Inarigivir enhance the bactericidal function THP-1 MΦs. (**p < 0.007; 1-way ANOVA with Tukey’s posttest). Data are representative of 2 independent experiments carried out in duplicates and values are expressed as mean ± SD.





Inarigivir Enhances the Efficacy of BCG Vaccine Against Experimental Aerosol-Induced Tuberculosis Through an Expansion of T Cell Functions

Our previous studies showed that a stronger in vitro AGPR by BCG infected APCs correlated with its better efficacy against tuberculosis in mice (17, 26). Thus, Inarigivir and the SB 2–4 compounds were mixed separately with the BCG vaccine (25 µg/dose/mouse) and used for immunization of mice, followed by an aerosol challenge with virulent MTB and evaluation of protection using bacterial counts, as described before (17). During this initial screening using the NIH mouse TB vaccine evaluation model (Figure 5A), as expected, BCG vaccine given alone protected mice by reducing the lung burden of MTB by ~1-log10 as compared to unvaccinated mice (Figure 5B). Whereas, SB-adjuvant combinations with BCG showed an enhanced protection, the NOD2/RIG-I activating Inarigivir generated the best protection (~2-log10 decline in CFUs of lungs and spleens vs. naïve mice; ~ 1-log10 better than BCG alone). Of note, SB2 was also protective as an adjuvant. Since Inarigivir and SB compounds alone had no effect on the growth of tuberculosis in mice (not shown), these data suggested a strong in vivo adjuvant action for Inarigivir and its isomers.




Figure 5 | Inarigivir enhances the efficacy of BCG vaccine against aerosol induced tuberculosis of mice and induces an expansion of memory T cells. (A) C57Bl/6 mice were immunized subcutaneously with one dose of BCG (1 x 106 CFU) alone or mixed with 25 µg per dose of Inarigivir or indicated SB compounds. Four weeks later, mice were aerosol challenged with of ~200 CFUs of M. tuberculosis (Erdman strain) in the lungs of mice and bacterial counts (CFUs) of lungs and spleens at indicated times were determined by plating their homogenates on 7H11 agar. Spleen derived T cells were analyzed using flow cytometry for memory markers. (B) Inarigivir-BCG vaccine combination is better than BCG combinations with SB-2, SB3 and SB4 in reducing the MTB burden of lungs and spleens of mice (10 mice per group; 5 mice each from two experiments; p values; 2-way ANOVA with Dunette’s post hoc test). Individual value of Log10 CFUs of organs for each mouse from 2 independent experiments are shown. (C) Histogram analysis of spleen derived T cells (n = 3 per group per experiment and represents the results of 2 independent experiments) for T cells using flow cytometry at the time of sacrifice. (D) Inarigivir-BCG vaccine combination induces higher levels of memory precursor-effector T cells (MPECs; CD62L+ CCR7+ CD127+ CD44+/−) and comparable short lived-effector T cells (SLECs; CD62L− CCR7−CD127+CD44+/−) (* < 0.005, p values, t test). Data are representative of 2 independent experiments carried out in duplicates (after pooling 3 mice from per group, per experiment) and values are expressed as mean ± SD.



While it is well known that Th1 immunity controls tuberculosis in mice through key cytokines IL-12, TNF-α and IL1-β, they are variably expressed after BCG vaccination in mice. For example, BCG is a poor inducer of mature IL1-β in mouse MΦs unlike MTB (50). It is well known that BCG induces robust effector-memory CD4 T cell responses in mice, but less effective CD8 type CTLs (51, 52). Of note, BCG has also been reported as a poor inducer of central memory T cells (TCMs) in mice, and TCMs are thought to mediate long-term memory against tuberculosis (8). To correlate the enhanced protection generated by Inarigivir with the expansion of memory T cells, spleens of mice were analyzed for T cells expressing markers of memory precursor effector T cells (MPECs; CD62L+ CCR7−/+ CD127+ CD44−/+) and short lived effector T cells (SLECs; CD62L− CCR7− CD127+ CD44−/+); Figure 5C illustrates the gating strategy for memory T cells. Compared to BCG alone, Inarigivir combination with BCG did not have a significant effect on CD4 and CD8 T SLEC population (Figure 5D). However, Inarigivir BCG combination induced higher levels of CD8 T cell MPECs when compared with mice that received BCG alone or other adjuvants in combination. These data indicated that activation of NOD2 and RIG-I pathways in vivo could be important to boost CD8 memory T cells. The data also underscore the importance of memory CD8 T cells during protective immunity in vivo although, they not rule out the role of other T cell subsets or myeloid cells which remain to be explored after in vivo administration of Inarigivir during BCG vaccination.



Inarigivir Combination With BCG Vaccine Protects Better Than Muramyl-Dipeptide–BCG Combination Against Tuberculosis in Mice

Data presented above indicated that Inarigivir and its isomers are potent adjuvants enhancing both the in vitro function of APCs and in vivo efficacy of the BCG vaccine in mice. The mycobacterial NOD2 ligand, muramyl-dipeptide (MDP) has been extensively tested as an adjuvant inducing IL-1β from MΦs, but moderately increasing the efficacy of the BCG vaccine in mice (53). Therefore, we sought to compare the activity of Inarigivir isomers with MDP to determine if they are more potent. Mice were vaccinated with BCG in separate combinations with MDP, Rp-inarigivir and Sp-inarigivir compounds followed by an aerosol challenge with MTB (Figure 4A; NIH model). While MDP-BCG combination was found as potent as Rp-inarigivir in reducing the bacterial burden in spleens of mice, both isomers of Inarigivir were found to be superior to MDP in providing better protection in lungs. These results suggest that combined activation of NOD2 as well as RIG-I pathways could generates a more protective immune response compared to the activation of only NOD2 pathway using MDP (Figure 6A). These data are also consistent with the finding that, a combination of TLR-2 and MDP dual adjuvant combination with BCG reduced the lung MTB burden by < 0. 5-log10 (53). Increased efficacy of Rp-Inarigivir isomer adjuvant was also reflected by a better induction of Th1 cytokine positive CD4 and CD8 T cells in the spleens (Figure 6B), though the difference was not found statistically significant when measured specifically for MTB antigen specific CD8 T cells. (Figure 6C). Comparison of MPECs and SLECs in different vaccination groups once again demonstrated an increased expansion of CD8 T MPECs by Inarigivir BCG combination that was superior to MDP-BCG combination (Figure 6D). Since levels of CD4 and CD8 SLECs was not significantly different among the different vaccination groups, we suggest that SLECs may be less important for Inarigivir mediated protective immune response against tuberculosis (Figure 6D). Together, these data emphasize the importance of combined activation of NOD2 and RIG-I pathway in expanding CD8 T MPECs.




Figure 6 | Rp-Inarigivir and Sp-Inarigivir are better adjuvants for BCG vaccine compared to muramyl dipeptide (MDP) in mice. (A) C57Bl/6 mice were vaccinated with BCG alone, BCG mixed with Rp-Inarigivir, Sp-Inarigivir (106 CFU of BCG mixed with 25 µg/dose of adjuvants given once, s.c.) or MDP (25 µg/dose) followed by an aerosol challenge with M. tuberculosis (~200 CFUs/mouse) for evaluation of protection as in Fig. 4A. Rp-Inarigivir and Sp-Inarigivir combinations with BCG are more effective than BCG alone or BCG combination with MDP in reducing the growth of MTB in the lungs (5 mice per group per experiment; p values, 2-way ANOVA with Dunette’s post hoc test). Individual value of Log10 CFUs of organs for each mouse from 2 independent experiments are shown (10 mice per group; 5 mice each from two experiments). (B, C) Inarigivir and Sp-Inarigivir combinations with BCG induce better levels of cytokine positive T cells in the spleens (panel B) and comparable levels of BCG antigen specific CD8 T cell tetramers specific for ESAT6, MTB32, Psts, TB10.4 antigens (3 mice per group per experiment; * < 0.01 p values vs. BCG + MDP groups; 1-way ANOVA. Data are representative of 2 independent experiments carried out in duplicates (after pooling 3 mice per group per experiment) and values are expressed as mean ± SD. (D) Inarigivir and Sp-Inarigivir combinations with BCG induce better levels of MPECs in the spleens of vaccinated mice (3 mice per group; * < 0.01 p values; 1-way ANOVA). Data are representative of 2 independent experiments carried out in duplicates (after pooling 3 mice per group per experiment) and values are expressed as mean ± SD.





Inarigivir Combination With BCG Vaccine Enables Stronger Recall Immunity Against Tuberculosis

An interesting feature of tuberculosis in humans is that post-infection immunity may not be strongly induced to last long enough in some individuals because of which, reinfections occur. Indeed, BCG poorly protects mice after reinfection with tuberculosis (54). It is known from many mouse virus infection models that the longer living MPECs give rise to TCMs, which persist in low numbers but undergo a strong recall expansion into effector T cells (TEMs) upon pathogen chellenge and secrete Th1 cytokines, expressing perforin and granzyme to control reinfection (55–57). To validate the recall function of BCG induced MPECs, which were present in significant numbers after Inarigivir-BCG vaccination (Figures 5 and 6), a re-challenge of tuberculosis infection model was established (Figure 7A). Mice were vaccinated with Rp-inarigivir and Sp-inarigivir in combination with BCG, and a primary challenge with MTB was followed by a post primary challenge. One experimental set of mice was sacrificed after primary challenge for the examination of MTB CFUs in lungs and spleens. The mice of second set were treated with a mix of isoniazid and rifampin drugs for 3 weeks to eliminate both vaccine and MTB organisms as confirmed by CFU counts (data not shown). One week later, mice were re-challenged with virulent MTB and sacrificed 4 weeks later followed by MTB counts. Strikingly, Rp-inarigivir and Sp-inarigivir combination with BCG mounted an even better level of protection in both lungs and spleens after re-challenge of mice compared to BCG vaccine alone (Figures 7B, C). Interestingly, during rechallenge, mice given Rp-inarigivir combination with BCG also showed increased level of antigen specific (ESAT6+ and TB10.4+) IFN-γ+ CD8 T cells in the spleens, which was not seen during the primary challenge (Figure 7D vs. Figure 6C). We suggest that, persistent tetramer + CD8 T cells from Inarigivir and BCG primary vaccinated mice (Figure 6C) showed a stronger recall expansion after MTB challenge (Figure 6C) indicating robust memory induction.




Figure 7 | Inarigivir and Sp-Inarigivir combinations with BCG induce better T cell responses allowing mice to mount a better recall response against re-challenge with tuberculosis. (A) C57Bl/6 mice were vaccinated with Inarigivir and Sp-Inarigivir combinations with BCG and infected with MTB as in Figure 4 for protection. As indicated, a separate group of challenged mice were cleared of vaccine and MTB organisms using isoniazid (25 mg/kg oral daily) and rifampin (10 mg/kg oral daily) for 3 weeks followed by resting for 1 week and re-challenged with an aerosol dose of virulent MTB (~200 CFUs per mouse). Four weeks later, protection was evaluated through CFU counts of lungs and spleens (10 mice per group; 5 mice each from two experiments) and day 120 lung T cell analysis (3 mice per group). (B, C) Rp-Inarigivir and Sp-Inarigivir combinations with BCG protect better than BCG both after primary and secondary rechallenge (p values, 2-way ANOVA with Dunette’s post hoc test). Individual value of Log10 CFUs of organs for each mouse from 2 independent experiments groups are shown. (D) Rp-Inarigivir combination with BCG increases the numbers of ESAT6+ IFN-γ+ and TB10.4+ IFN-γ+ CD8 T cells. (* p < 0.01, t test). Data are representative of two independent experiments carried out in duplicates (3 mice pools per group per experiment) and values are expressed as mean ± SD.






Discussion

Adjuvants have been frequently used to boost the immunogenicity of the subunit vaccines but not for live attenuated BCG, since live BCG organisms can induce cell mediated and humoral immunity on their own (58, 59). Nonetheless, adjuvants for BCG may be required since it protects only partially against lung tuberculosis of children and adults (5, 6). A likely reason for the partial efficacy of BCG in children is the defective expansion of T cell immunity in neonates since the vaccine is given at birth when immune system is not fully developed (1). Indeed, a defect in the development of protective Th1-type of immune responses and a skewing toward Th2 immunity is a feature of the neonatal T-cell immunity (60). We suggest that this physiological defect is likely to predispose them to tuberculosis despite BCG vaccination. In addition, many epidemiological studies document that the neonatal system is physiologically immature as evidenced by the requirement of booster vaccinations for DPT and MMR among infants and an immune environment which is tolerant (61). Safer adjuvants like alum are already in use during infant vaccination, and in this study, we sought to determine whether the efficacy of the infant BCG vaccine can be augmented using novel adjuvants.

Intracellular PRRs that recognize foreign nucleic acids play an important role in host defense activating innate and adaptive immunity against microbial infection (62). Small synthetic analogs of microbial DNA and RNAs have been found to mimic immunostimulatory properties of intact microbes, allowing us to target nucleic acid sensing pathways and design novel adjuvants (63, 64). Through changes in their sugar phosphate backbone, synthetic oligonucleotides can provide the advantage of stability in biological tissues and fluids while retaining their native affinity to targets. One such small molecule nucleotide homolog, Inarigivir developed by us, enhanced host antiviral immune response against hepatitis B and C infections in our previous studies (38–40). Inarigivir is an orally bioavailable dinucleotide that activates the viral sensor proteins, RIG-I and NOD2 and triggers the induction of the interferon signaling cascade for antiviral defense.

IFNs play a major defensive role protecting against intracellular bacterial infections, including TB (65, 66). IFNs have a remarkable effect on monocyte derived MΦs and DCs although, type I and II IFNs differ in their effects on MФs. For example, IFN-γ can induce IL-12 which is required for a Th1 polarization of T cells and more importantly, activate nitric oxide to kill intracellular pathogens (2, 67, 68) In contrast, type I IFNs including IFN-α and IFN-β show both beneficial and inhibitory effects on MTB growth depending upon the mouse or human MФ phenotype (3). Interestingly, BCG induces less IFN-β in mouse DCs, and addition of recombinant IFN-β increased the immunogenicity of BCG infected DCs (4). The decreased ability of BCG to induce IFN-β is likely due to the absence of the ESX-1 secretion system, which allows the leakage of nucleic acids from BCG phagosomes to cytosol for activation of nucleic acid sensors (69). Indeed, MTB which has an intact ESX-1 system, leaks DNA from its phagosomes activating a variety of cytosolic sensors triggering IFN-β (5).

These considerations led us to first screen a library of SMNHs for their ability to boost antigen presentation in BCG infected MФs or DCs because it is a robust technique requiring the lysosomal degradation of the BCG vaccine, followed by a peptide epitope export through MHC-II pathway for T cell activation (Figure 1). Because BCG evades lysosomal fusion through a sapM-dependent mechanism (25), our first goal was to determine whether SMNH adjuvants enhance lysosomal degradation of BCG vaccine. Using AGPR and cytokine assays, we identified that the lead compound Inarigivir was the most active compound enhancing not only in vitro antigen presentation but also secretion of IFN-β and Th1 cytokines including IL-1β (Figures 1–3). Inarigivir induced robust AGPR in both BCG infected MФs and DCs and was better than other SMNH analogs or the TLR-4 agonist LPS, when doses and sustainability of antigen presentation were considered (Figures 2A–D and Figures 3F–H). Our previous studies show that increased lysosomal localization of recombinant BCG and MTB derived vaccines lead to robust Ag85B epitope presentation to CD4 T cells in vitro (21, 26). This study shows that SMNH adjuvant activation has a similar effect on BCG Pasteur vaccine.

Intriguingly, Inarigivir-boosted AGPR in APCs was dependent on Caspase-1 and NOD2 indicating a novel molecular mechanism for this adjuvant (Figures 3F–H). Our data are consistent with the observation that NOD2 and TLR2 co-signaling enhance antigen processing (70, 71). Furthermore, lysosomal degradation of BCG is essential for AGPR, and therefore, Inarigivir mediated activation of NOD2 and RIG-I signaling appears to have bypassed the sapM-dependent evasion of antigen processing by BCG infected APCs (72, 73).

Because Inarigivir treated BCG underwent lysosomal degradation, we hypothesized that the adjuvant can also have a similar effect on MTB in MФs. Figure 4 illustrates that, Inarigivir improved the clearance of intracellular MTB in both mouse and human MФs. Autophagy was found to be important for the intracellular clearance of MTB through Inarigivir, since blockade of autophagy by 3- methyl adenine abrogated the antimicrobial effect (Figure 4B). In addition, blockade of caspase-1 also reduced the Inarigivir mediated antimicrobial effect in macrophages, suggesting that a combination of NOD2 and RIG-I dependent mechanisms increase the antimicrobial function of MФs. These data are consistent with the observation that NOD2 and RIG-I receptor stimulation induces autophagy, boosts antibacterial effect and antigen presentation, although not in the context of tuberculosis (74, 75). Notably, autophagy is linked with inflammasome activation which requires caspase-1, and excessive activation of inflammasome triggers its degradation via autophagy (45, 46). Finally, capsase-1 enhances the acidification of phagosomal lumen through the activation of NOX2-phagocyte oxidase (75). We demonstrated earlier that that cathepsin-D cleaves Ag85B producing the p25 immunogenic epitope during antigen presentation which requires lysosomal acidification through vATPpase (21). Combining these observations, we propose that Inarigivir likely induces a combination of NOD2 and RIG-I dependent mechanisms to increase the immunogenicity of the BCG vaccine in APCs.

The enhanced in vitro immunogenicity of Inarigivir and BCG-infected APCs (Figures 1–3) suggested that the combination would also generate better in vivo immune responses. Figures 5 to 7 validate this observation. The NIH model for tuberculosis vaccination shows that the protective efficacy of the BCG Pasteur vaccine is measured by a decrease in the lung burden of MTB organism by ~1-log10 CFUs compared to unvaccinated mice. Figure 5 shows that Inarigivir and BCG vaccination combination induced a ~1-log10 higher decline in MTB counts compared to BCG vaccine alone or its combination with other SMNH analogs. The spleens of Inarigivir and BCG vaccinated mice showed an increase in the levels of CD8 MPEC T cells, while also maintaining comparable levels of SLEC-T cells induced by the BCG vaccine (Figure 5). Since MDP is also a well-known NOD2 agonist, both Rp-Inarigivir and Sp-Inarigivir combinations with BCG were compared with MDP and BCG combination. In a recent study, BCG vaccine combination with MDP showed < 0.5 log10 reduction of MTB burden in the lungs of mice (53). In contrast, both Rp-Inarigivir and Sp-Inarigivir were superior to MDP in decreasing the lung burden of MTB by ~1-log10 (Figure 6). Furthermore, when compared to MDP-BCG combination, Rp-Inarigivir-BCG combination was superior in increasing the levels of cytokine positive T cells and CD8 T MPECs in spleens. Additional studies using re-challenge experiments showed that such MPECs persisted much longer in mice that were vaccinated with Inarigivir BCG combination and presumably protected them against reinfection with MTB (Figure 7). Furthermore, Rp-Inarigivir and Sp-Inarigivir combinations with BCG protected mice against tuberculosis both after primary and re-challenge infections suggesting that Inarigivir, which is mixture of the RP and SP isomers is likely one of the most potent adjuvants for BCG vaccine reported to date.

In conclusion, using in vitro and in vivo experimental models of tuberculosis, we demonstrate that a combined activation of cytosolic receptors RIG-I and NOD2 can amplify a protective immune response induced by the BCG vaccine against TB. Infant vaccination using BCG is routine in many countries whereas, in a recent clinical trial, BCG vaccination of elderly showed significant protection against respiratory infections (7). Thus, our data suggests that stimulation of innate signaling pathways through DNA and RNA sensing intracellular receptors is a valid adjuvant strategy for the BCG vaccine.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary materials. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by Institutional Biosafety Committee of University of Texas Health Science center, Houston.



Author Contributions

CJ designed the study. AK, VKS, AM, AS, SP and SC conducted the experiments and analyzed the data. CJ wrote the manuscript. AK and RPI edited the manuscript. DZ and DHC provided resources and feedback on the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors thank Dr. Cliff W. Harding and Henry Boom, Case Western Reserve University, OH, for the BB7 T cells (CWRU). All animal protocols used in this study were performed as per approved animal protocols verified and approved by the institutional animal welfare committee. This research was partially supported by Spring Bank Pharmaceuticals.



References

1. Grobusch, MP, and Kapata, N. Global burden of tuberculosis: where we are and what to do. Lancet Infect Dis (2018) 18:1291–3. doi: 10.1016/S1473-3099(18)30654-6

2. Cardona, P-J. On the nature of Mycobacterium tuberculosis-latent bacilli. Eur Respir J (2004) 24:1044–51. doi: 10.1183/09031936.04.00072604

3. Jasenosky, LD, Scriba, TJ, Hanekom, WA, and Goldfeld, AE. T cells and adaptive immunity to Mycobacterium tuberculosis in humans. Immunol Rev (2015) 264:74–87. doi: 10.1111/imr.12274

4. Domingo-Gonzalez, R, Prince, O, Cooper, A, and Khader, SA. Cytokines and Chemokines in Mycobacterium tuberculosis Infection. Microbiol Spectr (2016) 4:1–58. doi: 10.1128/microbiolspec.TBTB2-0018-2016

5. Abubakar, I, Pimpin, L, Ariti, C, Beynon, R, Mangtani, P, Sterne, J, et al. Systematic review and meta-analysis of the current evidence on the duration of protection by bacillus Calmette–Guérin vaccination against tuberculosis. Heal Technol Assess (2013) 17:1–372. doi: 10.3310/hta17370

6. Mangtani, P, Abubakar, I, Ariti, C, Beynon, R, Pimpin, L, Fine, PEM, et al. Protection by BCG Vaccine Against Tuberculosis: A Systematic Review of Randomized Controlled Trials. Clin Infect Dis (2014) 58:470–80. doi: 10.1093/cid/cit790

7. Stanford, JL, Shield, MJ, and Rook, GAW. How environmental mycobacteria may predetermine the protective efficacy of BCG. Tubercle (1981) 62:55–62. doi: 10.1016/0041-3879(81)90037-4

8. Rook, GAW, Bahr, GM, and Stanford, JL. The effect of two distinct forms of cell-mediated response to mycobacteria on the protective efficacy of BCG. Tubercle (1981) 62:63–8. doi: 10.1016/0041-3879(81)90038-6

9. Kleinnijenhuis, J, van Crevel, R, and Netea, MG. Trained immunity: consequences for the heterologous effects of BCG vaccination. Trans R Soc Trop Med Hyg (2015) 109:29–35. doi: 10.1093/trstmh/tru168

10. Arts, RJW, Carvalho, A, La Rocca, C, Palma, C, Rodrigues, F, Silvestre, R, et al. Immunometabolic Pathways in BCG-Induced Trained Immunity. Cell Rep (2016) 17:2562–71. doi: 10.1016/j.celrep.2016.11.011

11. Escobar, LE, Molina-Cruz, A, and Barillas-Mury, C. BCG vaccine protection from severe coronavirus disease 2019 (COVID-19). Proc Natl Acad Sci (2020) 117:17720–6. doi: 10.1073/pnas.2008410117

12. O’Neill, LAJ, and Netea, MG. BCG-induced trained immunity: can it offer protection against COVID-19? Nat Rev Immunol (2020) 20:335–7. doi: 10.1038/s41577-020-0337-y

13. Curtis, N, Sparrow, A, Ghebreyesus, TA, and Netea, MG. Considering BCG vaccination to reduce the impact of COVID-19. Lancet (2020) 395:1545–6. doi: 10.1016/S0140-6736(20)31025-4

14. Zhang, X, Zhivaki, D, and Lo-Man, R. Unique aspects of the perinatal immune system. Nat Rev Immunol (2017) 17:495–507. doi: 10.1038/nri.2017.54

15. Moliva, JI, Turner, J, and Torrelles, JB. Immune Responses to Bacillus Calmette–Guérin Vaccination: Why Do They Fail to Protect against Mycobacterium tuberculosis? Front Immunol (2017) 8:1–17. doi: 10.3389/fimmu.2017.00407

16. Abdul-Aziz, M, Tsolaki, AG, Kouser, L, Carroll, MV, Al-Ahdal, MN, Sim, RB, et al. Complement factor H interferes with Mycobacterium bovis BCG entry into macrophages and modulates the pro-inflammatory cytokine response. Immunobiology (2016) 221:944–52. doi: 10.1016/j.imbio.2016.05.011

17. Khan, A, Bakhru, P, Saikolappan, S, Das, K, Soudani, E, Singh, CR, et al. An autophagy-inducing and TLR-2 activating BCG vaccine induces a robust protection against tuberculosis in mice. NPJ Vaccines (2019) 4:34. doi: 10.1038/s41541-019-0122-8

18. Meyer, KC. The role of immunity in susceptibility to respiratory infection in the aging lung. Respir Physiol (2001) 128:23–31. doi: 10.1016/S0034-5687(01)00261-4

19. Lyadova, IV, and Panteleev, AV. Th1 and Th17 Cells in Tuberculosis: Protection, Pathology, and Biomarkers. Mediators Inflammation (2015) 2015:854507. doi: 10.1155/2015/854507

20. Chen, K. Kolls JK. T cell-mediated host immune defenses in the lung. Annu Rev Immunol (2013) 31:605–33. doi: 10.1146/annurev-immunol-032712-100019

21. Singh, CR, Moulton, RA, Armitige, LY, Bidani, A, Snuggs, M, Dhandayuthapani, S, et al. Processing and Presentation of a Mycobacterial Antigen 85B Epitope by Murine Macrophages Is Dependent on the Phagosomal Acquisition of Vacuolar Proton ATPase and In Situ Activation of Cathepsin D. J Immunol (2006) 177:3250–9. doi: 10.4049/jimmunol.177.5.3250

22. Singh, CR, Bakhru, P, Khan, A, Li, QB, and Jagannath, C. Cutting edge: Nicastrin and related components of γ-secretase generate a peptide epitope facilitating immune recognition of intracellular mycobacteria, through MHC class II-dependent priming of T cells. J Immunol (2011) 187:5495–9. doi: 10.4049/jimmunol.1100521

23. Jagannath, C, Khan, A, and Wang, J. (2008). “Chapter 4 - Increased Immunogenicity Through Autophagy,” in Immunology. Ed.  M. A. Hayat (Academic Press), p. 35–54. doi: 10.1016/B978-0-12-809819-6.00004-6

24. Pancholi, P, Mirza, A, Bhardwaj, N, and Steinman, R. Sequestration from immune CD4+ T cells of mycobacteria growing in human macrophages. Sci (80 ) (1993) 260:984–6. doi: 10.1126/science.8098550

25. Vergne, I, Chua, J, Lee, H-H, Lucas, M, Belisle, J, and Deretic, V. Mechanism of phagolysosome biogenesis block by viable Mycobacterium tuberculosis. Proc Natl Acad Sci (2005) 102:4033–8. doi: 10.1073/pnas.0409716102

26. Jagannath, C, Lindsey, DR, Dhandayuthapani, S, Xu, Y, Hunter, RL, and Eissa, NT. Autophagy enhances the efficacy of BCG vaccine by increasing peptide presentation in mouse dendritic cells. Nat Med (2009) 15:267–76. doi: 10.1038/nm.1928

27. Pasquale, A, Preiss, S, Silva, F, and Garçon, N. Vaccine Adjuvants: from 1920 to 2015 and Beyond. Vaccines (2015) 3:320–43. doi: 10.3390/vaccines3020320

28. Coulombe, F, Divangahi, M, Veyrier, F, de Léséleuc, L, Gleason, JL, Yang, Y, et al. Increased NOD2-mediated recognition of N-glycolyl muramyl dipeptide. J Exp Med (2009) 206:1709–16. doi: 10.1084/jem.20081779

29. Behr, MA, and Divangahi, M. Freund’s adjuvant, NOD2 and mycobacteria. Curr Opin Microbiol (2015) 23:126–32. doi: 10.1016/j.mib.2014.11.015

30. Tattoli, I, Travassos, LH, Carneiro, LA, Magalhaes, JG, and Girardin, SE. The Nodosome: Nod1 and Nod2 control bacterial infections and inflammation. Semin Immunopathol (2007) 29:289–301. doi: 10.1007/s00281-007-0083-2

31. Brooks, MN, Rajaram, MVS, Azad, AK, Amer, AO, Valdivia-Arenas, MA, Park, J-H, et al. NOD2 controls the nature of the inflammatory response and subsequent fate of Mycobacterium tuberculosis and M. bovis BCG in human macrophages. Cell Microbiol (2011) 13:402–18. doi: 10.1111/j.1462-5822.2010.01544.x

32. Nakamura, N, Lill, JR, Phung, Q, Jiang, Z, Bakalarski, C, de Mazière, A, et al. Endosomes are specialized platforms for bacterial sensing and NOD2 signalling. Nature (2014) 509:240–4. doi: 10.1038/nature13133

33. Kleinnijenhuis, J, Quintin, J, Preijers, F, Joosten, LAB, Ifrim, DC, Saeed, S, et al. Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci (2012) 109:17537–42. doi: 10.1073/pnas.1202870109

34. Mourits, VP, Koeken, VACM, de Bree, LCJ, Moorlag, SJCFM, Chu, WC, Xu, X, et al. BCG-Induced Trained Immunity in Healthy Individuals: The Effect of Plasma Muramyl Dipeptide Concentrations. J Immunol Res (2020) 2020:1–8. doi: 10.1155/2020/5812743

35. Burkert, S, and Schumann, RR. RNA Sensing of Mycobacterium tuberculosis and Its Impact on TB Vaccination Strategies. Vaccines (2020) 8:1–20. doi: 10.3390/vaccines8010067

36. Watson, RO, Bell, SL, MacDuff, DA, Kimmey, JM, Diner, EJ, Olivas, J, et al. The Cytosolic Sensor cGAS Detects Mycobacterium tuberculosis DNA to Induce Type I Interferons and Activate Autophagy. Cell Host Microbe (2015) 17:811–9. doi: 10.1016/j.chom.2015.05.004

37. Majlessi, L, and Brosch, R. Mycobacterium tuberculosis Meets the Cytosol: The Role of cGAS in Anti-mycobacterial Immunity. Cell Host Microbe (2015) 17:733–5. doi: 10.1016/j.chom.2015.05.017

38. Jones, M, Cunningham, ME, Wing, P, DeSilva, S, Challa, R, Sheri, A, et al. SB 9200, a novel agonist of innate immunity, shows potent antiviral activity against resistant HCV variants. J Med Virol (2017) 89:1620–8. doi: 10.1002/jmv.24809

39. Suresh, M, Korolowicz, KE, Balarezo, M, Iyer, RP, Padmanabhan, S, Cleary, D, et al. Antiviral Efficacy and Host Immune Response Induction during Sequential Treatment with SB 9200 Followed by Entecavir in Woodchucks. PloS One (2017) 12:e0169631. doi: 10.1371/journal.pone.0169631

40. Coughlin, JE, Pandey, RK, Padmanabhan, S, O’Loughlin, KG, Marquis, J, Green, CE, et al. Metabolism, Pharmacokinetics, Tissue Distribution, and Stability Studies of the Prodrug Analog of an Anti-Hepatitis B Virus Dinucleoside Phosphorothioate. Drug Metab Dispos (2012) 40:970–81. doi: 10.1124/dmd.111.044446

41. Ramachandra, L, Noss, E, Boom, WH, and Harding, CV. Processing of Mycobacterium tuberculosis Antigen 85B Involves Intraphagosomal Formation of Peptide–Major Histocompatibility Complex II Complexes and Is Inhibited by Live Bacilli that Decrease Phagosome Maturation. J Exp Med (2001) 194:1421–32. doi: 10.1084/jem.194.10.1421

42. Ramachandra, L, Noss, E, Boom,, and Harding, CV. Phagocytic processing of antigens for presentation by class II major histocompatibility complex molecules. Cell Microbiol (1999) 1:205–14. doi: 10.1046/j.1462-5822.1999.00026.x

43. Moreira, LO, and Zamboni, DS. NOD1 and NOD2 Signaling in Infection and Inflammation. Front Immunol (2012) 3:328:328. doi: 10.3389/fimmu.2012.00328

44. Wiese, KM, Coates, BM, and Ridge, KM. The Role of Nucleotide-Binding Oligomerization Domain-Like Receptors in Pulmonary Infection. Am J Respir Cell Mol Biol (2017) 57:151–61. doi: 10.1165/rcmb.2016-0375TR

45. Khare, S, Luc, N, Dorfleutner, A, and Stehlik, C. Inflammasomes and their activation. Crit Rev Immunol (2010) 30:463–87. doi: 10.1615/critrevimmunol.v30.i5.50

46. Zheng, D, Liwinski, T, and Elinav, E. Inflammasome activation and regulation: toward a better understanding of complex mechanisms. Cell Discovery (2020) 6:36. doi: 10.1038/s41421-020-0167-x

47. Loo, Y-M, and Gale, M. Immune signaling by RIG-I-like receptors. Immunity (2011) 34:680–92. doi: 10.1016/j.immuni.2011.05.003

48. Xu, Y, Jagannath, C, Liu, X-D, Sharafkhaneh, A, Kolodziejska, KE, and Eissa, NT. Toll-like receptor 4 is a sensor for autophagy associated with innate immunity. Immunity (2007) 27:135–44. doi: 10.1016/j.immuni.2007.05.022

49. Juárez, E, Carranza, C, Hernández-Sánchez, F, León-Contreras, JC, Hernández-Pando, R, Escobedo, D, et al. NOD2 enhances the innate response of alveolar macrophages to Mycobacterium tuberculosis in humans. Eur J Immunol (2012) 42:880–9. doi: 10.1002/eji.201142105

50. Dorhoi, A, Nouailles, G, Jörg, S, Hagens, K, Heinemann, E, Pradl, L, et al. Activation of the NLRP3 inflammasome by Mycobacterium tuberculosis is uncoupled from susceptibility to active tuberculosis. Eur J Immunol (2012) 42:374–84. doi: 10.1002/eji.201141548

51. Orme, IM. The Achilles heel of BCG. Tuberculosis (2010) 90:329–32. doi: 10.1016/j.tube.2010.06.002

52. Orme, IM, and Henao-Tamayo, MI. Trying to See the Forest through the Trees: Deciphering the Nature of Memory Immunity to Mycobacterium tuberculosis. Front Immunol (2018) 9:1–11. doi: 10.3389/fimmu.2018.00461

53. Eisenhut, M. Stimulation of Nucleotide Oligomerization Domain and Toll-Like Receptors 2 to Enhance the Effect of Bacillus Calmette Guerin Immunization for Prevention of Mycobacterium Tuberculosis Infection: Protocol for a Series of Preclinical Randomized Controlled Tr. JMIR Res Protoc (2019) 8:e13045. doi: 10.2196/13045

54. Brooks, JV, Frank, AA, Keen, MA, Bellisle, JT, and Orme, IM. Boosting Vaccine for Tuberculosis. Infect Immun (2001) 69:2714–7. doi: 10.1128/IAI.69.4.2714-2717.2001

55. Obar, JJ, and Lefrancois, L. Early events governing memory CD8+ T-cell differentiation. Int Immunol (2010) 22:619–25. doi: 10.1093/intimm/dxq053

56. Obar, JJ, and Lefrançois, L. Memory CD8+ T cell differentiation. Ann N Y Acad Sci (2010) 1183:251–66. doi: 10.1111/j.1749-6632.2009.05126.x

57. Busch, DH, Fräßle, SP, Sommermeyer, D, Buchholz, VR, and Riddell, SR. Role of memory T cell subsets for adoptive immunotherapy. Semin Immunol (2016) 28:28–34. doi: 10.1016/j.smim.2016.02.001

58. Tanner, R, Villarreal-Ramos, B, Vordermeier, HM, and McShane, H. The Humoral Immune Response to BCG Vaccination. Front Immunol (2019) 10:1–18. doi: 10.3389/fimmu.2019.01317

59. Weir, RE, Gorak-Stolinska, P, Floyd, S, Lalor, MK, Stenson, S, Branson, K, et al. Persistence of the immune response induced by BCG vaccination. BMC Infect Dis (2008) 8:9. doi: 10.1186/1471-2334-8-9

60. Zaghouani, H, Hoeman, CM, and Adkins, B. Neonatal immunity: faulty T-helpers and the shortcomings of dendritic cells. Trends Immunol (2009) 30:585–91. doi: 10.1016/j.it.2009.09.002

61. Whittaker, E, Goldblatt, D, McIntyre, P, and Levy, O. Neonatal Immunization: Rationale, Current State, and Future Prospects. Front Immunol (2018) 9:1–10. doi: 10.3389/fimmu.2018.00532

62. Desmet, CJ, and Ishii, KJ. Nucleic acid sensing at the interface between innate and adaptive immunity in vaccination. Nat Rev Immunol (2012) 12:479–91. doi: 10.1038/nri3247

63. Libanova, R, Becker, PD, and Guzmán, CA. Cyclic di-nucleotides: new era for small molecules as adjuvants. Microb Biotechnol (2012) 5:168–76. doi: 10.1111/j.1751-7915.2011.00306.x

64. Temizoz, B, Kuroda, E, and Ishii, KJ. Combination and inducible adjuvants targeting nucleic acid sensors. Curr Opin Pharmacol (2018) 41:104–13. doi: 10.1016/j.coph.2018.05.003

65. Ahn, J, and Barber, GN. STING signaling and host defense against microbial infection. Exp Mol Med (2019) 51:1–10. doi: 10.1038/s12276-019-0333-0

66. Stetson, DB, and Medzhitov, R. Type I Interferons in Host Defense. Immunity (2006) 25:373–81. doi: 10.1016/j.immuni.2006.08.007

67. Rivas-Santiago, CE, and Guerrero, GG. IFN- α Boosting of Mycobacterium bovis Bacillus Calmette Güerin-Vaccine Promoted Th1 Type Cellular Response and Protection against M. tuberculosis Infection. BioMed Res Int (2017) 2017:1–8. doi: 10.1155/2017/8796760

68. Giacomini, E, Remoli, ME, Gafa, V, Pardini, M, Fattorini, L, and Coccia, EM. IFN-β improves BCG immunogenicity by acting on DC maturation. J Leukoc Biol (2009) 85:462–8. doi: 10.1189/jlb.0908583

69. Gröschel, MI, Sayes, F, Shin, SJ, Frigui, W, Pawlik, A, Orgeur, M, et al. Recombinant BCG Expressing ESX-1 of Mycobacterium marinum Combines Low Virulence with Cytosolic Immune Signaling and Improved TB Protection. Cell Rep (2017) 18:2752–65. doi: 10.1016/j.celrep.2017.02.057

70. Corridoni, D, Shiraishi, S, Chapman, T, Steevels, T, Muraro, D, Thézénas, M-L, et al. NOD2 and TLR2 Signal via TBK1 and PI31 to Direct Cross-Presentation and CD8 T Cell Responses. Front Immunol (2019) 10:1–19. doi: 10.3389/fimmu.2019.00958

71. Corridoni, D, and Simmons, A. Innate immune receptors for cross-presentation: The expanding role of NLRs. Mol Immunol (2019) 113:6–10. doi: 10.1016/j.molimm.2017.11.028

72. Pecora, ND, Fulton, SA, Reba, SM, Drage, MG, Simmons, DP, Urankar-Nagy, NJ, et al. Mycobacterium bovis BCG decreases MHC-II expression in vivo on murine lung macrophages and dendritic cells during aerosol infection. Cell Immunol (2009) 254:94–104. doi: 10.1016/j.cellimm.2008.07.002

73. Bakhru, P, Sirisaengtaksin, N, Soudani, E, Mukherjee, S, Khan, A, and Jagannath, C. BCG vaccine mediated reduction in the MHC-II expression of macrophages and dendritic cells is reversed by activation of Toll-like receptors 7 and 9. Cell Immunol (2014) 287:53–61. doi: 10.1016/j.cellimm.2013.11.007

74. Cooney, R, Baker, J, Brain, O, Danis, B, Pichulik, T, Allan, P, et al. NOD2 stimulation induces autophagy in dendritic cells influencing bacterial handling and antigen presentation. Nat Med (2010) 16:90–7. doi: 10.1038/nm.2069

75. Sokolovska, A, Becker, CE, Ip, WKE, Rathinam, VAK, Brudner, M, Paquette, N, et al. Activation of caspase-1 by the NLRP3 inflammasome regulates the NADPH oxidase NOX2 to control phagosome function. Nat Immunol (2013) 14:543–53. doi: 10.1038/ni.2595



Conflict of Interest: RI is a shareholder of Spring Bank Pharmaceuticals, Inc. AS, SP, and SC own stock options in SBP.

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

Copyright © 2020 Khan, Singh, Mishra, Soudani, Bakhru, Singh, Zhang, Canaday, Sheri, Padmanabhan, Challa, Iyer and Jagannath. 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-11-592333-g005.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        NOD2/RIG-I Activating Inarigivir Adjuvant Enhances the Efficacy of BCG Vaccine Against Tuberculosis in Mice

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Compounds

          



          		

            Demonstration of SB 9200 (Inarigivir) Binding to RIG-I

          



          		

            Mycobacterial Culture and Reagents

          



          		

            Isolation and Cultivation of Primary Mouse MФs and DCs

          



          		

            In Vitro Antigen-85B Presentation Assay

          



          		

            Cytokine assay in APCs

          



          		

            M. tuberculosis Growth Assay in MФs

          



          		

            Mouse Vaccination and Infection Experiments

          



        



        



        		

          Results

        

          		

            SB 9000 (Inarigivir), the Active Metabolite of Inarigivir Shows Dose-Dependent Binding to Human RIG-I (hRIG-I)

          



          		

            Inarigivir and Isomers Enhance In Vitro Antigen Presentation and Th1 Cytokine Production in MΦs

          



          		

            NOD2-/RIG-I Agonist Inarigivir and Its Isomers Increase Caspase-1–Dependent IL-1β Secretion and NOD2-Dependent Antigen Presentation

          



          		

            Inarigivir Enhances the In Vitro Bactericidal Activity of MΦs Against M. tuberculosis

          



          		

            Inarigivir Enhances the Efficacy of BCG Vaccine Against Experimental Aerosol-Induced Tuberculosis Through an Expansion of T Cell Functions

          



          		

            Inarigivir Combination With BCG Vaccine Protects Better Than Muramyl-Dipeptide–BCG Combination Against Tuberculosis in Mice

          



          		

            Inarigivir Combination With BCG Vaccine Enables Stronger Recall Immunity Against Tuberculosis

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-592333-g007.jpg





OEBPS/Images/fimmu-11-592333-g001.jpg
Biotinylated S8 9000 + RIG-1

» 25 °

3

Fold qu- inoD.
B

o s
Compound (ug/mi)

RU






OEBPS/Images/fimmu-11-592333-g003.jpg
s gre 4

s
(b 0






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-592333-g002.jpg
fﬂ4fa4yfy$4¢fi

e
=
ol —
g
[
L.
3
~ 200-
i
EFEL L RS
pressy
=

& S

i

12pgm (:50)

=3 o
10004 - o gtu;f
SRR
e
Rp-Inarigivir

a L

EEF S J%?«;? £

B





OEBPS/Images/fimmu-11-592333-g006.jpg
™

o

% CDB2L" CORT” CD127" colls
IS

el
MPECs

©3 BCG+ MDP

. B3 BCG+ Rp-narigi
BCG+ Spnarigir

. O 8Ce

RPN
&S

0 BCG+ MDP

O BCG+ Rp-hnargiir,
= BCG+ Spnarighr

o BcG

r‘l[lil‘l ﬂ I

Percent IFN positive CDB T calls:

ESATe wi:  Puss TBi04

@
@
m
o
@

% CD62L CCRTCD12T" cells

o

Y





OEBPS/Images/fimmu-11-592333-g004.jpg
L0G10 LU ( =30

Mouse M®s.

Logt0 GFU (:50)

oe

-

1og10 GFU (= 50)

- et adenine

I

8 Human THP1 M&s

50

Log10 CFU (- $D)






OEBPS/Images/fimmu.2020.592333_cover.jpg
, frontiers
in Immunology

NOD2/RIG-l Activating Inarigivir
Adjuvant Enhances the Efficacy
of BCG Vaccine Against Tuberculosis
in Mice





