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Despite the widespread use of BCG, tuberculosis (TB) remains a global threat. Existing vaccine candidates in clinical trials are designed to replace or boost BCG which does not provide satisfying long-term protection. AERAS-402 is a replication-deficient Ad35 vaccine encoding a fusion protein of the M. tuberculosis (Mtb) antigens 85A, 85B, and TB10.4. The present phase I trial assessed the safety and immunogenicity of AERAS-402 in participants living in India – a highly TB-endemic area. Healthy male participants aged 18–45 years with a negative QuantiFERON-TB Gold in-tube test (QFT) were recruited. Enrolled participants (n=12) were randomized 2:1 to receive two intramuscular injections of either AERAS-402 (3 x 1010 viral particles [vp]); (n=8) or placebo (n=4) on study days 0 and 28. Safety and immunogenicity parameters were evaluated for up to 182 days post the second injection. Immunogenicity was assessed by a flow cytometry-based intracellular cytokine staining (ICS) assay and transcriptional profiling. The latter was examined using dual-color-Reverse-Transcriptase-Multiplex-Ligation-dependent-Probe-Amplification (dc-RT MLPA) assay. AERAS-402 was well tolerated, and no vaccine-related serious adverse events were recorded. The vaccine-induced CD8+ T-cell responses were dominated by cells co-expressing IFN-γ, TNF-α, and IL-2 (“polyfunctional” cells) and were more robust than CD4+ T-cell responses. Five genes (CXCL10, GNLY, IFI35, IL1B and PTPRCv2) were differentially expressed between the AERAS-402-group and the placebo group, suggesting vaccine-induced responses. Further, compared to pre-vaccination, three genes (CLEC7A, PTPRCv1 and TAGAP) were consistently up-regulated following two doses of vaccination in the AERAS-402-group. No safety concerns were observed for AERAS-402 in healthy Indian adult males. The vaccine-induced predominantly polyfunctional CD8+ T cells in response to Ag85B, humoral immunity, and altered gene expression profiles in peripheral blood mononuclear cells (PBMCs) indicative of activation of various immunologically relevant biological pathways.
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Introduction

Tuberculosis (TB) remains a major global health challenge. The only TB vaccine in common use, bacillus Calmette-Guérin (BCG), is estimated to reduce the risk of severe TB in children by about 70% (1), but does not prevent contagious TB sufficiently for epidemiological control. A more efficient vaccine would have a large positive impact on global health. Correlates of protection are important to accelerate clinical vaccine development, as they allow much smaller trials of shorter duration to select promising candidates. Currently, no approved correlates of protection exist, but these could be an immunological biomarker or a combination of biomarkers (signature) that are measured in validated assays. Although absolute determinants of protection against M. tuberculosis (Mtb) are not yet fully understood, T cell immunity is strongly believed to be crucial (2). Therefore, vaccine candidates that induce or boost T cell immunity may hold the key to success. Human Mtb-specific CD8+ T cells are distinguished by both their preferential recognition of heavily infected cells and restriction by human leukocyte antigen-B (3, 4). Increasing evidence suggests that polyfunctional CD8+ T cells, that possess capacities of cytokine production and cytotoxicity (5), have an essential role in the complex interplay resulting in Mtb containment and protective immunity. Most vaccine trials have assessed immunogenicity applying T cell stimulation assays with intracellular cytokine staining to characterize changes in vaccine induced CD4 and CD8 T cell populations. However, these assays likely provide limited information on other potentially important immune effects on peripheral blood mononuclear cells [PBMCs] (6).

AERAS-402 is a replication-deficient, adenovirus serotype 35 (Ad35) containing DNA that encodes a fusion protein of three major Mtb antigens (Ags) containing both CD4 and CD8 T cell epitopes: Ag85A, Ag85B, and TB10.4 (7–9). Antigen 85A is a 32-kDa protein member of the mycolyl transferase complex involved in cell wall synthesis. It contains several CD4+ T cell epitopes and at least one CD8+ T cell epitope. Used in a vaccine, Ag85A has protected against Mtb challenge in both mice and guinea pigs (10, 11) and is immunogenic in humans (12). Antigen 85B, also referred to as α-antigen, is a 30-kDa mycolyl transferase protein (13, 14), secreted early during Mtb infection. It has been previously demonstrated to induce substantial protective immunity against aerosol challenge in the guinea pig TB test system (15). Ag85B is also a component of H4 and H56 subunit vaccines and proved immunogenic in clinical trials of these vaccines (16, 17). Antigen TB10.4 is one of the three members of the very similar ESAT-6 group of proteins found in Mtb culture supernatants and known to induce more robust polyfunctional T-cell responses in TB patients compared to Mtb-uninfected subjects with/without previous BCG-vaccination (18, 19). A fusion protein of TB10.4 and Ag85B induced a significant additive protective efficacy against aerosol challenge of tuberculosis 10 weeks after immunization of mice (20).

AERAS-402 vaccine phase I trials have previously been conducted in BCG-vaccinated healthy adults in the US (C-001-402, C-008-402 and C-009-402) (21) and South Africa (C-003-402) (22). In these studies, AERAS-402 had a safety profile comparable to other vaccine candidates (21, 23, 24). A robust induction of CD8+ T cell responses was observed that appeared to be dose-dependent in some subjects, while CD4+ T cell responses were measurable but less prominent (22). Ag85A/B were more immunogenic than TB10.4 (21). Since this study was conducted in 2011, results have been presented in Phase 2 trials evaluating an MVA85A vaccine, a modified Ankara vaccine expressing Ag85A, in infants (C-020-485) (25). H4:IC31, a candidate subunit vaccine that consists of a recombinant fusion protein (H4) and IC31 adjuvant, signaling through toll-like receptor 9 (TLR9), containing mycobacterial antigens Ag85B and TB10.4 in adolescents (C-040-004) (26) neither study showed protection of these antigens against TB infection. Additionally, results from a phase 2 adaptive dose finding study of Aeras 402 (C-029-402) showed that while AERAS-402 had a good safety profile, the immune response was lower than that seen in adults (25).

The objective of the present study (C-004-402) was to evaluate the safety and immunogenicity of the AERAS-402 vaccine for the first time in an Indian population. We performed a phase 1, double-blind, placebo-controlled study. Immunogenicity was assessed by flow cytometry, serology, and a novel high-throughput inexpensive technique for targeted gene expression profiling: Dual-color-Reverse-Transcriptase-Multiplex-Ligation-dependent-Probe-Amplification (dc-RT MLPA).



Materials and Methods


Study Approvals and Information on Consent

The study was reviewed and approved by the Government of India Directorate General of Health Services, Office of the Drugs Controller General (Biological Division), Ref no: LL/RA/825/2007 and the Independent Ethics Committee Consultants Bangalore. The phase 1 clinical trial (C-004-402) was registered at (https://clinicaltrials.gov/), and the identifier no: NCT01378312. Written informed consent was obtained from each participant prior to the conduct of any protocol-specific activity or study entry. The study was carried out following the ethical principles outlined in the Declaration of Helsinki and in accordance with the US Code of Federal Regulations for protection of human subjects (21 CFR 50), Institutional Review Boards (21 CFR 56), and the obligations of clinical investigators (21 CFR 312).



Study Design, Enrolment, and Vaccination

The study was conducted at Lotus lab, Bangalore, India (12.9303° N, 77.6217° E) between February 2011 and October 2011. The major inclusion criteria were i) age 18 through 45 years on Study Day 0, ii) had BCG vaccination at least 5 years ago, iii) documented through medical history or presence of scar, iv) has Body Mass Index (BMI) between 19 and 30 (kg/m2), v) has ability to complete follow-up period of 182 days as required by the protocol, and vi) has completed written informed consent. The major exclusion criteria were i) acute illness on the day of randomization, ii) oral temperature ≥37.5°C on the day of randomization, iii) used immunosuppressive medication/received immunoglobulin or blood products/received any standard vaccine within 42 days, iv) history or evidence (including chest X-ray) of active tuberculosis, tuberculin skin test evidence of Mtb infection, defined as 15 mm of induration or greater and laboratory test evidence of Mtb infection, v) abnormal laboratory parameters and use of intravenous drugs. Enrolled subjects were randomized 2:1 to receive two intramuscular injections of either AERAS-402 (3 x 1010 viral particles [vp]) or placebo (normal saline solution) on study days 0 and 28 (Figure 1).




Figure 1 | Study flow chart.



The sample size for this study was selected as adequate for an initial review of the developing safety profile of AERAS-402 in a BCG-vaccinated population at the selected dose level, rather than for statistical reasons. A sample size of eight subjects in the AERAS-402 treatment group permitted initial estimates of the incidence of adverse events; given eight subjects receiving AERAS-402, this study had an 80% or greater chance of detecting an adverse event with a rate of occurrence of 18% in the study population under consideration.



Follow Up and Safety Evaluations

Subjects had vital signs (blood pressure, pulse, and oral temperature) measured just before receiving each vaccination with AERAS-402 or placebo and at 30 minutes and 60 minutes post vaccination, and two days after vaccination. Blood was collected for routine clinical chemistry and hematology at screening and post vaccination. Vaccination was administered on days 0 and 28, and safety and immunogenicity were assessed on days 0, 7, 14, 28, 35, 42, 56 and 182.

Adverse events (AEs) were collected for 28 days after each immunization and solicited AEs, including assessment for local injection site reactions (pain, redness and swelling at the site of injection; arthralgia; conjunctivitis; diarrhea; dysuria; fatigue; fever; headache; malaise; myalgia; sore throat; and upper respiratory tract infection) were recorded by subjects on diary cards for 14 days after each vaccination. Serious adverse events were collected from the time of first study vaccine dosing through study day 182. Adverse events were graded by severity and relationship to study vaccine using predefined criteria.



Tuberculin Skin Test (TST) and QuantiFERON-TB Gold

TST (measured in millimeters at the transverse induration) and QFT- TB Gold tests were conducted at screening and at study day 182.



Peripheral Blood Mononuclear Cell (PBMC) Intracellular Cytokine Staining (ICS) Assay and Flow Cytometry

PBMCs were sent from Bangalore to Aeras Rockville, MD, USA. The PBMC ICS assay was performed as previously described (27). Briefly, PBMCs were thawed and rested overnight and then stimulated for 5-6 hours at 37°C with 0.4% Dimethyl Sulfoxide (DMSO; negative control), 0.5ug/mL Staphylococcal enterotoxin B (SEB; positive control) or with peptide pools, one pool per antigen (1 µg/peptide/mL with pools for Ag85A, Ag85B and TB10.4), in the presence of Brefedin A and monensin (GolgiStop and GolgiPlug), both from BD Biosciences USA and used at 1 µL per well. Peptide pools were 15mers overlapping by 11 amino acids and spanning the sequences of the vaccine encoded antigens, Cells were then stained using viability dye (Live/Dead Aqua, Invitrogen, USA), anti-CD4-V450, and anti-CD8 PE-Cy5, then fixed and permeabilized for intracellular staining using anti-CD3 APC-Cy7, anti-IFN-γ APC, anti-TNF-α FITC, and anti-IL-2 PE (all antibodies from BD Biosciences, USA). Data were acquired using a BD LSRII flow cytometer (BD Biosciences, USA) and analyzed using FlowJo software (TreeStar Inc., USA). Immunogenicity was determined by first gating on live, singlet CD3+ T cells and then gating CD4+ and CD8+ T cells and calculating the percentage of each population that was cytokine positive. DMSO subtraction was performed prior to plotting the results. The gating strategy for vaccinated and placebo recipients are provided as a Supplementary Figure 1.



Anti-Mycobacterial Antibodies by ELISA

The serum samples were tested at 1:100 dilution to measure antigen-specific antibodies by ELISA. Briefly, the ELISA was performed as follows: recombinant Mtb antigen Ag85B purified in-house at Aeras was coated at 1.5 µg/ml onto 96-well ELISA plates. The immobilized antigen was incubated with 100 µl of serum samples at 1:100 dilution to capture antigen-specific antibodies. The captured antibodies were then probed by the addition of 100 µl of biotinylated anti-IgG antibodies at 1:500 dilution and detected by adding 100 µl of colorimetric substrate solution. The substrate color development was stopped using 50 µl of stop solution and the color intensity was read using a spectrophotometer and analyzed with SoftMax® Pro 5.4.1 data acquisition & analysis software.



Adenovirus 35 Neutralization

Adenovirus 35 serum neutralization activity was assayed pre-vaccination with placebo or AERAS-402 at study day 0, and at study day 182. Briefly, neutralizing antibody titers against Adenovirus type 35 were determined using the validated neutralizing antibody assay at Crucell using a previously published method (28). Luminescence counts were recorded on a 1450 Micro Beta Trilux. Data were imported into MS Excel to calculate 90% inhibition titers.



Sample Preparation and RNA Extraction

An aliquot of frozen PBMCs were shipped from Aeras Rockville, MD, USA to Bergen, Norway for the dcRT-MLPA assay. The PBMCs were thawed at 37° C water bath and ~2 million cells (avg: 4.45, min: 0.2, max: 15.73, SD: 3.19) were immediately transferred into 1.7ml sterile RNase-free tubes containing 1ml of RNAlater®: RNA stabilization solution (ThermoFisher Scientific). Following incubation at room temperature for 1 hours, subsequently the samples were stored at -70°C for further analysis.

Total RNA was extracted from the PBMCs using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with RNase free DNase on-column digestion (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The total RNA concentration and purity (A260/280 nm ratio) were measured using a Nanodrop spectrophotometer (Thermoscientific, Wilmington, Delaware, U.S.A).



Dual-color Reverse Transcriptase-Multiplex Ligation-Dependent Probe Amplification (dcRT-MLPA)

We used a novel high-throughput technique, which requires only ~125 ng of total RNA for analyzing a predefined panel of genes of interest. RNA samples from 12 subjects: 4 received placebo, and 8 received AERAS-402 vaccine (PBMC samples from six time points, i.e., days 0, 7, 28, 35, 42, and 182) were used for dcRT-MLPA analysis. A modified one-step protocol of dcRT-MLPA was used as previously described (29). A total of 150 genes (including 4 housekeeping genes), distributed in two panels were assessed, based primarily on their posited or confirmed roles in TB immunology. The first gene set contains 58 genes that included type-1 interferon-inducible genes (30) known to be upregulated in adult TB and genes associated with predicted risk for TB in South African neonates (31); the innate and adaptive gene set contains 92 genes which known for involvement in general inflammation and myeloid cell activation, and genes involved in the adaptive immune system, comprising Th1/Th2-responses, regulatory T-cell markers and B-cell associated genes (32). DcRT-MLPA probes and primers (reverse transcription gene target-specific primers, right- and left-hand half MLPA probes, FAM labelled MLPA primers, HEX labelled MAPH primers) were obtained from the Department of Infectious Diseases, Leiden Medical University, Leiden, The Netherlands. The dcRT-MLPA reagents were purchased from MRC Holland, The Netherlands. Samples with a concentration <50 ng µl-1 were concentrated at 45°C using a speed vacuum concentrator (Eppendorf AG, Hamburg, Germany). A positive control for each gene panel (using synthetic template oligonucleotides as hybridization templates) and a commercial Human Universal Reference RNA were included on each plate. The amplified PCR products were diluted 1:10 with nuclease-free water and added to a mixture of Hi-Di-Formamide with 400HD ROX size standard. The PCR products were denatured at 95°C for 5 minutes and then immediately cooled on ice. Subsequently, the PCR fragments were analyzed on a 3730-capillary sequencer in Gene scan mode (Life Technologies, Carlsbad, California, USA).



DcRT-MLPA Data Processing

Data were analyzed using GeneMapper software version 5.0 (Life Technologies, Carlsbad, California, USA). The default peak detection settings were inspected and adjusted if necessary. The peak area (in arbitrary units) was normalized against GAPDH using Microsoft Excel spreadsheet software. The genes that had no or little expression (peak area < 200 arbitrary units) were assigned to a threshold value of 200 arbitrary units.



Statistical Methods

Descriptive statistics were performed to summarize AERAS-402 adverse events and immunogenicity. Mann-Whitney test (placebo vs. vaccinated) and paired t-test (pre vaccination vs. post vaccination) analysis were performed where appropriate. No multiplicity adjustment of p-values was applied. Mean difference and corresponding standard errors were reported. IBM SPSS software version 24.0 (IBM, Bergen, Norway) was used. Dot plots were created using GraphPad Prism 8 (GraphPad software, San Diego, CA). WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) (33) is one of the most widely used gene set enrichment analysis tools that help users extract biological insights from genes of interest. WebGEStalt and the Functional Enrichment Analysis (FunRich) tool (34) was applied for the gene enrichment and network pathway analysis. The top results were ranked using the Benjamini–Hochberg method for controlling the false discovery rate. A p-value < 0.05 was considered significant.




Results


Subject Demographics and Vaccination

Between Feb 2011 and April 2011, 69 subjects were screened and 12 recruited and randomized to the AERAS-402 group (n=8) or placebo (n=4). Demographic and other baseline characteristics were well balanced between the groups (Table 1). All 8 subjects in the AERAS-402 group and one subject in the placebo group received both study vaccinations; the remaining 3 subjects in the placebo group did not receive the second vaccination due to adverse events. All 12 subjects completed the study follow up period of 182 days.


Table 1 | Demographic and Baseline Characteristics.





AERAS-402 Safety

No serious adverse events were reported. All 8 subjects in the AERAS-402-group and 4 subjects in the placebo-group reported at least 1 AE after either the study day 0 or study day 28 vaccination, and the majority of AEs were mild-moderate (Table 2). One subject in the AERAS-402-group had severe AEs (transient injection site pain, myalgia, and fatigue after the study day 0 vaccination) considered related to the study vaccine, but all AEs resolved within 7 days. Two AEs were reported for more than 1 subject in both intervention groups: decreased hemoglobin (reported for all subjects in both treatment groups) and injection site pain (5 in the AERAS-402 group vs. 0 in the placebo group). Note that in this study, decrease of any magnitude in hemoglobin from baseline was recorded as an AE.


Table 2 | Number of subjects (%) with AEs for study day 0 or 28 post-vaccination.



The 3 subjects, in the placebo group that did not receive their second vaccination due to the following abnormal laboratory values at Study Day 28:

	Grade 1 hematuria which was considered unlikely to be related to study vaccine.

	Grade 3 CPK which was considered unlikely to be related to study vaccine.

	Grade 1 decreased hemoglobin which was considered not related to study vaccine.



These abnormal laboratory values were reported as adverse events. Due to the exclusion criteria specifying that laboratory values were required to be within local laboratory normal ranges in order to receive the Study Day 28 vaccination, all three subjects did not receive the second dose of study vaccine, but were followed to study completion, Study Day 182.



AERAS-402 Administered at Two Doses Induces Polyfunctional CD8+ T Cell Responses

Antigen-specific CD4+ and CD8+ expression of the cytokines IFN-γ, TNF-α, and/or IL-2 alone or in combination to the individual AERAS-402 antigens, Ag85A, Ag85B, and TB10.4, are presented by the intervention group in Figures 2A–F. AERAS-402 induced responses to Ag85B constituted the most convincing differences between the AERAS-402-group and the placebo-group. AERAS-402 induced vaccine specific CD4+ and CD8+ T-cell response (mean response) peaked at day-35 and -42 of post vaccination of both doses. However, the magnitude of CD8+ T cell responses was in general higher than CD4 T cell responses. Vaccine-induced responses peaked at study days 35 and 42 (7 and 14 days after the second dose of vaccination) and were in some cases, sustained through study day 182.




Figure 2 | T cell responses to vaccine-encoded antigens. PBMCs were thawed, rested overnight, and stimulated for 5-6 hours with DMSO (negative control), SEB (positive control), or peptide pools corresponding to the vaccine antigens Ag85A (A, B), Ag85B (C, D), or TB10.4 (E, F). Specimens were then stained for viability, phenotypic markers, and intracellular cytokine expression and evaluated by flow cytometry. Data were analyzed using FlowJo software to generate cytokine Boolean gates. Each gate was subjected to DMSO subtraction to remove background. Negative results following DMSO-subtraction were set to zero. The sum of these gates was then used to determine the total cytokine response for CD4+ (A, C, E) and CD8+ (B, D, F) T cells for the AERAS-402-vaccinated (grey bars) or placebo control (black bars) groups. Bars are plotted for each group and time point for the total response (any cytokine alone or in combination for IFN-γ or IL-2 or TNF-α). Bars represent the 25th to 75th percentile, with the cross bar representing the median response. The mean is indicated by an “x” and the error bars represent the minimum and maximum responses.



Frequencies of Ag85B-specific CD8 T cell >0.05% at day 35 and 42, were observed in 7/8 (87.5%) in the AERAS-402-group compared to 0/4 (0%) in the placebo-group (Supplementary Figure 2). Individual trajectories stratified for intervention group are demonstrated in Figures 3A, B. The most prominent CD8+ T cell subsets (Boolean gating) to Ag85B at study day 35 were the polyfunctional IFN-γ+IL-2+TNF-α+ and bifunctional IFN-γ+TNF-α+ subsets (Figure 3C).




Figure 3 | CD8+ cytokine responses to Ag85B. PBMCs were thawed, rested overnight, and stimulated for 5-6 hours with DMSO (negative control), SEB (positive control), or peptide pools corresponding to the vaccine antigens Ag85A, Ag85B, or TB10.4. Specimens were then stained for viability, phenotypic markers, and intracellular cytokine expression and evaluated by flow cytometry. Data was analyzed using Flow Jo software to generate cytokine Boolean gates. Each gate was subjected to DMSO subtraction to remove background. Negative results following background subtraction are set to zero. The sum of these gates was then used to determine the total cytokine response for vaccinated (A) and placebo control (B) groups or plotted by functionality to assess the polyfunctional response (C). Lines (A, B) are plotted for each individual subject. CD8+ Single-Gate (Boolean; C) ICS responses for Ag85B at Study Day are shown for vaccinated (gray bars) and placebo (black bars) groups. Bars represent the 25th to 75th percentile, with the cross bar representing the median response. The Mean is indicated by an “x” and the error bars represent the minimum and maximum responses.





AERAS-402 Administered at Two Doses Boosts Specific Antibody Production

Ag85B antibodies were detected in the AERAS-402-group with peak responses at study days 42 and 56. Ag85B antibodies were not measurable in the placebo-group (Supplementary Figure 3).



Anti-Adenovirus 35 Antibodies

Pre-existing antibodies towards adenovirus could affect vaccine efficacy. Therefore, Adenovirus 35 serum neutralizing activity was assessed pre-vaccination. A response >LLOQ for Adenovirus 35 serum neutralizing activity was detected in 2/8 in the AERAS-402-group and 3/4 in the placebo group (Table 3). At study day 182 of the six subjects in the AERAS-402 recipients with neutralizing activity ≤ LLOQ at study day 0, two subjects had a shift in Adenovirus 35 neutralizing activity response to >LLOQ.


Table 3 | AERAS-402 anti-Ad35 Neutralizing Activity.





Similar TST and QFT-G Responses Following Vaccination

For all 12 subjects, the TST induration and QFT were measured on screening day and study day 182. The TST mean induration decreased from screening to study day 182 in both groups (Table 4). None of the study participants had QFT conversion at day 182.


Table 4 | Tuberculin Skin Test (TST) results.





AERAS-402 Induced Gene Expression in PBMCs

Gene expression levels for 7/46 genes in the type-1 interferon inducible gene set and 24/85 genes in the innate and adaptive gene set, were undetectable in all 63 samples. For the remaining genes with detectable levels, results of the comparison of gene expression between the AERAS-402-group and the placebo-group are shown in Tables 5A, B. Post-vaccination at day 7, day 35 and day 182, transcription of IFIT5, PTPRCv2 and IL1B was upregulated (all p<0.05) in the AERAS-402-group compared to the placebo-group (Figures 4A, B, E). At day 42, the transcription of CXCL10 was upregulated (p=0.048) and the transcription of GNLY down-regulated (p=0.036) in the AERAS-402-group compared to the placebo-group (Figures 4C, D).


Table 5a | Comparison of baseline measurements of each biomarkers that changed with post-vaccination of AERAS-402.




Table 5b | Comparison of baseline measurements of each biomarkers that changed with post-vaccination of placebo.






Figure 4 | Mann-Whitney test was applied. Dot-plot graph depicting genes that were differentially expressed between the AERAS-402 and placebo recipients. Day 7 (A); day 35 (B); day 42 (C, D); day 182 (E).



We then assessed the change in gene expression profiles from baseline up to day 182 within each intervention group (Tables 5A, B). Among 132 unique genes, 33 genes were differentially expressed in the vaccination and placebo groups and were selected for functional categories and used for the enrichment analysis. WebGestalt identified the most significant gene sets and showed that the inflammasome and T cell receptor complexes were significantly ranked higher than other complexes. The Gene Ontology enrichment in the biological process is highlighted with colors based on FDR significance (Figure 5A). Each ontology consists of a set of gene ontology (GO) terms, which are organised in a hierarchy, or directed acyclic graph (DAG), as shown in Figure 5B. As expected by the fact that AERAS-402 was designed to induce T cell responses, signaling related to the T cell receptor are engaged. In addition, the FunRich arranged the differentially expressed genes into two functional categories, including biological processes and cellular components. The parameters for the interception of biological pathways are indicated in Figure 5C.




Figure 5 | Improved visualizations on the result page of WebGestalt. (A) Bar chart shows enrichment ratio or normalized enrichment score of results with direction. (B) Directed acyclic graph representation with colored nodes depicting corresponding biological process of the enriched genes in the input gene set. Functional enrichment analysis of genes using FunRich. (C) Bar graph of biological pathways in percentage of genes are shown; the blue bar represents the percentage of genes, the yellow bar represents the reference p-value=0.05 and the red bar that depicts the exact p-value.





Comparison of Gene Expression Profiles Between Pre and Post Vaccination

The gene expression profiling shows that compared to pre-vaccination, the innate immune genes (CLEC7A and NLRP3); T-cell associated genes (PTPRCv1 and TAGAP) were consistently upregulated (all p ≤ 0.05) at 4- time points in the AERAS-402-group (Table 5A). Next, compared to pre-vaccination, on day-7 after the first and second dose of vaccination (i.e., day-7 and day-35, respectively), the innate immune genes (CCL5, CXCL13) and T-cell subset specific genes (CD3E, PTPRCv2 [CD45RO]) were upregulated (all p<0.05). Similarly, on day-7 after the second dose of vaccination (i.e., day-35; Table 5A), the innate immune response NLR and NOD-like specific genes (NLRP1, NLRP3, and NOD1) were upregulated (all p<0.01). Correspondingly, at day-35 and -42, following the second vaccination, three genes that are involved in innate immunity (NLRP3, VEGF and ZNF331; p<0.05) were up-regulated, whereas the T-cell associated GZMA was downregulated (p<0.05). The changes observed in gene expression profiles suggest broad vaccine-induced changes. Notably, none of these changes were observed in the placebo-group (Table 5B).




Discussion

In line with previous phase 1 trials of AERAS-402 in other populations (22), we report an acceptable safety profile for this vaccine candidate in healthy BCG vaccinated Mtb–uninfected adults. The vaccine also induced promising immunogenicity, with robust polyfunctional T-cell responses to Ag85B predominantly in CD8 subsets that peaks at day 35 and 42, corresponding to one week following the second vaccination. There were no serious adverse events that were related to the vaccine, mild grade abnormal hematology was seen in AERAS-402 candidates.

CD4+ T cells play a central role in TB protective immunity (35, 36). Consistent with the previous report (22), AERAS-402 induced a vaccine-specific CD4+ T-cell response, which was dominated by the polyfunctional IFN-γ+TNF-α+IL-2+ subset to all antigens (Figures 2, 3). The results seen in this study are consistent with previous studies demonstrating that the vaccine-induced a robust CD8+ T-cell response against Ag85A, Ag85B and TB10.4 (Figure 2) (22). Nevertheless, to date, most new TB vaccines have been reported to induce reasonable CD4+ T-cell responses, but relatively negligible CD8+ T-cell responses, despite evidence from recent studies indicating that CD8+ T cells mediate essential roles in protective immunity against TB (5, 37–39) including cytolytic functions to kill Mtb-infected cells via granule-mediated function (via perforin, granzymes, and granulysin) and Fas-Fas ligand interaction to induce apoptosis. In humans, CD8+ T cells can produce granulysin, which can kill Mtb directly (40). Despite having the same or similar antigens, the immune response that is generated against the TB antigens can vary greatly based on the method of delivery. For example, protein/adjuvant combinations drive primarily CD4+ T cell responses and antibody responses. However, vaccines that include adenoviral vectors are better suited for stronger induction of the cellular arm of the adaptive immune system, including CD8+ cytotoxic T cells.

We report that the present study is the first TB clinical vaccine phase I trial to assess vaccine induced PBMC transcriptomes. Compared to the placebo group, two genes (IFIT5 and PTPRCv2) were upregulated in the 7-days following the 1st and 2nd dose of vaccination, respectively, while CXCL10 and GNLY were differentially expressed between the intervention groups 14-days following the 2nd dose of vaccination. Interestingly, 6 months post-vaccination IL1B was upregulated in the AERAS 402 group. These genes are evocative of robust CD4+ and CD8+ T cell responses as observed in the T-cell stimulation assay, which likely includes activation of the type-1 interferon and cytotoxicity genes. Besides, we have identified three genes (CLEC7A, PTPRCv1, and TAGAP) that are consistently induced following two doses of AERAS-402: The C-type lectin receptors are a class of signaling pattern recognition receptors, macrophages, neutrophils and dendritic cells express CLEC7A. The innate immunity component CLEC7A (Dectin-1) interacts with Mtb, leading to increased inflammatory cytokine production in macrophages (41, 42). The T-cell associated gene PTPRCv1(CD45RA) is expressed on naive T cells, as well as the effector cells in both CD4 and CD8. After antigen experience, central and effector memory T cells gain expression of PTPRcv2 (CD45RO) and lose expression of CD45RA (43). The TAGAP encodes the T-cell activation Rho-GTPase-activating protein, and expression of TAGAP induced during T-cell activation (44). The function of TAGAP is currently unknown; however, a very recent study from del Rosario RC et al. (45), have reported that, in response to Mtb infection, an up-regulation of TAGAP involved in the enrichment of differential acetylation (DA) peaks in granulocytes. The nucleotide-binding domain, leucine-rich repeat-containing protein (NLR) family play key roles in innate immune defense, including protection against several major respiratory pathogens as well as in producing key Th1 and Th17 cell-promoting cytokines (46).

AERAS-402 incorporates Ad35, which has been shown to be prevalent in only 20% of individuals in sub-Saharan Africa (47) with neutralizing titers > 200 in less than 5% of individuals; this vector is able to induce potent immune responses against the encoded target antigen. Anti-Ad35–neutralizing antibodies were present in 25% of participants in this trial before AERAS-402 vaccination, which is noticeably higher than reported elsewhere (22). AERAS-402 post-vaccination at day 182, anti-Ad35–neutralizing antibodies were detected in half of the participants in this study. In contrast, anti-Ad35–neutralizing antibodies were detected a higher proportion in the placebo than AERAS-402 recipients.

To our knowledge, we are the first to explore transcriptional profiling in a phase 1 TB clinical trial and propose that immune related transcriptional biomarkers correlate with AERAS-402 recipients and the altered gene expression profiles are indicative of activation of immunologically relevant biological pathways. No safety concerns were observed for AERAS-402 in healthy Indian adult males. The vaccine also induced promising immunogenicity, predominantly to the Ag85B antigen consisting of polyfunctional T cell responses most robust for CD8 subsets, humoral immunity and altered gene expression profiles in PBMCs indicative of a localized activation of different biological pathways. Further, pre-existing antibodies towards the viral vector may likely impact on vaccine efficacy. Nonetheless, research on vaccine biomarkers has so far received little attention as an independent scientific priority from most of the main research-funding agencies and policymakers. More efforts are necessary to highlight the importance of vaccine biomarkers on the global vaccine agenda.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The study was reviewed and approved by the Government of India Directorate General of Health Services, Office of the Drugs Controller General (Biological Division), Ref no: LL/RA/825/2007 and the Independent Ethics Committee Consultants Bangalore. The phase 1 clinical trial was registered at (https://clinicaltrials.gov/), and the identifier no: NCT01378312. Written informed consent was obtained from each participant prior to the conduct of any protocol-specific activity or study entry. The study was carried out following the ethical principles outlined in the Declaration of Helsinki and in accordance with the US Code of Federal Regulations for protection of human subjects (21 CFR 50), Institutional Review Boards (21 CFR 56), and the obligations of clinical investigators (21 CFR 312). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

DH performed the ICS. GB prepared the first draft; DH wrote sections on ICS and RB wrote the sections on transcription profiling together with DS and SJ. DS conducted the RNA extraction, dcRT-MLPA experiments. DS and CR performed the data analysis and generated Table 5 and Figures 1, 4 and 5, with contribution from SJ and HG. DS undertook revisions of manuscript with contribution from GB, DH, RB, CR, SJ, and HG. All authors contributed to the article and approved the submitted version.



Funding

Research Council of Norway Global Health and Vaccination Research (GLOBVAC) projects: RCN 179342, 192534 and 248042, the University of Bergen (Norway); EDCTP2 programme supported by the European Union; the St. John’s Research Institute, Bangalore, India. Aeras funded by the Bill and Melinda Gates Foundation, Seattle WA.



Acknowledgments

Barbara Shepherd and Bridget Colvin, for assistance with preparation of the manuscript. Aud Eliassen at the sequencing laboratory, Haukeland University Hospital, Bergen, Norway. Dr. Vanya Dhagat for serving as the Principal Investigator at Lotus Labs Pvt. Lmt. In Bangalore, India and the 15 volunteers for their participation in the study. We thank Prof. Tom Ottenhoff and Dr. Marielle C. Haks at the Dept. of Infectious Diseases, Leiden Medical University, Leiden, The Netherlands for providing the dcRT-MLPA probes and primers (Reverse transcription gene target specific primers, right hand and left-hand half MLPA probes, FAM labelled MLPA primers, HEX labelled MAPH primers). Prof. Mario Vaz and the late Dr. John Kenneth from the St. John’s Research Institute, Bangalore for administrative aspects connected to the study as well, practical facilitation of sample storage.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.673532/full#supplementary-material



References

1. Colditz, GA, Berkey, CS, Mosteller, F, Brewer, TF, Wilson, ME, Burdick, E, et al. The Efficacy of Bacillus Calmette-Guerin Vaccination of Newborns and Infants in the Prevention of Tuberculosis: Meta-Analyses of the Published Literature. Pediatrics (1995) 96(1 Pt 1):29–35.

2. Dalmia, N, and Ramsay, AJ. Prime-Boost Approaches to Tuberculosis Vaccine Development. Expert Rev Vaccines (2012) 11(10):1221–33. doi: 10.1586/erv.12.94

3. Lewinsohn, DA, Heinzel, AS, Gardner, JM, Zhu, L, Alderson, MR, and Lewinsohn, DM. Mycobacterium Tuberculosis-Specific CD8+ T Cells Preferentially Recognize Heavily Infected Cells. Am J Respir Crit Care Med (2003) 168(11):1346–52. doi: 10.1164/rccm.200306-837OC

4. Lewinsohn, DA, Winata, E, Swarbrick, GM, Tanner, KE, Cook, MS, Null, MD, et al. Immunodominant Tuberculosis CD8 Antigens Preferentially Restricted by HLA-B. PloS Pathog (2007) 3(9):1240–9. doi: 10.1371/journal.ppat.0030127

5. Lin, PL, and Flynn, JL. Cd8 T Cells and Mycobacterium Tuberculosis Infection. Semin Immunopathol (2015) 37(3):239–49. doi: 10.1007/s00281-015-0490-8

6. Nyendak, M, Swarbrick, GM, Duncan, A, Cansler, M, Huff, EW, Hokey, D, et al. Adenovirally-Induced Polyfunctional T Cells Do Not Necessarily Recognize the Infected Target: Lessons From a Phase I Trial of the AERAS-402 Vaccine. Sci Rep (2016) 6:36355. doi: 10.1038/srep36355

7. Havenga, M, Vogels, R, Zuijdgeest, D, Radosevic, K, Mueller, S, Sieuwerts, M, et al. Novel Replication-Incompetent Adenoviral B-group Vectors: High Vector Stability and Yield in PER.C6 Cells. J Gen Virol (2006) 87(Pt 8):2135–43. doi: 10.1099/vir.0.81956-0

8. Geluk, A, van Meijgaarden, KE, Franken, KL, Drijfhout, JW, D’Souza, S, Necker, A, et al. Identification of Major Epitopes of Mycobacterium Tuberculosis AG85B That are Recognized by HLA-A*0201-restricted Cd8+ T Cells in HLA-transgenic Mice and Humans. J Immunol (2000) 165(11):6463–71. doi: 10.4049/jimmunol.165.11.6463

9. Billeskov, R, Vingsbo-Lundberg, C, Andersen, P, and Dietrich, J. Induction of CD8 T Cells Against a Novel Epitope in TB10.4: Correlation With Mycobacterial Virulence and the Presence of a Functional Region of Difference-1. J Immunol (2007) 179(6):3973–81. doi: 10.4049/jimmunol.179.6.3973

10. McShane, H, Behboudi, S, Goonetilleke, N, Brookes, R, and Hill, AV. Protective Immunity Against Mycobacterium Tuberculosis Induced by Dendritic Cells Pulsed With Both CD8(+)- and CD4(+)-T-cell Epitopes From Antigen 85A. Infect Immun (2002) 70(3):1623–6. doi: 10.1128/IAI.70.3.1623-1626.2002

11. Brooks, JV, Frank, AA, Keen, MA, Bellisle, JT, and Orme, IM. Boosting Vaccine for Tuberculosis. Infect Immun (2001) 69(4):2714–7. doi: 10.1128/IAI.69.4.2714-2717.2001

12. McShane, H, Pathan, AA, Sander, CR, Keating, SM, Gilbert, SC, Huygen, K, et al. Recombinant Modified Vaccinia Virus Ankara Expressing Antigen 85A Boosts BCG-primed and Naturally Acquired Antimycobacterial Immunity in Humans. Nat Med (2004) 10(11):1240–4. doi: 10.1038/nm1128

13. Wiker, HG, and Harboe, M. The Antigen 85 Complex: A Major Secretion Product of Mycobacterium Tuberculosis. Microbiol Rev (1992) 56(4):648–61. doi: 10.1128/MR.56.4.648-661.1992

14. Belisle, JT, Vissa, VD, Sievert, T, Takayama, K, Brennan, PJ, and Besra, GS. Role of the Major Antigen of Mycobacterium Tuberculosis in Cell Wall Biogenesis. Science (1997) 276(5317):1420–2. doi: 10.1126/science.276.5317.1420

15. Horwitz, MA, Harth, G, Dillon, BJ, and Maslesa-Galic, S. Recombinant Bacillus Calmette-Guerin (BCG) Vaccines Expressing the Mycobacterium Tuberculosis 30-kDa Major Secretory Protein Induce Greater Protective Immunity Against Tuberculosis Than Conventional BCG Vaccines in a Highly Susceptible Animal Model. Proc Natl Acad Sci U S A (2000) 97(25):13853–8. doi: 10.1073/pnas.250480397

16. Luabeya, AK, Kagina, BM, Tameris, MD, Geldenhuys, H, Hoff, ST, Shi, Z, et al. First-in-Human Trial of the Post-Exposure Tuberculosis Vaccine H56:IC31 in Mycobacterium Tuberculosis Infected and non-Infected Healthy Adults. Vaccine (2015) 33(33):4130–40. doi: 10.1016/j.vaccine.2015.06.051

17. Norrby, M, Vesikari, T, Lindqvist, L, Maeurer, M, Ahmed, R, Mahdavifar, S, et al. Safety and Immunogenicity of the Novel H4:IC31 Tuberculosis Vaccine Candidate in BCG-Vaccinated Adults: Two Phase I Dose Escalation Trials. Vaccine (2017) 35(12):1652–61. doi: 10.1016/j.vaccine.2017.01.055

18. Skjot, RL, Oettinger, T, Rosenkrands, I, Ravn, P, Brock, I, Jacobsen, S, et al. Comparative Evaluation of Low-Molecular-Mass Proteins From Mycobacterium Tuberculosis Identifies Members of the ESAT-6 Family as Immunodominant T-cell Antigens. Infect Immun (2000) 68(1):214–20. doi: 10.1128/IAI.68.1.214-220.2000

19. Skjot, RL, Brock, I, Arend, SM, Munk, ME, Theisen, M, Ottenhoff, TH, et al. Epitope Mapping of the Immunodominant Antigen TB10.4 and the Two Homologous Proteins TB10.3 and TB12.9, Which Constitute a Subfamily of the Esat-6 Gene Family. Infect Immun (2002) 70(10):5446–53. doi: 10.1128/IAI.70.10.5446-5453.2002

20. Dietrich, J, Aagaard, C, Leah, R, Olsen, AW, Stryhn, A, Doherty, TM, et al. Exchanging ESAT6 With TB10.4 in an Ag85B Fusion Molecule-Based Tuberculosis Subunit Vaccine: Efficient Protection and ESAT6-based Sensitive Monitoring of Vaccine Efficacy. J Immunol (2005) 174(10):6332–9. doi: 10.4049/jimmunol.174.10.6332

21. Hoft, DF, Blazevic, A, Stanley, J, Landry, B, Sizemore, D, Kpamegan, E, et al. A Recombinant Adenovirus Expressing Immunodominant TB Antigens can Significantly Enhance BCG-induced Human Immunity. Vaccine (2012) 30(12):2098–108. doi: 10.1016/j.vaccine.2012.01.048

22. Abel, B, Tameris, M, Mansoor, N, Gelderbloem, S, Hughes, J, Abrahams, D, et al. The Novel Tuberculosis Vaccine, AERAS-402, Induces Robust and Polyfunctional CD4+ and CD8+ T Cells in Adults. Am J Respir Crit Care Med (2010) 181(12):1407–17. doi: 10.1164/rccm.200910-1484OC

23. Meyer, J, Harris, SA, Satti, I, Poulton, ID, Poyntz, HC, Tanner, R, et al. Comparing the Safety and Immunogenicity of a Candidate TB Vaccine MVA85A Administered by Intramuscular and Intradermal Delivery. Vaccine (2013) 31(7):1026–33. doi: 10.1016/j.vaccine.2012.12.042

24. Satti, I, Meyer, J, Harris, SA, Manjaly Thomas, ZR, Griffiths, K, Antrobus, RD, et al. Safety and Immunogenicity of a Candidate Tuberculosis Vaccine MVA85A Delivered by Aerosol in BCG-Vaccinated Healthy Adults: A Phase 1, Double-Blind, Randomized Controlled Trial. Lancet Infect Dis (2014) 14(10):939–46. doi: 10.1016/S1473-3099(14)70845-X

25. Tameris, MD, Hatherill, M, Landry, BS, Scriba, TJ, Snowden, MA, Lockhart, S, et al. Safety and Efficacy of MVA85A, a New Tuberculosis Vaccine, in Infants Previously Vaccinated With BCG: A Randomized, Placebo-Controlled Phase 2b Trial. Lancet (2013) 381(9871):1021–8. doi: 10.1016/S0140-6736(13)60177-4

26. Nemes, E, Geldenhuys, H, Rozot, V, Rutkowski, KT, Ratangee, F, Bilek, N, et al. Prevention of M. Tuberculosis Infection With H4:IC31 Vaccine or BCG Revaccination. N Engl J Med (2018) 379(2):138–49. doi: 10.1056/NEJMoa1714021

27. Kagina, BM, Mansoor, N, Kpamegan, EP, Penn-Nicholson, A, Nemes, E, Smit, E, et al. Qualification of a Whole Blood Intracellular Cytokine Staining Assay to Measure Mycobacteria-Specific CD4 and CD8 T Cell Immunity by Flow Cytometry. J Immunol Methods (2015) 417:22–33. doi: 10.1016/j.jim.2014.12.003

28. Sprangers, MC, Lakhai, W, Koudstaal, W, Verhoeven, M, Koel, BF, Vogels, R, et al. Quantifying Adenovirus-Neutralizing Antibodies by Luciferase Transgene Detection: Addressing Preexisting Immunity to Vaccine and Gene Therapy Vectors. J Clin Microbiol (2003) 41(11):5046–52. doi: 10.1128/JCM.41.11.5046-5052.2003

29. Gjoen, JE, Jenum, S, Sivakumaran, D, Mukherjee, A, Macaden, R, Kabra, SK, et al. Novel Transcriptional Signatures for Sputum-Independent Diagnostics of Tuberculosis in Children. Sci Rep (2017) 7(1):5839. doi: 10.1038/s41598-017-05057-x

30. Berry, MP, Graham, CM, McNab, FW, Xu, Z, Bloch, SA, Oni, T, et al. An Interferon-Inducible Neutrophil-Driven Blood Transcriptional Signature in Human Tuberculosis. Nature (2010) 466(7309):973–7. doi: 10.1038/nature09247

31. Fletcher, HA, Filali-Mouhim, A, Nemes, E, Hawkridge, A, Keyser, A, Njikan, S, et al. Human Newborn Bacille Calmette-Guerin Vaccination and Risk of Tuberculosis Disease: A Case-Control Study. BMC Med (2016) 14:76. doi: 10.1186/s12916-016-0617-3

32. Joosten, SA, Fletcher, HA, and Ottenhoff, TH. A Helicopter Perspective on TB Biomarkers: Pathway and Process Based Analysis of Gene Expression Data Provides New Insight Into TB Pathogenesis. PloS One (2013) 8(9):e73230. doi: 10.1371/journal.pone.0073230

33. Liao, Y, Wang, J, Jaehnig, EJ, Shi, Z, and Zhang, B. WebGestalt 2019: Gene Set Analysis Toolkit With Revamped UIs and Apis. Nucleic Acids Res (2019) 47(W1):W199–205. doi: 10.1093/nar/gkz401

34. Wang, J. Functional Enrichment Analysis. In:  W Dubitzky, O Wolkenhauer, K-H Cho, and H Yokota, editors. Encyclopedia of Systems Biology. New York, NY: Springer New York (2013). p. 772–.

35. Lawn, SD, Myer, L, Edwards, D, Bekker, LG, and Wood, R. Short-Term and Long-Term Risk of Tuberculosis Associated With CD4 Cell Recovery During Antiretroviral Therapy in South Africa. AIDS (2009) 23(13):1717–25. doi: 10.1097/QAD.0b013e32832d3b6d

36. Green, AM, Difazio, R, and Flynn, JL. IFN-Gamma From CD4 T Cells is Essential for Host Survival and Enhances CD8 T Cell Function During Mycobacterium Tuberculosis Infection. J Immunol (2013) 190(1):270–7. doi: 10.4049/jimmunol.1200061

37. Woodworth, JS, and Behar, SM. Mycobacterium Tuberculosis-Specific CD8+ T Cells and Their Role in Immunity. Crit Rev Immunol (2006) 26(4):317–52. doi: 10.1615/CritRevImmunol.v26.i4.30

38. Mittrucker, HW, Steinhoff, U, Kohler, A, Krause, M, Lazar, D, Mex, P, et al. Poor Correlation Between BCG Vaccination-Induced T Cell Responses and Protection Against Tuberculosis. Proc Natl Acad Sci USA (2007) 104(30):12434–9. doi: 10.1073/pnas.0703510104

39. Chen, CY, Huang, D, Wang, RC, Shen, L, Zeng, G, Yao, S, et al. A Critical Role for CD8 T Cells in a Nonhuman Primate Model of Tuberculosis. PloS Pathog (2009) 5(4):e1000392. doi: 10.1371/journal.ppat.1000392

40. Stenger, S, Hanson, DA, Teitelbaum, R, Dewan, P, Niazi, KR, Froelich, CJ, et al. An Antimicrobial Activity of Cytolytic T Cells Mediated by Granulysin. Science (1998) 282(5386):121–5. doi: 10.1126/science.282.5386.121

41. Rothfuchs, AG, Bafica, A, Feng, CG, Egen, JG, Williams, DL, Brown, GD, et al. Dectin-1 Interaction With Mycobacterium Tuberculosis Leads to Enhanced IL-12p40 Production by Splenic Dendritic Cells. J Immunol (2007) 179(6):3463–71. doi: 10.4049/jimmunol.179.6.3463

42. Kang, DD, Lin, Y, Moreno, JR, Randall, TD, and Khader, SA. Profiling Early Lung Immune Responses in the Mouse Model of Tuberculosis. PloS One (2011) 6(1):e16161. doi: 10.1371/journal.pone.0016161

43. Pathakumari, B, Devasundaram, S, and Raja, A. Altered Expression of Antigen-Specific Memory and Regulatory T-Cell Subsets Differentiate Latent and Active Tuberculosis. Immunology (2018) 153(3):325–36. doi: 10.1111/imm.12833

44. Mao, M, Biery, MC, Kobayashi, SV, Ward, T, Schimmack, G, Burchard, J, et al. T Lymphocyte Activation Gene Identification by Coregulated Expression on DNA Microarrays. Genomics (2004) 83(6):989–99. doi: 10.1016/j.ygeno.2003.12.019

45. del Rosario, RCH, Poschmann, J, Kumar, P, Cheng, C, Ong, ST, Hajan, HS, et al. Histone Acetylome-Wide Association Study of Tuberculosis. bioRxiv (2019) BioRxiv 644112 [Preprint]. doi: 10.1101/644112

46. Lavelle, EC, McNaughton, A, and McNeela, E. NLRP3 in Protective Immunity and Vaccination Against Respiratory Infection. Expert Rev Vaccines (2011) 10(3):255–7. doi: 10.1586/erv.11.12

47. Kostense, S, Koudstaal, W, Sprangers, M, Weverling, GJ, Penders, G, Helmus, N, et al. Adenovirus Types 5 and 35 Seroprevalence in AIDS Risk Groups Supports Type 35 as a Vaccine Vector. AIDS (2004) 18(8):1213–6. doi: 10.1097/00002030-200405210-00019




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

Copyright © 2021 Sivakumaran, Blatner, Bakken, Hokey, Ritz, Jenum and Grewal. 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.



Glossary


 




OEBPS/Images/fimmu-12-673532-g005.jpg





OEBPS/Images/table5b.jpg
Genes day 0 and day 7* day 0 and day 28" day 0 and day 35" day 0 and day 42" day 0 and day 182"

Mean SE P Mean SE P Mean SE P Mean SE p- Mean SE p- 2

difference  Mean value  difference  Mean value  difference  Mean value  difference  Mean value  difference  Mean value 8

3

Type-1 IFN IFl6 1660.33 562,55 0.098 1118.67 88.83  0.006 718.33 387.76  0.205 1650.67 870.80 0.198 1888.00 28585 0.022 :%
inducible IFITS 5333 24218 0.846 381.33 64.06 0027 107.00 69.35 0.263 104.67 11551 0461 483.67 23596 0177 8
IFl44 464.33 60168 0521 896.66 2559 0073 187.67 4482 0.050 113.06 11547 0432 770.00 34156 0.153 &

IFI44L 175.00 26492 0577 370.67 8549  0.049 22.00 156.04 0901 189.33 10941 0226 250.33 25665 0.431 b

0AS3 -109.67 7565 0284 2167 13815 0.89 21133 4323 0.039 59.33 15200 0734 -101.33 163.68 0599 ¢

3

S

Innate immunity  NOD2 23.00 66.00 0787 965 75 0049 49.50 050  0.006 31.33 7501 0750 14.00 57.00 0847 5

A3 subjects; SE, Standard error; p-value obtained based on paired t-test. The significant p-values are in bold.





OEBPS/Images/fimmu.2021.673532_cover.jpg
, frontiers
in Immunology

A 2-Dose AERAS-402 Regimen
Boosts CD8* Polyfunctionality in
HIV-Negative, BCG-Vaccinated
Recipients





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A 2-Dose AERAS-402 Regimen Boosts CD8+ Polyfunctionality in HIV-Negative, BCG-Vaccinated Recipients

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Approvals and Information on Consent

          



          		

            Study Design, Enrolment, and Vaccination

          



          		

            Follow Up and Safety Evaluations

          



          		

            Tuberculin Skin Test (TST) and QuantiFERON-TB Gold

          



          		

            Peripheral Blood Mononuclear Cell (PBMC) Intracellular Cytokine Staining (ICS) Assay and Flow Cytometry

          



          		

            Anti-Mycobacterial Antibodies by ELISA

          



          		

            Adenovirus 35 Neutralization

          



          		

            Sample Preparation and RNA Extraction

          



          		

            Dual-color Reverse Transcriptase-Multiplex Ligation-Dependent Probe Amplification (dcRT-MLPA)

          



          		

            DcRT-MLPA Data Processing

          



          		

            Statistical Methods

          



        



        



        		

          Results

        

          		

            Subject Demographics and Vaccination

          



          		

            AERAS-402 Safety

          



          		

            AERAS-402 Administered at Two Doses Induces Polyfunctional CD8+ T Cell Responses

          



          		

            AERAS-402 Administered at Two Doses Boosts Specific Antibody Production

          



          		

            Anti-Adenovirus 35 Antibodies

          



          		

            Similar TST and QFT-G Responses Following Vaccination

          



          		

            AERAS-402 Induced Gene Expression in PBMCs

          



          		

            Comparison of Gene Expression Profiles Between Pre and Post Vaccination

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/fimmu-12-673532-g002.jpg
0%

104

Farry






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Solicited/Unsolicited events Placebo 2 Doses AERAS-402 (3 x 10" vp) 2 Doses

(n=4) (%) (n=8) (%)
Subjects with at least 1 adverse event 4 (100.0) 8(100.0)
Investigations 4(100.0) 8(100.0)
Blood creatine phosphokinase increased 1(25.0) 00.0
Blood creatinine increased 1(25.0) 0(0.0)
Hemoglobin decreased 4 (100.0) 8(100.0)
Lymphocytes count increased 1(25.0) 0.0
Neutrophils count decreased 0(0.0) 1(12.5)
Neutrophils count increased 0(0.0) 1(12.5)
White blood cells count increased 0(0.0) 1(12.5)
General disorders and administration site conditions 0(0.0 5 (62.5)
Gastrointestinal disorders 0(0.0) 1(12.5)
Musculoskeletal and connective tissue disorders 0(0.0) 1(12.5)
Respiratory, thoracic and mediastinal disorders 0(0.0) 1(12.5)

Renal and urinary disorders 1(25.0) 0(0.0






OEBPS/Images/table4.jpg
Study Day (Time)/Parameter Placebo2 Doses AERAS-402(3 x 10 vp)2 Doses

(n=4) (n=8)
Screening
n 4 8
Mean 73+45 6.9+30
0-10 mm, n (%) 3(75.0) 7(875)
11-15 mm, n (%) 1 (25.0) 1(12.5)
Study Day 182
n 4 8
Mean 5.3 +3.86 39+0.83
0-10 mm, n (%) 3(75.0) 8(100.0)
11-15 mm, n (%) 1 (25.0) 0(0.0)
Shift from screening to study day 182, (%)
0-10 mm to 0-10 mm 3/4 (75.0) 7/8 (87.5)
11-15 mm to 0-10 mm 0/4 (0.0) 1/8 (12.5)
11-15 mm to 11-15 mm 1/4 (25.0)

0/8(0.0)





OEBPS/Images/table3.jpg
Parameter/Study Day (Time) Placebo 2 Doses AERAS-402 (3 x 10710 vp) 2 Doses

(n=4) (n=8)
Response > LLOQ, n (%)
Study Day 0O (Pre-Vaccination) 3(75.0) 2(25.0)
Study Day 182 3(75.0) 4 (50.0)
Shift from Study Day 0 (Pre-Vaccination) to Study Day 182 (%)
>LLOQto > LLOQ 3/4 (75.0) 2/8 (25.0)
>LLOQto <= LLOQ 0/4 (0.0) 0/8 (0.0)
<=1L0Q to <= LLOQ 1/4 (25.0) 4/8 (50.0)
<=LLOQ to > LLOQ 0/4 (0.0)

2/8 (25.0)






OEBPS/Images/fimmu-12-673532-g001.jpg
Excluded
* not meeting inclusion
erteria (n=57)

AERAS-402
n=§

Placebo
n=4

allocated intervention (n=4) allocated intervention (n=8)

Received 2% dose on Day 28 (a-1)
Missed 20 dose due to adverse
events after 1t dose (n=3)

Received 2% dose on Day 28 (n-8)
Missed 2% dose due to adverse
events after |t dose (n=0)

Received I dose on Day 0 [ Follow-up | Received I dose on Day 0

Up 0 26 weeks Up t0 26 weeks
and analysed and analysed






OEBPS/Images/table5a.jpg
Type-1 IFN
inducible

Hanekom set

Innate and
adaptive

Genes

cxcLio
IFI35
IFIT3
TAP2
BMP6
GUSB
KIF1B
LYN
VEGF
CcCLs
CCR7
CD3E
CD8A
CLEC7A
CXCL13
GATA3
GZMA
NLRC4
NLRP1
NLRP3
NOD1
PTPRCv1
PTPRCv2
TAGAP
TLR4
TLR?
ZNF331

day 0 and day 7% day 0 and day 28" day 0 and day 35" day 0 and day 42" day 0 and day 182"

Mean SE p- Mean SE - Mean SE P Mean SE p- Mean SE P
difference  Mean value  difference  Mean value  difference  Mean value difference  Mean value  difference  Mean value
451.7 367.9 0265 859.4 537.4  0.161 1427 2930 0643 268.4 8411 0470 587.5 786 0.001
468.4 8730 0611 1671.3 12838 0241 617.0 10767 0578 305.1 1077.2 0789 27027 8957 0.030
683.6 4695 0196 576.0 3571 0158 9194 12184 0479 1180 4761 0815 1424.2 4310 0.021
232.1 3049 0475 513.7 2004 0.043 250.0 2481 0353 -127.0 2464 0626 27 3454 0950
1838.4 18225 0352 995.7 12435 0454 3454 10881 0.755 1412.2 11733 0.909 3552.0 11349 0.026
2037 2576 0298 376.1 2188 0.136 1316 1633 0451 137.1 1482 0399 8188 2873 0.036
491.9 2608 0108 3047 2050 0199 268.4 1406  0.105 1223 1911 0552 457.7 1543 0.031
3839 1622 0.056 13367 3832 0013 655.3 2912 0065 7.2 3364 0088 17965 10368 0.144
-18.4 210 0413 133.1 8.8 0176 130.4 516 0045 276.3 643 0008 208 395 0484
6127.4 22227  0.033 23711 1947.8 0269 38336 15626 0.050 -544.1 13644 0710 3306.2 28329 0.296
7153 3496 0087 450.3 2166  0.083 11733 3368 0013 446.4 3932 0320 3198 3265 0372
3363.9 10151 0.016 27003 8851  0.022 2821.0 9542 0025 671.0 10661 0.564 1407.0 8672 0166
9799 5578  0.129 580.9 4806 0272 14704 5155 0029 376 5862 0952 497.2 7818 0553
1627.7 6963 0056 1932.7 8004 0050 1372.4 4079 0015 12136 4093 0041 1907.2 5959 0024
581.1 1853 0.020 3136 1638  0.104 3120 886 0012 290.0 2204 0275 3738 1696  0.079
1799 655 0033 1221 414 0026 833 556 0185 68.8 782 0429 457 630 0501
7344 7200 0347 21116 5425 0008  -16909 6880 0049 28130 5022 0.005 8218 18009 0.667
-128.1 1544 0.438 -81.1 508  0.161 -358.4 1107 0.018 389.0 4524 0438 417.0 3214 0251
24736 11799 0.081 2509.7 6928  0.009 2436.4 4062 0.001 1425.4 9408 0240 1971.8 14669 0.237
166.0 1485  0.306 674.3 1976 0014 3899 1726 0.001 752.9 898 0001 63.7 1776 0.735
321.9 169.7  0.107 390.9 1532 0.043 256.0 663  0.008 466 2647 0.869 258.3 1432 0.131
3436.4 8623 0.007 23787 8335 0029 24263 6221 0.008 1613.6 9140 0152 22433 8473 0046
927.0 3507 0042 7096 3711 0.104 7916 1703 0.004 1450 3702 0716 769.8 5049 0.188
27180 8095 0015 14751 467.7 0020 2064.0 5689 0011 356.8 6041 0587 1906.0 7138 0.044
269 538 0636 776 382 0088 773 683 0301 1312 1480 0428 3400 1241 0.041
7630 3042 0046 2230 3278 0522 -603.1 3156 0.105 -257.4 6823 0725 200.7 1933 0193
437.0 2446 0124 2104 1000 0.080 9201 3004 0022 741.0 1924 0018 173 306  0.59%

W . 7 subjecis: ¥ - 6 subyects. SE. Standard emor: p-vakse oblained based on pared t-test. The sionificent p-values are it bokd.





OEBPS/Images/fimmu-12-673532-g004.jpg
TV e

IFITS. = PTPRCv2
o, 0024
H
e
| B
o - i .
——— . H
o i
o
Patane T ) RS
oay7 oy 35
cxeo o v
so0
oo —

H

H

Piacono

Dayez

AERRs 402

Relative expression

oayaz





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-673532-g003.jpg





OEBPS/Images/utable1.jpg
CLEC
DCRT-
MLPA
DMEM
DMSO
ELISA
FunRich
HIV
GAPDH
GNLY
GUSB

NOD
PBMC

PPD
PTPROVI
QFT
RPMI
SAE

SEB
WebGestalt
VEGF
TAGAP

LR
TNF-o
TST
ZNF

Antigen 85
Adenovirus

adverse event

Bacilus Calmette-Guérin

Becton Dickinson

Bone Morphogenetic Protein

Cluster of differentiation 4

Code of Federal Regulations

C-C Motif Chemokine Ligand

C-X-C motif chemokine

C-Type Lectin domain Containing

Dual color Reverse Transcriptase-Multiplex Ligation Dependent
Probe Ampliication

Dulbecco’s Modified Eagle Medium

Dimethyl Sulfoxide

Enzyme Linked Immunosorbent Assay
Functional Enrichment Analysis

Human immunodeficiency virus
Glyceraldehyde-3-Phosphate Dehydrogenase
Granulysin

Glucuronidase Beta

Granzyme A

International Business Machines

Intracellular Cytokine Staining

Interferon gamma

Interferon Induced

Interferon Induced protein with tetratricopeptide
Interleukin 1 beta

Interleukin 2

Kinesin Family Member

Lower limit of quantitation

M. tuberculosis

Nucleotide-binding oligomerization domain, Leucine rich Repeat
and Pyrin domain containing

Nucleotide Binding Oligomerization Domain
Peripheral blood mononucear cells
Polymerase chain reaction

Purified protein derivative

Protein tyrosine phosphatase receptor type
QuantiFERON-TB Gold in-tube test

Roswell Park Memorial Institute

Serious adverse events

Standard Error

Staphylococcal enterotoxin B

WEB-based GEne SeT Analysis Tookit
Vascular Endothelial Growth Factor

T Cell Activation Rho-GTPase Activating Protein
Tuberculosis

Toll-ike receptor

Tumor Necrosis Factor alpha

Tuberculin Skin Test

Zinc Finger Protein





OEBPS/Images/table1.jpg
Parameter Placebo 2 Doses AERAS-402 (3 x 10" vp) 2 Doses Total
(n=4) (n=8) (n=12)

Age (years)

n 4 8 12

Mean 28.3 27.4 277
Age Group (years), n (%)

18-30 4 (100.0) 7(87.5) 1(91.7)

31-40 0(0.0) 1(12.5) 1(83)
Gender, n (%)

Male 4(100.0) (100.0) 2(100.0)
Race, n (%)

Indian 4 (100.0) (100.0) 2 (100.0)
Height (cm)

n 4 8 12

Mean 164.80 168.55 167.30
Weight (kg)

n 4 8 12

Mean 62.28 69.50 67.09
Body Mass Index (kg/m?)

n 4 8 12

Mean 2297 24.47 23.97
Documentation of BCG Vaccination, n (%)

Medical history 4 (100.0) 8(100.0) 2(100.0)

Presence of scar 4 (100.0) 8(100.0) 2(100.0)






