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To investigate how host and pathogen diversity govern immunity against Mycobacterium tuberculosis (Mtb), we performed a large-scale screen of vaccine-mediated protection against aerosol Mtb infection using three inbred mouse strains [C57BL/6 (B6), C3HeB/FeJ (C3H), Balb/c x 129/SvJ (C129F1)] and three Mtb strains (H37Rv, CDC1551, SA161) representing two lineages and distinct virulence properties. We compared three protective modalities, all of which involve inoculation with live mycobacteria: Bacillus Calmette-Guérin (BCG), the only approved TB vaccine, delivered either subcutaneously or intravenously, and concomitant Mtb infection (CoMtb), a model of pre-existing immunity in which a low-level Mtb infection is established in the cervical lymph node following intradermal inoculation. We examined lung bacterial burdens at early (Day 28) and late (Day 98) time points after aerosol Mtb challenge and histopathology at Day 98. We observed substantial heterogeneity in the reduction of bacterial load afforded by these modalities at Day 28 across the combinations and noted a strong positive correlation between bacterial burden in unvaccinated mice and the degree of protection afforded by vaccination. Although we observed variation in the degree of reduction in bacterial burdens across the nine mouse/bacterium strain combinations, virtually all protective modalities performed similarly for a given strain-strain combination. We also noted dramatic variation in histopathology changes driven by both host and bacterial genetic backgrounds. Vaccination improved pathology scores for all infections except CDC1551. However, the most dramatic impact of vaccination on lesion development occurred for the C3H-SA161 combination, where vaccination entirely abrogated the development of the large necrotic lesions that arise in unvaccinated mice. In conclusion, we find that substantial TB heterogeneity can be recapitulated by introducing variability in both host and bacterial genetics, resulting in changes in vaccine-mediated protection as measured both by bacterial burden as well as histopathology. These differences can be harnessed in future studies to identify immune correlates of vaccine efficacy.
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Introduction

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis (Mtb), remains a leading cause of morbidity and mortality across the globe (1), despite introduction of the Bacille Calmette-Guérin (BCG) vaccine over a century ago. BCG continues to be used in many countries due to its ability to curb disease, especially disseminated disease, in infants (2), yet it has unfortunately shown mixed efficacy at preventing pulmonary TB among adults, ranging from 0–80% (3–5). In the most commonly used mouse model of TB, C57BL/6 (B6) mice are aerosol-infected with ~50–100 colony-forming units (CFU) of lineage 4 Mtb (typically either H37Rv or Erdman). In this model, BCG immunization reliably reduces the pulmonary bacterial load by approximately 1 log at 4 weeks following infection, but this protection often wanes over time (6–8). However, the translational relevance of this pattern of protection remains unclear. Human TB disease often presents with a classic necrotizing granuloma, a feature that is notoriously absent in B6 mice, and yet pulmonary TB in humans is far more heterogeneous than often appreciated, with pathological features ranging from necrotic granulomas, non-necrotic granulomas, to pneumonia-like alveolitis (9). Despite known drawbacks of the mouse model (10), it remains an essential tool by providing opportunities for mechanistic study, and its relatively low cost enables larger scale experiments. To improve the model, we seek to better reflect the heterogeneity of human disease and provide a more robust platform for preclinical vaccine testing. To this end, we have introduced heterogeneity into the mouse model at multiple levels, including three host strains, three bacterial strains, and three protective modalities.

Host genetics are strong determinants of bacterial burden, pathology, and vaccine outcome. This has been highlighted by several studies (11–14), including a panel of subcutaneous (SC) BCG-vaccinated collaborative cross (CC) mice, where only half of the host strains showed significant reductions in lung CFU as a result of vaccination (15), and intravenous (IV) BCG-immunized diversity outbred (DO) mice, in which a wide range of CFU, survival outcomes, and pathology features was observed (16, 17). In our study, three mouse strains were included due to their broad range of responses to infection with Mtb. B6 mice can survive at least 1 year following aerosol challenge; this relative resistance to Mtb infection is thought to be at least partially due to inherent Th1 skewing and results in immunopathology characterized by diffuse lesions that lack the cellular organization of human granulomas (18). Despite this, the use of B6 mice offers an abundance of molecular tools, including transgenic and gene-knockout strains. C3HeB/FeJ (C3H) mice have high pulmonary bacterial loads and can form classical necrotizing granulomas with central caseation and hypoxia, as observed in advanced human TB disease, due at least in part to their high levels of type I interferons (19–21). The C129F1 line was generated by crossing Balb/c mice, which offer mechanistic tools, and 129/SvJ mice, which are relatively susceptible to Mtb compared to B6 mice, with poor survival outcomes (18, 22).

Mtb strain-specific properties also contribute to the heterogeneous outcomes of infection. First, different Mtb strains can elicit a range of distinct immune responses (23, 24). Second, different Mtb strains can predispose to varying patterns of cellular and tissue organization. For example, H37Rv infection of B6 mice results in disorganized lesions with intermixed macrophages and lymphocytes, while HN878 infection results in organized lesions with prominent B cell aggregates (25). Third, strains from different Mtb lineages can have varying impacts on vaccine-mediated immunity (26). We focused on lineages 2 and 4, which are considered the most pathogenic of all Mtb lineages (27). Lineage 4 (North American/European), the most geographically distributed lineage (28), is actually found on all continents, although the underlying mechanisms of its success as a human pathogen remain poorly understood. Lineage 2 (W-Beijing) strains are often associated with increased transmission and, accordingly, are growing in global distribution (29). Here, we incorporate bacterial heterogeneity by using three Mtb strains with divergent pathogenicity and immunogenicity: 1) H37Rv, a well-characterized lineage 4 strain that is commonly used for experimental studies; 2) CDC1551, a lineage 4 strain that is hyperimmunogenic but relatively low in virulence (30); and 3) SA161, a lineage 2 clinical isolate that is hypoimmunogenic and hypervirulent (31).

Finally, we examined three modes of protection (hereafter referred to as “vaccination” for simplicity). We immunized mice with BCG using two different routes: SC or IV. Despite the limitations of BCG and its varying efficacy in humans, more recent data have renewed interest in dissecting the mechanisms of protection it elicits in the limited settings where it is effective. For example, high-dose IV BCG was recently shown to confer superior protection to intradermal (ID) BCG in non-human primates (NHP) challenged with low-dose aerosolized Mtb (32), which correlated with increased airway-resident T cells and NK cells (33). Furthermore, BCG can prevent detectable infection in a small percentage of mice infected with an ultra-low dose (ULD) of aerosolized Mtb (8). Thus, understanding how and when BCG is effective could greatly advance our understanding of TB protective immunity. The third modality of protection included in our screen is the concomitant Mtb (CoMtb) model, in which a small (104) inoculum of virulent H37Rv is administered ID to the ear (7). Inoculated bacteria are trafficked to the draining cervical lymph node where they persist for at least a year, without significant dissemination to the lung. Upon challenge with aerosolized Mtb, CoMtb mice display ~1–2 logs of protection that endures at least 4 months following infection. While not a true vaccine, this model is consistent with several observations that natural immunity induced by prior infection with Mtb itself can mediate protection against human TB disease. First, post-mortem studies observed that individuals with evidence of lymph node disease were less likely to have pulmonary TB (34). Second, nursing students who entered TB-endemic clinical settings with a positive tuberculin skin test (TST) were less likely to develop active TB disease than their classmates who were TST-negative, suggesting that pre-existing, subclinical infection with Mtb can provide protection against developing disease (35).

Altogether, this study examined 36 combinations of mouse strains, bacterial strains, and protective modalities, in which we assessed pulmonary bacterial burdens across time points (early, Day 28; and late, Day 98) and histopathology at Day 98. For most host/bacterial strain combinations, we found similar reductions in bacterial load across vaccine modalities. Histopathological analysis showed that vaccination variably impacted pathologic features, and bacterial burden at the early peak of infection was a better predictor of late pathological outcomes than bacterial burden measured at late time points. These results suggest that examination of vaccine responses in a single host/bacteria genetic background is likely insufficient to predict outcomes in heterogeneous human populations and highlight the importance of measuring both bacterial burdens and pathology when assessing the effectiveness of TB vaccines in animal models.





Materials and methods




Mice

C57BL/6J (B6, #000664) and C3HeB/FeJ (C3H, #000658) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Balb/c x 129/SvJ (C129F1) mice were a custom breeding order from Jackson Laboratories (Bar Harbor, ME). Female mice between the ages of 9–12 weeks were used. All animals were housed and maintained in specific-pathogen-free conditions at Seattle Children’s Research Institute (SCRI). All animal studies were performed in compliance with the SCRI Animal Care and Use Committee.





BCG immunizations

BCG-Pasteur was cultured in Middlebrook 7H9 with OADC supplement and 0.05% Tween-80 at 37°C with constant agitation for five days. BCG was back diluted in 7H9 for two days and grown to an OD of 0.2–0.5. Bacteria was diluted in PBS and mice were injected subcutaneously (SC) or intravenously (IV) with 200µl of 106 CFU. After immunization, mice were rested for 8 weeks prior to Mtb infection.





Concomitant Mtb model

The CoMtb model was established as described previously (7, 36). Briefly, mice were first anesthetized by intraperitoneal injection of ketamine and xylazine diluted in PBS. Mice were placed in a lateral recumbent position, and the ear pinna was flattened with forceps and pinned onto an elevated dissection board using a 22 G needle. H37Rv Mtb grown to an OD between 0.2–0.5 over a 48-hour period was diluted to 106 CFU/ml in PBS, and 10 ul (104 CFU) was administered into the dermis of the ear using a 26s G Hamilton syringe. Mice were then rested for 8 weeks prior to Mtb infection.





Mtb aerosol infections

Infections were done with stocks of H37Rv, SA161 or CDC1551 as previously described (37). To perform aerosol Mtb infections, mice were placed in a Glas-Col aerosol infection chamber, and 50–100 CFU were deposited into their lungs. To confirm the infectious inoculum, two mice per infection were euthanized on the same day of infection, and their lungs were homogenized and plated onto 7H10 or 7H11 plates for determination of CFU.





CFU plating

Right lungs were homogenized in M tubes (Miltenyi) containing 1mL PBS+0.05% Tween-80 (PBS-T) using a GentleMACS machine (Miltenyi). Homogenates were then diluted in PBS-T and plated onto 7H10 plates. Plates were incubated at 37°C for at least 21 days before quantification of CFU.





Histology

Left lungs were fixed in 10% formalin for 24 hours, then dehydrated in 70% ethanol at 4°C for at least 24 hours. Samples were paraffin embedded and sectioned at the University of Washington Histology Core. Subsequently, slides were reviewed by a veterinary pathologist and scored in a blinded fashion based on the following metrics (see Supplementary Table 2): mixed granulomas (ill-formed granulomas with mixture of macrophages and lymphocytes), defined granulomas [well defined with increased separation of macrophages, epithelioid or multinucleated giant cells (MNGC) with lymphoid aggregates], perivascular lymphoid aggregates (PV LA), peribronchiolar lymphoid aggregates (PB LA), histiocytes, foamy macrophages, MNGC, alveolar hyperplasia, neutrophils, necrosis, cholesterol clefts, edema, extent 1 (percent involvement of the lung), extent 2 (percent involvement of the lung in the worst manner).






Results




Most vaccine modalities provide early protection against Mtb challenge, but the durability of protection varies according to host and bacterial strain

As an initial, quantitative measure of the degree and durability of protection afforded by each vaccine modality across the strain-strain combinations, we measured lung CFU burden at Day 28 and Day 98 following infection (Figure 1). Among unvaccinated mice at Day 28, we observed a wide range of outcomes, with bacterial loads differing by over 100-fold. For example, infection with H37Rv resulted in the highest CFU burden among C129F1 mice, (Figure 1A), while infection with SA161 yielded the highest CFU burden among C3H mice (Figure 1B); however, these two strains of mice responded with similar CFU burdens after infection with CDC1551 (Figure 1C). Across Mtb strains, B6 mice developed the lowest CFU burdens among the host genotypes at Day 28 (Figures 1A–C), while C3H mice infected with SA161 developed the highest overall lung burden across both time points (Figures 1B, E). There was much less heterogeneity in burdens among unvaccinated mice at Day 98, with equivalent loads across all genotypes in response to H37Rv (Figure 1D) and SA161 (Figure 1E). Infection with CDC1551 resulted in significantly higher lung bacterial loads in C3H mice than in the other mouse strains at the late (Figure 1F) but not early (Figure 1C) timepoint, suggesting that, even at late time points, we can identify differential responses to Mtb infection across combinations.
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Figure 1 | Lung bacterial burdens following vaccination across strain combinations. Right lungs were excised from C57BL/6 (B6), C3HeB/FeJ (C3H), and 129/SvJxBalb/c (C129F1) mice administered BCG [subcutaneous (SC) or intravenous (IV)] or intradermal concomitant Mtb (CoMtb) for 8 weeks and then aerosol-challenged with H37Rv, SA161, or CDC1551 Mtb for either (A–C) 28 days or (D–F) 98 days. Lungs were homogenized and plated for CFU enumeration. (G) Cumulative CFU data are plotted as a log change over unvaccinated for each host-bacterial strain combination over time. Statistical comparisons were performed by non-parametric Wilcoxon ranked test, with *, p<0.05; **, p<0.01; ns, not significant.

As expected from prior reports of vaccine-mediated immunity in the B6 mouse model (6–8, 38), lung bacterial burdens in B6 mice were significantly reduced at Day 28 by all vaccine modalities following challenge with all bacterial strains (Figures 1A–C), with the exception of IV BCG with SA161 challenge, where a high variability in CFU burden was seen (Figure 1B). The C129F1 mice behaved similarly to B6 mice based on CFU reductions following all vaccine modalities in response to all challenge strains. Unvaccinated C129F1 mice had particularly high bacterial loads, but these burdens were reduced to similar levels as B6 mice following vaccination (Figures 1A–C). In contrast to both B6 and C129F1 mice, C3H mice displayed a wide range of vaccine-mediated responses at Day 28 (Figures 1A–C). Unexpectedly, these mice were not protected from CDC1551 challenge by any vaccine modality at this time point (Figure 1C), whereas all modalities resulted in approximately 0.6-log CFU reduction upon H37Rv challenge (Figure 1A) and up to 2-log CFU reduction upon SA161 challenge (Figure 1B) (Supplementary Table 1). Overall, at Day 28, 22/27 (81.4%) strain-strain combinations resulted in significant decreases in lung CFU. At Day 98, however, CFU reduction in response to vaccination was only seen in 11/27 (40.7%) combinations. Some strain-strain combinations failed to display any vaccine-mediated reduction in bacterial load at Day 98, such as B6 and C3H mice infected with H37Rv (Figure 1D) and C3H mice infected with SA161 (Figure 1E). Among strain combinations that were protected at Day 98, there was heterogeneity associated with vaccine modality. For example, IV BCG mediated substantial protection in C129F1 mice infected with H37Rv (Figure 1D) and CDC1551 (Figure 1F), whereas SC BCG and CoMtb did not (Figures 1D, F).

We next plotted lung CFU in vaccinated vs unvaccinated mice within each strain-strain combination at each time point to visualize trends in the long-term durability of vaccine-mediated protection (Figure 1G). Among all strain-strain combinations, the magnitude of protection generally decreased over time [6/9 (B6-H37Rv, C129F1-H37Rv, C3H-H37Rv, C129F1-SA161, C3H-SA161, C129F1-CDC1551), 67%]; however, in some cases it stayed constant [2/9 (B6-SA161, B6-CDC1551), 22%] or even increased [1/9 (C3H-CDC1551), 11%]. While we noted heterogeneity in vaccine-mediated outcomes across strain-strain combinations and time points, as described in Figures 1A–F, there was a striking overlap in the behavior of the three protective modalities within most combinations. Thus, while bacterial and host strain diversity had a large overall impact on vaccine-mediated outcomes, the vaccines themselves contributed relatively little to the observed heterogeneity. For example, we observed similar initial log reductions in CFU followed by waning protection over time, as visualized by a positive slope, for B6 mice infected with H37Rv for all 3 modalities. Surprisingly, in the C3H/SA161 group, which was the most strongly protected combination at Day 28, none of the vaccines were able to mediate protective efficacy at the later time point. In contrast, durable protection across vaccine modalities, as visualized by a slope of ~0, was only seen in the B6/SA161 and B6/CDC1551 combinations. We found this was also true for almost all vaccines in C129F1 and C3H mice challenged with H37Rv (Figure 1G). The only example of improved protection over time, as indicated by a negative slope, was C3H mice challenged with CDC1551, although this combination failed to show evidence of vaccine efficacy at the early time point.

As previously noted, unvaccinated C3H mice infected with SA161 developed the highest bacterial burdens of any strain-strain combination at Day 28, peaking at loads approximately 1-log higher than in either B6 or C129F1 mice (Figure 1B). Furthermore, this combination demonstrated the strongest vaccine-mediated reduction in lung CFU at Day 28 of ~2 logs (Supplementary Table 1). To address whether early bacterial load in unvaccinated mice correlated with vaccine-mediated CFU reduction across strain-strain combinations, we plotted the log fold-change of CFU upon vaccination against the lung CFU of unvaccinated mice (Figure 2A). This analysis confirmed a correlation (r=-0.74) between the initial bacterial load at Day 28 in unvaccinated mice and vaccine-induced reduction in bacterial load. This correlation was not observed at the late, Day 98 time point (Figure 2B), suggesting that the protective mechanisms induced by vaccination may be more effective at curbing rapid bacterial growth early during infection than in reducing bacterial burden in an established infection.
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Figure 2 | The magnitude of vaccine-induced reduction in bacterial load correlates with initial burden in unvaccinated mice. The average log reduction in CFU for each mouse strain/protective modality/bacterial strain combination at Day 28 (A) and Day 98 (B) is plotted against the bacterial burden for each mouse strain/bacterial strain combination in unvaccinated mice at Day 28. Each point represents the average of 5 mice/condition. Outline colors represent mouse strain, fill colors represent bacterial strain, and shapes represent protective modality.

We next ranked the protective efficacy of each vaccine modality in each strain-strain combination in order of its lung CFU burden in vaccinated vs unvaccinated mice at Day 28 (Figure 3A). These data underscore the broad range of magnitudes of vaccine-mediated protection at early time points across strain-strain combinations, with bacterial load reductions ranging from 0 to >2 logs, highlighting the critical role of host and pathogen diversity in modulating vaccine outcomes (Figure 3A). In contrast, the combinations at Day 98 were largely restricted to between 0 and <1 log of protection, highlighting both the limited range of responses and overall waning of protection at later time points (Figure 3B). Importantly, the disordered nature of vaccine efficacy at Day 98 (Figure 3B) when ranked by vaccine efficacy at Day 28 (Figure 3A) illustrates the inability of early protective responses to predict late vaccine-mediated protection. This heterogeneity in vaccine outcomes that emerges upon incorporating host and genetic diversity underscores the limitations of traditional animal model vaccine testing that solely relies on the standard B6/H37Rv strain combination.
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Figure 3 | Early vaccine-mediated reductions in bacterial load do not predict late outcomes. The strain-strain combinations were ranked in order of highest vaccine-mediated reduction in bacterial load at (A) Day 28 post-infection. Keeping the same order, these combinations were then plotted to include the Day 98 log reductions in bacterial burden (B).





Pathological changes are driven by host and bacterial diversity

At the Day 98 time point, a time at which lesions have fully developed, the left lung was preserved in formalin for hematoxylin and eosin (H&E) staining and histopathologic analysis. The following features were assessed: extent, mixed granulomas, defined granulomas, perivascular lymphoid aggregates, peribronchial lymphoid aggregates, histiocytes, multinucleated giant cells (MNGC), neutrophils, alveolar hyperplasia, necrosis, cholesterol clefts, and edema (Supplementary Table 2). Representative H&E images from unvaccinated mice that embody clear histological patterns are shown in Figure 4. B6 mice infected with H37Rv had moderate involvement with disorganized lesions (Figure 4A), C3H mice infected with CDC1551 had extensive involvement with MNGC (Figure 4B), and C129F1 mice infected with H37Rv had a high degree of lung involvement driven by lymphoid aggregates (Figure 4C). Consistent with reports that C3H mice develop caseating granulomas more typical of primary TB granulomas seen in humans (19, 21, 39), C3H mice infected with SA161 displayed distinctive granuloma structures defined by overwhelming necrosis and neutrophil infiltration (Figure 4D). This strain combination reached the highest bacterial burdens at the Day 28 time point, nearly 1 log higher than all other combinations (Figure 1B), suggesting that early bacterial burdens can drive pathology at later time points. To gain insight into the pathological features driving lesion structure in each genotype, we performed a principal component analysis (PCA) using all scored pathology variables for all mice (Supplementary Table 2), first showing unvaccinated mice for simplicity (Figure 4E). By examining the PCA loading scores, we found that individual pathological features tended to group into 4 distinct categories: Defined, Necrosis, Extent, and Lymphoid aggregates (Figure 4F). For unvaccinated mice, we found that variation in PCA scores was largely driven by mouse strain, and to a lesser extent by bacterial strain (Figure 4E). Overall, C3H mice clustered separately from B6 and C129F1 mice, typified by a high extent of involvement and the presence of neutrophils (Figures 4B, E, F). Conversely, C129F1 mice contained lymphocyte-rich lesions with prominent peribronchial and perivascular aggregates (Figures 4C, E, F). Lastly, B6 mice largely fell near the center of the PCA plot, consistent with the lack of prominent scored features and the presence of disorganized lesions, with histiocytes intermixed with loose lymphoid regions (Figures 4A, E, F).

[image: Four histological panels (A-D) show lung tissue samples stained with hematoxylin and eosin. Panel A: B6/H37Rv, Panel B: C3H/CDC1551, Panel C: C129F1/H37Rv, Panel D: C3H/SA161, each with detailed insets. Panel E is a principal component analysis plot, displaying PC1 and PC2 axes, with various colored symbols representing different strains and conditions. Panel F is an arrow plot showing correlations with axes labeled PC1 and PC2, highlighting associations such as necrosis, extent, and lymphoid aggregates. A legend identifies symbols and colors linked to different sample labels.]
Figure 4 | Mouse strains present a range of histopathological features upon infection with different Mtb strains. The left lung of mice was preserved in formalin at Day 98 post-Mtb infection and subjected to hematoxylin and eosin (H&E) staining to observe 14 histopathological features, which were graded in a blinded fashion by a licensed pathologist. (A–D) Representative sections from each strain of mouse is shown to illustrate the varying histological presentations. (E) Cumulative scores were used to generate a principal component analysis (PCA) encompassing all unvaccinated mice infected with each Mtb strain, with (F) different regions representing a predominance of certain pathological features.





The ability of vaccine modalities to improve pathology outcomes is dependent on both host and bacterial strain

To determine how the different vaccine modalities impacted pathology outcomes, we included data points from vaccinated mice onto the PCA plot, and separated them for each mouse strain to facilitate visualization (Figure 5A). For B6 mice, there was large overlap in pathology outcomes regardless of bacterial strain or vaccination regimen. In C3H mice, CDC1551 infection led to pathology scores that clustered in a region of the plot associated with higher lesion extent, regardless of vaccine strategy, while both H37Rv and SA161 infection resulted in a wide range in pathology scores depending on vaccination modality. In C129F1 mice, Mtb strain, but not vaccination modality, was the most significant driver of outcome along these principal components (Figure 5A). To gain insight into the vaccine-mediated changes in pathology in individual strain-strain combinations, we examined the relevant subset of data points from the PCA plot alongside representative H&E images from Day 98 (Figures 5B–E; Supplementary Figure 1; Supplementary Table 2). Several of the most striking combinations are shown in Figure 5. For the B6/H37Rv combination, all vaccine modalities resulted in modest yet clear changes in pathology scores, largely driven by decreased extent of lung involvement and lesion definition, with the arrow indicating a shift from greater to lesser involvement with vaccination (Figure 5B). For B6 mice infected with CDC1551, histologic features were similar regardless of vaccination and were marked by poorly defined lesions and abundant myeloid aggregates (Figure 5C). In the C3H/H37Rv combination, there was an unexpected increase in involvement and degree of defined granulomas in vaccinated vs unvaccinated mice (Figure 5D). This aligns with the complete lack of protection from bacterial burden in this combination at Day 98, and even a trend toward increased CFU upon vaccination (Figure 1D). Finally, in the C3H/SA161 combination, there was dramatic overall improvement in pathology resulting from all vaccine modalities; the large necrotic granulomas observed in the unvaccinated group were absent in vaccinated mice (Figure 5E). CoMtb-inoculated C3H mice infected with SA161 had the largest reversal in degree of lesion extent, scoring lower than either BCG-immunized cohort (Figure 5E). The remaining strain-strain combinations and their respective PCA plots and H&E images are shown in Supplementary Figure 1. Together, this shows that host and bacterial genetics play a significant role in determining the effect of vaccines on pathology, and that while vaccines appeared to improve pathology in most cases, they had no effect and potentially exacerbated pathology in certain strain-strain combinations.

[image: Scatter plots and histological images show data from mice of different strains (B6, C3H, C129F1) and treatments (Unvaccinated, BCG SC, BCG IV, CoMtb). The scatter plots (A, B, C, D, E) display principal component analysis results with color-coded and shaped markers for different bacterial strains and vaccines. Histological slides show lung tissue sections corresponding to each treatment group.]
Figure 5 | Distinct strain-strain combinations result in unique vaccine-mediated histological changes. (A) The same PCA plot shown in Figure 4 is now displayed separately for each mouse strain and includes vaccinated cohorts, with color depicting bacterial strain and shape depicting protective modality. (B–E) Shown are representative Day 98 H&E images for select strain-strain combinations of interest, alongside their associated PCA plots. The arrows indicate the change in direction of samples within the PCA plot following vaccination.





Correlations of pathology features and bacterial burden vary by host strain and time point

Given the diverse histologic outcomes noted across strain-strain combinations, we sought to determine whether any of these patterns directly associated with lung bacterial burden outcomes. To address this, we overlaid a heatmap of lung CFU values at Day 98 for each mouse genotype onto their respective subset of the histopathology score PCA plot (Figure 6). In B6 mice, there was an overall lack of correlation between bacterial burden and pathology features. In contrast, while high bacterial burdens in unvaccinated C3H/SA161 mice associated with necrosis, vaccination in this strain-strain combination led to both a decrease in CFU and a shift away from necrosis. No correlation was observed between histopathology PCA scores and either CFU or vaccination status for C3H/H37Rv mice, which otherwise overlapped with C3H/SA161 mice on the PCA plot. C3H/CDC1551 infection resulted in histopathology marked by high extent regardless of vaccination status. In C129F1 mice, infection with H37Rv was associated with both higher CFU and histopathology dominated by lymphoid aggregates, regardless of vaccination status or modality.

[image: Scatter plots of PCA results showing clustering of data for three groups: B6, C3H, and C129F1. Data points are colored and shaped based on variables: unvaccinated (circle), BCG SC (upward triangle), BCG IV (downward triangle), and CoMtb (square). Colors denote strains H37Rv (black), SA161 (purple), and CDC1551 (green). A color gradient indicates log10 CFU levels. PC1 and PC2 axes account for 36.6% and 19.5% of data variance respectively.]
Figure 6 | Pathology shows minimal correlation with bacterial burden late during infection. The PCA plots of histology scores separated by mouse genotype, as shown in Figure 5, were placed alongside the same plots now overlaid with the matched lung CFU value for each sample from Day 98, with dark colors representing lower bacterial CFU and bright colors representing higher bacterial CFU.

To more clearly identify the histopathologic features that correlate with CFU outcome among mouse strains across Mtb genotypes and vaccine modalities, we performed Spearman correlation analysis of each scored feature with either the mean CFU value for all mice with that genotype at Day 28 (because matching H&E images were not collected at Day 28) (Figure 7A) or the paired CFU at Day 98 (where individual CFU values had a matching histopathology score) (Figure 7B). Consistent with the CFU heatmap overlay in Figure 6, B6 histopathology scores did not correlate with CFU at either time point, suggesting that the histological presentation of these mice is a poor indicator of bacterial control. Interestingly, in C3H mice, Day 28 CFU significantly correlated with several histological features, including necrosis, neutrophils, defined granulomas, and extent; however, these features did not correlate with Day 98 CFU burden. In C129F1 mice, on the other hand, most histopathology features correlated positively with CFU burden at both early and late time points, consistent with the observation that these mice retained a higher level of vaccine-induced protection at Day 98 (Figures 1D–F). Some correlative features were shared between C3H and C129F1 mice at Day 28, including mixed granulomas, MNGC, histiocytes, and extent 2, but certain features were uniquely correlated with bacterial load in each genotype. For example, burden in C3H mice uniquely correlated with neutrophils and necrosis, whereas burden in C129F1 uniquely correlated with both perivascular and peribronchial lymphocyte aggregates. Taken together, these data suggest that host genotypes display distinct pathological signatures, and high CFU burden can be associated with a range of unique pathologic indicators.

[image: Two forest plots show correlation values for various variables: Edema, Cholesterol clefts, Necrosis, and more. Panel A is for Day 28, and Panel B for Day 98, with three columns for mouse strains B6, C3H, and C129F1. Red and black dots with error bars indicate correlation strengths and significance along a scale from -1.0 to 1.0.]
Figure 7 | Late pathological features correlate more strongly with early than late bacterial burdens. Spearman correlation analysis was performed between histology scores for each pathology feature and lung bacterial burdens at (A) Day 28 and (B) Day 98 for each mouse genotype. For Day 98, the pathology scores and CFU values are paired, whereas for Day 28, we used the geometric mean of CFU from 5 mice per group to generate correlation values, since we did not have matched CFU values at this time point. Statistically significant correlations are shown in red (p<0.05).






Discussion

The mouse remains the main small animal model for immunological research due to the extensive availability of molecular reagents, a large body of historical data, and relatively low cost. Much of our current understanding of TB immunology had its origins in the mouse model before subsequent validation in humans, i.e., the critical roles for CD4 T cells (40), IFNγ (41, 42), IL-12 (43), and TNFα (44). The mouse is also used extensively to test and mechanistically dissect vaccine-mediated protection against TB disease. The standard dose (SD) mouse model of Mtb infection, in which animals are infected with ~50–100 CFU, yields a highly reproducible course of disease that enables robust experimental designs using modest numbers of mice. However, the current mouse model for measuring vaccine-mediated immunity, like most experimental animal models, does not account for the extensive host and pathogen variation that is seen in humans. Another problem is that vaccine-induced reductions in bacterial burdens in mice infected with 50–100 CFU are modest (~1–2 logs) and usually transient, disappearing at later time points. In this study, we show that host and Mtb strains are more important in this model than the vaccines themselves, or their routes of delivery, in dictating outcomes. This contrasts with studies in the NHP model (32), where BCG-mediated protection was significantly enhanced upon intravenous BCG administration relative to subcutaneous. This raises questions about whether the mouse model truly is able to measure aspects of vaccine-induced immunity that are relevant to protection against human TB and may help explain why current mouse models have performed poorly in predicting vaccine efficacy outcomes in human trials. By identifying shortcomings of the mouse model, this study also provides opportunities to make adjustments for potential improvements. For example, future studies should test whether BCG given intravenously at higher doses might improve outcomes and better reflect findings in NHP. It is also possible that differences would emerge in IV BCG-immunized mice after challenge with a more physiologic Mtb challenge dose (8).

Across the 27 mouse strain/Mtb strain/vaccine combinations, the protective effect of the modalities tested, as measured by CFU burden at Day 28, ranged from over 100-fold to nil. However, protection at Day 28 did not correlate with bacterial control at Day 98, suggesting that assessing late time points in this model may be important. However, Day 98 measurements across all vaccinated conditions only reached approximately 0.5-log CFU reductions, suggesting a limit to the achievable long-term protection in these models, and even this degree of reduction might potentially decrease further if even later time points were examined. Taken together with our observation that there were only a few instances of long-term protection and that these rarely exceeded 0.5-log CFU reduction at Day 98, the protective responses induced by BCG or CoMtb may be most effective at restraining rapidly growing bacteria during the first few weeks after infection. Indeed, across the mouse strain/Mtb strain combinations tested, the magnitude of vaccine-mediated protection at Day 28 was inversely correlated with the bacterial burden in unvaccinated mice, independent of protective modality. This is consistent with a previous finding that Mtb strains with the most robust growth in vivo at Day 28 were also the most restricted by BCG vaccination (45). While one interpretation of these findings is that the mouse model fails to reveal cases of remarkable vaccine-mediated immunity, one could also argue that some aspects of vaccine-induced immunity are masked by the use of a supraphysiologic Mtb challenge dose that could overwhelm the immune system. Some studies suggest that using a more physiologic challenge dose [ultra-low dose (ULD) infection with 1–3 CFU] may be able to discriminate differences in vaccine-induced immunity better than a 50–100 CFU challenge dose (8, 46). Thus, this study raises two important questions that should be addressed in future studies: 1) do mechanisms of vaccine-mediated immunity operate differently in settings of SD vs ULD? and 2) does a vaccine’s ability to restrict rapid bacterial growth early during infection predict its ability to prevent disease in humans?

Our study suggests that assessing vaccine-induced histopathologic changes may be helpful in evaluating vaccine efficacy as we observed a strikingly broad range of pathologic outcomes. These ranged from a dramatic decrease in pathology due to vaccination in the C3H/SA161 combination, minimal to no changes in the majority of combinations, to even apparent exacerbation of pathology in the C3H/H37Rv combination. It was surprising that pathology outcomes at Day 98 correlated poorly with bacterial burdens at this late time point, and in fact, were more strongly associated with bacterial burdens at Day 28. This suggests that host-pathogen interactions taking place at early time points may shape developing lesions and drive pathologic differences that are perpetuated at late time points. However, in B6 mice, overall lung involvement, as measured by Extent 1 scores, did not correlate with CFU at Day 28, which was unexpected given the expectation that both of these readouts indicate poor outcomes. This may reveal a caveat of using Day 98 tissue sections to correlate with Day 28 CFU, and future studies should use paired pathology scores for each time point. Further work is needed to understand the mechanistic underpinnings of these observations, which suggest that differences in host and bacterial genetics might shape the timing, type, and/or magnitude of immune responses modulated by pre-existing immunity or vaccination, which in turn can significantly affect pathologic outcomes. Given the availability of immunologic and genetic tools available for these mouse strains, this potentially allows for the evaluation of host-pathogen interactions within various microenvironments contained in these different structures, and for the mechanistic dissection of factors driving these differences. Furthermore, our work gives insight into combinations with the greatest potential to evaluate specific pathologic features of interest, for example, the C3H/SA161 combination to evaluate lesion necrosis, and C129F1/H37Rv for lymphoid aggregates. Together with the aforementioned studies in DO and CC mice, these results suggest that the long-maligned lack of diverse structures generated during Mtb infection in the mouse model is due to a focus on models that lack genetic heterogeneity. Together, these results suggest it is important to evaluate vaccine candidates with a diverse set of genetic backgrounds, and that success or failure in one strain of mouse infected with one strain of Mtb might not be predictive of clinical success or failure (47, 48). Furthermore, while bacterial burden is the most commonly used surrogate for protection in mice, it is equally important to uncover the presence of inflammatory features and destructive tissue pathology that may provide anatomic reasons for exacerbated disease, difficulty of treatment, and/or lasting sequelae even after the infection is resolved.

Overall, our study demonstrates that host and pathogen genetic differences play a large role in dictating outcomes after vaccination. The field must continue to develop Mtb infection models that reflect this heterogeneity. However, the fact that different protective modalities performed very similarly with each host-Mtb strain combination suggests that meaningful aspects of vaccine-induced immunity may be masked in mice infected with 50–100 CFU. A physiologic challenge dose may facilitate the assessments of more clinically relevant parameters of infection, such as prevention of dissemination and prevention of detectable infection, as well as induce more discrete histopathologic features (49). Thus, future studies are needed to compare the performance of vaccines to SD vs ULD challenge and to assess whether distinct mechanisms of protection can only be assessed in response to certain doses. One limitation of this study was the inclusion of only female mice. Due to the extensive scale of the study and the already inherent variability of host and bacterial components, it was not feasible to expand the groups to incorporate both sexes. We also limited our focus to CFU and histology as the two measured parameters of protection, and additional studies will be needed to examine immune correlates relating to these findings. Performing vaccine testing using several host and Mtb strain combinations in both sexes and doing so with a more physiologic Mtb challenge dose would certainly add complexity and cost to preclinical vaccine testing in mice. However, if future studies reveal that this approach facilitates an improved ability to discriminate protective differences between vaccines and results in better correlates of outcomes in human vaccine trials, adding such complexity may be essential.
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The control of bacterial growth is key to the prevention and treatment of tuberculosis (TB). Granulomas represent independent foci of the host immune response that present heterogeneous capacity for control of bacterial growth. At the whole tissue level, B cells and CD4 or CD8 T cells have an established role in immune protection against TB. Immune cells interact within each granuloma response, but the impact of granuloma immune composition on bacterial replication remains unknown. Here we investigate the associations between immune cell composition, including B cell, CD4, and CD8 T cells, and the state of replicating Mycobacterium tuberculosis (Mtb) within the granuloma. A measure of ribosomal RNA synthesis, the RS ratio®, represents a proxy measure of Mtb replication at the whole tissue level. We adapted the RS ratio through use of in situ hybridization, to identify replicating and non-replicating Mtb within each designated granuloma. We applied a regression model to characterize the associations between immune cell populations and the state of Mtb replication within each respective granuloma. In the evaluation of nearly 200 granulomas, we identified heterogeneity in both immune cell composition and proportion of replicating bacteria. We found clear evidence of directional associations between immune cell composition and replicating Mtb. Controlling for vaccination status and endpoint post-infection, granulomas with lower CD4 or higher CD8 cell counts are associated with a higher percent of replicating Mtb. Conversely, changes in B cell proportions were associated with little change in Mtb replication. This study establishes heterogeneity across granulomas, demonstrating that certain immune cell types are differentially associated with control of Mtb replication. These data suggest that evaluation at the granuloma level may be imperative to identifying correlates of immune protection.
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1 Introduction

Tuberculosis (TB) granulomas are isolated and multifocal structures formed by the host immune response to combat Mycobacterium tuberculosis (Mtb) infection. Their role is to contain and clear the bacteria, thereby preventing further bacterial replication, disease, and transmission. However, granuloma formation plays contradictory roles in TB disease; while the formation of granulomas control Mtb replication, they also allow Mtb to persist and replicate (1). There is considerable heterogeneity in the pathology, immune cell composition and structure of granulomas (2, 3). The underlying immune mechanisms that contribute to control of Mtb infection across the heterogeneous population of granulomas are poorly understood. Determining natural and vaccine-mediated immune protection at the granuloma level can provide key insights into developing more effective vaccines and therapeutics.

Heterogeneity has been described in granulomas across multiple species including human, non-human primate (NHP), rabbit, guinea pig, and some strains of mice. Granulomas within the same host may appear simultaneously active and inactive by PET-CT imaging in both humans and non-human primate (NHP) models (4–6). Autopsies of human subjects show a wide diversity in granuloma morphology across disease states (7, 8), which is also reflected by NHP models (9). Some NHP granulomas demonstrate evidence of resolution by histopathology and PET-CT imaging, while others in the same host, remain active (10). While substantial heterogeneity exists across many of commonly used mouse strains (11–13), the guinea pig as a small rodent model uniquely demonstrates central caseous necrosis and granuloma organization that is characteristic of human TB (14–16). When evaluated in individual granulomas, the culturable bacterial burden used to assess protection has revealed a wide range of heterogeneity consistent with these pathology observations (17). Collectively, evidence across multiple model species and human subjects supports the presence of substantial heterogeneity in granuloma composition and function.

CD4 T cells represent the cornerstone of antimycobacterial immunity. Murine studies eliminating CD4 T cells from the immune response have demonstrated loss of protection, based on changes in culturable burden from infected lung tissue (18, 19). This protection includes both IFNγ dependent and independent mechanisms derived from CD4 T cells (18). These CD4 T cells are present in multiple states of differentiation, polarization, effector functions or memory phenotypes (20, 21). Recently, a role for B cell derived antibody and CD8 T cells has been shown in correlates of immune protection (22). Antigen-specific antibodies may exert multiple effector functions in response to Mtb infection including antibody-dependent cellular cytotoxicity, opsonization and facilitated phagocytosis, as well as fixation and activation of complement (23, 24). Although functions of CD8 T cells are less understood, these cells are critical to control of TB progression with links to granzymes and cytotoxic function (25–27). Although important to immune protection, the contribution of these adaptive immune cell types to granuloma success or failure remains poorly understood, primarily due to limited methods that simultaneously measure both host cell populations and individual bacterial response within a single granuloma.

Protection is typically determined by measuring differences in culturable Mtb from tissue via colony forming units (CFU). Although this offers important information on bacterial burden, it only measures Mtb capable of growth on solid agar and as such cannot provide a specific location from where the bacteria were derived. Location is particularly important in considering granuloma heterogeneity because granulomas within a single animal may exist in differing states or have differing degrees of capacity for bacterial control. Previously, observation of Mtb in granulomas of pathology specimens has been limited to use of either reporter strains, or cell-wall based staining through IHC or variations on the traditional acid-fast stain. These methods have limitations in both stability and reproducibility, as well as capacity to detect the total Mtb population (28–30). These measures also fail to provide information on the physiologic status or replicative response of the Mtb bacilli.

A novel adjunctive measure to CFU, the RS ratio®, measures the ratio of Mtb immature pre-rRNA relative to mature 23S rRNA, representing ongoing rRNA synthesis (31). We have previously shown that the RS ratio effectively serves as a proxy measure of bacterial replication status. By applying in situ hybridization (ISH) probes targeting these regions of rRNA, we have established the RS ratio ISH approach for detection of Mtb bacilli and their state of replication, thereby enabling investigation of both the host and pathogen response within a single granuloma. This approach can measure changes in response over time, and in response to vaccination, across states of both host cell populations and Mtb replication. Here, we measure CD4 T cell, CD8 T cell, and B cell populations using multiplexed fluorescent IHC simultaneously with the RS ratio ISH across granulomas of unvaccinated and BCG-vaccinated mice, demonstrating an association between granuloma immune cell composition and Mtb replication rates.

The heterogeneous nature of immune cell composition across granulomas, as demonstrated by this study, provides strong evidence that certain immune cells have a greater influence on the control of Mtb replication. These results emphasize the need for granuloma-focused investigations to advance the understanding of protective immunity against Mtb infection and inform novel vaccine and therapeutic strategies.




2 Materials and methods



2.1 Animals

Male and female C57BL/6 mice, 4–6 weeks of age, were purchased from The Jackson Laboratory. Mice were housed in a biosafety level 3 animal facility at Colorado State University (CSU), and all experimental protocols and procedures were performed in accordance with the CSU Institutional Animal Care and Use Committee under protocol number 1278. Mice were euthanized by CO2 inhalation at 56 or 114 days after exposure to Mtb.




2.2 Vaccination

Mice were mock-vaccinated with 50 μl of phosphate buffered saline (PBS) or vaccinated with the human clinical-grade Danish-1331 BCG vaccine, Lot #120005-C (AJ Vaccines), by intradermal injection at the tail base. Assuming a stock bacterial concentration of 2 x 106 BCG organism per ml, as provided by the manufacturer, a targeted dose of 1 x 104 CFU was administered in a 50 μl injection volume to each mouse.




2.3 Mycobacterium tuberculosis infection

150 days post-vaccination with BCG, mice were infected by low-dose aerosol with Mtb Erdman (BEI Resources) using a Glas-Col aerosol chamber targeting an exposure dose of 50–100 CFU, as previously described (32). Immediately post-exposure, three mice were euthanized and whole lung homogenate was plated on 7H11 agar plates to confirm aerosol delivery of expected exposure dose, achieving a mean exposure dose of 54 CFU per mouse.




2.4 Bacterial enumeration by CFU

At necropsy, the right caudal lung lobe of each mouse was collected and homogenized in PBS using a Bullet Blender Blue (Next Advance) device at speed 8 setting for 4 minutes, as previously described (33). Tissue homogenate was plated at serial 1:5 dilutions on 7H11 agar plates and final CFU counts were enumerated following 8 weeks of incubation.




2.5 Histopathology and image analysis

One third of the left lung lobe was collected at necropsy and immediately fixed in 4% paraformaldehyde for 48 hours before being paraffin embedded. 5μm tissue sections were cut and mounted on charged microscope slides, stained with hematoxylin and eosin (H&E), and scanned at 20X magnification using an Olympus VS120 scanning microscope, Hamamatsu ORCA-R2 camera, and Olympus VS-ASW 2.9 software available through the Experimental Pathology Facility at Colorado State University.

Visiopharm software was used for image analysis. Entire lung section regions of interest (ROI) were identified at 5X magnification with a custom algorithm that utilizes decision forest training to differentiate tissue from microscope slide based on color and area. An additional custom-made algorithm based on decision forest training and classification based on staining intensity, area, and morphological features at 20X magnification was created to automate granuloma detection. A final algorithm was used for quantification of area of both granulomas and healthy tissue within tissue section ROIs to calculate percent granuloma lesion burden. Identified granulomas and calculations received a final review by a pathologist (Podell BK) (34).




2.6 Multiplex fluorescent immunohistochemistry

Slides were deparaffinized and stained using a Leica Bond RXm automated slide stainer and associated Leica Bond reagents (Supplementary Table 1). Heat induced epitope retrieval (HIER) was performed on tissues with ER1 solution at 97°C for 30 minutes prior to quenching endogenous peroxidase activity with 3% hydrogen peroxide. Tissues were blocked using 2.5% Normal Goat Serum Blocking Solution (Vector Laboratories) then incubated with the following rat monoclonal primary antibodies: CD4 (1:100, clone 4SM95, catalog number 14–9766-82, eBioscience), CD8a (1:100, clone 4SM15, catalog number 14–0808-82, eBioscience), and CD45R/B220 (1:100, clone RA3–6B2, catalog number 103201 BD Biosciences). Sections were incubated with undiluted ImmPRESS mouse adsorbed goat anti-rat IgG-HRP polymer (Vector Laboratories) for primary antibody detection. Visualization of cell surface markers was accomplished using Opal 520 (1:200), Opal 570 (1:200), and TSA plus Cyanine 5 (1:1000) in 1X TSA Plus Automation Amplification Diluent (Akoya Biosciences). Antibody stripping was performed using HIER at 95°C and ER1 solution for 20 minutes (Leica Biosystems) between each antibody application in the following order: CD4 detected with Opal 520, CD8 detected with Opal 570, and B220 detected with Cyanine 5. Finally, nuclei were stained with Spectral DAPI (Akoya Biosciences). Whole stained lung sections were scanned at 20X magnification using an Olympus VS120 microscope, Hamamatsu ORCA-R2 camera, and Olympus VS-ASW 2.9 software at the Experimental Pathology Facility at Colorado State University. Exposure times were determined using the autoexposure function and adjusted to distinguish antibody detection of cell surface markers from erythrocyte background.




2.7 Multiplex fluorescent in situ hybridization

Slides cut in serial to those used for multiplex IHC were deparaffinized and targets hybridized using the RNAscope LS multiplex fluorescent reagents (Advanced Cell Diagnostics) according to the manufacturer’s recommendations for use on the Leica Bond RXm automated slide stainer and respective Leica Bond reagents (Supplementary Table 1). HIER was performed on tissues with ER2 solution (Leica Biosystems) at 97°C for 30 minutes prior to quenching endogenous peroxidase activity with 3% hydrogen peroxide. Mtb was identified using RNAscope 2.5 LS Probes B-MTB-23SrRNA-1-C1 (Advanced Cell Diagnostics #471658) and B-MTB-pre-rRNA-O1-C2 (Advanced Cell Diagnostics # 507548-C2) diluted 1:50 in the C1 probe (31, 35). ISH probes were visualized using TSA plus tetramethylrhodamine (Akoya Biosciences) at a dilution of 1:750, TSA plus fluorescein (Akoya Biosciences) at a dilution of 1:1000, and TSA plus cyanine 5 (Akoya Biosciences) at a dilution of 1:750 in 1X TSA Plus Automation Amplification Diluent (Akoya Biosciences). Nuclei were counterstained with DAPI (Advanced Cell Diagnostics). Whole stained lung sections were scanned at 40X magnification using an Olympus VS120 microscope, Hamamatsu ORCA-R2 camera, and Olympus VS-ASW 2.9 software at the Experimental Pathology Facility at CSU. Exposure times were determined using the autoexposure function and adjusted to distinguish specific probe hybridization signal from erythrocyte background.




2.8 Multiplex fluorescent image analysis

Whole slide images were imported into Visiopharm image analysis software. Granulomas were identified using a decision forest algorithm trained on intensity and density of all fluorophores. Granulomas identified were confirmed or corrected based on annotations acquired from detection on H&E-stained slides. Each granuloma was then automatically assigned a unique ROI number within each lobe using the enumeration function in Visiopharm. Next, using a threshold-based algorithm, nuclei were detected and annotated based on DAPI signal intensity and given margins to allow for membrane analysis. For IHC, membranes were detected based on a threshold intensity of each fluorophore and assigned to their corresponding marker. For ISH, bacilli were detected based on a threshold intensity of the fluorophore assigned to the 23S rRNA probe, and further designated as replicating or non-replicating based on intensity of the corresponding fluorophore assigned to the pre-rRNA probe. In both IHC and ISH, red blood cell autofluorescence was accounted for based on low DAPI signal intensity combined with inherent combined signals of both FITC and tetramethylrhodamine. Thresholds for all markers were adjusted for any differences in staining or imaging quality and then reviewed for accuracy. Following review, counts for each cell type were quantified using an additional Visiopharm algorithm and exported as .csv files for downstream data analysis.




2.9 Statistical analysis

Statistical data analysis was performed in R (version 4.3.1). Data, code, and R packages from this study can be accessed through GitHub (https://github.com/PodellLab/Granuloma_RSRatio_ISH). Data exported from Visiopharm were pre-processed to prepare for downstream analysis in R. Preliminary exploratory statistical and graphical testing were performed to evaluate data distribution and differences between treatment groups. An unpaired t-test was used as a preliminary approach to calculate differences in granuloma burden, CFUs, and ISH RS ratios across treatment groups and infection endpoints.

Next, we fit a regression model to investigate the degree to which the immune cell populations in a granuloma are associated with the number of replicating bacteria in that granuloma, adjusting for the total number of bacteria in the granuloma. To do this, we fit a regression model with the number of replicating bacteria in a granuloma as the outcome variable and with three immune cell populations as potential explanatory variables, while controlling for the timepoint and vaccination status and offsetting by the total number of bacteria. To make model coefficients more interpretable, we scaled immune cell counts by dividing by 500, based on the approximate interquartile range of each of these cell populations across the full study data. Therefore, the estimated coefficients represent an expected change per approximately one interquartile-range change in an immune cell population. Specifically, we fit the following quasi-Poisson regression model, adjusting for potential overdispersion of observed count data from each granuloma and including as an offset the log transformation of total bacterial counts measured by ISH:

[image: Logarithmic equation for \( \log(\lambda) \) is shown, with coefficients \( \beta_0, \beta_1, \beta_2, \beta_3, \beta_4, \beta_5 \), variables \( X_{1,i}, X_{2,i}, X_{3,i}, X_{4,i}, X_{5,i} \), and logarithm of \( T_i \) as terms.]	

Where, for each granuloma [image: Blurred image depicting two indistinct subjects against a light background. Details are unclear due to blurriness.] :

	[image: The image shows the Greek letter lambda with subscript i.] : Expected count of replicating Mtb

	[image: Mathematical notation showing X with subscripts 1 and i.] : Scaled count of B cells

	[image: Mathematical expression showing "X" with subscripts "2" and "j".] : Scaled count of CD4 cells

	[image: Mathematical notation displaying "X sub 3, j".] : Scaled count of CD8 cells

	[image: The image shows the mathematical expression \( X_{i,j} \) with subscripts \( i \) and \( j \).] : Indicator of vaccine status of the mouse with granuloma [image: A person wearing a tiara and elegant dress, looking at the camera. The background is bright and blurred, suggesting a formal or celebratory setting.] , where unvaccinated is 0 and BCG-vaccinated is 1

	[image: The image shows the mathematical expression \(X_{s, i}\).] : Indicator of infection endpoint of the mouse with granuloma [image: Image showing the mathematical expression "z = xᵢₘ stock (message)".] , where day 56 is 0 and day 114 is 1

	[image: Lowercase letter "t" with a subscript lowercase "i".] : Total count of Mtb (replicating and non-replicating) in granuloma 

	[image: Mathematical expression showing beta subscript zero equals beta subscript five.] : Model coefficients estimated from the data







3 Results



3.1 At the whole tissue level, BCG vaccination mediates reduction in culturable Mtb burden and total pulmonary pathology burden

Lung lobes were collected at necropsy at days 56 and 114 post-infection to assess Mtb burden at the level of the whole lung tissue. Colony forming units (CFU) of culturable bacteria in lung homogenate increased between day 56 and day 114 post-infection in both unvaccinated and BCG-vaccinated mice. However, BCG-vaccinated mice displayed reduced CFU burden at both days 56 and 114 post-infection compared to unvaccinated mice (Figure 1A). To establish whether the BCG vaccination offers protection from progressive pulmonary pathology at days 56 and 114 post-infection, the granuloma lesion burden was quantified histologically across the whole lung lobe using image analysis software (Figure 1B). Consistent with CFU at day 56, a significant decrease in granuloma lesion burden was observed in BCG-vaccinated mice compared to unvaccinated mice at day 56. Between day 56 and day 114 post-infection, the overall granuloma lesion burden increased in both groups. A decreased granuloma lesion burden was observed in BCG-vaccinated mice at day 114 post-infection although not statistically significant (Figure 1C).

[image: Box plots (A, C) show CFU and lesion burden in unvaccinated vs. BCG-vaccinated subjects at days fifty-six and one hundred fourteen. Lung tissue images (B) highlight histological differences, with arrows and asterisks denoting lesion areas. Panels D-I compare untreated and vaccinated lung tissues, with arrows marking lesions. Lesions are more pronounced in unvaccinated samples.]
Figure 1 | Despite BCG vaccine-mediated reduction in culturable bacterial burden, a heterogeneous granuloma response is shared across both vaccinated and unvaccinated mice. (A) Culturable Mtb colony forming units (CFU) in BCG-vaccinated and unvaccinated mice from left lung lobe tissue homogenates at day 56 and day 114 post-infection. (B) Right caudal lung lobes were H&E-stained after both timepoints of Mtb infection. A representative example is provided of a BCG-vaccinated mouse to identify and quantify granuloma lesion burden using Visiopharm image analysis software where granulomas (left) are detected across the entire lung lobe section as shown with blue overlay (right). (C) Percent granuloma lesion burden separated by infection endpoint and vaccination status; each point represents a lung section from an individual mouse. (D-I) Granulomas with diverse morphology shared between unvaccinated and BCG-vaccinated mice. (D, E) Loose centralized aggregates of lymphocytes (asterisk) surrounded by epithelioid macrophages (arrow). (F, G) Scattered small lymphocyte aggregates (asterisk) surrounded by heavily vacuolated macrophages, neutrophils and foci of necrosis embedded within areas of alveolar interstitial fibrosis (arrow). (H, I) Centralized dense lymphoid aggregates (asterisk) surrounded by vacuolated macrophages (arrow) and discrete granuloma boundaries. Images provided at 50X magnification.




3.2 Immune protection is demonstrated in whole lung granuloma lesion burden with histologically divergent features

Regardless of differences across pulmonary pathology burden, heterogeneity could be observed in morphological structure and cell composition among individual granulomas within an individual mouse, within vaccination status, and within infection endpoints (Figures 1D-I). H&E-stained lungs demonstrated granulomas with morphology of multiple and variable subtypes as observed by the reviewing pathologist (Podell BK). Granulomas were observed that consist of large centralized lymphoid aggregates resembling de novo tertiary lymphoid structures, some of which contain follicular centers composed of cells with macrophage-type morphology. Lymphoid structures are surrounded by either dense and eosinophilic epithelioid macrophages that replace pulmonary architecture (Figures 1D, E), or alveolitis consisting of loose aggregates of heavily vacuolated macrophages contained within remnant alveolar spaces (Figures 1H, I). Other granulomas consisted of multiple smaller and less organized lymphoid aggregates surrounded by heavily vacuolated macrophages or have a paucity of lymphocyte cells and consist almost entirely of vacuolated macrophages. Among a proportion of the granulomas with poorly organized lymphoid structures, the heavily vacuolated macrophages were surrounded by alveolar interstitial fibrosis embedding small foci of necrosis with a high frequency of neutrophils (Figures 1F, G). While measures of granuloma lesion burden offer an indication of immune protection across the whole lung, this fails to encompass the heterogeneity of histological morphology observed across granulomas. This degree of histological heterogeneity suggests that distinct and diverse immune responses exist within and between mice, irrespective of vaccination, and that granuloma targeted analysis could offer greater insight into correlates of protection that cannot be observed through bulk tissue analyses.




3.3 Quantification of replicating Mtb by ISH RS ratio reveals heterogeneity in immune control of Mtb replication across granulomas

Divergent features of granuloma histomorphology suggest a more granular measure of bacterial replication may distinguish differences between granulomas. To better understand each granuloma’s ability to control bacterial replication, multiplexed fluorescent in situ hybridization (ISH), using targets analogous to the RS ratio dPCR (31, 35), was employed to visualize individual replicating and nonreplicating Mtb organisms, referred to as RS ratio ISH. In this approach, a replicating bacillus was defined by colocalized detection of both ETS1/ITS1 pre-rRNA sequence and mature 23S rRNA sequence, while a non-replicating Mtb bacillus was defined by detection of 23S rRNA only. 191 granulomas identified on H&E-stained slides were evaluated (Table 1). The number of granulomas per mouse tended to be higher in unvaccinated mice at day 56 post-infection compared to BCG-vaccinated mice, but increased in number among BCG-vaccinated mice between day 56 and day 114 post-infection. 23S rRNA and ETS1/ITS1 pre-rRNA detection was quantified using Visiopharm image analysis software and the proportion of replicating bacteria relative to total bacteria calculated (Figures 2A–D). At both days 56 and day 114 post-infection, granulomas from unvaccinated mice displayed higher proportions of replicating Mtb compared to BCG-vaccinated animals (Figure 2E). Collectively, the proportions of replicating Mtb decreased across granulomas between day 56 and day 114, irrespective of vaccination status. Regardless of timepoint or vaccination status, a wide range of total bacterial burden and replication status was observed between and within groups and within individual animals.




Table 1 | Granuloma-level measures of host cells and Mtb.

[image: Table showing median counts of immune cells and granulomas in vaccinated and unvaccinated groups at days 56 and 114. It includes counts for CD4 T cells, CD8 T cells, B cells, and others. Mtb section lists replicating and nonreplicating granulomas with percentages. Counts of granulomas are indicated by sample sizes provided.]

[image: A composite image showing both histological and graphical data. Panels A to D display lung tissue images with fluorescent labeling highlighting cellular structures in red, blue, and green. Panel E shows box plots comparing replicating Mycobacterium tuberculosis proportions between unvaccinated and BCG-vaccinated subjects on days fifty-six and one hundred fourteen. Panel F features scatter plots with bubble sizes representing total Mycobacterium tuberculosis counts, correlating with CFU on the x-axis and replication proportion on the y-axis, comparing vaccinated and unvaccinated groups.]
Figure 2 | Measuring Mtb replication rate by ISH reveals the diversity of granuloma responses contributing to culturable bacterial burden. Populations of Mtb bacilli were visualized within each granuloma using RNAScope ISH. All bacteria were identified using probe pairs targeting 23S rRNA, then designated as replicating if the bacillus also contains detectable pre-rRNA with probes targeting the ETS1/ITS1 rRNA sequences. (A) Low magnification subgross view of a full lung section from an unvaccinated mouse shows a granuloma designated as a region of interest (ROI) by image analysis (white dotted line); white box designates the granuloma region with detected Mtb rRNA shown in panels (B–D). (B) 100X magnification view showing the image analysis detection of all host cells and Mtb bacilli within the region designated in (A). Bacilli can be observed within the inset region designated by the white box. (C) 400X view shows 23S rRNA detection representing the bacilli (green), some of which express pre-rRNA (white) that are designated as the replicating population. (D) Same field of view as in (C) with image analysis labeling of 23S (green) and pre-rRNA (white) among host cell nuclei (blue) (E) Bacterial counts (23S rRNA) and proportion of replicating bacilli (23S rRNA + pre-rRNA) are derived using Visiopharm image analysis. Each point reflects the proportion of replicating Mtb within a granuloma as measured by ISH and image analysis. (F) Proportion of replicating Mtb and total burden of Mtb within each granuloma by ISH are shown at the culturable pulmonary bacterial burden for each mouse measured by CFU. Each circle represents a granuloma ROI, and the size of each circle represents total Mtb burden by ISH. The black line connecting circles represents a single mouse, where all granulomas detected for that mouse fall along the line and share a common measure of whole lung CFU.

Considering the heterogeneity of replicating proportions of Mtb observed across the granuloma, a direct comparison was made to the whole lung CFU per mouse that, as a stand-alone metric, supports vaccine-mediated protection. In comparing these metrics, it is evident that regardless of CFU value, granulomas per mouse vary in number. Within and between mice, these granulomas display an expansive range of total Mtb burden and proportion of replicating Mtb by ISH. There was no evident directional association between replicating Mtb by RS ratio ISH and culturable Mtb burden by CFU (Figure 2F). Rather, CFUs appear to more linked to the total number of granulomas in the mouse. These data suggest that total CFU burden reflects a collective contribution of diverse granuloma responses with differing capacities to control Mtb replication. Overall, the results from granuloma-targeted RS ratio ISH highlights that a wide range of capacity for immune control of Mtb replication exists across granulomas, which cannot be effectively captured by CFU. Thus, RS ratio ISH may distinguish granulomas with immune cell composition that provide greater control of Mtb replication.




3.4 Granulomas exhibit divergent composition of adaptive immune cell phenotypes by IHC

We investigated underlying spontaneous and BCG-induced adaptive immunity by multiplexed IHC in conjunction with the granuloma heterogeneity observed both histologically and in Mtb replication rate by RS ratio ISH. Essential adaptive immune cell phenotypes were considered because previous work shows a reduction in total lung RS ratio at the onset of adaptive immunity (31). Accordingly, CD4 cells, CD8 cells, B cells, and other host cells were targeted within granulomas in which the RS ratio ISH was quantified (Table 1). Within each granuloma designated as an independent ROI, each cell subset was identified and quantified using Visiopharm image analysis software (Figures 3A-D). Granulomas displayed heterogeneous cellular composition and organization across all groups and endpoints evaluated, where total cell counts of any measured phenotype are unable to distinguish vaccine status or day of infection (Figure 3E). All measured immune cells increase in median number per granuloma between day 56 and day 114, and this increase remained similar across B cells, CD4, and CD8 cells, but these changes between infection endpoints are small in comparison to the large variability observed within each group. The most prevalent cell type at either day 56 or day 114 are those that do not belong to any of the three evaluated phenotypes and are designated by the term, “other cells”. Overall, a wide spread of cell counts was observed independent of timepoint or vaccination status, exemplifying differences across granulomas that may provide context for ability to control bacterial replication.

[image: Panel A shows a lung section with a highlighted granuloma. Panel B is a magnified view with a marked area. Panel C shows further magnification with distinct cellular structures. Panel D illustrates individual immune cells in different colors. Panel E contains box plots comparing immune cell counts per granuloma by IHC across two time points (Day 56 and Day 114) and two conditions (Unvaccinated and BCG) for B cells, CD4, CD8, and others. Each plot shows a similar distribution for both conditions.]
Figure 3 | Immune cell composition of granulomas identifies a wide degree of host heterogeneity that alone cannot distinguish trends in immune protection. Populations of CD4, CD8, and B cells were visualized within each granuloma using multiplexed fluorescent IHC with a DAPI nuclear counterstain. (A) Low magnification subgross view of a full lung section from an unvaccinated mouse shows granulomas designated as regions of interest (ROI) by image analysis (green dotted lines). (B) Higher magnification view of the granuloma ROI designated by the asterisk in (A). (C) Immune subsets are demonstrated at 200x magnification within the inset region designated by the white box in B; B cells (pink), CD4 cells (green), CD8 cells (red). (D) The same 200X view as in (C) is shown with each immune subset or ‘other cell’ designated using image analysis; B cells (pink), CD4 cells (green), CD8 cells (red), other cells (blue, DAPI only). Nuclei detected that do not belong to either CD4, CD8, or B cell are classified as other. (E) Cell counts detected at day 56 and day 114 post-infection within each granuloma ROI. Each point represents a granuloma.




3.5 Relative rate of Mtb replication is inversely associated with CD4 and CD8 cell composition at the granuloma level

Having established granuloma heterogeneity in the C57BL/6 mouse model using simultaneous measures of host and bacterial response, we then performed regression analysis to identify any association with immune environments capable of controlling Mtb replication. To do so, a generalized linear regression model was utilized to determine associations between immune cell composition and counts of replicating Mtb, while accounting for total Mtb burden through a model offset. Based on differences between interquartile ranges (IQR) among immune cells, counts of immune cells were scaled down by a factor of 500 to approximate the IQR, which facilitates interpretation of respective comparisons. Controlling for all variables, irrespective of vaccine status or timepoint, an inverse relationship between CD4 and CD8 cells was observed with changes in the relative rate of bacterial replication. A 17.7% decrease in estimated relative rate of Mtb replication was associated with each 500-cell increase in CD4, and a 25.8% increase in relative rate of Mtb replication was associated with each 500-cell increase in CD8, while B cell count showed no significant association with Mtb replication (Figure 4). Controlling for differences in these host cell populations, BCG vaccination was associated with a 35.4% decrease in estimated relative rate of replication compared to unvaccinated, while progression to day 114 post-infection was associated with a 54.7% decrease over time compared to day 56 post-infection. Here we identify a significant association between granuloma immune cell composition and control of Mtb replication. Data obtained from all evaluated granulomas, including immune cell counts and replication rates are available at https://github.com/PodellLab/Granuloma_RSratio_ISH.

[image: Forest plot showing confidence intervals for CD4, CD8, and B cell counts. CD4 and B cell counts' intervals cross the line of neutrality at one, indicating no significant effect. CD8 count is slightly below one, suggesting a potential effect.]
Figure 4 | Model predictions between proportion of replicating Mtb and immune cell composition within each granuloma highlights an inverse association with CD4 and CD8 cells. Estimated relative rate of replicating Mtb is shown per 500 cell increase (approximate IQR) of each immune cell subset within an individual granuloma as estimated by a generalized linear regression model, controlling for vaccination status and infection endpoint. Controlling for all other evaluated cell phenotypes, there is an associated 17.7% reduction in the proportion of replicating Mtb for every 500 cell increase in CD4, an associated 25.8% increase in the proportion of replicating Mtb for every 500 cell increase in CD8, and no significant association in the proportion of replicating Mtb for every 500 cell increase in B cells.




3.6 Histologic morphology of granulomas is consistent with immune cell counts and rate of Mtb replication

Based on predictions using this model, we back-translated associations between cell composition and RS ratio ISH replication rates to evaluate granuloma morphology associated with immune control of bacterial replication. Selection of two granulomas from the lung lobe of a single BCG-vaccinated mouse at day 56 post-infection highlights the observation that different degrees of bacterial replication existing between granulomas is associated with immune cell composition unique to each granuloma (Figure 5). Between these two granulomas within this single mouse, CD8 cells differ by 547 cells and Mtb replication is increased by 28.9% (Table 2). Consistent with the multiple morphologies described in Figure 1, these granulomas contain either higher proportions of vacuolated macrophages or epithelioid macrophages and B cell-rich de novo follicular structures. In these granulomas, the higher Mtb replication rate is localized to macrophages with vacuolated morphology, which is overrepresented in the granuloma with the higher CD8 count. These findings indicate that cell populations with a designated morphology may align with poor control of Mtb replication. Furthermore, granuloma morphology may indicate an immune environment with capacity to successfully limit, or fail to control, Mtb replication.

[image: Panel A shows two micrographs of lung tissue with areas marked in green and blue. Panel B presents corresponding fluorescence images highlighting cellular details with magenta, green, and red markers. Panel C offers a closer view of these regions, focusing on cell distribution and density. The images are labeled numerically for reference.]
Figure 5 | Intramouse heterogeneity in granuloma morphology, immune cell composition, and Mtb replication rate aligns with model predictions. Two neighboring granulomas within the same lung section of the same BCG-vaccinated mouse are shown by H&E stain, multiplexed IHC, and RS ratio ISH. (A) H&E stain at subgross showing the ROI of granuloma 1 and 2 from the BCG-vaccinated mouse (10X magnification) at day 56 post-infection and H&E morphology of each granuloma outlined by green and blue dotted lines for granulomas 1 and 2, respectively (50X magnification). (B) Multiplexed IHC demonstrating populations of CD4 cells (green), CD8 cells (red) and B cells (pink) in granulomas 1 and 2 (100X magnification). White boxes indicate inset regions for visualization of Mtb organisms. (C) Mtb bacilli detected with pre-rRNA and 23S rRNA probes by RNAScope ISH in granulomas 1 and 2.




Table 2 | Individual granuloma measures informing histopathology morphological features.

[image: Table comparing various metrics between BCG 24–1 and BCG 24–2. Metrics include proportion replicating Mtb, replicating and nonreplicating Mtb counts, total Mtb, CD8, CD4, B220, and other cell counts, as well as CFU per gram of tissue. Values differ slightly between the two groups. Additional information about granulomas and research data is mentioned in related text and on GitHub.]





4 Discussion

In this study, we applied the RS ratio through in situ hybridization (RS ratio ISH) to identify the frequency of new rRNA production, which serves as a proxy measure of Mtb replication (31, 35). Here, we identified the replicative response of Mtb to immune pressure over two chronic endpoints of infection and in response to BCG vaccination. A wide range of Mtb replication states was demonstrated across granulomas both within individual animals, as well as between animals evaluated at the same infection endpoint, independent of respective vaccination status. These results highlight the extensive degree of heterogeneity among Mtb replicative states across granulomas. We found that culturable bacterial burden from whole lung homogenate, as determined by CFU, does not necessarily reflect the spectrum of Mtb replication states across granulomas. Although vaccination does reduce CFU, the difference in Mtb replication rate remains similar in some granulomas of BCG-vaccinated mice, compared to unvaccinated mice. Additionally, these data indicate that rate of replication within a granuloma and total bacterial burden do not necessarily correlate. In many instances, granulomas with the highest rate of Mtb replication do not have the highest burden of bacteria, as identified by detection of 23S rRNA alone. These data suggest that a differential host response may exist between granulomas with high or low replication rates, or those with high or low Mtb burden. We hypothesized discrimination of these immune environments and their overarching contribution to the replicative state of the Mtb bacilli may identify correlates of protective responses.

We identified a wide diversity of granuloma compositions, containing varying frequencies of CD4, CD8 and B cell populations, which is consistent with the highly heterogeneous replication rates of Mtb across granulomas. These findings are inconsistent with the constrained host immune response characteristic of the C57BL/6 mouse strain. These mice have a well-documented Th1 skewed cell-mediated immune response with granulomas described as lacking advanced pathology features (3). Despite an apparent uniformity in the immune response to Mtb infection, our findings indicate that granuloma heterogeneity exists in C57BL/6 mice, highlighting the importance of granuloma-targeted analysis. This approach provides an adjunctive method to distinguish granuloma-specific differences in immune response within and between animals enabling determination of the local granuloma response as opposed to whole tissue measures, such as flow cytometry.

To determine if the variability in Mtb replicative state is associated with differences in host response, we established a generalized linear regression model to evaluate the association between Mtb replication rate and CD4, CD8 and B cell populations across nearly 200 granulomas. Based on culturable CFU, these broad phenotypic categories have an established role in TB disease as a primary outcome measure. However, due to previous limitations in concurrent host and pathogen in situ analyses, determining associations between each immune cell subset and the Mtb bacterial replication state was not achievable. Using multiplexed IHC and RS ratio ISH to assess both host phenotype frequency and bacterial replication rate, we determined the association between immune cell composition and the respective response of the bacterial population within each granuloma. Through this, a unique association between CD4 and CD8 cell frequencies and Mtb replication rates has been established in any individual granuloma, while a statistically significant association between B cells and Mtb replication rate was not observed in the evaluated granulomas.

Our model indicated that every unit increase in CD4 cells was associated with a significant decrease in Mtb replication rate, while every unit increase in CD8 cells was associated with a significant increase in Mtb replication rate. Although CD4 and CD8 cells have established roles in the constraint of Mtb growth in tissue, the opposing directionality of each cell type association may suggest different roles for CD4 and CD8 cells in the granuloma response. However, this relationship does not yet indicate any directional causality despite definitive associations. In this context, the RS ratio measure of replication rate may inform further investigation of granuloma response where further interventions that manipulate specific host cell phenotypes are needed to determine the mechanism by which a designated cell type contributes to immune control of Mtb replication.

In concordance with the granuloma-level degree of heterogeneity in both host and bacterial populations, differences in granuloma morphology based on traditional H&E-stained slides were observed. In multiple conventional inbred mouse strains, including the C57BL/6 mouse, tertiary lymphoid follicular structures are a frequent and dominant feature of the response to Mtb infection (36, 37). Granulomas can be distinguished as having either dense and well-structured follicles, or loosely organized lymphoid infiltration. Further, the innate populations of macrophages may be either heavily vacuolated or more epithelioid in appearance. Vacuolated macrophage populations may contain varying levels of accompanying neutrophils and cellular fragmentation consistent with multiple mechanisms of macrophage cell death. We found that intragranuloma follicular structures are heavily dominated by B cells and have limited T cell involvement. Although some granulomas have high proportions of follicle-associated B cells, our model indicated no statistical association with Mtb replication rate. In contrast, we histologically observed that granulomas with high CD4 T cell frequencies and lower Mtb replication rates contained more epithelioid macrophage populations. Granulomas with high CD8 T cells and high Mtb replication rates contained prominent vacuolated macrophage populations. Further in situ investigation of unique H&E-defined granuloma morphology may reflect critical microenvironmental differences in host response, including host immune cell composition, and subsequently constraint of Mtb replication (38).

The key associations in immune cell composition and bacterial replication rate revealed by our model leads us to ask the question ‘does restriction of Mtb replication represent an ideal pathogen-targeted measure of immune protection?’. Mtb has an inherent capacity to enter a dormancy-like phenotype, and previous studies using progressive hypoxia models of in vitro grown Mtb suggests that dormancy onset accompanies a reduction in replication (31, 39). Such dormant phenotypes may contribute less to progressive TB disease (40, 41). Increased dormancy induced by immune pressure on the Mtb bacilli may be associated with an altered treatment response (42) or may reflect a temporary replicative constraint on the Mtb population (43), which may recover following changes in the immune environment. Alternatively, a reduced replication rate could reflect improved control of bacterial growth and an increase in bacteriostatic effect from the ongoing immune response (44–46). Distinguishing dormancy from other mechanisms of immune constraint on Mtb replication requires further investigation of the bacterial response in situ. This presents its own challenges but may be determined by emerging techniques, such as SearchTB, using Mtb enriched extracts from tissue (47).

There are limitations to this study and this method. The evaluation of only three adaptive immune cell phenotypes, B cells, CD4 and CD8 T cells, underrepresents the complexity of the TB granuloma (48). This is evident based on recent single cell RNA seq studies that have demonstrated 18 distinct lymphoid cell sub-populations involved in the pulmonary granulomatous response of murine TB models (20). We recognize the power of adjunctive immunological methods (i.e. flow cytometry, scRNAseq) in assessing host protection as well as the greater capacity of these methods to identify specific details of the host response. However, this study serves as proof-of-concept that granulomas with differing cell compositions also have distinct differences in capacity to influence Mtb replication. Additionally, the results presented here represent only one context of a modeled Mtb infection, that of unvaccinated and BCG-vaccinated C57BL/6 mice infected by low-dose aerosol exposure to the Erdman strain. The application of this approach to other model strains, species, vaccine compositions, and strains of Mtb will further elucidate the capacity for granuloma targeted analysis to identify correlates of immune protection. The RS ratio used here provides adjunctive value to whole tissue measures, with the distinct advantage of evaluating the concurrent host and Mtb bacterial response in situ within any given granuloma. The RS ratio ISH method is not intended to serve as an alternative or replacement for CFU determination as a measurement of TB disease outcome. Rather, this approach offers orthologous information to culturable bacterial burden by providing critical information on the Mtb replicative state in the native granuloma microenvironment that cannot be measured by CFU alone (31). The ongoing development and implementation of complementary granuloma and whole lung methodologies holds promise for advancing our understanding of TB and facilitating development and assessment of effective vaccines and therapeutics.
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Tuberculosis (TB) is caused by infection with the bacterial pathogen Mycobacterium tuberculosis (M.tb) in the respiratory tract. There was an estimated 10.6 million people newly diagnosed with TB, and there were approximately 1.3 million deaths caused by TB in 2022. Although the global prevalence of TB has remained high for decades and is an annual leading cause of death attributed to infectious diseases, only one vaccine, Bacillus Calmette–Guérin (BCG), has been approved so far to prevent/attenuate TB disease. Correlates of protection or immunological mechanisms that are needed to control M.tb remain unknown. The protective role of antibodies after BCG vaccination has also remained largely unclear; however, recent studies have provided evidence for their involvement in protection against disease, as biomarkers for the state of infection, and as potential predictors of outcomes. Interestingly, the antibodies generated post-vaccination with BCG are linked to the activation of innate immune cascades, providing further evidence that antibody effector functions are critical for protection against respiratory pathogens such as M.tb. In this review, we aim to provide current knowledge of antibody application in TB diagnosis, prevention, and treatment. Particularly, this review will focus on 1) The role of antibodies in preventing M.tb infections through preventing Mtb adherence to epithelium, antibody-mediated phagocytosis, and antibody-mediated cellular cytotoxicity; 2) The M.tb-directed antibody response generated after vaccination and how humoral profiles with different glycosylation patterns of these antibodies are linked with protection against the disease state; and 3) How antibody-mediated immunity against M.tb can be further explored as early diagnosis biomarkers and different detection methods to combat the global M.tb burden. Broadening the paradigm of differentiated antibody profiling and antibody-based detection during TB disease progression offers new directions for diagnosis, treatment, and preventative strategies. This approach involves linking the aforementioned humoral responses with the disease state, progression, and clearance.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb), is an infectious disease of the respiratory tract. M.tb is a deadly and highly transmissible airborne pathogen that is passed from person to person through inhalation of respiratory secretions containing viable bacilli. Approximately 10.6 million patients were diagnosed as TB-positive and approximately 1.3 million deaths were attributed to TB in 2022 (1) The only licensed vaccine against TB, Bacillus Calmette–Guérin (BCG), which consists of attenuated Mycobacterium bovis, provides a protective effect in newborns and children against disseminated TB but offers less protection against pulmonary TB (2). In a systematic review including 14 reported studies and nearly 3900 children under 16, a 20% reduction in M.tb infection was attributed to BCG vaccination based on an interferon gamma (IFNγ) release assay (3). However, the protection rate may be influenced by infections that occurred prior to vaccination that were either undetectable, asymptomatic, and/or cleared. Due to the global health concern posed by TB and the lack of effective vaccines providing long-term protection against M.tb infection, novel methods for diagnosis, prevention, and therapy for TB are urgently needed.

M.tb infection occurs through the respiratory route, typically targeting the alveolar space of the lungs where alveolar macrophages recognize and engulf M.tb (4, 5). The infected alveolar macrophages provide a shelter for M.tb that shields them from extracellular antibodies and complement proteins, which could facilitate bacterial removal. Within 2-8 weeks of initial infection, if M.tb survives the formation of phagolysosomes, which is common in M.tb infection, it undergoes exponential replication and potentially infects other cells such as alveolar epithelium, endothelium, and other leukocytes present in the mucosa such as neutrophils and dendritic cells (5–8). Granulomas, aggregates of these immune cells, are the hallmark of TB and serve as a reservoir of M.tb infection. Mucosal antibodies can theoretically directly block M.tb binding to epithelial cells, while other functional antibody-mediated immune responses can occur in either serum or mucosal sites. These functional antibody responses, including antibody-dependent cellular phagocytosis (ADCP), neutrophil phagocytosis (ADNP), complement deposition (ADCD), and cellular cytotoxicity (ADCC), can play significant roles in identifying and killing infected cells, and help to clear extracellular M.tb, all of which provide additional host immune mechanisms contributing to killing the bacteria at the site of infection preventing dissemination (Figure 1).
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Figure 1 | Protective roles for antibodies in M.tb control. (A) Antibodies consist of a Fab region which directly binds to target antigens and an Fc region which binds to cell-surfaced expressed receptors. The antibodies can bind to the surface of antigens and mediate different immunity functions. (B) Antibodies can leverage both their Fab and Fc domains to protect against M.tb. This can be done through direct binding of the bacteria to prevent adherence to the epithelium, opsinophagocytosis, cellular cytotoxicity activation, and complement deposition. (C) The M.tb not bound by the antibodies are able to replicate in the macrophages and inhibit the formation of phagolysosome. (D) while the antibody recognition helps the macrophage to lysis the M.tb via lysosome. (E) The monocytes also can be differentiated by the anti-PPE36 and anti-ESAT-6 antibodies into M1-polarized macrophages which release inflammatory cytokines to inhibit the self-replication of M.tb in the infected macrophage.

After decades of investigation, the immune responses and infection process of M.tb have been studied, yet the role of antibodies in preventing infection or disease development remains unclear. One of the challenges that has impeded progress in this area is the variable antibody profiling among TB cohorts, further complicated by the diversity of antibody profiles generated (9–13). We previously demonstrated a positive correlation between IgM, IgA, and IgG levels against LAM, Apa, and PstS1 in serum or bronchoalveolar lavage fluid (BALF) and a decreased M.tb infection rate in non-human primates (NHP) after BCG vaccination (14). Additionally, we found that FcγR binding was higher and ADCC was more activated in patients with latent TB infection (LTBI) compared to those with active TB (ATB). Here, IgG from LTBI patients limited more M.tb surviving in macrophages than IgG from ATB patients (13). These findings suggest that a boosted humoral antibody profile could prevent M.tb infection from its onset, and antibody-mediated functions were critical in controlling the LTBI to ATBI switch in people infected with M.tb.

Advancements in understanding the role of antibodies in preventing M.tb infections, TB development, and the diagnosis of M.tb infections are crucial for developing new clinical methods to prevent the spread of M.tb and the progression of TB disease. Antibodies that protect against M.tb infection could serve as potential standards for vaccine development, while antibody-mediated immunity triggered by M.tb infection could be leveraged for post-infection treatment. Furthermore, antibodies present in the early stages of infection could serve as biomarkers to (i) improve M.tb detection, (ii) classify the disease state, and (iii) predict responses to treatment. Several antibody responses correlated with M.tb infection or after M.tb vaccination, such as opsonophagocytic clearance (ADCP, ADNP), ADCC, and the functional diversity of antibodies against M.tb are discussed (15, 16). In this review, we expand on these concepts and provide a current overview of antibody profiling and its functions in preventing TB development as well as its potential as a diagnostic marker to limit the transmission of M.tb in TB-endemic regions.





Antibody maturation

Encounters with an antigen begin the process of antibody development and affinity maturation. A B cell receptor (BCR) can bind to an antigen and then signal for its presentation in the form of cleaved peptides to T cells through the major histocompatibility complex 2 (MHC II) on the cell surface. From there, the T cell stimulates B cell activation and proliferation through the interaction of CD40 ligand (CD40L) with CD40 on the B cell surface along with the secretion of various interleukins (ILs) such as IL-2 and IL-5. At this point, the B cell can begin the evolutionary marvel of somatic hypermutation (SHM) (17–19). The Fab domain of an antibody mediates its attachment to an antigen (Figure 1A), which is encoded within the heavy (IgH) and light (IgL) chains of the immunoglobulin genes. After stimulated expression of IgH and IgL, the B cell undergoes SHM to diversify the Fab’s binding pocket and generate immunoglobins targeting specific antigens. The B cells that produce low-affinity immunoglobin undergo apoptosis (20).

Once an antibody recognizes its targeted antigen, it can mediate a number of downstream processes. One of the most recognized functions is neutralization. Antibodies can directly bind to a region of a pathogen or toxin that is used for cellular entry (Figure 1B). While neutralizing antibodies typically target the receptor binding domain (RBD) of pathogen proteins and/or pathogen toxins, they can still exert neutralization at other sites. The primary mechanism of protection by neutralizing antibodies has long been proposed to be through direct steric hindrance of the RBD with its receptor. However, there are clearly other mechanisms by which neutralizing antibodies can inhibit cell entry of a toxin or whole organism/virus into a cell. Currently, no direct evidence proves that neutralizing antibodies exist in preventing M.tb infection.





Antibody-mediated functions and Mycobacterium tuberculosis infection




Prevention of adherence to lung epithelium

The abundance and repertoire of antibodies in the mucosa can be distinct from the serum profile within the same individual. The maturation of tissue-resident plasma cells to produce the specific antibody against M.tb antigens is in parallel with the progression of infection, which is common across most infectious diseases (21, 22). The specific mechanisms of antibody subclasses in preventing M.tb adherence to the mucosal surface may also depend on compartmentalization. Currently, although antibodies may play a role in defense against M.tb, there are no known mycobacteria-specific antibodies that can neutralize M.tb or inactivate M.tb extracellularly on their own which results in full sterilizing immunity. Immune responses to M.tb instead likely require many different cell types, representing both cellular and humoral immunity (for a review, see (23)). In BCG-immunized individuals, antibodies directed toward shared antigens should theoretically be able to inhibit or contribute to the prevention of infection. Antibodies specific for heparin-binding hemagglutinin (HBHA) as well as lipoarabinomannan (LAM), both of which are M.tb virulence factors on the surface of the bacilli, show some promise in host defense against M.tb infection. HBHA IgA antibodies at the mucosa, for example, can block M.tb infection of lung epithelial cells (9) which in turn can help prevent dissemination of M.tb from the lungs to other organs. Interestingly, anti-HBHA IgG antibodies were shown to have the opposite effect, instead facilitating M.tb infection (9). Considering the infection route and site of M.tb, mucosal antibodies would be more likely prominent players in preventing the infection state than antibodies circulating in serum. IgA is the most abundant immunoglobins at this interface, although this antibody can also be detected in serum as well (24–26). IgA, specific to several M.tb antigens, can be observed in the pleural fluid in pleural TB patients (27). Nasal-resident IgA also showed a protective effect in inhibiting the M.tb growth and infection with the necessary activation of FcαR (22). In addition to the effective role of IgA, relevant lung epithelial cells express Fc receptors that primarily interact with IgG, providing another potential layer of humoral immunity at this site of M.tb infection.





Opsonophagocytosis

Intracellular growth inhibition of M.tb following opsonophagocytosis, a process involving antibody-directed phagocytosis by macrophages and neutrophils (24, 26, 28–31), utilizing serum from BCG-immunized humans, has shown a potential protective role for arabinomannan-specific antibodies (32). Furthermore, the opsonophagocytosis process of killed M.tb in the presence of anti-LAM and anti-Acr (a major 16-kD a-crystallin membrane protein (33) donor-derived antibodies also results in phagosomal maturation of M.tb infected macrophages, leading to a cascade of host-mediated microbicidal responses such as the production of nitric oxide and acidification (34) (Figure 1B). Our group is currently studying the effects of adjuvants on M.tb vaccine-induced functional antibody responses against M.tb infection including opsonophagocytosis. Generating optimal antibody responses in the context of an immunotherapeutic M.tb vaccine, as an adjunct to drug treatment, could provide additional protection against persistent or recurrent M.tb (24, 26, 28–31).

For IgG subclasses, the Fc-domain can bind to FcγRs on the surface of phagocytic cells. Pro-phagocytic FcγRs include the high-affinity FcγRI (CD64) and the low-affinity FcγRIIA and FcγRIIIB (CD32a and CD16b, respectively). Phagocytosis can also occur through the recognition of complement deposited on an antigen through Fc-C1q. This deposition of complement on an antigen, or on the antibody itself bound to the antigen, can flag the complex for engulfment by phagocytes with complement receptors on their cell surface. Opsonophagocytic antibodies have been linked to protection against other intracellular bacteria as well as M.tb, including Staphylococcus aureus, Escherichia coli, Salmonella, and Shigella (35–37).

Regarding opsonophagocytosis, antibody-mediated phagocytosis is followed by phagolysosome fusion to digest antibody-bound complexes/microorganisms. This is enhanced through intracellular FcγR signaling activation (38). Interestingly, it is known that M.tb can inhibit the phagosome-lysosome fusion via a reduced Ca2+ pathway. Thus the bacteria can be engulfed by phagocytic cells such as macrophages, but are not killed through canonical opsonophagocytosis signaling (39). This phenomenon was shown to be antigen-specific, for example in the case of M.tb, anti-LAM mediated phagocytosis presented a higher rate of M.tb killing (39). Macrophage activation, especially M1 polarization, occurs during M.tb acute infection, initiates inflammatory cytokine release, and generates oxidative species to eliminate both the intracellular and local extracellular M.tb (40). The M.tb surface protein PPE36 inhibited the M1 polarization and reduced the inflammatory cytokine production from macrophages, which enhanced the survival of M.tb (41, 42). In TB patients, the levels of IgA against PPE36 were found to be significantly higher compared to healthy control, while less elevation was noticed in either IgG or IgM (43). As mentioned above, IgA is the most dominant antibody at the site of M.tb infection, and IgA against PPE36 could inactivate the function of PPE36 and activate the M1 polarization. Another surface protein, Rv1507A, promoted the polarization of M1 macrophages, enhanced the proinflammatory cytokine release of IFN-γ and tumor necrosis factor alpha (TNF-α), and upregulated the macrophage-driven phagocytosis (44). The secreted antigen ESAT-6 also can activate the M1 macrophage polarization, and anti-ESAT-6 immunoglobin helps to inhibit the proliferation of M.tb in the infected macrophages (45–47). Taken together, antibodies targeting either M.tb surface or secreted antigens may augment their immune-evading roles, and shift the humoral response to a more functional opsonophagocytic nature against M.tb. Antibody responses to specific antigens after administration of vaccines that developed against M.tb should be further evaluated to make sure specific categories of antibodies can mediate efficient phagolysosome formation and intracellular removal of M.tb.

In addition to macrophages, neutrophils are also recruited to the site of infection by the released cytokine and chemokines. These neutrophils produce hypochlorous acid, proteases, and cytokines, and can create neutrophil extracellular traps as well as mediate phagocytosis to eliminate extracellular M.tb (48). Our previous study reported that BCG-vaccinated NHP exhibited a higher level of antibody-dependent neutrophil phagocytosis facilitated by anti-LAM immunoglobulin (14). Another study showed that IgG from LTBI patients reduced M.tb burden in infected macrophages more effectively compared to the IgG from ATB patients. On the other hand, ADCP and ADNP were more triggered by antibodies from ATB patients compared to LTBI patients (13). M.tb can block the formation of the phagolysosome which makes the macrophages an ideal environment for M.tb replication and further infection. However, there is limited research on antibody-mediated neutrophil-driven M.tb removal. Understanding how specific antibodies engage neutrophils for phagocytosis and whether phagolysosome formation occurs within these innate cells in the alveoli remains largely unexplored.





Cellular cytotoxicity killing and natural killer cell activation

Natural killer cells (NK) are major innate lymphoid cells that play a similar role to CD8+ cytotoxic T cells. Unlike their CD8+T cell counterparts, however, NK cells do not express the T cell receptor (TCR) on their surface and can be thought of as more of a pan-cellular innate surveillance cell.

NK cells are activated by antibodies through binding of the FcγRIIIA (CD16a) on the surface (Figure 1B). Studies have shown that this binding is correlated with the afucosylation of the Fc-domain in IgG subclasses, predominantly IgG1 and IgG3 (49–52). Downstream activation signals funnel into the secretion of IFN-γ, cellular degranulation, and secretion of other inflammatory/recruiting cytokines such as TNF-α, macrophage inflammatory protein-1β (MIP-1β), and a host of interleukins (IL) such as IL-2, IL-12, and IL-18. The combined result of activation of these signaling networks results in ADCC by the NK cells.

ADCC has been shown to play an instrumental role in combating a wide range of infectious agents including viruses, intracellular bacteria, and protozoa (53–55). The coupled degranulation and recruitment of other inflammatory cells through cytokines allow for the rapid clearance of a localized infection. This same model can be translated to a growing mass of tumor cells whereby ADCC acts to wipe out a growing malignancy (56).

The role of NK cells in protecting against M.tb infection is yet to be fully investigated. Canonical mechanism(s) of elimination of M.tb by NK cells included releasing cytotoxic chemicals (perforin and granulysin) after binding to the bacterium and interacting with macrophages or neutrophils to remove the M.tb indirectly (57, 58). The surface receptors of NK cells, NKp46 and NKp44, can be activated by the M.tb surface antigens galactan and peptidoglycan, and initiate the direct killing of M.tb by NK cells (57, 59). Unlike the opsonized phagocytosis via macrophages and neutrophils, NK cells work differently when interacting with antibody-dependent mechanisms. Directly recognized M.tb antigen by the NKp44-Fc region activates the NK cells, and BCG vaccination enhances the surface expression of NKp44 on NK cells (59). NK cells also recognize and lyse the M.tb-infected macrophages via NKp46 (60).

In terms of antibody-mediated NK cell activation, Irvine et al. showed that the serum antibody targeting LAM in BCG-vaccinated NHP presented limited NK cell activation, while the antibody targeting LAM in lavage fluid showed activation of NK cells (14). The enrichment of activated NK cells in the mucosa can later recognize either the extracellular M.tb or M.tb infected monocytes via NKp44 or TLR‐2 to the peptidoglycan axis (59, 61). Abundance and maturation of NK cells within the pleural fluid are thought to be low, so many of these assays to quantify antibody-dependent effects are in artificial systems (14). That said, there is a growing body of literature implicating the role of NK cells in controlling and removing M.tb within the lower respiratory tract. Whereas some anti-M.tb immunoglobins are able to activate NK cells, including antibodies from the serum of humans immunized with ID93+GLA-SE (62),_further investigation is needed to understand the direct antibody-mediated mechanisms involved in the recognition and elimination of M.tb.






Antibodies and Mycobacterium tuberculosis vaccines




Antibody profiling and M.tb vaccine development

The role of antibodies in the control of M.tb has been historically controversial. The BCG vaccine has been licensed and deployed to protect against TB. While efficacy has been strong against severe TB in children and against pulmonary TB in low-endemicity regions, there is low protection against pulmonary TB in TB endemic countries. Moreover, BCG vaccination appears to offer low effectiveness in blunting onward transmission of M.tb (15, 63). The mechanism of protection against TB had been proposed to be mediated through cellular immunity, namely CD8+ and CD4+ T cells. This model was built up in large part due to the intracellular nature of M.tb and not in a cell-free state of the pathogen such as seen with respiratory viruses. However, as our appreciation for the non-neutralizing roles of antibodies has grown, we have had to revisit this long-standing dogma that cellular immunity is the sole means of controlling intracellular pathogens such as M.tb.

Several independent studies have shown that TB vaccines elicit antibody responses that correlate with protection. This includes the M72/AS01E vaccine that protects against disease progression in healthy IFN-γ release assays (IGRA)-positive M.tb exposed individuals (64, 65), pulmonary-delivered BCG in rhesus macaques (66), intravenous-delivered BCG (14), and arabinomannan-protein M.tb Ag85 conjugate vaccine (67). The ID93 vaccine candidate (made up of a fusion of 4 M.tb proteins: Rv2608, Rv3620, Rv1813, and Rv3619) administered with the TLR-4 agonist (GLA-SE), was shown to enhance vaccine-specific IgG1 and IgG3 antibody titers, NK activation, and opsonophagocytosis, in addition to an increased CD4+ T helper 1 (Th1) response (defined by IFN-γ, TNF-α, and IL-2 production from ID93-specific CD4+ T cells) (62). To that end, there is an emerging model in the field of M.tb vaccinations that cellular immunity is not solely responsible for protection against TB; similarly, antibody-mediated protection against TB is not functioning in a vacuum. Instead, both cellular and humoral immunity appear to be working in concert to limit the TB disease state (62).

The protective role of antibodies in TB disease progression has also been supported through the transfer of antibodies from an infected or vaccinated donor. In mice, high-dose IVIG attenuated bacterial growth in the lungs. This protection was lost in athymic mice, further supporting a model where antibodies and cellular immunity work in concert to limit pathogen spread and disease progression (68). Subsequent studies demonstrated that antibodies taken from individuals with high occupational exposure to M.tb could protect against aerosolized challenged mice. The antibodies were reactive towards surface-expressed M.tb antigens, and again, the protection offered by antibodies was dependent on the presence of T cells (69). Mechanistically, the glycosylation status of the Fc domain of the antibody appeared to be linked to bacterial killing. Moreover, the state of TB (active vs. latent) strongly influences the antibody response and activity (13). In ATB patients, higher levels of IgG1 to LAM and PPD, IgA1 against PPD, and IgG3 against groES were identified compared to LTBI patients (70).





Antibody glycosylation

Antibody glycosylation including fucosylation, galactosylation digalactosylation, and sialylation, has been used as biomarkers for differentiating between LTBI and ATB (13) (Figure 2). In one study, lower levels of fucose were observed in IgG from LTBI compared to ATB patients (71). Fucosylation/afucosulation status has been shown to be linked to FcγRIIIA binding and downstream signaling (49). Additionally, LTBI patients exhibited increased levels of di-galactosylation and sialylation, along with lower agalactosylation on IgG compared to ATB patients, indicating a heightened inflammatory state in ATB (13, 72–74). Specifically, glycosylation was predominantly observed in Fc regions rather than Fab regions and showed antigen specificity towards PPD and Ag85A (75). Furthermore, differentiated antibody glycosylation distinguishes not only between ATB and LTBI populations, but also identifies differences between ATB and treated ATB groups. Increased sialylation was found in treated ATB patients compared to untreated subjects, while no difference was observed regardless of the treatment (72). Despite extensive research into glycosylated antibodies in various M.tb infection cohorts, little work has been done to characterize the glycosylation status of antibodies following BCG vaccination, the only currently licensed vaccine (76). Notably, antibody glycosylation was only identified after M.tb infection in mice, indicating its potential as a marker of infection (76). Distinct glycosylated antibodies induced by M.tb infections could potentially aid in identifying infected macrophages and promoting phagocytosis or ADCC in cell-surfaced exposed antigens, whereas differentiated glycan removal may attenuate this process (13). RNA/DNA nucleic acid-derived M.tb vaccines expressing proteins that undergo glycosylation within the host cell may detrimentally provide ‘self-glycans’ on the protein masking the epitope needed for lymphocyte recognition and acquired immunity against M.tb (both humoral and cellular), whereas the mycobacterial-derived protein combined with an adjuvant may provide a more robust immune response (77).
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Figure 2 | Translating antibody-based readouts novel vaccine platforms. Composite profiling of the total humoral profile can be investigated in the future with differentiated glycosylation signatures in favor of future vaccine designs against TB.






Antibodies as biomarkers for M.tb disease state

M.tb poses formidable challenges due to its ability to establish latent infection, leading to active disease in susceptible individuals (78). Timely and precise identification of TB plays a pivotal role in the efficient handling and containment of the disease. In recent years, there has been a growing interest in utilizing antibodies as biomarkers for assessing the disease state of TB, offering new avenues for improved diagnosis, treatment monitoring, and patient management (13, 72, 75).




Antibodies as biomarkers to M.tb infection

Upon infection with M.tb, the host immune system mounts a complex response involving various immune cells and immune signaling moieties, including antibodies. It is well established that B cells produce antibodies in response to specific antigens derived from M.tb (79, 80). As mentioned before, antibody treatment significantly decreased the bacterial burden in mice infected with M.tb (81), and IgM responses to BCG were strongly linked with suppressed M.tb survival in vivo (14). Studies have also highlighted distinctions in the antibody structure between ATB and LTBI in clinical serum samples (75). This distinction in antibody features in different disease states could be an important biomarker for TB.

Biomarkers are measurable indicators of biological processes, disease states, or responses to therapeutic interventions. In the context of TB, biomarkers represent a significant avenue for enhancing diagnostic precision, evaluating treatment effectiveness, and predicting disease outcomes. Antibodies produced in response to M.tb infection offer valuable insights as biomarkers owing to their specificity and fluctuating levels across the progression of the infection. However, the application of serological tests in TB diagnosis remains debatable due to the poor sensitivity and specificity compared to existing methods (82–84). Ongoing work seeking to standardize antibody signatures as biomarkers for TB will be highly beneficial.

To date, individual antibodies, or a clustered signature of antibodies against different antigens have both been studied with varied sensitivity and specificity in identifying ATB patients. Several studies have been done to investigate the use of antibodies as biomarkers for identifying TB infection status, as summarized in the tabular form (Table 1). The use of single antibody readouts and multivariate analyses have been reported with various sensitivity and specificity readouts as biomarkers. One study using anti-PPE17 IgG showed ~70% sensitivity in identifying an LTBI cohort from non-TB patients (85). IgG and IgA to different M.tb antigens consist of the majority of proposed biomarker candidates in TB diagnosis (80, 83, 87, 106, 107 (86, 87),. Antibody responses to M.tb antigens, specifically IgG against TBCM and CFP-10, and IgG and IgA against Ag85B, can effectively distinguish between active tuberculosis (ATB), latent tuberculosis infection (LTBI), and non-infected individuals, providing a potential biomarker for M.tb infection (86). IgG and IgA levels against the Rv2031 antigen significantly differ among patients with active TB, their household contacts, and non-infected controls (87). An interesting marker for ongoing inflammation and severity of TB disease is IgG4 in humans. In a study including healthy, LTBI, ATB, and treated ATB cohorts, PPD-specific IgG4 as well as HspX and GroEs-specific IgG4 levels were increased in ATB, and lower levels were associated with either LTBI or treated subjects (72). Despite being linked to M.tb control (14), there is limited study on IgM as a biomarker for M.tb infection. This could be due to the inherently low affinity of IgM compared to the affinity selected IgG and IgA (88). Considering the appearance duration of IgM in the humoral antibody profile throughout the infection, IgM may serve as biomarkers for an early, albeit lower-confidence, detection method of M.tb infection. Both IgG and IgA exist both in serum and mucosa and are more likely to play crucial roles in defending against M.tb re-infection or ATB development from LTBI (89). Additionally, it is well known that affinity-matured antibody responses to M.tb are stronger to select antigens such as those on the bacterial cell surface (4, 12, 13, 27, 64–66, 70, 80, 83, 90, 91). Therefore, a panel of IgA and IgG against multiple M.tb antigens could be considered as biomarker candidates to monitor the development of ATB from LTBI patients in TB endemic regions, which the IGRA test cannot identify (86). Figure 3 demonstrates how the immunoglobulins against antigens could be utilized not only for the detection of active TB but also for distinguishing between ATB and LTBI.



Table 1 | Antibodies as biomarkers to identify M.tb infection and/or different TB states.
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Figure 3 | Translating antibody-based readouts to biomarkers of disease states. Antibodies specific to M.tb targets can be analyzed at the isotype and subclass level. Additionally, post-translational modifications can be identified on antigen-specific antibodies to identify signatures of disease states such as latency and active TB.





Detection methods

Several methods are available for detecting M.tb-specific antibodies in patient samples, each with its advantages and limitations. Enzyme-linked immunosorbent assay (ELISA) is a widely used technique that allows for the quantitative measurement of antibody levels in serum, plasma, or other bodily fluids (90, 92, 93). ELISA-based assays offer high sensitivity and specificity and are amenable to high-throughput screening (94). Other approaches, such as multiplex immunoassays (95) and lateral flow assays (96–98), provide rapid and cost-effective alternatives suitable for point-of-care settings where access to laboratory facilities may be limited. Since a combination of M.tb-specific antibodies as biomarkers to evaluate the M.tb infections showed higher sensitivity and specificity than applying individual antibody approaches (99), developing high-throughput methods with multiplexed measurements may not only be more accurate, but also more cost-effective as disease incidence and/or progression biomarkers due to the long experimental duration and high cost of ELISA in detecting individual antibody isotypes/subclasses to discreet antigens, and their body fluid concentration(s). Other than ELISA and Luminex-based measurement, antibody-antigen binding activity measured by surface plasmon resonance (SPR) and total internal reflectance fluorescence (TIRF) microscopy-based biosensors (100, 101) have also been studied. While these technologies are emerging and have unique strengths, they can be limited to the detection of a single antigen or a few antigens at a time. Super-resolution microscopy-based detection methods have also been employed for M.tb protein expression and detection (102). Such a tool, which can utilize antibodies as a detector, has been employed to identify M.tb responses to drug treatments (103).





Clinical utility

The use of antibodies as biomarkers for TB offers several advantages over traditional diagnostic methods. Antibody-based tests are non-invasive and can be performed on readily accessible samples, such as blood, saliva, or urine, making them suitable for use in diverse settings, including resource-limited areas (95, 96, 104). Moreover, antibody tests have the potential to detect TB infection at an earlier stage than conventional microbiological methods, enabling prompt initiation of treatment and reducing the risk of disease transmission.

Furthermore, longitudinal monitoring of antibody levels can provide valuable insights into treatment response and disease progression. Changes in antibody titers over time may serve as indicators of treatment efficacy, allowing clinicians to tailor therapy regimens and optimize patient care. Additionally, antibody-based biomarkers hold promise for predicting treatment outcomes and identifying individuals at increased risk of disease relapse, thereby informing clinical decision-making, and improving patient outcomes. Biomarkers and antibody signatures of disease/infection are an emerging field of study that warrants further research in the areas of vaccine design, antibody-based therapies, and disease states.






Challenges and future directions

Although studies have been conducted to understand the antibody differentiation during M.tb infection and TB development, limited vaccines have been developed to protect the adults who are exposed to M.tb, and there is still a knowledge gap in how antibody-mediated immunity controls M.tb infections. The discovery of dynamic antibody profiling at different stages of TB progression and M.tb infection is necessary to design new M.tb vaccines with better efficacy of M.tb removal after infection. Considering the principle of how NK cells participate in eliminating M.tb infected cells is not clear, further investigations are needed to understand the role of antibody-mediated NK cell activation in protecting against M.tb infection and TB development.

Despite their potential, antibody-based biomarkers for TB face several challenges that must be addressed to realize their full clinical utility. Studies show that recognition of M.tb antigens may vary among individuals, leading to the presence of different sets of antigen-specific antibody populations in samples (10), while cross-reactivity among different mycobacterial and nontuberculous mycobacterial species is also observed (105, 106). Variability in antibody responses among individuals, as well as cross-reactivity with other mycobacterial species or non-specific immune responses, may affect the accuracy of antibody-based assays. Standardization of assay protocols, validation in diverse populations, and integration into existing diagnostic algorithms are essential steps toward overcoming these challenges and ensuring the reliability and reproducibility of antibody-based tests for TB.

Furthermore, ongoing research efforts are focused on identifying novel antigen targets and developing innovative assay platforms capable of detecting multiple antibody specificities simultaneously (107). Additionally, the incorporation of antibody-based biomarkers into comprehensive diagnostic strategies, including imaging modalities and nucleic acid amplification tests, holds promise for enhancing the accuracy and efficiency of TB diagnosis and management.

Employment of therapeutic antibodies against TB is an emerging field, as is how to fine-tune humoral responses through vaccination platforms. It is known that vaccine platform and delivery route influence how antibodies leverage both Fab and Fc regions (14, 25, 88, 108–111). Given the emerging role of antibodies as mediators of protection against M.tb, further work characterizing precise mechanisms of protection at various stages within TB disease progress is needed. Such advances can reduce disease incidence and burden.

In conclusion, antibodies stand as hopeful treatments for disease and indicators for evaluating the progression of TB, presenting fresh avenues for enhanced diagnosis, treatment tracking, and patient care. Their unique specificity, ease of access, and fluctuating patterns over the infection timeline render them invaluable instruments for early TB detection, treatment progress monitoring, and prognosis forecasting (Figure 2). Through ongoing exploration and creativity, antibody-centric examinations hold the promise to transform TB diagnostics and bolster worldwide endeavors to reduce disease burden.





Concluding remarks

Antibody responses are not limited to pathogens that exist and/or circulate extracellularly. Moreover, antibody functions often bridge the adaptive and innate arms of the immune response. For example, an affinity-matured IgG or IgA isotype can bind to a target antigen and use its Fc domain to interact with FcRs on the surface of innate immune cells such as NK cells or neutrophils, and initiate inflammatory signaling cascades. This signaling can further recruit additional inflammatory cells to the site of the identified pathogen, helping to clear the infection.

Studies of antibody responses to M.tb have provided significant insight into how antibodies mobilize multiple aspects of the immune system to combat this pathogen. M.tb predominantly resides inside of cells which become constituents of granulomas in the lower respiratory tract. From there, the infection can spread to distant sites in the body including the spleen, kidneys, and brain (112). Antibody responses are not stagnant over time, much like disease states. Due to their adaptability, antibody signatures have been successfully used as biomarkers of disease. This approach has been successfully employed to distinguish between latent and active TB, further supporting the model of humoral fluidity.
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Introduction

Development of an effective vaccine against tuberculosis is a critical step towards reducing the global burden of disease. A therapeutic vaccine might also reduce the high rate of TB recurrence and help address the challenges of drug-resistant strains. ID93+GLA-SE is a candidate subunit vaccine that will soon be evaluated in a phase 2b efficacy trial for prevention of recurrent TB among patients undergoing TB treatment. ID93+GLA-SE vaccination was shown to elicit robust CD4+ T cell and IgG antibody responses among recently treated TB patients in the TBVPX-203 Phase 2a study (NCT02465216), but the mechanisms underlying these responses are not well understood.





Methods

In this study we used specimens from TBVPX-203 participants to describe the changes in peripheral blood gene expression that occur after ID93+GLA-SE vaccination.





Results

Analyses revealed several distinct modules of co-varying genes that were either up- or down-regulated after vaccination, including genes associated with innate immune pathways at 3 days post-vaccination and genes associated with lymphocyte expansion and B cell activation at 7 days post-vaccination. Notably, the regulation of these gene modules was affected by the dose schedule and by participant sex, and early innate gene signatures were correlated with the ID93-specific CD4+ T cell response.





Discussion

The results provide insight into the complex interplay of the innate and adaptive arms of the immune system in developing responses to vaccination with ID93+GLA-SE and demonstrate how dosing and schedule can affect vaccine responses.





Keywords: tuberculosis, vaccines, systems immunology, innate, RNA sequencing





Introduction

In 2022 (1), more people died from tuberculosis (TB) than from any other infectious disease (1), and although effective TB treatment is available and saves millions of lives, the impact on the global TB epidemic has been limited. This is, in part, because patients who successfully complete therapy with first-line drugs remain at high risk for TB recurrence (8% - 14%) due to relapse or reinfection (2, 3). Epidemiological modeling suggests that a vaccine targeting adolescents and young adults to prevent TB disease is a strategy that could achieve significant public health impact (4), making it imperative to accelerate the development of novel TB vaccine candidates. One candidate that showed promise in a recent phase 2b trial is the M72/AS01E vaccine, which demonstrated 50% efficacy against TB disease in South African adults (5); the vaccine is a fusion protein of two Mycobacterium tuberculosis (M.tb) antigens co-administered with a liposome formulation of the TLR4 agonist monophosphoryl lipid A (MPL) and Quillaja saponaria Molina fraction 21 (QS21). Efforts are currently underway to more fully understand the responses elicited by the vaccine and identify the immunological correlates of protection.

The ID93+GLA-SE vaccine is also a fusion protein of four M.tb antigens with diverse roles in pathogenesis, co-administered with the TLR4 agonist glucopyranosyl lipid A (GLA) in a stable oil-in-water emulsion (SE) formulation (6, 7). Preclinical efficacy of therapeutic immunization with ID93+GLA-SE for prevention of recurrence has been demonstrated in mouse and non-human primate models (8, 9). A recent phase 2a study (TBVPX-203, NCT02465216) of the vaccine investigated safety and immunogenicity in 60 South African adults who had recently completed multi-drug therapy for rifampicin-susceptible pulmonary TB (10). The study evaluated three dose combinations of ID93 fusion protein and GLA-SE adjuvant, as well as two dosing schedules, with the 2 μg ID93 + 5 μg GLA-SE (“2 + 5”) dose combination given as either 2 injections with two-month spacing (injections on days 0 and 56), or 3 injections with one-month spacing (injection on days 0, 28 and 56; Table 1). Participants in all groups showed a robust increase in serum ID93-specific IgG. The vaccine response was also characterized by a significant increase in the ID93-specific CD4+ T cell response, with the 2-dose and 3-dose 2 + 5 regimens demonstrating comparable increases in response magnitudes after the final dose. Ultimately, the 2-dose regimen was selected for a phase 2a/2b study evaluating its efficacy in preventing TB recurrence among people living with and without HIV-1 in South Africa (NCT06205589).



Table 1 | Study schema.
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In this study, we applied systems vaccinology approaches to understand better the immune responses to ID93+GLA-SE. We used RNA sequencing to examine the changes in gene expression in peripheral blood that occurred after vaccination in participants in the TBVPX-203 trial. We observed evidence of both innate and early adaptive immune pathway activation within the first seven days after vaccination and showed that specific modules of vaccine-regulated genes differentiated females and males, as well as individuals in the 2-dose vs. 3-dose treatment groups. Several response modules overlapped with responses elicited by the AS01E adjuvant in the M72 vaccine. Integration with previously published immune response data allowed us to interrogate further how changes in gene expression were associated with ID93-specific humoral and cellular responses.





Methods




Clinical trial cohort

IDRI-TBVPX-203 (ClinicalTrials.gov Identifier: NCT02465216) was a Phase 2a, randomized, double-blind, placebo-controlled, dose-escalation evaluation ID93+GLA-SE. There were two dose levels of the ID93 antigen administered in combination with one of two dose levels of GLA-SE in two different dosing regimens. The primary objective was to describe the safety and immunogenicity profile of ID93+GLA-SE in South African, HIV-negative, healthy adults who had recently completed six months of standard, four-drug (HRZE) antibiotic therapy for drug-sensitive pulmonary TB within the last 28 days. The age range of participants was 18 to 54 with a median of 27 years old. ID93+GLA-SE was given to 48 participants and 12 received placebo; one additional participant was assigned to receive vaccine, but only provided a blood sample at day 0 (Table 1; Figure 1).
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Figure 1 | Schedule of events in TBVPX-203 study. Schematic showing the timeline of study product injections and sample collection for participants in the five study groups of TBVPX-203. The group names are defined in Table 1 based on the dose of the ID93 antigen, the dose of the GLA-SE adjuvant and the number of injections. Schematic indicates the day of each visit relative to enrollment, and whether the visit included a product injection, a blood collection for RNA extraction or a blood collection for adaptive immune response assays.





Sample processing and RNA sequencing

Ribonucleic acid (RNA) was extracted from 298 PAXgene tube samples of whole blood from 61 participants in TBVPX203. Globin mRNA was removed using bead-based hybridization (Thermofisher GLOBINclear). DNA sequencing libraries were created from polyadenylated RNA transcripts (Ilumina TruSeq, stranded). Sequencing was performed on an Illumina NovaSeq 6000 with 100 bp paired-end reads. More than 30 million reads were generated from each sample, with 70 - 85% of reads mapping to known protein coding regions [nextflow nf-core/rnaseq (11), STAR (12)]. Transcripts were aggregated and quantified at the gene level using salmon (13).





Identification of differentially expressed genes and statistical analyses

To identify genes that were significantly increased or decreased by vaccination we used mixed-effects models of individual gene expression at pairs of time points before and after vaccination: day 3 vs. 0, day 59 vs. 56 or day 63 vs. 56. Gene counts were normalized using the trimmed mean of M-values (TMM) method (14) and log transformed. Models were fit using R package kimma (15) and lme4 (16), providing “voom” precision weights (17). Linear models to detect differentially expressed genes included participant sex and accounted for the longitudinal experimental design using a random effect for within-participant covariance; as a sensitivity analysis, participant age was considered as a covariate, with only 12 genes at day 63 having an association with age (FDR-q < 0.2). Significant differential expression was based on an unadjusted-p < 0.05, FDR-adjusted q-value < 0.2 [Benjamini and Hochberg (18)] and absolute-log2 fold-change > 0.5.

Gene modules were created from the DEGs using weighted gene correlation network analysis (WGCNA) (19). A “signed correlation” distance metric was used, meaning that gene pairs with negative correlation were assigned the largest distance prior to hierarchical clustering (soft thresholding power = 7). Gene module “eigengenes” were used for subsequent analyses of treatment effects and correlations with adaptive immune responses. Descriptive plots of gene module expression used normalized counts with a mean taken across all genes in the module; in practice there was very high correlation between the module eigengene scores and normalized counts, with normalized counts being more interpretable. For statistical inference, module eigengenes were modeled using linear mixed-effects models (LMM) fit with lme4 (16).

Gene set enrichment analysis (GSEA) was conducted using an over-representation analysis (ORA) and a hypergeometric test to understand functions associated with each of the modules. A hypergeometric test was conducted for each module using all DEGs as the “universe” of genes and testing all gene sets in the Blood Transcriptional Modules (BTMs (20); GSEA significance was based on FDR-q < 0.2. Cell deconvolution was conducted from the normalized gene counts using xCell (21). Longitudinal differences in the enrichment scores for each cell type were evaluated using a Wilcoxon signed-rank test.

Adaptive humoral and cellular immune response correlation analyses were conducted using rank-based Spearman correlation with significance based on FDRq < 0.2 to generate hypotheses. Multiplicity adjustment was computed across modules and module comparisons (e.g., days 3 vs. 0, 59 vs. 56 and 63 vs. 56). Predictive analyses were implemented using the Python package scikit-learn. Univariate model used non-penalized logistic regression while models of more than one variable used L1-penalized logistic regression. Area under the receiver operator curve was estimated using 5-fold cross-validation, with the AUC computed on the predicted outcomes for the “stacked folds”. Delong’s method (22) was used for estimating the 95% confidence interval.





Laboratory assay data

Humoral and cellular immune response data and assay methods were previously published and described with the primary study manuscript (10). Briefly, levels of ID93-specific immunoglobulin G (IgG) in serum were measured by enzyme-linked immunosorbent assay (ELISA) using the whole fusion protein. Intracellular cytokine staining (ICS) was used to measure frequencies of ID93-specific CD4+ and CD8+ T cells from cryopreserved peripheral blood mononuclear cells (PBMCs). Antigen-specific cells were identified as those expressing at least 2 of IFNγ, IL2, TNF and/or CD154 and frequencies of these cells in the antigen stimulation condition (12-hour stimulation with whole-protein ID93) were adjusted for frequencies in the negative control condition (DMSO). There was no significant vaccine-induced increase in ID93-specific CD8+ T cells, therefore only CD4+ T cell responses were analyzed in this study. A whole-blood ICS assay (23) was also conducted with fresh whole blood and analyzed similarly to the PBMC ICS.






Results




Vaccination with ID93+GLA-SE induced broad changes in gene expression during the first seven days

Previously, ID93+GLA-SE was evaluated in a phase 2a trial enrolling (10) 61 volunteers who were recently diagnosed with drug-susceptible pulmonary tuberculosis and who successfully completed six months of standard TB therapy. Whole-blood samples were provided by participants at visits scheduled on the day of the first injection (day 0) and at subsequent visits including study days 3, 56, 59, 63, 112 and 168. To study the transcriptional profile of samples before and after vaccination, blood was processed and submitted for RNA sequencing, with resulting transcript sequences mapped to the human genome and quantitated at the gene level for further analysis (see Methods).

Initial analysis to identify vaccine-induced gene expression was focused on the two treatment groups that received the 2 ug ID93 + 5 ug GLA-SE dose: one group received two injections on days 0 and 56 while the other received three injections on days 0, 28 and 56. To identify genes that were differentially expressed following an injection, we modeled three pre- versus post-vaccine comparisons: days 3 vs. 0, 59 vs. 56 and 63 vs. 56. Pooling individuals from the two treatment groups, we identified differentially expressed genes (DEGs) using a linear mixed-effects model that accounted for covariation in paired samples from the same individual and adjusted for participant sex at-birth. In total the models identified 241 upregulated and 208 downregulated genes based on the pre-specified significance criteria (Figure 2; unadjusted-p < 0.05, FDR-q < 0.2, |log2-fold change| > 0.5) for a total of 426 unique DEGs. Despite receiving an identical vaccination three days earlier, participants had fewer genes with a significant change from day 0 to day 3 (12 DEGs) compared to those with a significant change from day 56 to day 59 (122 DEGs; Supplementary Figure S1); notably, nearly all of the genes that were upregulated at day 59 were also upregulated at day 3, albeit with a smaller fold-change (Supplementary Figure S1). Substantially more genes were found differentially expressed at day 63 vs. 56 with 168 genes downregulated and 145 genes upregulated (Supplementary Data Sheet 1).
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Figure 2 | Profile of ID93+GLA-SE differentially expressed genes. Network plots represent 426 genes (nodes) that were differentially expressed after ID93+GLA-SE vaccination. Significant differential expression was based on an unadjusted-p < 0.05, FDR-adjusted q-value < 0.2 and absolute-log2 fold-change > 0.5. Edges connecting nodes represent a positive rank correlation with R > 0.6 (edge length does not convey additional information). Node color indicates (A) up- (red) vs. down- (blue) regulation relative to pre-vaccination, (B) differential regulation at one of three time points: days 3 vs. 0 (pink), 59 vs. 56 (red) or 63 vs. 56 (black), or (C) membership in one of eight gene modules created using WGCNA. Genes that were differentially expressed at more than one time point are colored for the time point with the largest fold-change, therefore there are fewer genes plotted than total DEGs stated in results. Each gene is in exactly one module. (D) Heatmap indicates log-transformed fold-change for each differentially expressed gene, relative to the most recent vaccine dose (either day 0 or day 56). Module membership is indicated by the color bar. A subset of genes are labeled by gene symbol including some of those cited in the text or found in gene sets that were significantly enriched with DEGs in the GSEA analysis.

To better understand the functional signaling patterns among the differentially expressed genes we used weighted gene correlation network analysis [WGCNA (19)], which identified eight distinct modules of coregulated genes that aided interpretation and enabled downstream analysis (Table 2; Supplementary Data Sheet 1). These patterns of correlated gene expression were also easily visible from rank correlation networks formed by connecting genes with a correlation coefficient, R > 0.6 (Figure 2).



Table 2 | Summary of gene modules associated with ID93+GLA-SE vaccination.
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Cell-specific innate immune genes were differentially regulated three days after vaccination

Four modules contained genes typically associated with innate cell types that were differentially regulated at day 3 vs. 0, day 59 vs. 56 or both; average expression for the latter returned to pre-vaccine levels by day 63. One module contained 54 genes including several associated with innate antiviral responses and the type I interferon pathway, with OAS1, BATF2, GPB5 and SERPING1 having high centrality scores within the module network (referred to as IFN-I module, Figure 3A) (23, 24). A gene set enrichment analysis (GSEA) of genes from the IFN-I module using gene sets from the blood transcriptional modules [BTMs (20)] also detected enrichment for sets involved in complement activation (M112.0), complement and other receptors in DCs (M40), immune activation (M37.0), and activated dendritic cells (M67), in addition to the antiviral IFN signature (M75) (all with FDR-q < 0.2).
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Figure 3 | Longitudinal expression of modules with changes 3-days post-vaccination. Boxplots of the eigengene expression score for each participant in either the 2-dose or 3-dose “2 + 5” ID93+GLA-SE vaccine group (n=29). (A) IFN-I module, (B) MONOS module, (C) EOS module, (D) NEUTRO-I module. A line for each participant is overlaid, connecting longitudinal observations. Box extents indicate the interquartile range (IQR) with whiskers indicating the extent of the most extreme observation within1.5-times the IQR.

A second module contained 12 genes, several of which were found previously to be associated with subsets of monocytes including MRAS, CDKN1C, LYPD2, LYNX1, VMO1 and SFTPD (referred to as MONO module). Notably, surfactant protein D (SFTPD) is typically expressed by alveolar macrophages in the lung and may be involved in lung defense. The MONO module was significantly upregulated at day 59 vs. day 56 (Figure 3B). A third module contained 11 coregulated genes that were upregulated 3 days after vaccination; all 11 genes were most highly expressed by eosinophils (EOS module, Figure 3C) [Human Protein Atlas (24)]. The fourth module contained 13 genes that were downregulated three days after vaccination and were almost all primarily expressed by neutrophils (HPA), including the most highly expressed genes AOC3, OTX1, SDC2 and TP35INP2 (NEUTRO-I module, Figure 3D).

With any changes in gene expression observed from whole tissues, they could be linked to a change in the cellular composition of the tissue and/or a change in regulation within cells. To address these hypotheses, we used computational cellular deconvolution, which leverages a database of cell-type specific gene expression patterns to infer enrichment scores that are proportional to the relative abundance of cells composing the sample [xCell (21)]. The output of xCell is an enrichment score that can be used for a longitudinal comparison for a given cell type, but cannot be used to infer the absolute frequency of cell types in a sample, and therefore cannot be used to compare across cell types. Generally, scores were highly variable and changes were small (Supplementary Data Sheet 1), however the analysis suggested that there was a 2.5-fold increase in the score for dendritic cells from days 56 to 59 (p=0.0012, FDRq=0.038); there was a similar trend for eosinophils and monocytes that was not significant (Supplementary Figure S2). The relative score for neutrophils in the blood did not substantially change across days 56 – 63 (Supplementary Figure S2), supporting the hypothesis that the decrease in expression of NEUTRO-I genes was related to downregulation of a subset of genes expressed by neutrophils. The analysis was repeated with an additional deconvolution method CIBERSORT (Supplementary Figure S3), which did not identify any cell subsets that were significantly changed by vaccination (Supplementary Data Sheet 1); this is consistent with the hypothesis that genes in transcript abundance could be attributed to changes in gene expression as opposed to changes in the abundance of specific cell types, but it remains possible that the variability associated with estimating changes in cellular composition made it difficult to detect significant changes.





ID93+GLA-SE transiently increased expression of genes associated with TB disease progression

Many studies have demonstrated that expression levels of specific transcripts in whole-blood can be used to predict TB disease progression as well as treatment response (25–29). Given the vaccine-induced changes in the IFN-I module genes – genes that are also included in TB risk signatures – we looked at the kinetics of two leading risk signatures across study participants, through 6 months post-vaccination (Supplementary Figure S4). Both the Sweeney3 signature (GBP5, DUSP3, and KLF2) and the Darboe11 (a.k.a., RISK11: BATF2, ETV7, FCGR1C, GBP1, GBP2, GBP5, SCARF1, SERPING1, STAT1, TAP1, and TRAFD1) signatures were transiently increased 3 days after the first dose and booster dose. Expression levels returned to baseline by day 7 post-boost (i.e., day 63) and remained at consistent levels through day 168.





Genes associated with T and B cell responses were upregulated three and seven days after vaccination

Two gene modules had similar average expression profiles showing a significant increase at day 63 vs. day 56, seven days after the last injection (Figures 4A, B; no samples were available seven days after the first injection). However, the genes formed two distinct modules based on their covariation, with a “MITOSIS” module consisting of 99 genes enriched in gene sets associated with mismatch repair, cell cycle and transcription, and a “BCELL” module containing 44 genes enriched in gene sets associated with B cells, plasma cell surface markers and immunoglobulin genes (Supplementary Data Sheet 1). The cell composition deconvolution analysis suggested that the relative frequency of class-switched memory B cells (p=0.0040, FDR-q=0.063; Supplementary Figure S2) and type-1 helper T cells (Th1, p=0.0012, FDRq=0.038), were increased at day 63 vs. day 56. A third smaller module of 12 tightly coordinated genes was also significantly increased at day 63 and contained genes associated with neutrophil cytotoxic granules (NEUTRO-II module; Figure 4C), including three genes encoding defensins (DEFA1, DEFA3 and DEFA4). The module also included lactotransferrin (LTF) and PRTN3, which are also expressed primarily by neutrophils.
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Figure 4 | Longitudinal expression of modules with changes 7-days post-vaccination. Boxplots of the eigengene expression score for each participant in either the 2-dose or 3-dose “2 + 5” ID93+GLA-SE vaccine group (n=29). (A) MITOSIS module, (B) BCELL module, (C) NEUTRO-II module, (D) COREG module. A line for each participant is overlaid, connecting longitudinal observations. Box extents indicate the interquartile range (IQR) with whiskers indicating the extent of the most extreme observation within1.5-times the IQR.





Genes downregulated after vaccination were negatively correlated with upregulated modules

The gene modules constructed using WGCNA have low correlation across individuals by design; genes with positively correlated expression levels were grouped into the same modules leaving relatively little correlation between modules. However, genes that were inversely/negatively correlated had large distances in the network (and module construction steps) and therefore formed distinct modules. As a result, we have two distinct modules that decreased with vaccination: NEUTRO-I which decreased 3 days after vaccination and COREG, a large module of 177 genes that decreased at day 63 (7 days post-boost; Figure 4D). While the COREG module contained several immune-related genes including (e.g., LILRB5, IL8, CD69), GSEA did not identify any significantly enriched gene sets, nor could we identify a single function that could relate all the genes. Instead, it appears that the COREG module contains genes that are coregulated with genes in other modules that were increased at day 63 (Figure 5). For example, 70 COREG genes (40%) have a negative rank correlation coefficient, R< -0.5 with at least 1 gene from the BCELL module; similarly, 33 COREG genes are negatively correlated with at least one MITOSIS gene. In comparison, only 3 genes are negatively correlated with any of the MONO, EOS or IFN-I genes, which are increased at day 3.
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Figure 5 | Correlation heatmap of differentially expressed genes. Rank correlations were estimated for all pairs of differentially expressed genes. Genes are organized by module and hierarchically clustered within each module. Color bars indicate module membership. Correlations with abs-R < 0.2 are censored for clarity (white).





IFN-I and EOS genes responded more robustly in female participants

With genes grouped into modules, we sought to understand how early vaccine-induced gene expression changes were associated with the different vaccine regimens, participant sex and ultimately, the humoral and cellular responses that were evaluated weeks later. To do this, we used the eigengene of each module as a longitudinal measure of expression for each participant and evaluated associations with additional variables using linear mixed-effects models (LMM). As an initial check, we analyzed participants in the “2 + 2 (x2)” treatment group which received lower doses of GLA-SE (2 μg, n=15). We noted similarities with the groups that received 5 μg of GLA-SE, that had been used to identify DEGs, though responses were lower (Supplementary Figure S5). For example, among participants in the “2 + 2 (x2)” group the IFN-I module was increased at days 3 and 59, while the BCELL and MITOSIS modules were increased at day 63; these were consistent with the changes seen in the 5 μg GLA-SE dose groups; these findings served as a partial validation of our approach to identify genes that were induced by vaccination.

We next evaluated the effect of participant sex on vaccine transcriptional responses; the 2-dose and 3-dose “2 + 5” groups were pooled with responses analyzed at day 3 vs. 0, since the treatment groups received identical treatments at day 0 (n=10 of 29 female). The responses of EOS and IFN-I genes at day 3 were significantly higher among females versus males (Figure 6, LMM p = 0.022 and 0.012, respectively). There was no significant effect of sex on the MONO or NETRO-I modules and we did not test the modules that were unchanged at day 3.

[image: Box plots comparing EOS and IFN-I module scores across participant sex on days zero and three. Graph A shows EOS scores; females have lower scores on day zero and higher on day three. Graph B shows IFN-I scores; both sexes show increased scores on day three, with females starting lower. Outliers and significant differences are marked.]
Figure 6 | Participant sex modifies day 3 transcriptional response. Boxplots of the EOS (A) and IFN-I (B) module expression scores for each participant in either the 2-dose or 3-dose “2 + 5” ID93+GLA-SE vaccine group (n=29). Module expression score is the log-normalized transcript counts with a mean taken across all genes contained in the module. Scores are organized by visit with lines connecting the scores of an individual participant at day 0 and day 3, and by sex (n=10 of 29 female). Linear mixed modeling showed a significant modification of the vaccine-induced change by sex (EOS p = 0.022; IFN-I p=0.012).

Testing for an effect of sex on vaccine responses was more difficult at days 59 and 63, since the treatment groups differed and were not well-balanced by sex; the 2-dose group had 8 of 15 female participants, while the 3-dose group had 2 of 14 female participants, leading us to focus on the 2-dose group. At 3 days post-2nd vaccination we saw an increase in EOS and IFN-I genes that tended higher among females, but was not significantly different (LMM p = 0.109 and 0.318, respectively). There was no effect of sex on the other modules at the day 59 and day 63 visits.





Intervening day 28 vaccination blunted immune response to the booster vaccination

In the primary study, the 2-dose and 3-dose vaccine regimens had distinct cellular and humoral responses. The difference was most salient at day 70: 14 days after the 2nd dose for one group and 14 days after the 3rd dose for the other. Though the absolute levels of ID93-specific IgG and CD4+ T cells were comparable at day 70, there was a large increase from day 56 to day 70 in the 2-dose group that was not seen in the 3-dose group (reproduction of data in Supplementary Figures S6, S7). We hypothesized that there would be a similar reduction in the gene expression responses of the 3-dose group. We modeled the expression levels of each module at days 56, 59 and 63, including treatment group and sex as potential modifiers of the response; the interaction term between treatment group and day was the indicator of whether there was a difference in the 2-dose vs. 3-dose response.

With the model of day 59 vs. 56 we noted that the NEUTRO-I module differed significantly in the two treatment groups after adjustment for participant sex, having a 2.6-fold greater decrease in the 2-dose vs. 3-dose group (Figure 7A, p = 0.049). Similarly, the IFN-I module tended towards a greater response in the 2-dose group (Figure 7B, p = 0.094). The changes in the other modules were similar across the groups. At day 63 the MITOSIS module was increased in both groups, but the response was 2.25-fold greater in the 2-dose group (Figure 7C, p=0.0013). The BCELL group showed a similar trend, but it was not significant (p=0.115). To assess if the blunting of the vaccine response in the 3-dose group could be explained by a difference in gene expression of the modules at the time of the last vaccination, we tested for an association between module score at day 56 and the treatment group, adjusting for sex; none of the modules were significantly different across the groups at day 56 (Supplementary Data Sheet 1).
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Figure 7 | Post-boost transcriptional changes by treatment group. Baseline-subtracted normalized expression level plotted for the NEUTRO-I (A), IFN-I (B) and MITOSIS (C) modules, organized by participant and day. A module’s expression is the log-normalized transcript counts with a mean taken across all genes contained in the module; each participant’s module expression at day 0 is subtracted from the time series for that individual. Module expression values are plotted longitudinally with each participant represented by a single line and the group mean represented by a thick line and square symbols (treatment group indicated at the top of each panel). Linear mixed modeling showed that the 2-dose group had a greater change at day 59 vs. 56 for the NEUTRO-I module (p=0.049) with a trend for the IFN-I module (p=0.094). At day 63 vs. day 56 the MITOSIS module had a larger response in the 2-dose group (p=0.0013). Dashed line on each plot indicates zero change from day 0 (i.e., pre-vaccine) expression. Broken lines represent missing data that result from missing samples.





Early innate transcriptomic signature correlated with ID93-specific CD4+ T cell responses

To better understand the orchestration of innate and adaptive immune responses after vaccination we conducted a correlation analysis to identify the gene expression modules that were associated with the magnitude of the antigen-specific CD4+ T cell and IgG antibody responses (Supplementary Data Sheet 2). The ID93-specific CD4+ T cell response was measured using two intracellular cytokine staining (ICS) assays that computed the proportion of cells expressing cytokine after ID93 stimulation: (1) PBMC-ICS using cryopreserved peripheral blood mononuclear cells (PBMC, Supplementary Figure S6) and (2) WB-ICS using fresh whole-blood. The level of ID93-specific IgG was measured by ELISA and reported as mean endpoint titers (MEPT, Supplementary Figure S7).

With the hypothesis that changes in post-vaccine gene expression were correlated with the adaptive responses we focused on the gene module changes at specific time points that were significantly increased or decreased (Table 2, 13 significant comparisons). Correlations were computed between the change in gene expression versus the absolute CD4+ T cell or IgG response level at days 14, 28, 70 or 224.

After adjusting for multiple comparisons, we found that the change in the IFN-I module at day 3 was significantly associated with ID93-specific CD4+ T-cell response at day 14 (WB-ICS, rho=0.39, FDRq=0.11), day 28 (PBMC-ICS, rho=0.44, FDRq=0.19) and day 224 (WB-ICS, rho=0.48, FDRq=0.058). Looking more broadly, these correlations were representative of a generally positive correlation between the IFN-I responses at day 3 and the CD4+ T-cell response (Figure 8). There was also a positive correlation between the day-3 IFN-I (rho=0.38) and EOS (rho=0.37) modules with the ID93-specific IgG level at day 28, though it did not reach the significance criteria (FDRq=0.212, FDRq=0.212 respectively).
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Figure 8 | Correlations between transcriptional responses and ID93-specific adaptive responses. Rank correlations between pairs of gene module expression changes and absolute levels of ID93-specific CD4+ T-cell responses and IgG antibody levels in the blood. Transcriptional changes were expressed as changes in the eigengene score between two days (e.g., day 3 vs. 0). CD4+ T-cell responses were measured by PBMC-ICS or WB-ICS while IgG was measured by ID93 ELISA. Significant correlations (FDRq < 0.2 and p<0.05) included (A) PBMC-ICS at day 224 with IFN-I at day 59 vs. 56 and (B) WB-ICS at day 224 and IFN-I at day 3 vs. 0 (rank correlation coefficient R and unadjusted p-valued indicated in lower left corner of panel). (C) Heatmap of all tested correlations organized by module color (see Figure 1 for key). Modules were only tested for correlation at the day that they showed a significant change post-vaccination (13 comparisons). Crosses on heatmap indicate an unadjusted p < 0.05 (black and white for visual clarity).

Directly comparing ID93-specific CD4+ T cell and IgG responses we found that female participants had higher PBMC-ICS CD4+ T cell responses at day 28 (unadjusted-p = 0.032) and higher ELISA IgG MEPT at day 14 (unadjusted-p = 0.039), however no significant differences were observed at any other visits (Supplementary Figure S8). Computing partial correlations adjusted for participant sex reduced the correlations with the IgG response (e.g., IFN-I partial-rho=0.28), but did not consistently reduce the correlations with the CD4+ T cell response (Supplementary Figure S9). This suggests that the correlations were not primarily driven by the effect of sex on both innate and adaptive responses.





Post-boost transcriptomic signature correlated with subsequent boosting of antibody and T-cell responses

We repeated the correlation analysis focused on responses after the boost (day 56), replacing absolute levels of CD4+ T-cell responses and IgG with relative responses, subtracting the response observed prior to the boost. While none of the correlations had FDRq < 0.2, the BCELL and MITOSIS modules at day 63 had low to moderate positive correlations with all the adaptive immune responses at days 70 and 224 (Supplementary Figure S9). This is consistent with the 3-dose vs. 2-dose treatment effect, with the 3-dose group having lower BCELL and MITOSIS responses and little or no increase in antibody and T cell responses with the 3rd dose. Notably, the IFN-I module was no longer associated with these adaptive responses measured relative to day 56.

A similar sensitivity analysis was conducted substituting absolute levels of CD4+ T cell and IgG at days 14 and 28 with responses relative to pre-vaccination (day 0) levels to assess if correlations were more strongly associated with relative changes in these responses (Supplementary Figure S9). All of the associations between IFN-I and the adaptive responses were weaker with the baseline-subtracted responses.





IFN-I module responses predictive of high CD4+ T-cell responders at day 224

To complement the correlation analysis we also conducted a predictive analysis, employing multivariate regularized logistic regression modules to predict high and low responders. High versus low response was defined as above or below the median response. Predictor sets included, (1) Prime: all modules with a day 3 response (see Table 2, 4 variables), (2) Boost: all modules with a day 59 or day 63 response (9 variables), (3) IFN-I: day 3 and day 59 (2 variables) and (4) Prime + Boost (13 variables). Performance was quantified using the area under the receiver operator curve in 5-fold cross-validation (CV-AUC). Analysis was focused on prediction of the CD4+ T-cell response at day 224 measured by PBMC-ICS and WB-ICS. Consistent with the correlation analysis, prediction of high responders could be predicted by the IFN-I responses 3 days after the prime and boost vaccinations (Figure 9). For WB-ICS the IFN-I variables had a CV-AUC = 0.91 (95% CI 0.78 – 1.00) and the addition of other variables did not improve prediction. The IFN-I variable set was also predictive of the PBMC-ICS CD4+ T-cell response with CV-AUC = 0.71 (95% CI 0.45 – 0.96).
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Figure 9 | Classification of high versus low CD4+ T-cell responders. Participants in all vaccine groups were categorized as high or low based on the median of the CD4+ T-cell response; (A) PBMC-ICS and (B) WB-ICS responses were analyzed separately. Regularized logistic regression (L1 penalty) was used to train a classifier based on feature sets: (1) Prime: modules that responded after the 1st dose (4 features), (2) Boost: modules that responded after boost dose (i.e., day 56, 9 features), (3) IFN-I modules after the prime and boost (2 features), (4) Combination of all prime and boost modules (13 features). Classifier performance was evaluated in 5-fold cross-validation (CV). Receiver operator curves (ROC) are plotted for each feature set, with cross-validated area under the ROC curve (CV-AUC) and 95% confidence interval (CI) indicated above the plot. Gray dashed line indicates performance equivalent to uninformed guessing.






Discussion

ID93+GLA-SE elicits a multitude of immune responses that can be detected as differentially regulated genes in peripheral blood, 3 and 7 days after vaccination. Using a modular gene analysis approach we mapped modules of correlated genes to their associated cell types and functions. From the vaccine response signature it was apparent that a diverse population of cells was responding, with innate immune populations, such as eosinophils, neutrophils, and monocytes responding 3 days post-vaccination and a mix of innate and adaptive populations responding by day 7. The gene expression responses seemed to be attributable to both changes in the relative composition of immune cell types in the blood as well as changes in their gene expression; for example, while dendritic cells and memory B cells were increased 3 and 7 days after vaccination (respectively), several modules contained a relatively select set of genes with increased expression that could be more easily explained by a changed gene expression pattern. To our knowledge this is the first human transcriptomic analysis of the GLA-SE adjuvant and the ID93+GLA-SE vaccine.

Pre-clinical studies have previously demonstrated the efficacy of therapeutic immunization with ID93+GLA-SE to improve TB treatment outcomes (30, 31); many of the innate and adaptive signatures we observed in this study are consistent with the immune responses observed in model systems. A prior study of GLA-SE in mice at 6 hours, 1 day, 3 days and 7 days post-injection identified DEGs that were enriched for genes involved in innate antiviral responses and the type-I IFN pathway as early as 6 hours post-vaccination (32). Adaptive responses in the mouse related to T cells, cytokines, antigen presentation and cell cycle were evident from day 3 through day 7, earlier than we observed in humans.

It was notable that the responses of innate modules 3 days after the booster dose (day 59) were stronger than the responses 3 days after the prime (day 3); this was evidenced by the larger number of differentially expressed genes, and larger shifts in expression. A similar phenomenon was observed in studies of the adjuvant AS01B and AS01E, which contain the TLR4-agonist MPL (33–35). In those studies, blood transcriptomic responses 1 day after vaccination were characterized by an increase in genes associated with dendritic cells (DCs), monocytes, neutrophils and IFN signaling; responses 1 day after the 2nd dose were greater than responses 1 day after the 1st dose. This could be an effect of trained immunity, which refers to long-term epigenetic reprogramming of innate cells that can alter responsiveness for months. Effects of trained immunity have been demonstrated with live-attenuated vaccines and hypothesized with TLR-stimulating adjuvants such as GLA-SE (36). Alternatively, the mechanism could involve CD4+ memory T cells that respond quickly after the boost or prime-induced antibody immune complexes that help to enhance the innate response (34). Notably, participants in this study had some level of pre-existing ID93-specific T-cell memory at baseline, whereas participants in the AS01 studies were naïve to the antigen (hepatitis B surface antigen, HBs).

Prior work has established that vaccine-induced immune responses are typically more robust among females; this has been shown for a variety of vaccine platforms and applies to both adaptive as well as innate responses (37). Among others, genes associated with viral sensing and the type-I IFN response are often enhanced in females, demonstrated recently in a study of replication defective herpes simplex virus 2 vaccine (38). In this study, the vaccine-induced increase in the IFN-I and EOS modules at day 3 was more robust among the female vaccine recipients. Female participants had higher ID93-specific IgG and CD4+ T cell responses after the first dose, consistent with the increased type-I IFN response and the correlations between the two. After subsequent doses sex was no longer associated with higher CD4+ T cell and IgG responses; it is possible that multiple vaccine doses reduced the effects, however a limitation of the study was the sex-imbalance in the three-dose vaccine group, among those that had samples available for transcriptional analysis. This reduced our ability to measure the effects of sex on late adaptive responses.

Our correlative analysis of the transcriptomic and adaptive responses revealed a moderate positive association between the day 3 IFN-I and EOS modules and the antigen-specific CD4+ T-cell response; remarkably the correlation was consistent across two samples/assays (PBMC or whole-blood ICS) and from 2 weeks to 7 months after the 1st dose. The IFN-I response at day 59 also showed a similar trend suggesting that each participant’s ability to mount a type-I IFN response was generally a predictor of their CD4+ T cell response. The correlations of IFN-I with CD4+ T cell and IgG responses were weaker when we analyzed baseline-subtracted measures for these responses; it suggests that it’s not the pre-existing T cell response that is driving the IFN-I vaccine response, but all these results require validation in a larger cohort.

With our attempt to classify high versus low CD4+ T-cell responders we found that the innate IFN-I response could predict the Day 224 CD4+ T cell responders with an AUC of 0.91 (WB-ICS) and 0.71 (PBMC-ICS), and outperformed combinations of the other transcriptional response modules. The ability to predict a durable and robust T cell response from an innate gene signature is quite promising; such a signature could be used to accelerate the design or selection of adjuvants with improved durability. As this study enrolled a relatively small, geographically specific cohort, future studies will be needed to validate the predictive performance and understand the immune mechanisms. The prior studies of AS01 with hepatitis B virus surface antigen (HBs antigen) similarly showed a positive correlation between the innate response and the HBs-specific CD4+ T cell response (39). A study of RTS,S/AS01 in malaria-naïve adults also reported similar transcriptomic responses with type-I IFN related genes increased at day 1 and plasmablast and cell-cycling genes increased at day 6, however correlations with the CD4+ T cell response were only observed within a group that received an initial dose of an Ad35-vectored immunogen (35).

In the AS01 studies, plasmablast-associated genes peaked at day 7 (or day 6 with RTS,S), yet both the HBs/AS01 and RTS,S/AS01 studies found a positive correlation between expression of plasmablast-associated genes at day 1 with the antibody response two weeks later. The BCELL module we identified was not upregulated at day 3, nor was it correlated with the absolute level of ID93-specific IgG (we did not measure gene expression at day 1). However, we did observe that the response of the BCELL module 7 days after the boost was positively associated with the relative increase in IgG following the boost. This positive association of a plasmablast gene signature with the magnitude of the antibody response has been seen with several other vaccines (40), including the influenza tetravalent inactivated vaccine (TIV) (41) and yellow fever YF-17D (42).

A unique feature of the TBVPX-203 study was that it provided a direct comparison of immune responses after a final boost dose at day 56, with or without an intervening dose at day 28. We found that the response of the MITOSIS module at day 59 was significantly diminished in the 3-dose compared to the 2-dose group. The module, which was enriched for cell cycling and mismatch repair genes, was similar to responses observed 7 days after vaccination with AS01 (34, 35) and a variety of other vaccine adjuvants and platforms (40), and seemed to be associated with expansion of the T and B lymphocytes. In this study the decrease in response with the 3-dose schedule is consistent with the small or negligible subsequent increase in antibody titers and frequency of CD4+ T cells. Trends for a similar pattern in the NEUTRO-I and IFN-I modules 3 days after the boost (day 59) suggest that the innate response was also diminished with the 3-dose schedule. These data further bolster the decision that was made to advance the 2-dose regimen for further clinical testing. The lack of samples after the intervening boost at day 28 and at day 7 post-prime were limitations of the study that prevented us from more fully characterizing the effect of the vaccine schedule on immunogenicity. Though further experiments would be needed to describe the mechanisms underlying the effects of dose interval on immunogenicity, our observation is consistent with a recent review of vaccine RCTs that compared dose schedules; the review showed that longer dose intervals have been associated with increased antibody responses in trials of mRNA COVID-19, AS04-adjuvanted HPV and inactivated poliovirus vaccines (43).

The IFN-I module in this study included several genes that also appear in gene signatures used to predict risk of TB disease progression (26, 28). As expected, the risk signature scores in these participants track closely with the IFN-I module, with a transient increase 3 days post-vaccination and subsequent resolution by day 7. A recent study of H56:IC31, a subunit vaccine with a TLR9-stimulating adjuvant, assessed immunogenicity of the vaccine administered as adjunctive immunotherapy during TB treatment (44). In that study the TB risk signature genes increased expression two months after treatment completion and the increase was greater among placebo recipients compared to H56:IC31; samples were not available to establish when the gene signature initially increased or whether or not it ever resolved. With ID93+GLA-SE vaccination within 28 days after treatment completion we see only transient vaccine-induced increases and no evidence of long-term changes in TB risk scores over 18 months, suggesting there may not have been a similar post-treatment increase, however we have no population-matched healthy controls with which we can directly evaluate absolute TB risk scores.

Our data provide a window into how the innate and adaptive responses are orchestrated after vaccination with ID93+GLA-SE in a population that was recently treated for TB disease. The transcriptional responses provided an opportunity to dissect the combined effects of host sex, vaccine schedule and adjuvant dose on immunogenicity. A limitation of this study and many vaccine studies is the lack of an adjuvant-only or empty-vector group that would allow for further dissection of the innate and adaptive responses; determining the role of recall responses was particularly challenging in this study since participants were not naïve to the M.tb antigens in the vaccine, even at baseline. Though we have dissected and described the immune responses to ID93+GLA-SE, we provide no new evidence about which aspects of the immune response may or may not be protective; an ongoing phase 2b study of therapeutic vaccination with ID93+GLA-SE for prevention of TB recurrence could be an opportunity to validate the response modules we observed and potentially evaluate them as correlates of protection (HVTN603/ACTG5397, NCT06205589). There may also be an opportunity to identify common correlates of protection with M72/AS01E, since the two evidently induce similar innate responses; identifying correlates of protection for a disease can accelerate clinical development through greater understanding of mechanism, and by establishing surrogate immunogenicity endpoints for smaller, faster trials (45). Beyond TB, the response signatures of ID93+GLA-SE and the effects of dose schedule may be informative for the continued development of GLA and GLA-SE as an adjuvant for other vaccines such as those for preventing HIV-1 (46), leishmaniasis (47), leprosy (48), schistosomiasis (49), and malaria (50).
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Enzyme-linked immunosorbent assay (ELISA) is a technique to detect the presence of an antigen or antibody in a sample. ELISA is a simple and cost-effective method that has been used for evaluating vaccine efficacy by detecting the presence of antibodies against viral/bacterial antigens and diagnosis of disease stages. Traditional ELISA data analysis utilizes a standard curve of known analyte, and the concentration of the unknown sample is determined by comparing its observed optical density against the standard curve. However, in the case of vaccine research for complicated bacteria such as Mycobacterium tuberculosis (Mtb), there is no prior information regarding the antigen against which high-affinity antibodies are generated and therefore plotting a standard curve is not feasible. Consequently, the analysis of ELISA data in this instance is based on a comparison between vaccinated and unvaccinated groups. However, to the best of our knowledge, no robust data analysis method exists for “non-standard curve” ELISA. In this paper, we provide a straightforward R-based ELISA data analysis method with open access that incorporates end-point titer determination and curve-fitting models. Our modified method allows for direct measurement data input from the instrument, cleaning and arranging the dataset in the required format, and preparing the final report with calculations while leaving the raw data file unchanged. As an illustration of our method, we provide an example from our published data in which we successfully used our method to compare anti-Mtb antibodies in vaccinated vs non-vaccinated mice.
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1 Introduction

Enzyme-linked Immunosorbent assay (ELISA) has been widely used over the years as a serodiagnostic tool in infectious diseases, including tuberculosis (TB) and leprosy (1–12). After getting infected with a pathogen, our immune system starts producing antibodies to fight the infection. ELISA has been used to detect the presence of these antibodies for either diagnostic purposes or for evaluating vaccine efficacy (13). When assessing vaccine efficacy, ELISA can provide us with precise information regarding whether the candidate vaccine is inducing potent antibody responses, the number of antibodies produced in vaccinated and non-vaccinated groups, the specific antigen targeted by the antibodies, and the type of antibody isotype generated. ELISA is a cost-effective and efficient method for the initial evaluation of vaccine effectiveness, particularly in human subjects (14, 15).

TB, caused by Mycobacterium tuberculosis (Mtb), continues to be a significant global health challenge. The current vaccine, Bacille Calmette-Guerin (BCG), shows variable efficacy, necessitating better vaccination strategies (16, 17). ELISA is a powerful tool for measuring immune responses, particularly antibodies or cytokines in the blood, which are essential for determining the efficacy of a vaccine or comprehending the various stages of TB (9, 18–20). In our study, we explored how mucosal exposure to non-tuberculous mycobacterium (NTM) affects B cell-mediated immunity and the efficacy of BCG vaccination against pulmonary TB, leveraging ELISA to quantify these immune responses (21). NTMs are mycobacterium that do not cause TB but are ubiquitous in the environment (22–26). Therefore, most populations in the low-middle income countries and even high-income countries are exposed to NTMs almost daily. However, how continuous NTM exposure affect the immune response to Mtb is largely unknown. Previous research has highlighted the potential of NTMs to modulate immune responses to TB due to shared antigens with Mtb and BCG (27–30). Studies using ELISA have shown mixed results: some report that NTM exposure can mask BCG-induced protection, while others suggest enhanced protection. While the role of NTMs in modulating BCG efficacy has been studied, the exact mechanisms, remain unclear. Therefore, there is a need for comprehensive studies. Here we used ELISA to measure the specific antibody responses induced by NTMs against Mtb. In our study, we investigated how mucosal exposure to NTMs affects B cell-mediated immunity and enhances the protective efficacy of BCG vaccination against pulmonary TB. We hypothesized that NTM exposure increases B cell influx and anti-Mtb antibody production in the lungs (due to ~85% genetic similarity between NTM and Mtb), leading to reduced bacterial burden and improved protection, as measured by ELISA. This study developed a mouse model mimicking human BCG vaccination followed by continuous NTM exposure via drinking water. Mice were divided into four groups: BCG only, NTM only, BCG plus low-dose NTM, and BCG plus high-dose NTM. After BCG vaccination and NTM exposure, mice were challenged with Mtb. ELISA was used to quantify anti-Mtb IgG and IgA antibodies in serum and bronchoalveolar lavage fluid (BALF). This data has been employed to develop our ELISA-R method and to quantify the anti-Mtb immune response in mice that were exposed to NTM versus those that were not.

ELISA data analysis is as critical as conducting the assay itself. The correct data analysis ensures the accuracy, reliability, and interpretability of results. In the case of well-characterized viruses or known analytes, data analysis is generally uncomplicated and adheres to the standard curve method (31). In the standard curve method, the known antigen or antibody is plotted against varying concentrations of known antibody/antigen. The concentration of the unknown analyte is subsequently determined by comparing the observed value of the unknown analyte against this standard curve (Figure 1).

[image: A graph plotting optical density (OD) at 450 nm versus antibody concentration in nanograms per microliter. A linear trend line intersects with a dashed red line, indicating an unknown antibody. The OD is approximately 2.3, and the corresponding antibody concentration is 72 nanograms per microliter.]
Figure 1 | A depiction of the standard curve method of analyzing ELISA data. A standard curve is generated by plotting different concentrations of known antigens against the optical density (O.D.) of each concentration. The O.D. of the unknown antigen is then measured. The concentration of the unknown antigen is then determined by matching the O.D. of the unknown antigen with the O.D. of the known antigen and finding its respective concentration.

On the contrary, vaccine research, particularly that involving complex microorganisms like Mtb having 4000 genes coding for ~4000 proteins, typically entails examining the existence of antibodies directed against unidentified vaccine antigens. Consequently, the generation of a standard curve is not possible due to the lack of information regarding the antigen and antibody type. Antibody quantification is accomplished for this type of ELISA through the utilization of serial dilution of the samples and a non-standard curve method. As a result, the analysis of ELISA data in this instance is based on a comparison between vaccinated and unvaccinated groups. However, to the best of our knowledge, no robust data analysis method exists for “non-standard curve” ELISA.

The three common methods that have been used previously for ELISA data analysis without a standard curve are:

	Fitting a sigmoid model curve: With this method, the sigmoidal curve is fit for each sample, and then estimated key parameters are compared to the points of maximum growth (PMG) (Figure 2A). When a sample has a higher concentration of protein to be measured, all dilutions of this sample have higher absorbance; the sigmoidal curve shifts towards a more diluted end (32, 33). While this method has high sensitivity and specificity, it requires complex algorithms and computational resources, needs sufficient data points for reliable curve fitting and low concentration samples may not yield accurate parameter estimates.

	Area under the curve (AUC) method: AUC is defined as the definite integral between the two points in a curve (34–36). AUC for ELISA is calculated by estimating the parameters in a curve and then integrating the curve from the lowest concentration to the highest dilution (Figure 2B). AUC method offers the advantage of providing a comprehensive measure of the overall antibody response across all dilutions, making it useful for assessing the total immunogenicity in a sample. Its calculation is relatively simple compared to fitting a sigmoidal curve, involving straightforward integration of the absorbance data, which reduces computational demands. However, the AUC method has significant drawbacks. It cannot determine the endpoint titer, the maximum dilution at which the antibody remains detectable, thereby missing critical quantitative information. Additionally, the accuracy of the AUC is highly dependent on the correct estimation of curve parameters, which can be influenced by noise and variability in the data, potentially leading to less reliable results.

	Endpoint titer (ET) method: The ET method in ELISA relies on selecting a cutoff absorbance level above the noise background (Figure 2C) (37, 38). The ET method in ELISA is advantageous due to its simplicity and ease of implementation. It quickly identifies the presence of antibodies by determining the highest dilution at which the antibody is still detectable, making it suitable for high-throughput screening. This method does not require complex computational tools or advanced expertise, allowing for rapid and straightforward analysis. However, the ET method produces discrete, less precise data, as dilutions are limited to specific values, potentially overlooking subtle differences in antibody concentrations. Additionally, the method is susceptible to background variability across different samples and wells, which can introduce bias and affect the accuracy of the cutoff determination. The lack of detailed quantitative information about antibody concentrations further limits its utility in comprehensive immunological studies.
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Figure 2 | Illustration of curve-fitting, an area under the curve (AUC), and endpoint titer (ET) methods: Using data from Dutt et al., 2022, we have analyzed data using already established methods. (A) the previous curve-fitting method that calculates the point of maximum growth, (B) the AUC method that calculates the total area covered by each sample at different dilutions, and (C) the ET method that takes into consideration the least dilution at which the curve starts above the background.

Here, we have developed a comprehensive R-based ELISA method (ELISA-R) by integrating the fitting of a sigmoid model with the endpoint titer method to leverage the strengths of both approaches. The sigmoid model fitting provides high sensitivity and specificity by accurately modeling the concentration-absorbance relationship across a range of dilutions, allowing for precise quantification of protein levels. Meanwhile, the endpoint titer method offers simplicity and rapid identification of the highest dilution at which antibodies are still detectable, providing a clear and easily interpretable measure. Our ELISA-R method begins with the direct input of measurement data (O.D. values and sample information) from the instrument, ensuring a seamless transition from raw data to analysis. The data is then cleaned and arranged into the “tidy” format, preparing it for subsequent analysis steps. The sigmoid model fitting is applied to generate a detailed absorbance-concentration curve, extracting key parameters that represent the sample’s response. Simultaneously, the endpoint titer is determined by identifying the dilution level where the absorbance exceeds a predefined cutoff, indicating the presence of antibodies.

By combining these two methods, ELISA-R generates a single, specific value for each sample that reflects both the detailed quantitative information from the curve fitting and the practical, easily comparable endpoint titer. This dual approach enhances the robustness and reliability of the analysis, allowing for meaningful comparisons across different samples and groups. Additionally, ELISA-R ensures that the raw data file remains unchanged, preserving data integrity while producing a comprehensive final report with all necessary calculations and visualizations. This integrated method offers an accessible, efficient, and reproducible solution for ELISA data analysis, supporting a wide range of immunological research applications.




2 Methods



2.1 Data used for ELISA-R data analysis method development

For the ELISA-R development, we used our published data from Cell Reports (21). In this data, ELISA was performed to evaluate the presence of anti-Mtb IgA antibodies in the bronchoalveolar fluid (BALF) and serum of BCG vaccinated and BCG vaccinated-and non-tuberculous mycobacteria (NTM) exposed mice at 120 days post-Mtb infection. A detailed ELISA method has been described in the paper. But briefly, high binding 96‐half‐well microplates (Corning Life Sciences, cat#3690) were coated with 100 ng of Mtb HN878 lysate (BEI, cat# NR-14824) prepared in PBS and incubated overnight at 4°C. The next day, plates were washed five times with 180 µL of wash buffer (PBS + 0.05% Tween‐20), and non‐specific interactions were blocked using 180 µL of blocking buffer (PBS + 0.05% Tween‐20 + 2% BSA + 2% normal goat serum [Jackson ImmunoResearch Inc., cat#005-000-121 West Grove, PA, USA]). After 2 hours, plates were washed, and different dilutions of serum and BAL prepared in blocking buffer (1:50, 1:100, 1:200, 1:400, 1:800, 1:1600, 1:3200, 1:6400, 1:12800, and 1:25600) were added to the wells and incubated for one hour. Plates were then washed and incubated for 1 hour with horseradish peroxidase (HRP)‐conjugated anti‐mouse IgA secondary antibodies (Southern Biotech, cat# 1040-05) prepared in the blocking buffer. The colorimetric substrate was developed with the addition of 100 µl of TMB substrate (Thermo Fisher Scientific, Rockford, cat# ENN301), and the reaction was stopped by adding 50 µl of 1 M sulphuric acid. Absorbance was measured at 450 nm using a BioTek Synergy 2 plate reader (BioTek Instruments Inc., Winooski, VT, USA).




2.2 Creating a function for curve fitting model

To develop a more robust way of ELISA data analysis, we created a curve-fitting model function using the nlsLM function of the minpack.lm R package (39). nlsLM function from the minpack.lm package, is a powerful technique for fitting non-linear models to data. This approach is especially advantageous for ELISA data analysis, where the relationship between dilution and absorbance often follows a non-linear pattern. The nlsLM function in R is used for non-linear least squares fitting, a process that minimizes the sum of the squares of the residuals (the differences between observed and predicted values). This function is an enhancement of the traditional Levenberg-Marquardt algorithm, designed for more robust performance, particularly with complex, non-linear data (27). In the early 1960s, the Levenberg-Marquardt algorithm was developed to solve nonlinear least squares problems. Least squares problems arise in the context of fitting a parameterized mathematical model to a set of data points by minimizing an objective expressed as the sum of the squares of the errors between the model function and a set of data points. By minimizing the sum of squared residuals, non-linear models fitted using nlsLM will provide a better fit to the data, leading to more accurate predictions and inferences.

Hence, we used the following equation for curve fitting sigmoid model:

[image: The image shows a mathematical equation: \( f(x) = \frac{(a - d)}{(1 + (\log_{\text{dilution}/c}) \cdot b)} + d \).] 

Where,

a = maximum absorbance;

d = minimum absorbance;

c = point of maximum growth; and

b = slope at c.

This method takes into account the minimum and maximum absorbance values, the point of maximum growth, and the slope of the curve. This comprehensive approach ensures that all critical aspects of the data are considered.




2.3 Applying the values obtained from the curve-fitting model function as an input for the endpoint titer function

The traditional ET method, despite its widespread use in vaccinology for measuring antibody levels, has notable limitations that restrict its comprehensiveness. The method’s reliance on twofold serial dilutions, while generally adequate for distinguishing markedly different responses, may lack sensitivity in detecting subtle yet significant variations in antibody levels. Furthermore, the reproducibility and standardization of ET can be problematic due to variability in protocols and interpretation across different laboratories. Therefore, we created the function for endpoint titer (ET) evaluation. Our ET function is not based on the traditional minimum background for each sample but rather takes into account the minimum and maximum absorbance of each sample, the shape of the curve, and the slope of the curve. The input values for these parameters are taken from the output of the curve-fitting model.

[image: Equation labeled 2 showing \( ET = c \times \left( \frac{(a - d)}{(0.2 - d)} - 1 \right)^{(1/b)} \).] 

Traditional endpoint titer calculations often rely on a fixed threshold, which may not be optimal for all samples. By using the fitted parameters from the curve, this method provides a more accurate and sample-specific endpoint titer.




2.4 Statistical analysis

Statistical significance between the two groups was determined using unpaired t-tests (p < 0.05) using the ggpubr package. If there are more than two groups, then Analysis of Variance (ANOVA) was applied. All codes have been generated and plotted using R (Version 4.1).





3 Results



3.1 Create the curve-fitting model using the NTM dataset

Using the NTM datasets, we first applied the approach of fitting a sigmoid model to each mouse in the Saline, BCG, NTM, and BCG+NTM groups. For this, we read the data obtained from Dutt et al., 2022 (21) (also provided in Supplementary Table 1) in R and reformatted the data to follow the principles of tidy data (40). We converted the dilutions to log base 2 to simplify the values and converted the data to a dataframe. We then applied the curve fitting model equation to each mouse in the group and evaluated the values for maximum absorbance, the slope at c, the point of maximum growth, and minimum absorbance (the values of the coefficients a, b, c, and d, respectively, in Equation 1. This function then results in a sigmoid curve of absorbance versus dilution (log2) for each mouse (Figure 3) and the values for a, b, c, and d for each mouse (Supplementary Table 1). We will then use the values of a, b, c, and d as input for the endpoint titer function.

[image: Graphical grid displaying absorbance versus dilution (Log2) for four groups: Saline, BCG, NTM, and BCG+NTM. Each group is plotted for five mice, showing various absorbance trends as dilution increases. Saline graphs are red, BCG green, NTM blue, and BCG+NTM purple. Each row represents one treatment, and each column represents a different mouse.]
Figure 3 | Curves generated for each mouse using a modified curve fitting model. After applying the curve-fitting model to our Dutt et al., 2022 dataset, our model generated the curves against dilution versus absorbance for each mouse. These curves then allow our modified curve fitting model to identify the average maximum absorbance, minimum absorbance, background, and slope of the curve based on each sample to enter into our method.




3.2 Applying the curve-fitting model values to the endpoint titer function

Traditionally, ET has been calculated using O.D.50, which is the reciprocal of the highest sample dilution that gives a reading at O.D. of 50% of that sample. However, it does not take into account the minimum and maximum absorbance of each sample, the shape of the curve, and the slope of the curve. In our method, we are taking these important factors into account by combining the curve-fitting model with the ET function. We applied the values of a, b, c, and d to the above-mentioned ET equation and obtained the ET value of each mouse (Supplementary Table 2). We employed both the traditional Endpoint Titration (ET) method and the advanced ELISA-R method to analyze our data, as shown in Figures 4A, B, respectively. The comparison reveals significant differences between these two approaches. Using the traditional ET method, the endpoint titer values, analyzed with O.D.50, ranged from 0 to 1200 dilutions. These values failed to accurately represent antibody strength and titer. Conversely, the ELISA-R method demonstrated superior performance by pinpointing the highest dilution at which the antibody effectively binds to the antigen. Furthermore, the ELISA-R method significantly reduced sample variability, providing more consistent and reliable results. This highlights ELISA-R’s ability to deliver precise and meaningful insights into antibody-antigen interactions, making it a more robust and dependable choice for ELISA data analysis.

[image: Box plots comparing endpoint titers using OD50 (Panel A) and ELISA-R (Panel B) for four groups: Saline, BCG, NTM, and BCG+NTM. Significant differences are marked with asterisks. Panel A shows higher titers for BCG+NTM, while Panel B shows the highest titers for NTM and BCG+NTM compared to Saline and BCG. Each group is color-coded, with Saline in red, BCG in green, NTM in blue, and BCG+NTM in purple.]
Figure 4 | Comparative analysis of ELISA data analysis using traditional endpoint titer using O.D.50 vs. endpoint titer calculated using ELISA-R. (A) Analysis of BCG-NTM mouse study ELISA data using traditional endpoint titer method that used O.D.50 as a cut-off point. Data is plotted as the dilution of a sample that produces an O.D. value equal to 50% of the maximum O.D. observed for that sample. (B) Plot for Endpoint titer calculation using ELISA-R. In these graphs, the endpoint titer of IgA antibodies in the BALF of each mouse in the Saline, BCG, NTM, and BCG-NTM groups was compared with each other. We found that the BALF of BCG-NTM mice has a higher titer of IgA antibodies than the BALF of mice in Saline, BCG, or NTM groups. Statistical significance was calculated using ANOVA. *p<0.05, **p<0.005, ***p<0.0005.




3.3 Testing ELISA-R with clinical human serum samples

We developed ELISA-R using a dataset from a mouse model that is in a highly controlled environment with fewer variables. However, it is crucial to evaluate our method to other datasets, especially from human settings. Therefore, we have used the ELISA raw dataset with serial two-fold titration of the human serum from 1:100 to 1:102,400 with three antigens of Mycobacterium leprae (rAg85B, PGL-I, and LAM). There are 50 lepromatous patient sera, which are further divided into borderline lepromatous (BL, n = 13) or polar lepromatous (LL, n = 37), and 20 tuberculoid sera that are also divided into polar tuberculoid (TT, n = 10) and borderline tuberculoid (BT, n = 10). The information about these leprosy patient serum samples was previously published (41). The O.D. values for each dilution are plotted to go across each serum sample [Supplementary Tables 3 (rAg85B), 4 (PGL-I), and 5 (LAM)]. We applied our ELISA-R method for the analysis of this dataset by taking into consideration each patient. We first read the data stored in Excel format in R, subtracted the baseline values of the patients from the respective wells, and arranged the data in a tidy format. We then applied ELISA-R to the data for antibodies against all three antigens, namely, rAg85B, PGL-I, and LAM. In addition, we applied the traditional ET method using O.D.50 values to compare the difference between these two methods in human samples (with more variability). We found that anti-Ag85B, PGL-I, and LAM antibodies are highest in LL patients, followed by BL, BT, and TT, which were consistent with Spencer et al.’s published findings (Figure 5). In our analysis of human samples as well, the ELISA-R method consistently outperformed the traditional ET method, delivering cleaner, more accurate data with significantly reduced variability. This demonstrates ELISA-R’s superior reliability and precision in detecting and quantifying our target analytes.

[image: Chart displaying endpoint titers for Ag85B, PGL-I, and LAM in different categories: LL (purple), BL (blue), BT (green), and TT (yellow). Panel A uses OD50 and Panel B uses ELISA-R for measurements. Asterisks indicate statistical significance.]
Figure 5 | Comparison of human antibodies against Mycobacterium leprae antigens in different stages of leprosy patient cohorts. IgG antibodies against Ag85B and LAM and IgM antibodies against PGL-I were evaluated using indirect ELISA by Spencer et al. (41). We re-analyzed this data by using our ELISA-R for anti-Ag85B IgG, anti-PGL-I IgM and anti-LAM IgG in LL, BL, BT and TT patients. (A) Data was analyzed using the traditional ET method. (B) Data analyzed using ELISA-R. LL, polar lepromatous; BL, borderline lepromatous; BT, borderline tuberculoid; and TT, polar tuberculoid. Statistical significance has been calculated using ANOVA. *p<0.05, **p<0.005.





4 Discussion

Quantifying and assessing the presence of antibodies directed against the bacterial or viral antigens that the vaccine targets is an essential element of vaccine research (42–44). However, quantifying antibodies and comparing them among different populations and vaccination groups can be challenging and time-consuming. Different methods are available to quantify antibodies and compare them among samples. However, all these methods have certain flaws that can misinterpret the data; for example, when we directly plot graphs based on optical density (O.D.), then we are not taking into consideration the baseline differences of each sample, the shape of the curve of the sample, and all the dilutions into consideration. Similarly, in the AUC method, there is a possibility that two or three samples can have similar AUC values. However, the antibody titers can be different. Therefore, the analysis of ELISA data should be more focused and consider all the crucial parameters into account, such as the background signal of each sample, O.D. values of samples at each dilution, and the slope of the sample curve.

Here, we have created ELISA-R, a robust R programming-based method for the analysis of ELISA data that takes into consideration all the above-mentioned challenges of ELISA data analysis. ELISA-R utilizes an advanced non-linear least squares curve-fitting model, enhanced with the Levenberg-Marquardt modification, to precisely identify critical parameters such as minimum and maximum absorption, background, and slope for each sample. These parameters are then used to compute accurate endpoint titer values, ensuring robust and reliable analysis. What sets ELISA-R apart is its exceptional time efficiency. ELISA-R seamlessly imports data directly from Excel, subtracts the blank of each sample, processes the data, and generates comprehensive graphs in under 15 minutes. This rapid processing time significantly enhances productivity, allowing researchers to focus on interpreting results rather than managing data. ELISA-R is designed with user-friendliness in mind, making it accessible to non-R programmers. We are also currently developing a graphical user interface to further simplify its use, ensuring that even those with minimal programming experience can easily navigate the software. Unlike traditional methods that consider only one or two parameters, ELISA-R takes into account five crucial parameters for each sample, resulting in a more robust and comprehensive analysis. Additionally, ELISA-R is free and open-source, making it an invaluable tool for researchers worldwide.

We developed ELISA-R using our published well-optimized ELISA data, as this data has been acquired using inbred mouse strain and, therefore, has less variability. Nonetheless, we have also applied our ELISA-R method to complicated datasets with larger variability, such as human patient data derived from different clinical forms of leprosy (Figure 5). ELISA-R worked successfully for both datasets and provided the same trend as we were getting by analyzing data manually (as confirmed by Dr. John Spencer, who analyzed the results manually). However, ELISA-R took significantly less time than the manual analysis. In addition, the results provided by our method are more robust as it takes different variables into account. All in all, ELISA-R is a robust and faster method of analyzing ELISA data, which is not limited to ELISA data alone but may be widely utilized for assays that involve optical density, dilutions, and curves, such as cytokine data.



4.1 Limitation of the ELISA-R

One significant challenge in ELISA data analysis is the potential for batch effects, which occur when assays for different groups of samples are conducted on different days, leading to variations in results due to technical inconsistencies rather than true biological differences. Factors such as changes in plate reader settings, the use of different plates, and other technical variations can introduce batch effects, complicating the analysis and interpretation of ELISA data. Currently, ELISA-R does not include methods to correct for batch effects and normalize the data, a limitation that impacts the accuracy and reliability of our analyses. To address this, we propose incorporating robust statistical methods for batch effect correction and data normalization in future versions of ELISA-R. One approach is to use mixed-effects models to account for both fixed effects (such as biological conditions) and random effects (such as batch variations), partitioning the variability attributable to batch differences and isolating the true biological signal. Another method is the empirical Bayes approach, such as the ComBat algorithm, which adjusts for batch effects by modeling batch-specific parameters and harmonizing the data across batches. Additionally, normalization techniques like quantile normalization can be used to make the distribution of absorbance values consistent across different batches, reducing the impact of batch-specific variations. By integrating these methods into ELISA-R, we aim to enhance its utility, making it a more powerful tool for ELISA data analysis, and ensuring that the results reflect true biological differences rather than technical artifacts. This will contribute to the reproducibility and reliability of ELISA experiments, leading to more accurate scientific discoveries.




4.2 Future prospective

We are currently developing a graphical user interface (GUI) for the ELISA-R method, utilizing the Shiny package in R. Our goal is to empower every researcher to analyze their ELISA data with greater accuracy and speed, all without the need for programming expertise. This user-friendly tool will make advanced ELISA data analysis accessible to all.
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the world’s leading infectious disease killers and is second only to COVID-19 deaths. TB has been found to be present in all countries and age groups. Although TB is a preventable and curable disease, an estimated 10.6 million people in 2022 developed TB worldwide. This included 5.8 million men, 3.5 million women, and 1.3 million children. Of these individuals, 1.3 million people died, including 167,000 people with HIV (1). Notably, TB is the leading cause of death among people living with HIV.

As one of the world’s largest funders of biomedical research on TB, the National Institute of Allergy and Infectious Diseases (NIAID) at the National Institutes of Health (NIH) has prioritized investing in TB to save lives. Specifically, NIAID supports and conducts basic, translational, and clinical research to better understand TB and expedite the development of innovative new tools and strategies to improve diagnosis, prevention, and treatment of TB.

In 2016, NIAID convened a workshop on “The Impact of Mtb Immune Evasion on Protective Immunity: Implications for TB Vaccine Design”. This workshop brought together global experts with the goal of defining immune mechanisms that could be targeted through novel research approaches and to inform vaccine design and immune therapeutic interventions for the prevention of TB. The meeting identified scientific gaps and influenced the initiative that led to the establishment of the Immune Mechanisms of Protection Against Mycobacterium tuberculosis Centers (IMPAc-TB) program (2). The overarching goal of the IMPAc-TB program is to understand the nature, location, and timing of immune responses required to prevent initial Mtb infection and to develop a comprehensive understanding of the immune responses required to prevent progression along the continuum of TB disease. Other goals of the IMPAc-TB program include understanding the effects of co-infections such as HIV on immune responses to Mtb infection or TB vaccination and improving the value of animal models in predicting TB vaccine efficacy in humans. These goals align with those of the NIAID Strategic Plan for Tuberculosis Research.

To accomplish these objectives, three contracts were awarded to multi-disciplinary research teams: HI-IMPAc-TB: Principal Investigators: Sarah Fortune, M.D. (Harvard); Henry Boom, M.D. (Case Western Reserve University); and JoAnne Flynn, Ph.D. (University of Pittsburgh); Phoenix: Principal investigator: Rhea Coler, Ph.D. (Seattle Children’s Research Institute); and Cascade: Principal investigator: Kevin Urdahl, M.D., Ph.D. (Seattle Children’s Research Institute) (3). The goals of the three centers can be viewed at IMPAc-TB.

Figure 1 briefly illustrates the unique aspects of each IMPAc-TB center.
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Figure 1 | Highlighted research areas of the of the three awarded IMPAc-TB centers. MPI, multiple principal investigators; PI, principal investigator; CWRU, Case Western Reserve University; SCRI, Seattle Children’s Research Institute; HI-IMPAc-TB, Harmonized Investigation of the Immune Mechanisms of Protection Against TB.

Although all three centers are pursuing distinct goals and addressing different research questions, collectively they conduct analyses on tissue-specific and systemic immune responses in small animals, nonhuman primates (NHPs), and humans to identify and to characterize the immunological space associated with protection and susceptibility to Mtb. Interestingly, the different approaches used by the centers lead to the identification of converging themes that may play a role in protection and/or susceptibility.

Other select highlights and contributions by the centers are as follows:

	Development of the first clinical trial employing a controlled human infection model to test the efficacy of a TB vaccine candidate. Participants will be challenged with aerosolized Bacille Calmette-Guerin (BCG). This clinical trial is expected to start at the end of 2024.

	Cross-species comparison to define immune mechanisms for the prevention of infection or disease using mice, including Collaborative Cross mice, guinea pigs, NHPs, and humans.

	Ultra-low dose challenge model in small animals and in NHPs.

	Back-translation, refinement, and validation of preclinical models with human data to improve their predictive value.

	Validation of newly developed guinea pig-specific immunological reagents to be offered to the field.

	Development of novel analytical frameworks for the integration of complex and multi-modal profiling data sets that will advance the identification of correlates of protection across species.



The subsequent articles in this issue of Frontiers exemplify additional work by the three centers.

The IMPAc-TB program is one of NIAID’s largest investments in TB vaccine research. Additionally, NIAID supports other TB vaccine-related programs such as Innovation for TB Vaccine Discovery (ITVD) and Advancing Vaccine Adjuvant Research for TB (AVAR-T). The 2024 NIAID Strategic Plan for Tuberculosis Research Update reaffirms the commitment of NIAID to accelerate basic and preclinical, translational, and clinical research and to expedite the development of innovative tools and new strategies to end the TB pandemic.

We hope you enjoy reading the articles in this special issue!
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Functional genomic analysis of the 68-1 RhCMV-Mycobacteria tuberculosis vaccine reveals an IL-15 response signature that is conserved with vector attenuation
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) is a deadly infectious disease having a major impact on global health. Using the CMV vector for development of novel vaccines is a promising new strategy that elicits strong and durable, high frequency memory T cell responses against heterologous immunogens. We conducted functional transcriptomic analysis of whole blood samples collected from cohorts of rhesus (Rh) macaques that were administered RhCMV/TB vector using a prime-boost strategy. Two modified CMV vectors were used in this study, including 68-1 RhCMV/TB-6Ag (encoding 6 Mtb protein immunogens, including Ag85A, ESAT-6, Rv3407, Rv2626, Rpf A, and Rpf D) and its attenuated variant, 68-1 RhCMV/Δpp71-TB-6Ag (a cell-to-cell spread-deficient vaccine vector lacking the Rh110 gene encoding the pp71 tegument protein). Bulk mRNA sequencing, differential gene expression, and functional enrichment analyses showed that these RhCMV/TB vaccines induce the innate and adaptive immune responses with specific transcriptomic signatures, including the IL-15-induced protective gene signature previously defined to be linked with protection against simian immunodeficiency virus (SIV) by the 68-1 RhCMV/SIV vaccine. While both vectors exhibited a transcriptomic response of the IL-15 protective signature in whole blood, we show that lack of pp71 does not maintain induction of the protective signature for the full duration of the study compared to the parental non-attenuated vector. Our observations indicate that RhCMV vector vaccines induce a transcriptomic response in whole blood that include a conserved IL-15 signature of which vector-encoded pp71 is an important component of response durability that upon future Mtb challenge may define specific vaccine protection outcomes against Mtb infection.
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1 Introduction

Mycobacterium tuberculosis (Mtb) primarily infects the lungs causing tuberculosis (TB) with an estimated 1.3 million deaths in 2022 and a death rate of around 50% if untreated (1). For individuals who are human immunodeficiency virus (HIV)-positive, TB is particularly devastating as it is the leading cause of death for people infected with both pathogens. With the increasing prevalence of drug-resistant TB strains, finding a protective vaccine solution is essential for reducing the global infection and disease rates (2). Currently, there is only one licensed vaccine in use for TB control, Bacillus Calmette-Guérin (BCG) vaccine, underscoring the need for investigation of novel vaccines to prevent pulmonary TB disease.

HIV causes disease by infecting and depleting CD4+ T cells. CD8+ T cells play a crucial role to control HIV by facilitating cytolytic mechanism to remove infected CD4+ T cells. The cytomegalovirus (CMV) vector with its unique ability to elicit a strong and durable CD8+ T cell response has shown great promise for use as a novel vaccine vector, particularly for HIV. Simian immunodeficiency virus (SIV), a lentivirus that infects nonhuman primates such as rhesus macaques (RMs), exhibits infection and pathogenic response similar to HIV with CD4+ T cell depletion. The 68-1 derived RhCMV/SIV vector has the unique ability to control and clear SIV (3–5) in RMs by quickly eliciting and maintaining a high level of effector T cells with SIV-specific recognition by T cells occurring through MHC-Ia, MHC-II, or MHC-E antigens. Specifically, MHC-E restricted CD8+ cells facilitate clearance of SIV (5). This SIV control and clearance behavior was also observed in the attenuated version of the 68-1 RhCMV/SIV vaccine (68-1 RhCMV/SIV Δpp71) that lacks expression of viral protein that facilitates CMV spread and dissemination through the body, thereby enhancing vector safety (6). CD8+ T cells induction and regulation can be triggered by multiple factors, including specific antigens and cytokines such as IL-12, IL-18, and IL-15. Many studies have shown that IL-15 promotes memory CD8+ T cells homeostatic proliferation to expand CD8+ T cells, resulting in enhanced immunity against diseases including SIV and TB. Functional genomic analysis via mRNA-sequencing (Seq) of whole blood in 68-1 RhCMV/SIV-vaccinated RMs identified an IL-15-mediated transcriptional response that linked with vaccine protection against multiple SIV challenges (4).

This RhCMV vaccine backbone has also shown promising results in the prevention of Mtb infection and disease. Previous Mtb challenge studies have demonstrated that RhCMV/TB vaccination resulted in circulating Mtb-specific CD4+ and CD8+ T cells, and RMs with subcutaneous RhCMV/TB vaccination showed reduced Mtb infection and disease (based on both Mtb culture and pathologic score) by nearly 70% compared to unvaccinated controls (7). In these studies, functional transcriptomic analysis of whole blood post Mtb challenge revealed vaccine-induced innate immune responses linked with reduced disease (7). Here, we administered a prime plus two boosts regimen of the 68-1 RhCMV/TB-6Ag and 68-1 RhCMV/Δpp71-TB-6Ag vaccines to independent cohorts of 12 and eight RMs, respectively. These vaccines with RhCMV vectors encoding a single six-antigen-expressing polyprotein insert consist of two antigens from each of these three classes: acute-phase (ESAT-6 and Ag85A), latency (Rv3407 and Rv2626), and resuscitation (Rpf A and Rpf D; GenBank KY611405). These six antigens were selected by Hansen et al. in 2018 (7) using a mouse challenge model in which each antigen was shown to be at least partially protective. We conducted mRNA-sequencing of whole blood to define gene expression correlates of the response elicited by each vaccine. Differential gene expression and functional enrichment analyses of the transcriptomic signature of whole blood show that both vectors induce specific innate and adaptive immune response signatures of myeloid cell function, T cell receptor signaling, and lymphocyte activation. Unique signatures are linked with each vaccine. We show that the RhCMV/Δpp71-TB-6Ag vaccine transcriptional response wanes after the second boost. Direct comparison of RhCMV/TB vaccine signatures with the RhCMV/SIV vaccine signature (4) revealed similar transcriptional responses featuring IL-15-linked protective signature response. Our study shows that IL-15 signature is a major component of immune programming by 68-1 RhCMV vectored vaccines.


2 Results

2.1 Initial examination of sample variation across vaccine cohorts

To examine the differences in the vaccine signatures between RhCMV/TB vaccines, we conducted a functional genomic analysis of whole blood collected from immunized RM (Macaca mulatta) using bulk mRNA sequencing (mRNA-Seq). A total of 24 RMs (males and females) were randomized and assigned to one of two vaccine groups (n=12 per group). Animals received a prime-boost vaccine regimen of 68-1 RhCMV/TB-6Ag (n=12) or 68-1 RhCMV/Δpp71-TB-6Ag vector (n=12) spaced 14 weeks apart that was followed by a second boost administered 92 weeks later (Figure 1A, Supplementary Table S1). Four RMs of 68-1 RhCMV/Δpp71-TB-6Ag group were not included for the further transcriptional analyses due to lack of second boost data. Herein, we refer to these RhCMV vaccine vectors as non-attenuated (68-1 RhCMV/TB-6Ag) and attenuated (68-1 RhCMV/Δpp71-TB-6Ag) vectors, respectively. Whole blood samples collected at pre-vaccination day 0 (D0) and 15 additional time points following prime and boost immunization during the vaccination phase of the study were processed for bulk mRNA-Seq analyses.
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Figure 1 | NHP vaccine study design and PCA describing the general variance. (A) Schematic overview of the two vaccine groups, vaccination time, and the 16 time points for which whole blood samples were collected for RNA-seq analysis in this study. Arrows indicated time points when RMs were administered with either the 68-1 RhCMV/TB-6Ag or the 68-1 RhCMV/Δpp71-TB-6Ag vectors set at D0 (prime), D98 (boost 1), and D743 (boost 2). (B) PCA biplots showing transcriptomic variation across all samples in this study. Each point on the plot represented an RNA-seq sample from an animal at each time point during vaccination regimen, for the visualization of vaccine group versus sex (left) and vaccine group versus time point (right). In the left panel, shape denoted sex (circle for female; triangle for male) and color denoted vaccine type (red for 68-1 RhCMV/TB-6Ag; blue for 68-1 RhCMV/Δpp71-TB-6Ag). In the right panel, color denoted time point (light to dark green for D0 to D1219) and shape denoted vaccine type (circle for 68-1 RhCMV/TB-6Ag; triangle for 68-1 RhCMV/Δpp71-TB-6Ag).

To initially assess the major sources of variation within the resulting mRNA-Seq dataset, principal component analysis (PCA) was performed using all 15,399 expressed genes for 320 samples (20 RMs, each with 16 time points). A major source of variation was the sex of the animals, along principal component (PC)2 (Figure 1B). We accounted for this variation in downstream differential gene expression analysis by making sex a covariate in our linear model, thus removing batch effects due to sex in order to increase overall power of our study. Analysis of sex-specific vaccine response differences will be directly addressed in a subsequent study. PCA also revealed that samples neither segregated by time point nor by vaccine type (Figure 1B), reflecting a conserved response across vaccines.


2.2 Complete blood count and deconvolution analysis

Initially we examined complete blood count (CBC) data collected from across the vaccine time course for an overview of blood cell count dynamics of the different vaccine vector groups (Figure 2A). Generally, lymphocytes and neutrophils showed a separation of cell proportions between the two vaccine vector groups after the second boost vaccination at day (D)743. Specifically, compared to baseline, lymphocytes (including T, B, and NK cells) showed a decreasing trend in abundance in the attenuated vaccine vector group while staying stable in the non-attenuated vaccine vector group, with increased neutrophils in the attenuated vaccine group. We also performed a deconvolution analysis of the whole blood transcriptional dataset using CIBERSORTx with the LM22 signature (8, 9) to predict the abundance of different cell types in each sample and to interrogate differences observed across time points and vaccine vector groups. Cell abundance averages and standard error were calculated for each time point within the two groups (Figure 2B). We observed an initial increase in CD8+ T and NK cells following prime and the first boost administrations in both vaccine groups. Following the second boost, NK and CD8+ T cells in the attenuated group decreased to D0 abundance levels while remaining elevated in animals who received the non-attenuated vaccine vector. These observations show that the non-attenuated vaccine vector caused more persistent and sustained change in NK and CD8+ T cell abundances compared to the attenuated vaccine vector.
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Figure 2 | Cell type abundance analysis. (A) Complete blood count (CBC) test in percentage of five cell types, including basophil, eosinophil, lymphocyte, monocyte, and neutrophil. Vaccine groups were labeled in two colors, where black represented 68-1 RhCMV/TB-6Ag and red represented 68-1 RhCMV/Δpp71-TB-6Ag. Plots were made using mean data with standard error bars for each group at 13 time points post prime vaccination. (B) Deconvolution analysis of RNA sequencing data by CIBERSORTx to predict cell type abundance. Vaccine groups were labeled in the same way as described above in (A), and plots were made using mean data with standard error bars for each group at all 16 time points post prime vaccination.


2.3 Global analysis of whole blood transcriptomic signature induced by RhCMV/TB vaccination across vector types

To identify the whole blood gene expression responses to the RhCMV/TB vaccines, we performed differentially expressed (DE) analyses to define genes with statistically significant expression changes from D0 at each time point in both vaccine vector groups. A total of 4,816 significant DE genes were defined in at least one time point post-vaccination, with a false discovery rate (FDR; Benjamini-Hochberg (BH) procedure)-adjusted p-value less than 0.05 and an absolute log2 fold change (LFC) value greater than 0.58 (equivalent to fold change 1.5). Transcriptional changes strongly increased after each immunization (prime, boost 1, and boost 2) which then decreased over time (Figure 3A, Supplementary Table S2). This outcome shows that the vaccine responses induced by the RhCMV/TB vaccine vectors are rapidly induced. All 4,816 significant DE genes were assessed by cluster analysis using Pearson correlation and Ward.D2 hierarchical clustering methods which revealed six distinct gene modules. Overall, the whole blood transcriptional kinetics of the response of both vaccine vector groups appeared similar, except that the non-attenuated vaccine vector induced a stronger response that was prolonged and maintained over 92 weeks through D1219 following prime immunization as compared to the response elicited by the attenuated vaccine vector group that was less durable and diminished at D1177 post-prime immunization. Compared to the non-attenuated vaccine vector group, many DE genes from clusters 1, 5, and 6 lost their expression signatures after approximately three years following the prime immunization (D1177, D1191, and D1219) in the attenuated vaccine vector group. These results demonstrated the durability differences of the vaccine vector responses, revealing that the durability of the 68-1 RhCMV/Δpp71-TB-6Ag-induced response wanes within 3-years post-vaccination. Thus, the RhCMV pp71 protein is important for long-term maintenance of the vaccine transcriptional response.
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Figure 3 | Whole blood mRNA-Seq analysis of RhCMV/TB vaccine response in RMs. (A) Heatmap of LFC values of all 4,816 significant (FDR-adjusted p-value < 0.05 and |log2FC| > 0.58) DE genes identified in at least one vaccine group and one time point for both the non-attenuated (left side) and the attenuated (right side) vaccine groups with a gradient color intensity bar above the heatmap indicating the LFC values where red and blue depicted as up- and down-regulated, respectively. Barplot below the heatmap showed the total number of significant DE genes at each time point relative to baseline (D0), with up- and down-regulated genes labeled separately. Six gene modules were defined using Pearson correlation followed by Ward.D2 hierarchical clustering method. The bar on the right of the heatmap with an asterisk label (*) showed the genes overlapping the previously published protection signature. (B) Functional enrichment analyses on DE gene modules were performed for each cluster in heatmap. Select significant biological processes for each cluster were listed in colored boxes matching to the clusters in the heatmap (orange, darkblue, black, skyblue, red, and yellow, for clusters 1 to 6, respectively).

Previously, we identified a RhCMV/SIV vaccine whole blood protective transcriptomic signature of 186 genes that were part of the response to IL-15, expressed in vaccinated RMs who were protected against SIV infection (4). We evaluated if any of the genes in this protection signature were present in the DE genes of each RhCMV/TB vaccine vector examined in this study. Of the 186 protection signature genes featuring the response to IL-15, 131 (70.43%) were identified as significant DE genes across the vaccine vectors in this study (Figure 3A, right hand side, Supplementary Table S3), showing that the 68-1 RhCMV vaccine vector generates a conserved signature that includes an IL-15 response program in whole blood.

Other relevant biological processes associated with these DE genes were investigated using over-representation analysis (ORA) performed on each of the six modules of genes identified by clustering. Select significant biological processes are shown in Figure 3B (the full set of significant enrichments are shown in Supplementary Table S4). Genes that were induced after prime immunization with both RhCMV/TB vaccine vectors were mostly found in cluster 1, with specific gene expression then variably reduced at late time points (D1177, D1191, and D1219) especially for the attenuated vaccine vector group. We found enrichment for genes in cluster 1 related to adaptive immune response programming (e.g., CX3CR1, GATA3, IFNG, IL10, IL18, IL23A, PRF1, and TBX21), NK cell-mediated immunity, and leukocyte-mediated cytotoxicity. Cluster 5 included the greatest number of co-expressed genes. Notably, most of these genes were reduced in expression compared to baseline levels (down-regulated) after the prime vaccination with the expression increasing over time for both vaccine groups. For this cluster, the attenuated vaccine vector group showed a stronger magnitude of expression increase at D1177, D1191, and D1219 that linked to the reduced expression of the otherwise induced module 1 genes. Cluster 5 genes were enriched for fundamental cellular processes including regulation of MAPK signaling and featuring CCR1, MAP3K5, MYD88, PIK3CG, and TLR4. Cluster 6 genes were typically down-regulated from baseline following vaccination but for animals who received the attenuated vaccine vector the expression of these genes shifted at the later time points to levels of induction/up-regulation compared to baseline. Module 6 genes were significantly associated with defense related innate immune response and regulation (e.g., CASP4, IL1RL1, MAPK13, STAT5B, and TRIM5), including myeloid leukocyte activation and neutrophil migration. Many of the DE genes in clusters 1, 5, and 6 showed differences between the attenuated and non-attenuated vaccine groups three years following the prime immunization (D1177, D1191, and D1219) and linked with the protection signature defined by Barrenäs et al. in 2021 (4; see Figure 3A, right), showing that the genes in the protection signature were similarly regulated during the prime and boost 1 phases for both vaccine vectors but this response became dysregulated during the boost 2 phase in animals who received the attenuated vaccine vector.

We also found that genes in cluster 2 (see Figure 3A) were associated with cilium movement and microtubule-based movement defining regulation of cell motility, and cell trafficking (e.g., CFAP45, DNAH1, KIF14, RNASE10, TSSK4, and TTC21A). Cluster 2 genes were variably expressed in animals who received the non-attenuated vaccine vector but were down-regulated in the attenuated vaccine vector animals across time points. Genes in cluster 3, including CXCL9, CXCL10, IRF7, IRF9, STAT1, STAT2, and TRIM21, were enriched for antiviral innate immune response related biological processes, such as response to type I interferon (IFNs) and cytokine-mediated signaling pathway, and these genes were rapidly induced in response to administration of both RhCMV/TB vaccine vectors. Enrichment for cluster 4, with significant genes such as CD19, CD40, CXCR5, IGHE, and TLR9, included humoral immune responses and were strongly down-regulated late in the vaccine phase for both groups.


2.4 Upstream regulator analysis and network of target genes

We performed upstream regulator analyses on the DE genes across the vaccine vector time series using Ingenuity Pathway Analysis (IPA). In particular, we included a focus to assess the upstream regulators linked with programming each vaccine vector whole blood gene expression signature, including those linked with signature durability. Upstream regulators were identified and sorted by both the sum of absolute z-scores compared to baseline and the sum of -log10 (p-value) across time points in each vaccine vector group. The top 12 significant upstream regulators identified from both vaccine vector groups are shown in Figure 4A and Supplementary Table S5. Among these upstream regulators, IFNG (gamma), STAT1, interferon alpha, IL-21, IL-2, IL-18, TBX21, STING, and IL-15 were predicted to be actively signaling at multiple points in the time course. STAT3 and IL-4 were predicted to be inhibited compared to baseline. TNF showed inconsistent activation patterns across the two vaccine groups. During the prime and boost 1 phases, upstream regulators of the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group maintained significant activation or inhibition throughout both phases while the non-attenuated/68-1 RhCMV/TB-6Ag group had a relative decrease in activation/inhibition of upstream regulators after D7 and D105, for the prime and boost 1 phases respectively. Conversely, the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group during boost 2 (D746-D1219) exhibited little to no significant regulation of these upstream regulators at late time points following the boost 2 phase while the regulation of the same upstream regulators in the non-attenuated/68-1 RhCMV/TB-6Ag group was maintained. The distinct dynamics of upstream regulators including loss of activation in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group therefore underscores the vaccine vector signature durability differences of DE gene expression particularly during the second boost phase.
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Figure 4 | Upstream analysis and regulation networks in RhCMV/TB-vaccinated RMs. (A) Dot plot delineated select top upstream regulators identified through Ingenuity Pathway Analysis (IPA). The colors represented z-scores (> 2 for activation in red and < -2 for inhibition in blue) and dot size was proportional to the significance of log10 p-value as per the legend. (B, C) Networks showing LFC levels of downstream targeted genes and the major upstream regulators (circles with black lines) in 68-1 RhCMV/TB-6Ag (left half of each circle) and 68-1 RhCMV/Δpp71-TB-6Ag (right half of each circle) vaccine groups at D7 (B) and D750 (C). (D) Heatmap showing the significant (FDR-adjusted p-value < 0.05 and |log2FC| > 0.58) gene expression changes from baseline of IL15 and the other important interleukin upstream regulator genes (IL18, IL23A, and IL1B) for both the non-attenuated (left side) and the attenuated (right side) vaccine groups, with a gradient color intensity bar above the heatmap indicating the LFC values where red and blue depicted as up- and down-regulated, respectively.

To reveal the gene networks and their expression dynamics linked with these upstream regulators, we made network plots showing upstream regulators (p-value less than 0.05) and their DE target genes at D7 (Figure 4B) and D750 with LFCs for both vaccine groups (Figure 4C). The networks displayed the most DE genes at D7, revealing consistent up- and down-regulation of target genes across both vaccine groups. Unique to D7, genes AQP9, CST7, CXCL8, IFI27, ISG15, KIT, NCR1, OASL, PROK2, and PTG2 were all induced/up-regulated compared to baseline reflecting an innate immune and adaptive immune activation state that links with the response to Mtb antigens (10). At D750, genes AICDA, BCL2A1, CCR5, CD72, CLIC5, CRISPLD2, CXCR1, FPR2, GFI1, IL12RB2, KLRB1, KLRG1, S100A9, TNFAIP6, and WLS were uniquely all targets of upstream regulators and mark a TH1-polarized adaptive immune response (11, 12).

For each vaccine vector and in both networks, IL-15 was identified as an active upstream regulator. Expression and signaling of IL-15 was shown to be linked to RhCMV/SIV vaccine protection in previous study (4). We identified IL-15 and four additional cytokines that were significantly DE in our vaccine vector groups, which included IL15, IL18, IL23A, and IL1B (Figure 4D, Supplementary Table S6). IL-15 was induced, and expression was typically maintained across the time course in the non-attenuated/68-1 RhCMV/TB-6Ag group but its expression was low and variable across prime and boost-1 time series in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group. We also found that IL-18 expression was consistently induced across the time series for both vaccine vector groups, and that IL-1β was induced to high levels at the end of the time series following boost-2 in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group.


2.5 Conservation of IL-15 signature between 68-1 RhCMV vector vaccines

We previously defined a 186 gene expression signature associated with RhCMV/SIV vaccine protection, all of which were shown to be regulated in response to IL-15 (4). Importantly, 131 of these genes were significantly DE across RhCMV/TB vaccine vectors (see Figure 3A). We evaluated the expression dynamics of this gene signature across the 68-1 RhCMV/SIV, non-attenuated/68-1 RhCMV/TB-6Ag and the attenuated/68-1 RhCMV/Δpp71-TB-6Ag vaccine vector responses (Figure 5A, Supplementary Table S7). Two gene modules were identified based on Pearson correlation and Ward.D2 hierarchical clustering including 36 genes in cluster 1 that were induced/up-regulated and 95 genes in cluster 2 that were typically suppressed/down-regulated compared to baseline. Genes in cluster 1 represented immune activation and immune effector functions and were immediately induced following prime vaccination. Expression of cluster 1 genes was typically maintained in the non-attenuated/68-1 RhCMV/TB-6Ag group but a subset of these genes demonstrated a transient down-regulation prior to boost 2, after which boost 2 restored their induced expression pattern. These genes underwent sustained reduction in expression in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group at late time points following boost 2. The down-regulated cluster 2 gene expression pattern shifted to increased levels of expression for a large subset of genes at late time points after each boost wherein this expression shift was more extensive and enhanced in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group. These results show that the non-attenuated/68-1 RhCMV/TB-6Ag and attenuated/68-1 RhCMV/Δpp71-TB-6Ag vaccine vectors each immediately induce the IL-15 response gene expression profile in blood. This signature is sustained and reengaged following boost but can wane in late time points following boost 2. Moreover, lack of vector-encoded pp71 impacts the longer-term durability and breadth of this gene expression signature.
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Figure 5 | Conserved transcriptional profiles overlapping the IL-15 response signature of SIV protection. (A) Heatmap of the LFC values of 131 significant (FDR-adjusted p-value < 0.05 and |log2FC| > 0.58) DE genes overlapping the previously published IL-15 protection signature genes for both the non-attenuated (left side) and the attenuated (right side) vaccine groups, with a gradient color intensity bar above the heatmap indicating the LFC values where red and blue depicted as up- and down-regulated, respectively. Barplot below the heatmap showed the total number of significant DE genes at each time point relative to baseline (D0), with up- and down-regulated genes labeled separately. Genes were clustered into two modules using Pearson correlation followed by Ward.D2 hierarchical clustering method. (B) Functional enrichment analyses identified biological processes of genes significantly over-represented for each cluster according to colors of the clusters in the heatmap (orange for cluster 1; red for cluster 2). (C) Network showing select biological processes with significant overlapping genes for cluster 1 (left) and cluster 2 (right), with squares representing biological processes and circles showing the enriched DE genes. (D) Proportional Venn diagram of three circles, showing the overlap between the previously published IL-15 protection signature (186 genes in blue), overlapped 68-1 RhCMV/TB-6Ag vaccine signature (71 genes in green), and overlapped 68-1 RhCMV/Δpp71-TB-6Ag vaccine signature (129 genes in yellow).

We conducted enrichment tests using over representation analysis (ORA) methodology (13) to identify the biological processes associated with the 131 IL-15 response genes in our data sets. ORA of cluster 1 demonstrated an up-regulated enrichment of cell-mediated immune response related to immune signaling including leukocyte mediated cytotoxicity and the T cell receptor signaling pathway (Figure 5B, Supplementary Table S8), and produced gene networks with key genes such as CX3CR1, GZMB, LCK, NCR3, PRF1, SKAP1, TBX21, THY1, and UBASH3A (Figure 5C). The down-regulated genes in cluster 2 were significantly enriched for cellular response to oxygen levels, cytokine signaling, cell death, and catabolic processes, including genes such as CASP7, FOXO3, JAK2, NAMPT, PIK3CB, and TRIM22 (Figure 5C; see Supplementary Table S8 for the complete list of genes). Specifically, among these 131 RhCMV vector-induced signature genes, 71 were significantly DE in the non-attenuated/68-1 RhCMV/TB-6Ag group while 129 were significantly DE in the attenuated/68-1 RhCMV/Δpp71-TB-6Ag group, with 69 highly conserved genes identified to be significant in all three groups (protection signature, 68-1 RhCMV/TB-6Ag, and 68-1 RhCMV/Δpp71-TB-6Ag; Figure 5D, Supplementary Table S3). Importantly, these observations demonstrate that the IL-15 response protection signature identified by Barrenäs et al. in 2021 (4) was also induced in 68-1 RhCMV/TB vectors. Vaccine-induced regulation of these genes therefore links the functionality of RhCMV vaccines and could be important for vaccine efficacy.



3 Discussion

Here we present a functional genomic analysis of the RhCMV vaccine vectors including a non-attenuated/68-1 RhCMV/TB-6Ag vaccine vector and an attenuated/68-1 RhCMV/Δpp71-TB-6Ag vaccine vector with direct comparison to the RhCMV/SIV vaccine vector across prime/boost vaccination regimen. Both RhCMV/TB vectors express 6 specific Mtb antigens and were designed as vaccines to protect against infection and disease by Mtb (7), whereas the RhCMV/SIV vaccine expresses specific SIV antigens as a preclinical vaccine design for protection against SIV/HIV infection (14, 15). We found that similar to the RhCMV/SIV vaccine vector, the RhCMV/TB vaccine vectors (both 68-1 strain) rapidly induce the expression of genes that impart regulation of key immunological pathways programming cellular responses that impact both innate and adaptive immunity. Remarkably, the RhCMV vaccine vector whole blood signature is conserved across the three vectors analyzed here to feature a common IL-15 response signature that we previously linked with vaccine protection against SIV (4). While this vaccine vector signature exhibited fluctuating durability beyond three years for the non-attenuated/68-1 RhCMV/TB-6Ag vaccine vector, the vaccine signature was found to decrease following the second boost more strongly for the attenuated/68-1 RhCMV/Δpp71-TB-6Ag vaccine vector. These results indicate that the two Mtb vaccine vectors elicit similar responses of immune programming but with differential dynamics and overall durability linked with the RhCMV pp71 protein. Importantly, the non-attenuated/68-1 RhCMV/TB-6Ag vaccine vector can protect against infection and disease by Mtb (7).

We identified enriched upstream regulators from significantly DE genes in response to the 68-1 RhCMV/TB vaccines, including cytokines (e.g., IL-15, IL-2, IL-21, IL-18, and IL-4, IFN gamma) and transcription factors (e.g., STAT1, TNF, TBX21, STAT5, and STAT3). In focusing on target genes at D7 and D750, we identified innate immune genes (for example IFI27 and ISG15) induced by more than three upstream regulators specifically at D7. This pattern of gene expression suggests that the vaccine elicited innate immune activation and responses through multiple pathways during the prime phase of the vaccination. Our data sets show that deletion of Rh110 encoding pp71 links with an inability of the attenuated vector to maintain the persistent activation of the upstream regulators and subsequent expression of specific target genes that support vaccine signature durability. RhCMV with pp71 deletion has an inhibited ability to undergo cell-to-cell spread, making it a possible safer option to be applied as a future vaccine. Our observations suggest that this spread-deficient phenotype impacts vaccine signature durability. We also note that we observed an increase in polymorphonuclear leukocytes (PMNs) in the attenuated vaccine group compared to the non-attenuated vector group, linking this difference to vaccine attenuation and possibly differences in vector spread in tissue. This attenuation could likely drive a differential inflammatory response that recruits increased PMNs thus displayed as increased circulating neutrophils as they transit from bone marrow to blood to tissue. However, whether maintaining these vaccine-induced cellular and gene expression changes for three years will underlie a differential protection outcome against Mtb disease remains unknown until challenge studies with pathological analyses are conducted and completed. A previous RhCMV/SIV study showed that the attenuated pp71-deleted 68-1 RhCMV/SIV vaccine had the same efficacy to protect against SIV infection as the non-attenuated vaccine following virus challenge at approximately three years after last vaccination (6). Ongoing Mtb challenge studies of vaccinated cohorts will ascertain vaccine efficacy to protect against Mtb disease.

Of particular interest in vaccine response signatures is the presence of the IL-15 response, as previously identified protection signature to RhCMV/SIV vaccination included a robust IL-15 response program that was induced rapidly and persisted in RMs protected from SIV challenge (4, 5, 16, 17). Here we provide the first comparison of RhCMV/TB with RhCMV/SIV vaccine whole blood signatures, revealing that more than 70% of the RhCMV/SIV protection signature genes were also significantly DE in the RhCMV/TB vaccine signatures. These analyses demonstrate that 68-1 RhCMV/SIV and 68-1 RhCMV/TB vector vaccines induce a conserved IL-15 signaling response signature across studies. During the first two years of vaccine phase (for time points D3 through D757) in the current study, our analyses revealed that both the attenuated and non-attenuated 68-1 RhCMV/TB vaccines elicited rapid and stable transcriptional responses after prime administration. This vaccine-induced transcriptional whole blood signature gradually waned during the third year of vaccine phase in RMs administered the attenuated vaccine vector, while the signature induced by the non-attenuated vaccine vector was maintained. Thus, vector persistence with differential cell-to-cell spread may alter the durability of RhCMV whole blood vaccine signatures. An important consideration for the current study is that our observations are limited to whole blood, and the RhCMV vaccine vector induces tissue responses that link with blood cell signatures and effector function to mediate vaccine efficacy. A limitation of our study is that we did not examine the tissue response to vaccination. Importantly, the whole blood vaccine response signature featured the induction of genes involved in cell motility and trafficking, implicating a process in which immune cells are being programmed to migrate into tissues. Thus, tissue responses can occur as an additional component of RhCMV/TB vaccine immune programming that might also impart vaccine efficacy. Our ongoing Mtb challenge studies will directly address the tissue response to vaccination to link whole blood and tissue response signature with vaccine efficacy for protection against Mtb infection and disease.

IL-15, expressed primarily in myeloid cells (dendritic cells, monocytes, and macrophages), plays an important role in CD8+ T cell and NK cell activation (18–22). Previous studies have demonstrated the importance of induction of the unconventionally MHC-E restricted CD8+ T cell responses by 68-1 RhCMV vector vaccines for efficacy against SIV (4–6, 17), whereas protection mediated by RhCMV/TB does not specifically require MHC-E restriction (7). We propose that the IL-15 signature is an important component of overall immune programming to promote myeloid cell activation, and NK and CD8+ T cell function induced by RhCMV vaccine vectors. Indeed, cell deconvolution analysis showed a vaccination-induced acute increase of NK and CD8+ T cells in our vaccine cohorts. We observed a decrease in percentages of these cell types specifically in the attenuated group at later time points (post second boost) concomitant with reduction of the IL-15 signature. Furthermore, the CBC results revealed a similar pattern for the lymphocyte percentage, which supported our transcriptional cell abundance analyses, indicating that maintenance of the IL-15 signature links with vaccine vector-induced NK and T cell abundance in whole blood and could be a determinant of vaccine durability and efficacy.

In conclusion this work shows that the RhCMV/TB vectors elicit a whole blood transcriptional signature with different timing dynamics. Additionally, we link RhCMV vectors with a conserved IL-15 response signature. Future exploration with challenge outcome data and validation will be necessary to examine whether the 68-1 RhCMV/Δpp71-TB-6Ag and other attenuated vaccines protect against TB disease with a strong and stable long-term signature. It is noteworthy that many studies have suggested to use IL-15 as an adjuvant for TB vaccines (4, 23–25) and thus it will be interesting to further investigate the use of 68-1 RhCMV/Δpp71-TB-6Ag vaccine along with IL-15 as an adjuvant to enhance both the protection signature and durability of the vaccine, making it a possible promising vaccine against pulmonary TB disease.


4 Material and methods

4.1 Rhesus macaques

A total of 24 purpose-bred, pedigreed, RMs (Macaca mulatta) of Indian genetic background were included in this non-human primate (NHP) study. Four RMs of 68-1 RhCMV/Δpp71-TB-6Ag group were not included for the further transcriptional analyses due to lack of second boost data. Among these 20 study animals (ten were from the ONPRC colony and the other ten were from the Puerto Rico (PR) colony), 14 were males and six were females, with age ranging from 4 to 7 years old. At assignment, all study RMs were free of Cercopithecine herpesvirus 1, D-type simian retrovirus, simian T-lymphotropic virus type 1, simian immunodeficiency virus, and Mycobacterium tuberculosis, however, all were naturally RhCMV-infected. All study RMs were housed in Animal Biosafety level (ABSL)-2 rooms during vaccine phase with autonomously controlled temperature, humidity and lighting. Study RMs were both single- and pair-cage housed. Animals were only paired with one another during the vaccine phase if they belonged to the same vaccination group. Regardless of their pairing, all animals had visual, auditory and olfactory contact with other animals. Single cage-housed RMs received an enhanced enrichment plan that was designed and overseen by RM behavior specialists. RMs received commercially prepared primate chow twice daily and received supplemental fresh fruit or vegetables daily. Fresh, potable water was provided via automatic water systems. Physical exams, including body weight and complete blood counts, were performed at scheduled protocol time points. RMs were sedated with ketamine HCl or Telazol for procedures, including subcutaneous vaccine administration and venipuncture.


4.2 RhCMV vectors and vaccination

A total of 20 RMs that were included in this transcriptional study were assigned to each of two vaccine groups and vaccinated three times, receiving a prime, a week 14 homologous boost, and followed by a second boost 92 weeks after the first boost. The two vaccines used in this study were 68-1 RhCMV/TB-6Ag vector (n=12) expressing a single six-antigen Mtb polyprotein (Ag85A, ESAT-6, Rv3407, Rv2626, Rpf A, and Rpf D) and an analogous RhCMV/TB-6Ag vector (68-1 RhCMV/Δpp71-TB-6Ag; n=8) lacking tegument protein pp71 encoded by RhCMV Rh110 gene (6, 7). The spread-deficient RhCMV/TB vector (ΔRh110) is unable to disseminate from the injection site to distant sites in vivo, but it remains immunogenic for T cell responses (26). The 68-1 RhCMV/TB vector was constructed by bacterial artificial chromosome (BAC) recombineering, and the vector preparations and characterization have been previously described (3, 6, 27–29). In this study, RMs were vaccinated subcutaneously at a dose of 5×106 plaque-forming units (PFU) of each of the assigned 68-1 RhCMV/TB vectors.


4.3 Sample collection, library prep, and RNA sequencing

Longitudinal whole blood samples were collected into PAXgene RNA tubes (PreAnalytiX) following the manufacturer’s instructions. RNA was isolated using RNAdvance Blood Kit (Beckman) on a Biomek i7 Automated Workstation (Beckman) following the validated protocol provided with the kit that included an on-column DNase treatment. Total RNA was quantified using Qubit™ RNA Assay kit, and RNA integrity assessed using the Agilent 4200 TapeStation instrumentation. mRNA-seq libraries were constructed using the KAPA HyperPrep Kit with RiboErase (HMR) Globin + mRNA Capture Kit (Roche Diagnostics) following the manufacturer’s recommended protocol that was adapted for the Biomek i7. Samples were randomized across the project, including internal plate controls to protect against batch effects. Qubit™ DNA Assay Kit was used to determine library DNA concentration and Agilent TapeStation assay was used to determine library size distribution and quality. Libraries were sequenced on an Illumina NovaSeq X sequencer at Northwest Genomics Center (University of Washington) using an Illumina NovaSeq S2 v2 200 cycle kit following the manufacturer’s protocol for sample handling and loading. Sequencing run metrics were visualized for quality assurance followed by demultiplexing using bcl2fastq. A total of 640 fastq files were generated for downstream transcriptomic analyses, and the quality were assessed using FastQC.


4.4 Sequence data pre-processing and preparation for analysis of differential expression

Raw sequence reads were processed to digitally remove residual adapters and low-quality bases by using Trim Galore v0.6.4 (powered by Cutadapt v3.7 (30);), along with quality check using FastQC v0.11.2 (31). Trimmed reads were then filtered to remove globin and ribosomal sequences using Bowtie2 v2.3.4 (32). Paired reads were aligned to the Mmul_10 Macaca mulatta genome (Ensembl v109 (33);) and gene expression was quantified with STAR v2.7.10b (34) using the –quantMode GeneCounts flag to generate raw gene counts. After removing lowly expressed genes with mean gene counts below 4, trimmed mean of M-values (TMM (35);) normalization was performed using the calcNormFactors function in edgeR (36) to calculate the scaling factor for the adjusted library sizes. Gene counts were then transformed into log2-counts per million (log-CPM) values by limma package (37) with the voom function (38) for subsequent analyses.


4.5 Principal component analysis

Principal component analysis (PCA) was performed on the transformed normalized count matrix for an initial inspection of the whole transcriptome. This allows visualization of samples to determine sources of variation across samples within a dataset to include as a covariate in the final model. Eigenvalues were computed using the built-in R function prcomp (39–41) with all expressed genes, and the top two eigenvectors represent the two dimensions on the PCA plot. Biplots with the top two principal components, PC1 and PC2, were generated using data points from all 320 samples (including 20 RMs, with 16 time points each) with the label of vaccine group, sex, and time point.


4.6 Deconvolution analysis

To further impute the gene expression profiles with an estimation of cell type proportions, we input normalized gene expression values for all samples into CIBERSORTx (9), a machine learning tool, to predict cell abundance levels. We represented similar cell types together by summing predicted cell percentages as the following: B cells naive and B cells memory as B cells, T cells CD4 naive, T cells CD4 memory resting and T cells CD4 memory activated as CD4 cells, NK cells resting and NK cells activated as NK cells, and dendritic cells resting and dendritic cells activated as dendritic cells.


4.7 Differential gene expression analysis and visualization

Differential gene expression analysis was performed for each time point using D0 as the common baseline comparator of each vaccine group. To determine the significant differentially expressed (DE) genes in the RhCMV/TB vector-vaccinated cohort, normalized counts were utilized for linear modeling across contrasts for each gene using the limma package in R and Bioconductor (42). Significant DE genes were identified with a false discovery rate (FDR; BH procedure)-adjusted p-value less than 0.05 and an absolute Log2 fold change (LFC) value greater than 0.58. These genes were then organized by Pearson correlation method for the calculation of correlation-based distance metrics, followed by grouping into co-expression modules using the Ward.D2 hierarchical clustering method. Heatmaps were generated for the visualization of the LFC values of clustered DE genes using the WGCNA (43, 44), heatmap.2 (codes on GitHub) with gplots, and edgeR (36). Further graphics were made using R packages, including ggplot2 (45) for barplots to display the numbers of DE genes at each time point, and eulerr (46, 47) for the proportional Venn diagram.


4.8 Over representation analysis

Functional enrichment analysis was performed for each module of DE genes using over representation analysis (ORA) with the enrichGO function in the clusterProfiler package (48) to determine whether genes that were pre-defined to be associated with certain annotations are statistically more prevalent in our gene sets of interest than would be expected by chance. The biological process subontology of Gene Ontology (GO: BP) annotations used in this study were retrieved from org.Hs.eg.db (49). After converting the RM Ensembl gene IDs to Human Genome Organisation Gene Nomenclature Committee (HGNC) gene symbols, significantly over-represented genes were identified using a threshold of FDR-adjusted p-value less than 0.05. Network plots were generated using Cytoscape (50) for the visualization of representative biological processes and the significantly enriched DE genes.


4.9 Upstream regulator analysis

Upstream regulator analysis was performed using Ingenuity Pathway Analysis (IPA; QIAGEN Inc (51).;). The LFC values and FDR-adjusted p-values of all the significant DE genes were input for the analyses, and the information of the top identified upstream transcriptional regulators and cytokines that were common across time points in both vaccine groups were collected for making dot plots using ggplot2 in R. Networks were generated through Cytoscape from IPA results. We extracted the significant upstream regulators and their target genes, generate a network file for each time point and mapped the LFCs for each vaccine vector to the corresponding genes using the Omics Visualizer app within Cytoscape.
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The three programs that make up the Immune Mechanisms of Protection Against Mycobacterium tuberculosis Centers (IMPAc-TB) had to prioritize and select strains to be leveraged for this work. The CASCADE team based at Seattle Children’s Research Institute are leveraging M.tb H37Rv, M.tb CDC1551, and M.tb SA161. The HI-IMPACT team based at Harvard T.H. Chan School of Public Health, Boston, have selected M.tb Erdman as well as a novel clinical isolate recently characterized during a longitudinal study in Peru. The PHOENIX team also based at Seattle Children’s Research Institute have selected M.tb HN878 and M.tb Erdman as their isolates of choice. Here, we describe original source isolation, genomic references, key virulence characteristics, and relevant tools that make these isolates attractive for use. The global context for M.tb lineage 2 and 4 selection is reviewed including what is known about their relative abundance and acquisition of drug resistance. Host–pathogen interactions seem driven by genomic differences on each side, and these play an important role in pathogenesis and immunity. The few M.tb strains chosen for this work do not reflect the vast genomic diversity within this species. They do, however, provide specific virulence, pathology, and growth kinetics of interest to the consortium. The strains selected should not be considered as “representative” of the growing available array of M.tb isolates, but rather tools that are being used to address key outstanding questions in the field.
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1 Introduction

Across each of the Immune Mechanisms of Protection Against Mycobacterium tuberculosis Centers (IMPAc-TB), there are mechanistic questions of special focus. The CASCADE team at Seattle Children’s Research Institute are examining the stages of infection through detailed interrogation of pulmonary pathology and natural or vaccine-induced protection across this continuum in mice, non-human primates, and human studies. The HI-IMPACT team based at Harvard T.H. Chan School of Public Health, Boston, are leveraging key immune correlates of protection from their seminal intravenous (IV) bacillus Calmette–Guérin (BCG) vaccination strategy in rhesus macaques (1, 2) and comparing those with human cohort responses with computational modeling to better design vaccines against tuberculosis (TB). The PHOENIX team based at Seattle Children’s Research Institute are focused on a cross-species analysis of candidate vaccine-induced immunity and efficacy for prevention of disease or infection in preclinical mouse, guinea pig, and non-human primates as well as a human aerosol challenge model using BCG as a representative mycobacteria.

While these centers are focused on discrete but complementary work, each are using modeling, escalating from in vitro or in silico through in vivo preclinical and first-in-man experimental medicine studies. In the TB research field, we challenge in vitro or in vivo models with “representative” isolates of Mycobacterium tuberculosis (M.tb) that fit some categorical aspect of what we would like to examine or that provide continuity with previous work to continue a specific story. Recent data are challenging the use of “representative” to define our M.tb isolates of choice and instead suggest there is an underrepresentation of the breadth of biological diversity that exists in M.tb (3–5). Indeed, even preclinical drug therapy studies have demonstrated significant differences in in vivo sensitivity between M.tb strains (6). Next-generation tools and use of big data pipelines may allow us to better profile huge arrays of M.tb isolates or lineages in the near future, as groups within this consortium are already leveraging artificial intelligence and systems biology for complex data and predictive modeling.

In the absence of current or established tools that allow us to readily select challenge isolates spanning a vast array of M.tb lineages, it was necessary for each of the IMPAc-TB consortiums to choose the few they would study across their programs. The six strains used in the CASCADE (SCRI), HI-IMPACT (Harvard), or PHOENIX (SCRI) centers are described here (Table 1). We outline the source of each isolate, reference the sequenced genome if available, include specific tools in that background, give a summary of models using that strain, and provide seminal aspects of the isolate including virulence or kinetics if known and key historical work using that isolate. These basic features helped define the selection of isolates for specific consortium endpoints.



Table 1 | M.tb isolates being used across the three IMPAc-TB consortiums.
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2 Materials and methods



2.1 M.tb genome sequencing



2.1.1 Genomic DNA extraction

In order to obtain high-quality genomic DNA (gDNA) from M.tb cultures of all of the isolates except the g2g clinical isolate described above, we followed the methodology described previously (7). In summary, mycobacterial cultures (M.tb SA161, H37Rv, CDC1551, Erdman, and HN878) were grown to an optical density 600 nm (O.D. 600) of 1.5. Subsequently, the cultures were harvested by centrifugation, washed in PBS, and dissolved in TE buffer. To lyse the mycobacteria, the bacterial suspension was subjected to 80°C for 20 min. After allowing the tubes to cool to room temperature, lysozyme solution (100 mg/ml) was added to each tube, followed by incubation at 37°C for 3 h with intermittent mixing. Next, a mixture of SDS (10%) and proteinase K (20 mg/ml) was added to each tube in an 88:12 ratio. The tubes were then incubated at 65°C for 2 h. Following this incubation period, 100 µl of 5 M NaCl was added to each tube and incubated at 65°C for an additional 10 min. Subsequently, an 80 µl aliquot of 10% cetyl trimethyl ammonium bromide (CTAB) solution (Sigma-Aldrich, St. Louis, MO) was added, mixed thoroughly, and incubated at 65°C for another 10 min. The DNA was then extracted first with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v) and then with chloroform/isoamyl alcohol (24:1 v/v). The DNA was precipitated by adding 0.6 volumes of ice-cold isopropanol. The precipitated DNA was pelleted by centrifugation at 10,000 rpm and 4°C for 15 min. The resulting DNA pellets were washed with cold 75% ethanol and dried using a SpeedVac for 5 min. Finally, the genomic DNA was resuspended in 50 µl of sterile distilled water. The quality of the gDNA was assessed using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE).




2.1.2 Library production

Starting with a minimum of 750 ng of DNA, samples are sheared in a 96-well format using a Covaris LE220 focused ultrasonicator targeting 380-bp inserts. This insert size improves overall library performance and allows the longer sequencing read lengths on Illumina sequencing platforms (150 bp) to be efficiently used without producing a significant number of overlapping reads. The resulting sheared DNA was cleaned with Agencourt AMPure XP beads to remove sample impurities prior to library construction. Shearing was followed by size selection performed using the KAPA Hyper Prep kit (KR0961 v1.14). End-repair, A-tailing, and ligation are performed as directed. Two final AMPure cleanups are performed after ligation to remove excess adapter dimers from the library. All library construction steps are automated on the Perkin Elmer Janus platform. Library yield was quantified using Quant-IT dsDNA High Sensitivity kit (Invitrogen Q33120). Libraries were validated in triplicate using the Bio-Rad CFX384 Real-Time System and KAPA Library Quantification Kit (KK4824).




2.1.3 Whole-genome sequencing

Massively parallel sequencing-by-synthesis with fluorescently labeled, reversibly terminating nucleotides was carried out using the Illumina NovaSeq 6000 platform (RTA 3.1.5) and was performed at the University of Washington Center for Rare Disease Research (UW-CRDR). Barcoded genome libraries were pooled with liquid handling robotics prior to loading. Raw sequence reads with an average read length of 150 bp were assembled against the sequence of the reference strain M.tb H37Rv (NCBI accession number: NC_018143.2) using SPADES v3.15.4 (8). Whole-genome sequences were deposited into GenBank BioProject: PRJNA1051793, as described with specific accession numbers stated.





2.2 In vivo mouse challenge and survival studies

In all studies, mice were housed in the Seattle Children’s Research Institute (SCRI) biosafety level 3 (BSL-3) animal facility under pathogen-free conditions and were handled in accordance with approved protocols from the SCRI Institutional Animal Care and Use Committee (IACUC). All methods were carried out in accordance with animal welfare guidelines and regulations. For survival studies, breeding pairs of C57BL/6 bg/bg (beige) mice were originally purchased through Jackson Laboratories. In-house bred male beige mice were used for experiments at 4–6 weeks of age and had not been previously used for breeding purposes. Mice were maintained at four animals per  cage. Mice were challenged with a low-dose aerosol (target 25–100 CFU per mouse upon infection) of either M.tb SA161 or M.tb HN878 using a Glas-Col whole-body aerosol infection chamber. Bacterial burden was evaluated at 24 h and 4 weeks post challenge as previously described (9). Survival was monitored in 10 mice per group following M.tb infection. Animals with greater than 20% weight loss, or moribund condition, were euthanized. For ultra-low dose aerosol (targets 1–3 CFU per mouse upon infection) studies, female C57BL/6 mice purchased from Jackson Laboratories (age 8–27 weeks old) were challenged with either M.tb Erdman or M.tb H37Rv also using a Glas-Col whole-body aerosol infection chamber. Pulmonary bacterial burden was evaluated 35–42 days post challenge.




2.3 Statistical analysis

For ex vivo plating of organ homogenate to enumerate bacterial CFU in a single organ and timepoint (24 h, 4 weeks, or 6 weeks post-challenge), we used a two-tailed unpaired Student’s t test to compare between M.tb challenge strains. For probability of survival, cohorts were compared using the log-rank Mantel–Cox test. All statistical analysis was performed using GraphPad Prism version 10.2.2.





3 Results



3.1 M.tb isolates

As the consortium matures, we are reflecting on opportunities to cross-validate or harmonize so the discrete but complimentary data being generated can have the largest impact for the TB pathogenesis, immunology, and vaccine communities. Interestingly, and without prior discussions, each of the programs focused their M.tb isolates across two modern lineages, 2 and 4. Lineage 2 is notable in its expanding global distribution, “hypervirulence,” correlations with relapse, and enriched acquisition of antibiotic drug resistance (10–16). In vitro, lineage 2 Beijing isolates persist and grow normally within macrophages compared with other lineages that are relatively more inhibited once they are intracellular (17). These features make lineage 2 high-priority in preclinical studies for evaluation of disease progression and efficacy of vaccine candidates. M.tb isolates SA161 and HN878 and the clinical isolate from Peru are lineage 2 isolates represented in the IMPAc-TB consortiums. Lineage 4, the Euro-American lineage, is also well distributed globally and can be associated with unique features of disease pathology and treatment failure in humans (18–21). M.tb H37Rv, Erdman, and CDC1551 are each lineage 4 isolates being leveraged by one or more of the IMPAc-TB programs. Each isolates’ key features and rationale for selection are described below.




3.2 M.tb HN878 (lineage 2)

M.tb HN878, a W-Beijing lineage isolate, was sourced by the PHOENIX consortium directly from BEI Resources (NR-13647). This clinical isolate was derived from a patient sample in Houston, Texas, in a 1990s outbreak and has been well studied since (22) with the parental genome sequence available on GenBank: ADNF01000000.1. Many other M.tb-derived materials including M.tb HN878 whole-cell lysate (NR-14824), derived lipid fraction (NR-14839), and genomic DNA (NR-14867) are available within the BEI Resources Repository. Defined as hypervirulent (23), M.tb HN878 induces a waning host T helper 1 (Th1) response and rapid expansion of regulatory T cells in chronic preclinical settings (22), as well as progressive pulmonary pathology and morbidity in C57BL/6 mice (24, 25). Interestingly, this isolate can acquire large genetic duplications with serial in vitro passage dramatically reducing virulence in vivo (25, 26). For the PHOENIX consortium, we generated a large batch single passage culture in 2019 to avoid the duplication issue and ensure continuity across studies, and we confirmed virulence of our stock culture in mouse survival studies (25). The single passage PHOENIX batch of M.tb HN878 was sequenced, and that genome can be found at GenBank: SAMN38797941.

The M.tb HN878 strain has been evaluated extensively in vitro as well as in preclinical mouse and guinea pig models of aerosol challenge. This includes recent examinations of single-cell preparations and of the influence of detergents on the mycobacterial cell wall and their impacts on interactions with innate immune cells (27). In vivo, M.tb HN878 induces more granulomatous-like structures in preclinical models that better reflect human pathology than other well-used isolates (22, 23, 28). This includes induction of a blood-based TB transcriptional signature in C3HeB/FeJ mice by M.tb HN878 infection, whereas similar studies using less virulent M.tb H37Rv to infect C57BL/6 mice did not result in production of this human-derived biomarker of TB disease (29). Recent evidence suggests that while aerosol infection with a high dose of M.tb HN878 does induce bone-marrow-derived myelopoiesis, there is a concomitant reduction in trained innate immune responses in a mouse model (30). A key feature which led to the selection of this strain is that the high virulence of M.tb HN878 may be due to the preferential recruitment of pathology-inducing neutrophils and relatively damped adaptive responses (29). Despite the observed virulence and immune skewing from clinical M.tb HN878 isolate infection, prophylactic vaccination with BCG provides protection from bacterial burden and pulmonary pathology and enhances survival in several preclinical models (31–33). M.tb HN878 was selected by the PHOENIX consortium due to its well profiled virulence discussed above and its membership in lineage 2, which has high global prevalence. This M.tb isolate serves as a suitable strain to evaluate vaccine-specific efficacy in both prevention of infection (POI) and prevention of disease (POD) contexts, key components of the PHOENIX goals for the program. To our knowledge, this will also be the first time M.tb HN878 is used as a challenge strain in nonhuman primates.




3.3 M.tb SA161 (lineage 2)

M.tb SA161 is also a W-Beijing-type Lineage 2 isolate (34). SA161 is derived from a cluster of cases in Arkansas and was originally sourced by the CASCADE team from Dr. Ian Orme at Colorado State University (34). The M.tb SA161 being used by the Urdahl Lab in the CASCADE program was sequenced, and the genome sequence is deposited at GenBank: SAMN38797942.

Like M.tb HN878, SA161 is a highly virulent W-Beijing strain of M.tb (35). Historical data suggest that lineage 2 Beijing isolates may associate with TB infections in persons living with human immunodeficiency virus (PLWHIV) (35). As such, M.tb SA161 has been evaluated in several models with seminal features of HIV infection including mice transgenic for HIV transcription protein Tat (35). M.tb SA161 is frequently paired with highly susceptible mouse strains like C3HeB/FeJ to model high frequencies of pulmonary pathology and use survival as primary endpoints (32, 35). Despite the highly virulent M.tb—highly susceptible mouse strain pairing—prophylactic vaccination with BCG still affords protection from bacterial burden and pathology in both mouse and guinea pig infections at intermediate timepoints (32, 36). At later timepoints post challenge, W-Beijing strains M.tb HN878 and M.tb SA161 upregulate regulatory T-cell responses and the early protection wanes as mice succumb to high bacterial burden (> 6 Log10 CFU) and pathology in a more resistant C57BL/6 mouse strain (31), which was a key feature for its selection in this consortium.

At the start of the IMPAc-TB contract, the PHOENIX and CASCADE consortiums performed a head-to-head virulence survival study of M.tb SA161 and M.tb HN878 to both compare their relative virulence as lineage 2 members as well as infer any similarities or differences worth noting for future comparisons across programs. In this study, male Beige mice were challenged with a low-dose aerosol (25–100 CFU) of either lineage 2 isolate. Beige mice were used in this study because they are highly susceptible to mycobacterial infections and offered a compressed survival timeline (<200 days) for this exploratory head-to-head study. In addition, both in human epidemiology and in mouse preclinical studies, males are more sensitive to TB disease [well reviewed here (37)], which also afforded an accelerated assessment between M.tb isolates. Samples were collected 24 h post challenge to confirm deposition in lungs, and for HN878, we observed 23, 67, and 52 CFU per mouse (averaging 47 CFU) and 14, 31, and 59 CFU were observed for SA161 challenge (average 35 CFU; n=3 per group). At 4 weeks post challenge, lung and spleen bacterial burden were evaluated (n=6–7) with no significant difference in either site between the two challenge strains at this timepoint observed (Figures 1A, B). A cohort of mice (n=10 each) was followed for morbidity endpoints resulting in probability of survival over time (Figure 1C). The median survival for mice challenged with M.tb HN878 was 165 days, whereas the median survival for M.tb SA161 infected mice was 119.5 days.
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Figure 1 | Survival of mice challenged with Beijing isolates of M.tb. Male Beige mice were challenged with a low-dose aerosol of either M.tb HN878 (open black circles) or M.tb SA161 (open red squares). At 4 weeks post-challenge, (A) lung and (B) spleen bacterial burden were evaluated in n=6-7. Two-tailed unpaired Student’s t test found no significant differences between lung (p = 0.4997) or spleen (p = 0.3365) groups. Mean Log10 CFU for lung = 7.1 HN878 and 6.9 for SA161. Mean Log10 CFU for spleen = 4.2 HN878 and 4.0 for SA161 (C) Cohorts of = 10 mice per challenge (M.tb HN878 = black line or M.tb SA161 = red line) isolate were followed over time with weekly or more frequent weighing as a measure of morbidity due to infection. When mice reached 20% weight loss, they were considered moribund and humanely euthanized. Asterisks represent significance (p < 0.0001) between the groups using a Log-rank Mantel–Cox test comparing survival curves. Data representative of one experiment.

In this comparative study, we observed a different survival profile in a Beige mouse background between M.tb HN878 and M.tb SA161 low-dose aerosol challenges, despite relatively equivalent bacterial burden at 4 week post challenge in both the lung and spleen. Interestingly, M.tb SA161 induces an earlier initiation of morbidity (day 88 to 151, 63 days of group decline) but the overall group mortality is more heterogeneous over time when compared with M.tb HN878 (day 144 to 172, 28 days of group decline), which seems to have a relatively delayed but more uniform morbidity of the total group. To our knowledge, this is the first report in male Beige mice for either M.tb isolate with these endpoints. This different pattern of morbidity between isolates in highly sensitive Beige mice mirrors that observed in the literature in more resistant C57BL/6 mice (31); however, the data reported here are less virulent in Beige mice comparatively by survival presumably due to the lower challenge dose at infection. In the context of the PHOENIX program where differences between vaccine groups are being evaluated, M.tb HN878 is a preferred isolate, but if, in contrast, interest is in the mechanism of disease progression and host variability in progressions to disease, then M.tb SA161 is a more reasonable strain to select. In the context of the CASCADE program, M.tb SA161 has been the primary isolate used to characterize pathological and immunological disease outcomes following vaccination due to its ability to generate large necrotic granulomas in the C3HeB/FeJ background. These profiles and specific endpoints of interest are well tailored to the overall objectives of the PHOENIX and CASCADE programs.




3.4 Clinical Peru isolate (lineage 2)

A distinct clinical isolate was recently discovered after the initiation of the IMPAc-TB program during a genome-to-genome (G2G) study conducted in Lima, Peru (38) (manuscript accepted, pending publication, SRA accession codes referenced there). This G2G study was designed to identify the genetic interaction between host genetic background and M.tb genetic background. The researchers discovered a single host variant (located in a non-coding region of the FLOT1 gene) that was associated with infection by a particular M.tb strain they called g2g-L2. They found the g2g-L2 strain locally emerged in Peru around 60 years ago but has since undergone rapid expansion. In a 2010 cohort, the g2g-L2 strain accounted for 6.6% of all M.tb strains circulating in Lima, Peru, but by 2020, the prevalence had almost doubled (12.6%). Additionally, it was shown that 87% of the g2g-L2 strains were in genomic clusters, whereas the clustering rates for the neighboring L2 clades were only 18% to 28%. These data indicate that the g2g-L2 strain has increased transmissibility in the local population. While the g2g-L2 strain can transmit successfully in Lima, Peru, it was not found elsewhere in the world. The authors also showed that g2g-L2 strains have a distinctive redox state compared with their nearest neighbor strains, manifested as a more oxidative cell state and resistance to reductive stress. The authors narrowed down a mutation (Thr2Asn) in trxB2 that was specific to the g2g-L2 strain, and they found that this trxB2 mutation can lead to higher activity of thioredoxin reductase and a significant shift in the NAD+/NADH ratio toward the oxidized state.

The authors delved into the underlying interaction between Mtb strains (g2g-L2 vs. nearest-neighbor strains, termed non-g2g-L2) and host immune cells with differing genetic backgrounds (FLOT1, AT vs. TT). RNA-seq analysis was employed to profile the innate immune response to M.tb infection, with the expression of 20 infection-responsive genes used to gauge the “infection score,” where higher expression indicated a stronger response. The study revealed that overall, AT host cells exhibited an elevated infection response compared with TT host cells. However, within the AT host cells, g2g-L2 infection blunted this response relative to non-g2g-L2 infection. Specifically, FLOT1-AT cells exhibited increased expression of genes associated with type 1 and type 2 interferon pro-inflammatory signaling, MHC-I antigen processing and presentation, IL-1B signaling, cytosolic DNA sensing, and zinc homeostasis. The authors posited that FLOT1-AT donors mount a robust transcriptional response to infection, potentially due to increased sensitivity in inducing innate responses. However, this response was skewed toward interferon following non-g2g-L2 infection, contrasting with IL-1B dominant responses observed after g2g-L2 infection. As the most recently isolated M.tb within the consortium, this g2g strain helps ground the clinical relevance of findings back to human epidemiologic data, a feature unique to the HI-IMPACT program.




3.5 M.tb Erdman (lineage 4)

M.tb Erdman K01 was sourced by the PHOENIX consortium directly from BEI Resources (NR-15404). This original clinical isolate was derived from human sputum at the Mayo Clinic in 1945 and is noted to be highly virulent (39). A low passage culture of M.tb Erdman was generated by the Coler Lab in the PHOENIX program. The stock material was sequenced and the assembled genome deposited at GenBank: SAMN38797939. A notable feature of M.tb Erdman was the development of a barcoded library (BEI Resources NR-50781) where each bacterium contains a unique and trackable sequence, enabling the profiling of a single cells’ longitudinal fate in vivo. This library has been leveraged in non-human primate models coupled with pathology and imaging to interrogate individual lesion-level disease progression and infection dynamics (40).

M.tb Erdman has been extensively used for aerosol challenge with diversity outbred mice to identify critical gene loci (41–44), innate cell influx, pulmonary necrosis (45), and age-related influences (46) that correlate with a spectrum of disease in this model. In mice, prophylactic BCG vaccination provides protection from early pulmonary and peripheral bacterial burden after challenge with M.tb Erdman (33). Studies in cynomolgus macaques infected with M.tb Erdman identified peripheral blood transcriptional changes occurring early (<6 months) post infection (47), which share similarities with human risk signatures predicting advancement to active TB disease. The similarities in risk signatures between M.tb Erdman-infected macaques and humans highlights the usefulness of this model to predict vaccine outcomes in humans.




3.6 M.tb H37Rv (lineage 4)

M.tb H37 was isolated from a human lung sample at the Trudeau Laboratory in 1905. M.tb H37Rv was derived from this isolate after selection for rough colony morphology and virulence in 1934 (48) and is one of the most widely used strains of M.tb available. Despite researchers identifying notable polymorphisms between M.tb H37Rv isolates maintained in different laboratories (49), the M.tb H37Rv genome is commonly used as the base reference. Indeed, antigens included in high-priority clinical vaccine candidates are sourced from the H37Rv genome, including ID93 (50), M72 (51), GamTBvac (52), and H107e (53). The M.tb H37Rv being leveraged by the CASCADE consortium was a gift from the lab of Dr. Joel Ernst. This isolate was derived from ATCC TMC 102 (catalog #27294), and the genome was partially sequenced and published in 1998. Despite this isolate serving as the de facto M.tb genome reference, the full genome sequence was only recently completed, comprising over 6,000 novel base pair regions, using a new paradigm of assembly called Bact-Builder (54). The CASCADE program M.tb H37Rv strain has been serially passaged through mice and has maintained virulence properties compared with other lab-adapted strains, perhaps through retention of the virulence factor PDIM, which is rapidly lost upon in vitro passage (55). The CASCADE M.tb H37Rv isolate was sequenced, and that assembled genome can be found at GenBank: SAMN38797937.

Like M.tb Erdman, M.tb H37Rv has been developed as a barcoded strain, allowing for the individual tracking and monitoring of deposited bacteria at the time of challenge and through chronic timepoints of infection and disease (56). This is an especially useful tool in the context of ultra-low-dose aerosol infections where as few as one bacterium per mouse is inhaled and monitored over time (56), better reflecting the conditions of human challenge. In general, M.tb H37Rv laboratory isolates are notably less virulent across models, with higher rates of survival and less necrotic lesions in the translational guinea pig preclinical model compared with other strains being used in this program including M.tb Erdman, M.tb HN878, or M.tb CDC1551 (23). Lower virulence of M.tb H37Rv compared with M.tb Erdman has also been observed in a New Zealand White rabbit model of aerosol challenge by 5 weeks post infection (57). Despite these reports, the CASCADE M.tb H37Rv isolate has similar virulence to M.tb Erdman and is more virulent than M.tb CDC1551, in studies by the group in C57BL/6 mice (Figure 2 and article by some of these same authors presented in this special issue (58), respectively). These patterns of virulence align with prior studies using the CASCADE programs’ M.tb H37Rv in C57BL/6 mice (56, 59). As such, the CASCADE program has used H37Rv as the primary lineage 4 strain to draw direct comparisons with M.tb SA161. Interestingly, in a BALB/c drug therapy model, different isolates of M.tb H37Rv were similarly sensitive to front-line drug treatment with rifampicin, isoniazid, and pyrazinamide as M.tb Erdman (6). However, M.tb H37Rv has been the strain of choice to date when assessing genetic components influencing host susceptibility in the context of the collaborative cross mice (60–63).

[image: Bar graph comparing CFU per lung for M. tb strains Erdman and H37Rv. Y-axis shows CFU on a logarithmic scale from 10^0 to 10^6. Erdman at higher CFU levels, H37Rv at lower. Data points represented by various symbols.]
Figure 2 | Comparable pulmonary bacterial burden between M.tb H37Rv and Erdman after ultra-low-dose challenge. Female C57BL/6 mice were challenged between 8 and 27 weeks of age with an ultra-low-dose challenge of either M.tb Erdman or M.tb H37Rv. At 35–42 days post-infection, lung bacterial burden was evaluated. Data depict six different challenge experiments, denoted in the figure as different-colored shapes, where each shape represents an individual mouse whose CFU was over 1. Two-tailed unpaired Student’s t test found no significant differences between the challenged groups (p = 0.5196) where the mean CFU for M.tb Erdman was 3.4 × 104 and for M.tb H37Rv was 4.2 × 104.




3.7 M.tb CDC1551 (lineage 4)

M.tb CDC1551 is a clinical isolate collected in the mid-1990s amid an outbreak with uncharacteristically highly positive tuberculin skin testing rates in rural Kentucky and Tennessee (64). The CASCADE M.tb CDC1551 isolate, originally a gift from W.R. Bishai, was sequenced, and that assembled genome can be found at GenBank: SAMN38797940. The BEI repository hosts numerous M.tb CDC1551-derived materials including cell lysate (NR-14835), polyclonal anti-sera from a guinea pig infection (NR-13818), genomic DNA (NR-48981), and a large assortment of transposon mutants. Live-attenuated vaccines are gaining traction in the TB research community, and one notable vaccine based in a parent CD1551 background is M.tbΔsigH (65).

M.tb H37Rv, M.tb Erdman, and M.tb CDC1551 contain a frame-shift deletion in a gene cluster responsible for phenolic glycolipid (PGL) production, resulting in a relatively reduced virulence compared with lineage 2 isolates (including M.tb HN878) which do not contain this deletion (66). Furthermore, prophylactic BCG vaccination provides better protection against these lineage 4 isolates compared with lineage 2 isolates in an intravenous infectious challenge of pooled barcoded M.tb in a C57BL/6 mouse model (67). Although the initial paper describing this strain in an in vivo mouse model found that, when compared with M.tb Erdman, M.tb CDC1551 expanded rapidly and notably reached two logs higher lung bacterial burden by day 20 (64), curiously, the M.tb Erdman peaked at ~104, which is ~2 logs lower than the typical CFU load following infection with virulent M.tb strains, such as M.tb Erdman or M.tb H37Rv. A subsequent study found that M.tb CDC1551 was actually less virulent than several other M.tb strains tested, including M.tb H37Rv, M.tb Erdman, and M.tb HN878, while inducing a more hyperinflammatory immune response (68). Consistent with the more recent study, the CASCADE M.tb CDC1551 isolate is less virulent in C57BL/6 mice than the CASCADE M.tb H37Rv isolate, with an approximately 1-log reduction in the peak lung bacterial burden.





4 Discussion

Aside from strain identity and genome sequence, there are many factors that influence how M.tb can behave both in vitro and in vivo. This includes culture conditions like the presence, absence, or concentration of Tween which directly changes the cell wall and some subsequent interactions with host cells (69–71) or growth medium albumin choice. Large first stock batches are made for each consortium where M.tb were grown in 10% OADC, 0.05% Tween, and in the absence of C02. For enumeration for mouse infection studies, the CASCADE program uses OD600nm of 1.0 and Phoenix uses direct CFU plating of aliquots and both programs combine these results with empirical titration experiments to determine nebulizer stock dilutions to attain the infection range per mouse desired. The Coler, Fortune, and Urdahl labs serve as distributor partners for each consortium where large low-passage batches (>900 1.0-ml aliquots in the case of the PHOENIX program) are made and stocks are distributed to contract partners to reduce the influence of strain passage on results obtained within each consortium. Annual CFU plating by all partners is a contract deliverable for some of the consortiums as a simple and direct check that stocks remain viable and at or near expected CFU. The status of specific lipids, like phthiocerol dimycocerosates (PDIMs) on the bacterial cell envelope, which have been observed to affect pathogenesis and virulence, is a similar factor important for understanding and comparing M.tb strain outcomes (72). The mouse-passaged M.tb H37Rv used by the CASCADE program recently confirmed PDIM status (73), and M.tb Erdman was similarly confirmed prior to DNA barcoding (40) and no subsequent colony purification occurred. PDIM status was not a planned screen throughout the program, although we acknowledge that this could affect results.

While each program is using different isolates, they are consistently from lineages 2 and 4, which provides some harmony of interest. Importantly, each isolate suits the needs of each consortium; for example, CASCADE is mechanistically interrogating the diversity of the immune response including pathology endpoints and the variability within an M.tb SA161 infection, possibly identifying key differences in disease progression. Conversely, PHOENIX is interested in vaccine efficacy endpoints and M.tb HN878 provides a more homologous response and disease progression that affords resolution between immunization strategies. The ability of HI-IMPACT to leverage a recent clinical isolate with a direct relationship to epidemiological data and human genetic variabilities make their work in preclinical models highly translational and informative. However, this collective work has excluded other lineages, including 1 and 3 which are found in Southeast Asian countries like Indonesia and the Philippines, which are among the top eight high-TB burden countries globally (74). Should these consortiums find critical disparities in relative immune responses or protection from vaccinations, it would be necessary to perform similar analyses using lineages 1 and 3. Other ex vivo tools like the mycobacterial growth inhibition assay (75–77), which allow for multiple challenge isolates to be used, are also being integrated into specific programs and may help address this need for an increased breadth of M.tb challenges to increase the scope of findings and areas of follow-up.

By identifying salient differences between strains being used across the three programs, we aim to transparently identify what may be common findings versus those that may be unique due to model organism selection. It is clear from the literature that whole-genome sequencing can reveal key genes involved in drug resistance, adaptations to stress conditions, and virulence of M.tb isolates (78–80). The sequences reported here aim to contribute to those efforts and provide pathogen genomic comparators for phenotypic outcomes across the consortium. Future work will align the sequences reported here to parent lineage-specific reference genomes available, clinical isolates, and an ancestral, non-lineage-specific, M.tb complex genome (termed MTBC0) (81). We expect that placing these isolates in the advanced phylogeny available for M.tb, through a number of platforms such as TB-Annotator (82) or MAGMA (83), will provide more opportunities to further link protection or pathogenic outcomes derived from IMPAc-TB with existing literature and clinical trends. In addition to M.tb isolate identity, the consortium is actively discussing challenge doses and how this directly influences outcomes in the preclinical models being studied. Furthermore, use of diversity outbred and collaborative cross mouse strains is an acknowledgement that host diversity plays a significant role in TB outcomes and may help uncover critical immune correlates of immunity.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/genbank/, BioProject: PRJNA1051793.





Ethics statement

The animal study was approved by Seattle Childrens’ Research Institute Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

SL: Conceptualization, Formal analysis, Investigation, Project administration, Resources, Visualization, Writing – original draft. HA: Data curation, Investigation, Software, Writing – original draft. CP: Resources, Writing – review & editing. SC: Writing – review & editing. HK: Investigation, Resources, Writing – review & editing. QL: Writing – original draft. MH: Investigation, Resources, Writing – review & editing. BB: Writing – review & editing. SB: Writing – review & editing. SF: Funding acquisition, Writing – review & editing. KU: Funding acquisition, Writing – review & editing. RC: Funding acquisition, Project administration, Supervision, Writing – review & editing. HB: Investigation, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This project has been funded in whole or in part with Federal funds from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, Department of Health and Human Services, under Contract Nos. 75N93021C00029 (to RC), 75N93019C00070 (to KU), and 75N93019C00071 (to SF). Additional support was from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, under contract number P30AI168023 for the Seattle Tuberculosis Research Advancement Center - SEATRAC. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.




Acknowledgments

The authors would like to thank all consortium partner institutions for their collaboration and dedication to advancing our knowledge about protective mechanisms against M.tb. The following reagents were obtained through BEI Resources by the Coler Lab, NIAID, NIH: Mycobacterium tuberculosis, Strain HN878, NR-13647, and Strain Erdman K01, NR-15404. The authors acknowledge Research Scientific Computing at Seattle Children’s Research Institute for providing HPC resources that have contributed to the research results reported within this paper. The authors would also like to thank the SCRI Office of Animal Care (OAC) for their management of animal resources.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



References
	1. Darrah, PA, Zeppa, JJ, Maiello, P, Hackney, JA, Wadsworth, MH 2nd, Hughes, TK, et al. Prevention of tuberculosis in macaques after intravenous BCG immunization. Nature. (2020) 577(7788):95–102. doi: 10.1038/s41586-019-1817-8
	2. Larson, EC, Ellis-Connell, AL, Rodgers, MA, Gubernat, AK, Gleim, JL, Moriarty, RV, et al. Intravenous bacille calmette-guérin vaccination protects simian immunodeficiency virus-infected macaques from tuberculosis. Nat Microbiol. (2023) 8(11):2080–92. doi: 10.1038/s41564-023-01503-x
	3. O'Neill, MB, Mortimer, TD, and Pepperell, CS. Diversity of Mycobacterium tuberculosis across evolutionary scales. PloS Pathog. (2015) 11(11):e1005257. doi: 10.1371/journal.ppat.1005257
	4. Stanley, S, Spaulding, CN, Liu, Q, Chase, MR, Ha, DTM, Thai, PVK, et al. High-throughput phenogenotyping of Mycobacteria tuberculosis clinical strains reveals bacterial determinants of treatment outcomes. bioRxiv. (2023). doi: 10.1101/2023.04.09.536166
	5. Smith, CM, and Sassetti, CM. Modeling diversity: Do homogeneous laboratory strains limit discovery? Trends Microbiol. (2018) 26(11):892–5. doi: 10.1016/j.tim.2018.08.002
	6. De Groote, MA, Gruppo, V, Woolhiser, LK, Orme, IM, Gilliland, JC, and Lenaerts, AJ. Importance of confirming data on the in vivo efficacy of novel antibacterial drug regimens against various strains of Mycobacterium tuberculosis. Antimicrob Agents Chemother. (2012) 56(2):731–8. doi: 10.1128/aac.05701-11
	7. Abdelaal, HFM, Spalink, D, Amer, A, Steinberg, H, Hashish, EA, Nasr, EA, et al. Genomic polymorphism associated with the emergence of virulent isolates of mycobacterium bovis in the nile delta. Sci Rep. (2019) 9(1):11657. doi: 10.1038/s41598-019-48106-3
	8. Bankevich, A, Nurk, S, Antipov, D, Gurevich, AA, Dvorkin, M, Kulikov, AS, et al. Spades: A new genome assembly algorithm and its applications to single-cell sequencing. J Comput Biol. (2012) 19(5):455–77. doi: 10.1089/cmb.2012.0021
	9. Larsen, SE, Erasmus, JH, Reese, VA, Pecor, T, Archer, J, Kandahar, A, et al. An RNA-based vaccine platform for use against Mycobacterium tuberculosis. Vaccines (Basel). (2023) 11(1):130. doi: 10.3390/vaccines11010130
	10. Merker, M, Blin, C, Mona, S, Duforet-Frebourg, N, Lecher, S, Willery, E, et al. Evolutionary history and global spread of the Mycobacterium tuberculosis beijing lineage. Nat Genet. (2015) 47(3):242–9. doi: 10.1038/ng.3195
	11. Glynn, JR, Whiteley, J, Bifani, PJ, Kremer, K, and van Soolingen, D. Worldwide occurrence of Beijing/W strains of Mycobacterium tuberculosis: A systematic review. Emerg Infect Dis. (2002) 8(8):843–9. doi: 10.3201/eid0805.020002
	12. Kikuchi, T, Nakamura, M, Hachisu, Y, Hirai, S, and Yokoyama, E. Molecular epidemiological analysis of Mycobacterium tuberculosis modern beijing genotype strains isolated in chiba prefecture over 10 years. J Infect Chemother. (2022) 28(4):521–5. doi: 10.1016/j.jiac.2021.12.020
	13. Shaik, J, Pillay, M, Moodley, J, and Jeena, P. Predominance of the Mycobacterium tuberculosis beijing strain amongst children from a high tuberculosis burden township in South Africa. Tuberculosis (Edinb). (2022) 136:102250. doi: 10.1016/j.tube.2022.102250
	14. Barbier, M, and Wirth, T. The evolutionary history, demography, and spread of the Mycobacterium tuberculosis complex. Microbiol Spectr. (2016) 4(4). doi: 10.1128/microbiolspec.TBTB2-0008-2016
	15. Tsolaki, AG, Gagneux, S, Pym, AS, Goguet de la Salmoniere, YO, Kreiswirth, BN, Van Soolingen, D, et al. Genomic deletions classify the Beijing/W strains as a distinct genetic lineage of Mycobacterium tuberculosis. J Clin Microbiol. (2005) 43(7):3185–91. doi: 10.1128/jcm.43.7.3185-3191.2005
	16. He, C, Cheng, X, Kaisaier, A, Wan, J, Luo, S, Ren, J, et al. Effects of Mycobacterium tuberculosis lineages and regions of difference (Rd) virulence gene variation on tuberculosis recurrence. Ann Transl Med. (2022) 10(2):49. doi: 10.21037/atm-21-6863
	17. Adams, KN, Verma, AK, Gopalaswamy, R, Adikesavalu, H, Singhal, DK, Tripathy, S, et al. Diverse clinical isolates of Mycobacterium tuberculosis develop macrophage-induced rifampin tolerance. J Infect Dis. (2019) 219(10):1554–8. doi: 10.1093/infdis/jiy710
	18. Stucki, D, Brites, D, Jeljeli, L, Coscolla, M, Liu, Q, Trauner, A, et al. Mycobacterium tuberculosis lineage 4 comprises globally distributed and geographically restricted sublineages. Nat Genet. (2016) 48(12):1535–43. doi: 10.1038/ng.3704
	19. Nahid, P, Bliven, EE, Kim, EY, Mac Kenzie, WR, Stout, JE, Diem, L, et al. Influence of M. tuberculosis lineage variability within a clinical trial for pulmonary tuberculosis. PloS One. (2010) 5(5):e10753. doi: 10.1371/journal.pone.0010753
	20. He, CJ, Wan, JL, Luo, SF, Guo, RJ, Paerhati, P, Cheng, X, et al. Comparative study on tuberculosis drug resistance and molecular detection methods among different Mycobacterium tuberculosis lineages. Infect Drug Resist. (2023) 16:5941–51. doi: 10.2147/idr.S423390
	21. Du, DH, Geskus, RB, Zhao, Y, Codecasa, LR, Cirillo, DM, van Crevel, R, et al. The effect of M. tuberculosis lineage on clinical phenotype. PloS Glob Public Health. (2023) 3(12):e0001788. doi: 10.1371/journal.pgph.0001788
	22. Ordway, D, Henao-Tamayo, M, Harton, M, Palanisamy, G, Troudt, J, Shanley, C, et al. The hypervirulent Mycobacterium tuberculosis strain HN878 induces a potent TH1 response followed by rapid down-regulation. J Immunol. (2007) 179(1):522–31. doi: 10.4049/jimmunol.179.1.522
	23. Palanisamy, GS, Smith, EE, Shanley, CA, Ordway, DJ, Orme, IM, and Basaraba, RJ. Disseminated disease severity as a measure of virulence of Mycobacterium tuberculosis in the guinea pig model. Tuberculosis (Edinb). (2008) 88(4):295–306. doi: 10.1016/j.tube.2007.12.003
	24. Baldwin, SL, Reese, VA, Huang, PW, Beebe, EA, Podell, BK, Reed, SG, et al. Protection and long-lived immunity induced by the Id93/Gla-se vaccine candidate against a clinical Mycobacterium tuberculosis isolate. Clin Vaccine Immunol. (2016) 23(2):137–47. doi: 10.1128/cvi.00458-15
	25. Berube, BJ, Larsen, SE, McNeil, MB, Reese, VA, Pecor, T, Kaur, S, et al. Characterizing in vivo loss of virulence of an Hn878 Mycobacterium tuberculosis isolate from a genetic duplication event. Tuberculosis (Edinb). (2022) 137:102272. doi: 10.1016/j.tube.2022.102272
	26. Domenech, P, Rog, A, Moolji, JU, Radomski, N, Fallow, A, Leon-Solis, L, et al. Origins of a 350-kilobase genomic duplication in Mycobacterium tuberculosis and its impact on virulence. Infect Immun. (2014) 82(7):2902–12. doi: 10.1128/iai.01791-14
	27. Mittal, E, Roth, AT, Seth, A, Singamaneni, S, Beatty, W, and Philips, JA. Single cell preparations of Mycobacterium tuberculosis damage the mycobacterial envelope and disrupt macrophage interactions. Elife. (2023) 12:e85416. doi: 10.7554/eLife.85416
	28. Choreño-Parra, JA, Bobba, S, Rangel-Moreno, J, Ahmed, M, Mehra, S, Rosa, B, et al. Mycobacterium tuberculosis Hn878 infection induces human-like B-cell follicles in mice. J Infect Dis. (2020) 221(10):1636–46. doi: 10.1093/infdis/jiz663
	29. Moreira-Teixeira, L, Tabone, O, Graham, CM, Singhania, A, Stavropoulos, E, Redford, PS, et al. Mouse transcriptome reveals potential signatures of protection and pathogenesis in human tuberculosis. Nat Immunol. (2020) 21(4):464–76. doi: 10.1038/s41590-020-0610-z
	30. Maceiras, AR, Silvério, D, Gonçalves, R, Cardoso, MS, and Saraiva, M. Infection with hypervirulent Mycobacterium tuberculosis triggers emergency myelopoiesis but not trained immunity. Front Immunol. (2023) 14:1211404. doi: 10.3389/fimmu.2023.1211404
	31. Ordway, DJ, Shang, S, Henao-Tamayo, M, Obregon-Henao, A, Nold, L, Caraway, M, et al. Mycobacterium bovis BCG-mediated protection against W-Beijing strains of Mycobacterium tuberculosis is diminished concomitant with the emergence of regulatory T cells. Clin Vaccine Immunol. (2011) 18(9):1527–35. doi: 10.1128/cvi.05127-11
	32. Henao-Tamayo, M, Obregón-Henao, A, Creissen, E, Shanley, C, Orme, I, and Ordway, DJ. Differential mycobacterium bovis BCG vaccine-derived efficacy in C3heb/Fej and C3h/Heouj mice exposed to a clinical strain of Mycobacterium tuberculosis. Clin Vaccine Immunol. (2015) 22(1):91–8. doi: 10.1128/cvi.00466-14
	33. Jeon, BY, Derrick, SC, Lim, J, Kolibab, K, Dheenadhayalan, V, Yang, AL, et al. Mycobacterium bovis BCG immunization induces protective immunity against nine different Mycobacterium tuberculosis strains in mice. Infect Immun. (2008) 76(11):5173–80. doi: 10.1128/iai.00019-08
	34. Palanisamy, GS, DuTeau, N, Eisenach, KD, Cave, DM, Theus, SA, Kreiswirth, BN, et al. Clinical strains of Mycobacterium tuberculosis display a wide range of virulence in guinea pigs. Tuberculosis (Edinb). (2009) 89(3):203–9. doi: 10.1016/j.tube.2009.01.005
	35. Honda, JR, Shang, S, Shanley, CA, Caraway, ML, Henao-Tamayo, M, Chan, ED, et al. Immune responses of HIV-1 tat transgenic mice to Mycobacterium tuberculosis W-Beijing SA161. Open AIDS J. (2011) 5:86–95. doi: 10.2174/1874613601105010086
	36. Obregón-Henao, A, Shanley, C, Bianco, MV, Cataldi, AA, Basaraba, RJ, Orme, IM, et al. Vaccination of guinea pigs using mce operon mutants of Mycobacterium tuberculosis. Vaccine. (2011) 29(26):4302–7. doi: 10.1016/j.vaccine.2011.04.027
	37. Gupta, M, Srikrishna, G, Klein, SL, and Bishai, WR. Genetic and hormonal mechanisms underlying sex-specific immune responses in tuberculosis. Trends Immunol. (2022) 43(8):640–56. doi: 10.1016/j.it.2022.06.004
	38. Luo, Y, Huang, C-C, Liu, Q, Howard, N, Li, X, Zhu, J, et al. A Flot1 host regulatory allele is associated with a recently expanded mtb clade in patients with tuberculosis. medRxiv. (2022) 2022.02.07.22270622. doi: 10.1101/2022.02.07.22270622
	39. Miyoshi-Akiyama, T, Matsumura, K, Iwai, H, Funatogawa, K, and Kirikae, T. Complete annotated genome sequence of Mycobacterium tuberculosis erdman. J Bacteriol. (2012) 194(10):2770. doi: 10.1128/jb.00353-12
	40. Martin, CJ, Cadena, AM, Leung, VW, Lin, PL, Maiello, P, Hicks, N, et al. Digitally barcoding Mycobacterium tuberculosis reveals in vivo infection dynamics in the macaque model of tuberculosis. mBio. (2017) 8(3):e00312–17. doi: 10.1128/mBio.00312-17
	41. Gatti, DM, Tyler, AL, Mahoney, JM, Churchill, GA, Yener, B, Koyuncu, D, et al. Systems genetics uncover new loci containing functional gene candidates in Mycobacterium tuberculosis-infected diversity outbred mice. bioRxiv. (2023). doi: 10.1101/2023.12.21.572738
	42. Kurtz, SL, Mittereder, LR, Lehman, CC, Khan, H, Gould, VA, and Elkins, KL. Intravenous BCG vaccination of diversity outbred mice results in moderately enhanced protection against challenge with Mycobacterium tuberculosis compared to intradermal vaccination. Infect Immun. (2023) 91(7):e0016823. doi: 10.1128/iai.00168-23
	43. Koyuncu, D, Niazi, MKK, Tavolara, T, Abeijon, C, Ginese, ML, Liao, Y, et al. Cxcl1: A new diagnostic biomarker for human tuberculosis discovered using diversity outbred mice. PloS Pathog. (2021) 17(8):e1009773. doi: 10.1371/journal.ppat.1009773
	44. Tavolara, TE, Niazi, MKK, Gower, AC, Ginese, M, Beamer, G, and Gurcan, MN. Deep learning predicts gene expression as an intermediate data modality to identify susceptibility patterns in Mycobacterium tuberculosis infected diversity outbred mice. EBioMedicine. (2021) 67:103388. doi: 10.1016/j.ebiom.2021.103388
	45. Niazi, MK, Dhulekar, N, Schmidt, D, Major, S, Cooper, R, Abeijon, C, et al. Lung necrosis and neutrophils reflect common pathways of susceptibility to Mycobacterium tuberculosis in genetically diverse, immune-competent mice. Dis Model Mech. (2015) 8(9):1141–53. doi: 10.1242/dmm.020867
	46. Harrison, DE, Astle, CM, Niazi, MKK, Major, S, and Beamer, GL. Genetically diverse mice are novel and valuable models of age-associated susceptibility to Mycobacterium tuberculosis. Immun Ageing. (2014) 11(1):24. doi: 10.1186/s12979-014-0024-6
	47. Gideon, HP, Skinner, JA, Baldwin, N, Flynn, JL, and Lin, PL. Early whole blood transcriptional signatures are associated with severity of lung inflammation in cynomolgus macaques with Mycobacterium tuberculosis infection. J Immunol (Baltimore Md 1950). (2016) 197(12):4817–28. doi: 10.4049/jimmunol.1601138
	48. Steenken, W, Oatway, WH, and Petroff, SA. Biological studies of the tubercle bacillus : III. dissociation and pathogenicity of the  R and S variants of the human tubercle bacillus (H(37)). J Exp Med. (1934) 60(4):515–40. doi: 10.1084/jem.60.4.515
	49. Ioerger, TR, Feng, Y, Ganesula, K, Chen, X, Dobos, KM, Fortune, S, et al. Variation among genome sequences of H37Rv strains of Mycobacterium tuberculosis from multiple laboratories. J Bacteriol. (2010) 192(14):3645–53. doi: 10.1128/jb.00166-10
	50. Baldwin, SL, Reese, V, Granger, B, Orr, MT, Ireton, GC, Coler, RN, et al. The Id93 tuberculosis vaccine candidate does not induce sensitivity to purified protein derivative. Clin Vaccine Immunol. (2014) 21(9):1309–13. doi: 10.1128/CVI.00372-14
	51. Skeiky, YA, Lodes, MJ, Guderian, JA, Mohamath, R, Bement, T, Alderson, MR, et al. Cloning, expression, and immunological evaluation of two putative secreted serine protease antigens of Mycobacterium tuberculosis. Infect Immun. (1999) 67(8):3998–4007. doi: 10.1128/iai.67.8.3998-4007.1999
	52. Tkachuk, AP, Gushchin, VA, Potapov, VD, Demidenko, AV, Lunin, VG, and Gintsburg, AL. Multi-subunit BCG booster vaccine GamTBvac: Assessment of immunogenicity and protective efficacy in murine and guinea pig TB models. PloS One. (2017) 12(4):e0176784. doi: 10.1371/journal.pone.0176784
	53. Woodworth, JS, Clemmensen, HS, Battey, H, Dijkman, K, Lindenstrøm, T, Laureano, RS, et al. A Mycobacterium tuberculosis-specific subunit vaccine that provides synergistic immunity upon co-administration with Bacillus Calmette-Guérin. Nat Commun. (2021) 12(1):6658. doi: 10.1038/s41467-021-26934-0
	54. Chitale, P, Lemenze, AD, Fogarty, EC, Shah, A, Grady, C, Odom-Mabey, AR, et al. A comprehensive update to the Mycobacterium tuberculosis H37Rv reference genome. Nat Commun. (2022) 13(1):7068. doi: 10.1038/s41467-022-34853-x
	55. Domenech, P, and Reed, MB. Rapid and spontaneous loss of phthiocerol dimycocerosate (PDIM) from Mycobacterium tuberculosis grown in vitro: Implications for virulence studies. Microbiol (Reading). (2009) 155(Pt 11):3532–43. doi: 10.1099/mic.0.029199-0
	56. Plumlee, CR, Duffy, FJ, Gern, BH, Delahaye, JL, Cohen, SB, Stoltzfus, CR, et al. Ultra-low dose aerosol infection of mice with Mycobacterium tuberculosis more closely models human tuberculosis. Cell Host Microbe. (2021) 29(1):68–82.e5. doi: 10.1016/j.chom.2020.10.003
	57. Manabe, YC, Dannenberg, AM Jr., Tyagi, SK, Hatem, CL, Yoder, M, Woolwine, SC, et al. Different strains of Mycobacterium tuberculosis cause various spectrums of disease in the rabbit model of tuberculosis. Infect Immun. (2003) 71(10):6004–11. doi: 10.1128/iai.71.10.6004-6011.2003
	58. Cohen, SB, Plumlee, CR, Engels, L, Mai, D, Murray, TA, Jahn, AN, et al. Host and pathogen genetic diversity shape vaccine-mediated protection to Mycobacterium tuberculosis. Front Immunol. (2024) 15:1427846. doi: 10.3389/fimmu.2024.1427846
	59. Plumlee, CR, Barrett, HW, Shao, DE, Lien, KA, Cross, LM, Cohen, SB, et al. Assessing vaccine-mediated protection in an ultra-low dose Mycobacterium tuberculosis murine model. PloS Pathog. (2023) 19(11):e1011825. doi: 10.1371/journal.ppat.1011825
	60. Smith, CM, Proulx, MK, Lai, R, Kiritsy, MC, Bell, TA, Hock, P, et al. Functionally overlapping variants control tuberculosis susceptibility in collaborative cross mice. mBio. (2019) 10(6):e02791–19. doi: 10.1128/mbio.02791-19
	61. Smith, CM, Proulx, MK, Olive, AJ, Laddy, D, Mishra, BB, Moss, C, et al. Tuberculosis susceptibility and vaccine protection are independently controlled by host genotype. mBio. (2016) 7(5):01516–16. doi: 10.1128/mbio.01516-16
	62. Lai, R, Gong, DN, Williams, T, Ogunsola, AF, Cavallo, K, Lindestam Arlehamn, CS, et al. Host genetic background is a barrier to broadly effective vaccine–mediated protection against tuberculosis. J Clin Invest. (2024) 133(13):e167762. doi: 10.1172/JCI167762
	63. Smith, CM, Baker, RE, Proulx, MK, Mishra, BB, Long, JE, Park, SW, et al. Host-pathogen genetic interactions underlie tuberculosis susceptibility in genetically diverse mice. eLife. (2022) 11:e74419. doi: 10.7554/eLife.74419
	64. Valway, SE, Sanchez, MP, Shinnick, TF, Orme, I, Agerton, T, Hoy, D, et al. An outbreak involving extensive transmission of a virulent strain of Mycobacterium tuberculosis. N Engl J Med. (1998) 338(10):633–9. doi: 10.1056/nejm199803053381001
	65. Kaushal, D, Foreman, TW, Gautam, US, Alvarez, X, Adekambi, T, Rangel-Moreno, J, et al. Mucosal vaccination with attenuated Mycobacterium tuberculosis induces strong central memory responses and protects against tuberculosis. Nat Commun. (2015) 6:8533. doi: 10.1038/ncomms9533
	66. Reed, MB, Domenech, P, Manca, C, Su, H, Barczak, AK, Kreiswirth, BN, et al. A glycolipid of hypervirulent tuberculosis strains that inhibits the innate immune response. Nature. (2004) 431(7004):84–7. doi: 10.1038/nature02837
	67. Carey, AF, Wang, X, Cicchetti, N, Spaulding, CN, Liu, Q, Hopkins, F, et al. Multiplexed strain phenotyping defines consequences of genetic diversity in Mycobacterium tuberculosis for infection and vaccination outcomes. mSystems. (2022) 7(3):e0011022. doi: 10.1128/msystems.00110-22
	68. Manca, C, Tsenova, L, Barry, CE 3rd, Bergtold, A, Freeman, S, Haslett, PA, et al. Mycobacterium tuberculosis CDC1551 induces a more vigorous host response in vivo and in vitro, but is not more virulent than other clinical isolates. J Immunol. (1999) 162(11):6740–6. doi: 10.4049/jimmunol.162.11.6740
	69. Leisching, G, Pietersen, RD, Mpongoshe, V, van Heerden, C, van Helden, P, Wiid, I, et al. The host response to a clinical MDR mycobacterial strain cultured in a detergent-free environment: A global transcriptomics approach. PloS One. (2016) 11(4):e0153079. doi: 10.1371/journal.pone.0153079
	70. Sani, M, Houben, EN, Geurtsen, J, Pierson, J, de Punder, K, van Zon, M, et al. Direct visualization by cryo-EM of the mycobacterial capsular layer: A labile structure containing ESX-1-Secreted proteins. PloS Pathog. (2010) 6(3):e1000794. doi: 10.1371/journal.ppat.1000794
	71. Pietersen, RD, du Preez, I, Loots, DT, van Reenen, M, Beukes, D, Leisching, G, et al. Tween 80 induces a carbon flux rerouting in Mycobacterium tuberculosis. J Microbiol Methods. (2020) 170:105795. doi: 10.1016/j.mimet.2019.105795
	72. Rens, C, Chao, JD, Sexton, DL, Tocheva, EI, and Av-Gay, Y. Roles for phthiocerol dimycocerosate lipids in Mycobacterium tuberculosis pathogenesis. Microbiol (Reading). (2021) 167(3). doi: 10.1099/mic.0.001042
	73. Cohen, SB, Gern, BH, Delahaye, JL, Adams, KN, Plumlee, CR, Winkler, JK, et al. Alveolar macrophages provide an early Mycobacterium tuberculosis niche and initiate dissemination. Cell Host Microbe. (2018) 24(3):439–46.e4. doi: 10.1016/j.chom.2018.08.001
	74. World Health Organization. Global tuberculosis report. (2023).
	75. Painter H, PS, Cia, F, Stockdale, L, Tanner, R, Willcocks, S, Reljic, R, et al. Adaption of the ex vivo mycobacterial growth inhibition assay for use with murine lung cells. Sci Rep. (2020) 10:1–9. doi: 10.1038/s41598-020-60223-y
	76. Painter, H, Willcocks, S, Zelmer, A, Reljic, R, Tanner, R, and Fletcher, H. Demonstrating the utility of the ex vivo murine mycobacterial growth inhibition assay (MGIA) for high-throughput screening of tuberculosis vaccine candidates against multiple Mycobacterium tuberculosis complex strains. Tuberculosis (Edinb). (2024) 146:102494. doi: 10.1016/j.tube.2024.102494
	77. Painter, H, Harriss, E, Fletcher, HA, McShane, H, and Tanner, R. Development and application of the direct mycobacterial growth inhibition assay: A systematic review. Front Immunol. (2024) 15:1355983. doi: 10.3389/fimmu.2024.1355983
	78. Stanley, S, Spaulding, CN, Liu, Q, Chase, MR, Ha, DTM, Thai, PVK, et al. Identification of bacterial determinants of tuberculosis infection and treatment outcomes: A phenogenomic analysis of clinical strains. Lancet Microbe. (2024) 5(6):e570–e80. doi: 10.1016/s2666-5247(24)00022-3
	79. Atavliyeva, S, Auganova, D, and Tarlykov, P. Genetic diversity, evolution and drug resistance of Mycobacterium tuberculosis lineage 2. Front Microbiol. (2024) 15:1384791. doi: 10.3389/fmicb.2024.1384791
	80. Billows, N, Phelan, J, Xia, D, Peng, Y, Clark, TG, and Chang, YM. Large-scale statistical analysis of Mycobacterium tuberculosis genome sequences identifies compensatory mutations associated with multi-drug resistance. Sci Rep. (2024) 14(1):12312. doi: 10.1038/s41598-024-62946-8
	81. Harrison, LB, Kapur, V, and Behr, MA. An imputed ancestral reference genome for the Mycobacterium tuberculosis complex better captures structural genomic diversity for reference-based alignment workflows. Microb Genom. (2024) 10(1). doi: 10.1099/mgen.0.001165
	82. Senelle, G, Sahal, MR, La, K, Billard-Pomares, T, Marin, J, Mougari, F, et al. Towards the reconstruction of a global TB history using a new pipeline "TB-Annotator". Tuberculosis (Edinb). (2023) 143s:102376. doi: 10.1016/j.tube.2023.102376
	83. Heupink, TH, Verboven, L, Sharma, A, Rennie, V, de Diego Fuertes, M, Warren, RM, et al. The MAGMA pipeline for comprehensive genomic analyses of clinical Mycobacterium tuberculosis samples. PloS Comput Biol. (2023) 19(11):e1011648. doi: 10.1371/journal.pcbi.1011648




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

Copyright © 2024 Larsen, Abdelaal, Plumlee, Cohen, Kim, Barrett, Liu, Harband, Berube, Baldwin, Fortune, Urdahl and Coler. 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.




CLINICAL TRIAL

published: 14 November 2024

doi: 10.3389/fimmu.2024.1427371

[image: image2]


A dose escalation study to evaluate the safety of an aerosol BCG infection in previously BCG-vaccinated healthy human UK adults


Timothy Fredsgaard-Jones 1†, Stephanie A. Harris 1†, Hazel Morrison 1, Alberta Ateere 1, Beatrice Nassanga 1, Raquel Lopez Ramon 1, Celia Mitton 1, Eve Fletcher 2, Jonathan Decker 2, Hannah Preston-Jones 1, Susan Jackson 1, Andrew Mawer 1, Iman Satti 1, Michael Barer 2, Timothy Hinks 3, Henry Bettinson 3 and Helen McShane 1*


1 The Jenner Institute, University of Oxford, Oxford, United Kingdom    , 2 Department of Respiratory Science, University of Leicester, Leicester, United Kingdom, 3 Oxford Centre for Respiratory Medicine, Nuffield Department of Clinical Medicine, University of Oxford, Oxford, United Kingdom




Edited by: 

Sarah Fortune, Harvard University, United States

Reviewed by: 

Paul Ogongo, University of California San Francisco, United States

Aneesh Vijayan, Independent researcher, Leiden, Netherlands

*Correspondence: 

Helen McShane
 helen.mcshane@ndm.ox.ac.uk










†These authors share first authorship


Received: 03 May 2024

Accepted: 14 October 2024

Published: 14 November 2024

Citation:
Fredsgaard-Jones T, Harris SA, Morrison H, Ateere A, Nassanga B, Ramon RL, Mitton C, Fletcher E, Decker J, Preston-Jones H, Jackson S, Mawer A, Satti I, Barer M, Hinks T, Bettinson H and McShane H (2024) A dose escalation study to evaluate the safety of an aerosol BCG infection in previously BCG-vaccinated healthy human UK adults. Front. Immunol. 15:1427371. doi: 10.3389/fimmu.2024.1427371






Introduction

Tuberculosis (TB) is the leading cause of death worldwide from a single infectious agent. Bacillus Calmette-Guérin (BCG), the only licensed vaccine, provides limited protection. Controlled human infection models (CHIMs) are useful in accelerating vaccine development for pathogens with no correlates of protection; however, the need for prolonged treatment makes Mycobacterium tuberculosis an unethical challenge agent. Aerosolised BCG provides a potential safe surrogate of infection. A CHIM in BCG-vaccinated as well as BCG-naïve individuals would allow identification of novel BCG-booster vaccine candidates and facilitate CHIM studies in populations with high TB endemicity. The purpose of this study was to evaluate the safety and utility of an aerosol BCG CHIM in historically BCG-vaccinated volunteers.





Methods

There were 12 healthy, historically BCG-vaccinated UK adults sequentially enrolled into dose-escalating groups. The first three received 1 × 104 CFU aerosol BCG Danish 1331 via a nebuliser. After safety review, subsequent groups received doses of 1 × 105 CFU, 1 × 106 CFU, or 1 × 107 CFU. Safety was monitored through self-reported adverse events (AEs), laboratory tests, and lung function testing. Immunology blood samples were taken pre-infection and at multiple timepoints post-infection. A bronchoalveolar lavage (BAL) taken 14 days post-infection was analysed for presence of live BCG.





Results

No serious AEs occurred during the study. Solicited systemic and respiratory AEs were frequent in all groups, but generally short-lived and mild in severity. There was a trend for more reported AEs in the highest-dose group. No live BCG was detected in BAL from any volunteers. Aerosol BCG induced potent systemic cellular immune responses in the highest-dose group 7 days post-infection.





Discussion

Aerosol BCG infection up to a dose of 1 × 107 CFU was well-tolerated in historically BCG-vaccinated healthy, UK adults. No live BCG was detected in the BAL fluid 14 days post-infection despite potent systemic responses, suggesting early clearance. Further work is needed to expand the number of volunteers receiving BCG via the aerosol route to refine and establish utility of this aerosol BCG CHIM.





Clinical trial registration

https://clinicaltrials.gov/, identifier NCT04777721.
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Introduction

Globally, tuberculosis (TB) remains the leading cause of death from a single infectious agent (1), and even in survivors, it exerts a significant impact on the quality of their health (2). The WHO has set ambitious targets to curb the impact of TB, with an aim to reduce mortality to 95% of the numbers seen in 2015 (3). Integral to the success of this strategy will be the development and deployment of a more efficacious vaccine than BCG (3, 4), which provides limited protection to Mycobacterium tuberculosis (M.tb) infection in adults and has variable efficacy against pulmonary disease (5). To date, the lack of defined correlates of protection and a robust model for assessing efficacy and immunogenicity for candidate vaccines has frustrated vaccine development (6). There is an urgent need for other tools to identify at an early stage which vaccine candidates have the greatest chance of success. Controlled human infection models (CHIMs) have been successfully utilised in the development of vaccine strategies for other globally important diseases including malaria, influenza, cholera, and typhoid (7–10). CHIMs also provide the opportunity to interrogate the immunological responses to early infection (11), something which is challenging in M.tb field studies where infection often predates symptoms by months or years. A functioning TB CHIM could also be utilised to directly assess the vaccine efficacy of a novel vaccine as part of early-stage clinical trials on healthy volunteers, by providing a head-to-head comparison with unvaccinated controls. Given the high costs of phase 3 trials for TB vaccines (12), this would be invaluable in ensuring that only the most promising candidates are taken forward.

Developing a CHIM for TB vaccines is complex, as the duration and toxicity of treatment as well as lack of a definitive proof of cure mean that virulent M.tb would not be an ethical challenge agent. In the absence of an attenuated form of M.tb, Bacillus Calmette-Guérin (BCG) provides an attractive alternative challenge agent due to its low pathogenic potential and excellent safety record as a vaccine (13). We have previously developed an intradermal BCG CHIM (14–16); however, using a respiratory CHIM would be beneficial, as it accurately mimics the natural route of M.tb infection and allows for the characterisation of local mucosal immune responses.

Instilling BCG directly into the lungs has previously been shown to be safe and well tolerated (17); however, aerosol delivery provides a less invasive approach and logistical and operational benefits in a low-resource setting. We have previously shown that aerosol BCG can be safely administered to BCG-naïve healthy adult volunteers and that viable BCG can be successfully recovered from bronchoalveolar lavage (BAL) samples taken 14 days after initial challenge (18). Ongoing work has focussed on evaluating the local respiratory and systemic responses to aerosol challenge (ClinicalTrials.gov NCT03912207). As the majority of the world’s population are vaccinated with BCG as part of routine childhood vaccine schedules, it is important that any TB CHIM could also be conducted on historically BCG-vaccinated volunteers. Not only would this allow for CHIMs to be conducted on more varied populations including settings where TB is endemic, but also it would allow for the evaluation of future TB vaccine candidates in a prime-boost regimen with intradermal BCG. Prime-boost approaches have been shown to enhance M.tb immunity in animal models (19), and heterologous vaccine programs have recently shown promise in providing protection against COVID-19 (20).

Evaluation of the safety of aerosol BCG infection in historically BCG-vaccinated humans is prudent given the large surface area of the respiratory mucosa. Intradermal BCG revaccination has not been associated with an increased side effect profile in large randomised controlled trials (21), whereas studies involving non-human primates are reassuring, showing that an aerosol vaccination boost of historically intradermally vaccinated animals can also be achieved safely (22). The results of another respiratory BCG human challenge model via bronchoscopic instillation included some participants with previous BCG vaccination and also showed a favourable side effect profile (17), albeit at a lower dose to a single lobe of the lung.

Here, we present the results of a dose escalation study investigating the safety and tolerability of aerosol BCG infection in historically BCG-vaccinated healthy adult volunteers from an area with low M.tb prevalence. We also present data on BCG recovery from bronchoalveolar lavage fluid and face mask sampling post-infection and exploratory immunological data to characterise the response to aerosol BCG infection, and to further inform the immunological response to mycobacteria.





Materials and methods




Study design

We designed a controlled human infection study using BCG delivered via the aerosol route. The study, along with associated documents, was approved by the Oxford A Research Ethics Committee (Ref. 20/SC/0059) and was registered with ClinicalTrials.gov prior to study commencement (ClinicalTrials.gov ID: NCT04777721). All aspects of the study were conducted according to the principle of the Declaration of Helsinki and Good Clinical Practice.





Trial participants

Healthy, historically BCG-vaccinated UK adults aged 18–50 residing in the Oxford area were recruited by use of approved adverts. Following written informed consent, volunteers were screened for eligibility at the Centre for Clinical Vaccinology and Tropical Medicine, University of Oxford. Volunteers were screened for previous exposure to M.tb through clinical history, physical examination, chest radiographs, and a negative interferon gamma release assay (QuantiFERON-TB Gold Plus (Qiagen, Hilden, Germany)) on fresh blood. BCG vaccination status was confirmed via occupational health/medical records or evidence of a BCG scar, whereas to be eligible, previous intradermal BCG vaccination must have occurred at least 12 months prior to enrolment.

Volunteers were screened for evidence of an underlying immunodeficiency, including HIV, through serological and haematological testing and medical history. Volunteers with underlying asthma or other significant respiratory disease evidenced through medical history or clinically significant abnormalities in pulmonary function tests or chest radiograph were excluded. Volunteers who were current smokers, pregnant, or breastfeeding and those who had a medical history, which was deemed by the study physicians to be clinically relevant, were also excluded. The full eligibility criteria can be found in the study protocol (Supplementary Document 1). Volunteers who fulfilled the inclusion criteria were invited to participate.





Group allocation

Volunteers were sequentially enrolled into one of four study groups, starting at the lowest aerosol BCG dose until each study group was full (three volunteers per group). Volunteers were not blinded to their dose. A review of the safety data taken from volunteers was completed at least 7 days after the final volunteer in each group had been enrolled. Safety data assessment included solicited and unsolicited adverse events (AEs) reported in electronic diaries (eDiaries), safety blood tests, pulmonary function tests, bronchoscopy reports, and physical observations from study visits. Data were discussed with an independent safety monitoring committee (SMC). The decision to continue dose escalation was at the discretion of the committee, and only after agreement with the SMC was enrolment to the next dosing group initiated.





Challenge agent

BCG Danish 1331 (AJV Vaccines, Denmark) was used for all groups. According to the manufacturer, lyophilised vials contain 2–8 × 106 CFU; therefore, the median of 5 × 106 CFU was assumed for dosing. All vials were mixed with BCG solvent (AJV vaccines) and diluted with 0.9% normal saline as appropriate for the dose in each study group. The total volume of fluid aerosolised for each volunteer was 1 mL. Aerosolisation was achieved using the handheld Omron MicroAir U22 ultrasonic mesh nebuliser (OMRON Healthcare Ltd., UK). Volunteers were instructed to breathe at a normal rate and the device set in a continuous aerosolisation mode.





Clinical interventions

All volunteers received one dose of aerosolised BCG (either 1 × 104, 1 × 105, 1 × 106, or 1 × 107 CFU) on D0 of the study. Blood was obtained on all study visits (D0, D2, D7, D14, D28, D56, D84, and D168) whereas bronchoscopy was completed on D14, and induced sputum was an optional investigation on D168.

After challenge, the volunteers were provided with an eDiary to record solicited respiratory AEs
(cough, sputum production, haemoptysis, sore throat, wheeze, dyspnoea, chest tightness, and chest
pain) and systemic AEs (fever, feverishness, fatigue, malaise, myalgia, arthralgia, headache, and nausea) for 28 days. Volunteers were also asked to record any other unlisted AEs. All AEs were scored between 0 (not present) and 3 (severe) based on predefined criteria (see Supplementary Figure 1). The inclusion of systemic AEs was identified based on SmPC for BCG (23), whereas respiratory AEs were based on previous experience from aerosol vaccine trials including previous trials completed using aerosol BCG (18, 24). AEs (solicited and unsolicited) were also recorded at all study visits where durations of AEs and their severity were collected retrospectively.

Basic vital signs were recorded at all study visits. Spirometry was completed immediately after administration of aerosol BCG on D0 and repeated on D2 and D7 visits, and Transfer Factor of the lung for Carbon Dioxide (TLCO) was completed on the D7 visit. Any volunteers with potentially significant drops in TLCO at D7 (≥15% compared with baseline or a TLCO below the predicted lower limit of normal adjusted for age, height, gender, and ethnicity) had repeat measurement undertaken at D84. Further lung function was also repeated where deemed clinically indicated.

Volunteers reporting any grade 3 AEs during eDiary attended for an additional clinic visit. Volunteers with a fever (≥37.5°C) were investigated with physical examination and history and underwent blood tests and microbiological investigation including throat swabs for respiratory pathogens and mycobacterial blood cultures as appropriate.

A single bronchoscopy was completed on D14 following aerosol challenge by an experienced respiratory physician. Volunteers were offered intravenous sedation (midazolam and fentanyl). After local anaesthesia was administered to the oropharynx, above and below the vocal cords, a fibreoptic bronchoscope was used to macroscopically inspect respiratory mucosa and to obtain a bronchoalveolar lavage of the right middle lobe using 150 mL of sterile 0.9% saline.

Face mask sampling was completed using an adapted duckbill face mask (Integrity® 600-3004) containing four 3D-printed polyvinyl alcohol (PVA) sampling matrix strips to detect any exhaled BCG. Masks were worn for 30 min on several study visits: D0, both before and immediately after aerosol challenge, D2, D7, D14, and D28. Masks were positioned to avoid any contact with face and sampling strips. Volunteers were asked to avoid touching the internal components of the masks but were permitted to talk and cough while wearing the masks. Volunteers were not permitted to eat while wearing the mask; however, if they felt the need to expectorate sputum or required a drink during the procedure, they were permitted to briefly remove the mask before replacing. Masks were placed in a sampling bag and allowed to dry before sealing for transport at room temperature.





Detection and quantification of BCG




BCG infection dose

The infection dose was verified by generating serial dilutions of BCG from the diluted vaccine vials and adding the appropriate dilution to a BACTEC™ Mycobacterial Growth Indicator Tube (MGIT) containing Middlebrook 7H9 media, supplemented with 800 µL of BBL MGIT OADC (oleic acid, albumin, dextrose, and catalase) and PANTA (polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin) mixture (Becton Dickinson, UK) (BD). Tubes were added to the BACTEC™ MGIT instrument (Becton Dickinson, UK) and time to positivity (TTP) by fluorescence recorded. TTP is inversely correlated with the number of CFU present and was converted to CFU by means of a standard curve, where serial dilutions of a BCG vaccine vial were generated and an aliquot of each dilution plated onto solid M7H11 agar and an aliquot added to a supplemented MGIT tube. Resulting TTP was plotted against log10 CFU and a linear regression performed to obtain an equation for the line. Results are reported as CFU/vaccine vial and CFU/dose for each group.





Detection of BCG in BAL and induced sputum samples

BCG detection was performed on the entire BAL sample volume from all 12 volunteers in the study, as previously described (18). Briefly, BAL samples were centrifuged at 3,000 g for 17 min and the supernatant decanted into fresh 50 mL centrifuge tubes and stored at −80°C. The pellet was decontaminated using the BBL® MycoPrep™ Specimen Digestion/Decontamination Kit (Becton Dickinson, UK) according to the manufacturer’s instructions. Briefly, the ampule in the MycoPrep™ Reagent bottle was broken and N-acetyl-L-cysteine (NALC) was dissolved by gentle shaking to activate the NALC-sodium hydroxide (NALC-NaOH) solution. 5 mL was added to the BAL pellet and incubated for 15 min at room temperature with occasional gentle mixing. Phosphate-buffered saline (PBS) was then added to 50 mL, and the solution was centrifuged at 3,000 g for 17 min. Supernatant was discarded and the pellet resuspended in supplemented media from the corresponding MGIT tube and returned to the tube. The MGIT tube was added to the BACTEC™ MGIT instrument (Becton Dickinson, UK), as above, and TTP was recorded.

Induced sputum samples were obtained from 11/12 volunteers at D168 post-aerosol BCG. Induced sputum samples were decontaminated by adding an equal volume of activated BBL® MycoPrep™ following the above procedure for BCG detection in the BAL.





Processing of adapted PVA masks

For groups 3 and 4 (1 × 106 and 1 × 107 CFU aerosol BCG), facemasks from D0 pre- and post-aerosol BCG, D2, and D7 were processed for detection of live BCG. Under sterile conditions, the two PVA strips from one side of the face mask were removed and placed into a stomacher bag. The remainder of the mask containing the other two PVA strips was repackaged and stored at RT for later qPCR. 4.5 mL of molecular-grade water was added to the strips in the stomacher bag and the bag manipulated by hand for 5 min to dissolve the strips. Once dissolved, the solution was transferred to a 50 mL Falcon tube and an equal volume of BBL® MycoPrep™ was added and processed as above for detection of BCG. All facemasks from all time points were processed for qPCR.

For qPCR analysis, the remaining two PVA strips were removed from the face mask and dissolved in 4 mL Tris buffer (25 mM, pH 8.0) using a multifunction tube rotator for 60 min. After dissolution, samples were pelleted using centrifugation (15,000 x g for 10 min). The pellet was resuspended in 100 µL Tris–EDTA (20 mM Tris, 2 mM EDTA, pH 8.0) before being transferred to a screwcap tube. 0.25 g of lysing matrix B and 100 µL Chelex suspension (50% w/v Chelex 100, 1% w/v Nonidet P-40, 1% w/v Tween 20) were added to the resuspended pellet. Cells were disrupted in a FastPrep-24 5G homogeniser (MP Biomedicals, CA, USA) at 6.5 m/s for 45 s (4 rounds with a 2 min incubation on ice between each round). Samples were centrifuged at 15,000 x g for 2 min and the supernatant collected for qPCR analysis. Sample DNA was initially detected using SensiFAST™ Probe No-ROX (Bioline, UK) following the manufacturer’s instructions, with primers and probes targeting the IS1081 gene: forward primer: 5′-CTG CTC TCG ACG TTC ATC GCC C-3′ (final concentration: 333 nM); reverse primer: 5′-GGC TAG CAG ACC TCA CCT ATG TGT-3′ (final concentration: 333 nM); probe: 5′-6-FAM GGC TGA AGC/ZEN/CGA CGC CCT GTG CGG G-3′-IABFQ (final concentration: 167 nM). Thermal cycling conditions for the IS1081 assay was as follows: incubation at 50°C for 2 min, incubation at 95°C for 10 min, followed by 45 PCR cycles (denaturation: 95°C for 15 s; combined annealing/extension: 60°C for 60 s). Positive samples were re-assayed for detection of the IS6110 gene using SensiFAST™ SYBR® No-Rox (Bioline, UK) according to the manufacturer’s instructions. Primers used to target the IS6110 gene: forward primer: 5′-AGC GTA GGC GTC GGT GAC-3′ (final concentration: 400 nM); reverse primer: 5′-GGG TAG CAG ACC TCA CCT ATG TGT-3′ (final concentration: 400 nM) (25). Thermal cycling for the IS6110 assay was performed with the conditions as follows: incubation at 95°C for 15 min, followed by 40 PCR cycles (denaturation: 95°C for 15 s; annealing: 68°C for 30 s; extension: 72°C for 20 s; additional extension step: 82°C for 20 s). All thermal cycling was performed using a Rotor-Gene Q thermocycler (Qiagen, Cat N: 9001590).





Genotyping of mycobacteria isolated from BAL and induced sputum

After a minimum of 42 days on the BACTEC™ MGIT instrument (when the manufacturer’s protocol considers the sample negative), the contents of positive MGIT tubes were transferred to a 50 mL centrifuge tube and centrifuged at 3,000 g for 17 min. Supernatant was discarded and the pellet resuspended in 200 µL PBS and stored at −80°C for batched DNA extraction. DNA extraction was carried out as previously described (26). Briefly, DNA was released from 200 µL of thawed homogenate using the tough microorganism lysing kit (Precellys) in a Precellys 24 machine at 6,500 rpm for 3 × 30 s. Homogenate was transferred to a separate tube and 50 µL PBS used to wash the remaining homogenate from the beads. 180 µL of ATL buffer and 20 µL of proteinase K (Qiagen) were added, vortexed, and incubated at 56°C for 4 h. From this point, the extractions were carried out following the manufacturer’s instructions (Qiagen DNeasy Blood and Tissue Kit).

Genotyping was carried out using the HAIN™ GenoType MTBC VER 1.X kit (Bruker) according to the manufacturer’s instructions for use. Briefly, DNA extracted from BAL and induced sputum was amplified using kit-specific primers and PCR conditions. 20 µL of the PCR product was chemically denatured and hybridised to the kit-specific DNA•STRIP, which contains specific probes complementary to the amplified PCR products. The bound amplicon is detected by addition of streptavidin–alkaline phosphatase and made visible by a colorimetric reaction. This results in a specific banding pattern on the strip, corresponding to a particular mycobacterium species, determined by comparing with the kit-specific insert.






Immunology




E vivo enzyme-linked immunospot

Fresh peripheral blood mononuclear cells (PBMC) separated from whole blood (WB) were used to measure ex vivo IFN-γ enzyme-linked immunospot (ELISpot) responses as previously described on samples collected at D0, D7, D14, D28, D56, D84, and D168 of the study (27). Briefly, cells were stimulated in triplicate at 3 × 105 PBMC/well with 20 µg/mL of PPD from M.tb (AJ Vaccines, Denmark), 2 × 105 CFU/mL BCG Danish (AJ Vaccines, Denmark), 1 µg/mL of MTB300, a pool comprising 300 peptides from M.tb (Sette, La Jolla), and anti-human CD3 mAb (positive control; Mabtech AB) or left unstimulated as a negative control for the assay. Background (unstimulated) subtracted antigen-specific responses are presented as spot-forming cells (SFC) per 1 × 106 PBMC.





Concentration of BAL fluid

Frozen BAL fluid (BALF) was thawed and duplicate 20 µL volumes used to determine the phospholipid concentration by means of a phospholipid assay kit (Sigma-Aldrich). The manufacturer’s instructions were followed and the concentration obtained in µM converted to concentration in µg/mL using the molecular weight of phosphatidyl-choline (28).

The physiological concentration of phospholipid in the lung is estimated to be 1 mg/mL, so it would have been desirable to concentrate BALF to this physiological concentration; however, samples were normalised to 0.5 mg/mL of phospholipid to ensure sufficient volume remained for enzyme-linked immunosorbent assay (ELISA) analysis, while still increasing the likelihood that the antibody concentration would rise above the limit of detection (29). BAL antibody arbitrary units were then multiplied by 2 in order to present BAL antibody per 1 mg/mL phospholipid. BAL samples were concentrated by adding 15 mL volumes to separate Amicon® Ultra-15 Centrifugal Filter Units—10-kDa cutoff (Millipore) and centrifuging at 3,000 g for between 5 min and 30 min, depending on the extent of concentration required. When the desired volume was achieved, the portion of sample remaining above the filter was transferred to a 2 mL cryovial and stored at –80°C for later analysis.





Enzyme-linked immunosorbent assay

ELISAs, measuring PPD-specific IgG and IgA, were performed on serum taken at D0 and at days 2, 7, 14, 28, 56, 84, and 168 post-aerosol BCG infection and on concentrated BALF taken at D14. ELISA plates (Nunc-Immuno MaxiSorp) were coated with 50 µL/well of 5 µg/mL PPD in PBS and incubated overnight at 4°C. Plates were washed and blocked with 100 µL/well casein for 1 h at room temperature. Serum samples were diluted 1 in 50 (or repeated with a higher dilution if necessary) in casein and standards prepared by serial 1 in 2 dilutions of a reference pool of serum. Blocking solution was discarded, and 50 µL of samples and standard curve dilutions were added to duplicate wells and plates incubated at room temperature for 2 h. Plates were washed, and 50 µL of a 1 in 1,000 dilution of anti-human goat IgG (y-chain-specific)-alkaline phosphatase antibody (Sigma-Aldrich) or a 1 in 500 dilution of anti-human goat IgA (α-chain-specific)-alkaline phosphatase antibody (Sigma-Aldrich) was added. Plates were incubated for 1 h at room temperature. Plates were washed and developed by adding 50 µL/well of p-nitrophenyl phosphate and disodium salt (pNPP) substrate (Sigma-Aldrich). After 5 min, plates were read at 405 nm using Gen5 software (v2.0.7, BioTek) and read approx. every 30 min to ensure a read where the standards produced a curve with parameters within the specified range. Plates passed if average optical density values for the blank wells were <0.15, the standard curve was within predefined parameters and if the optical density of replicate sample values had a coefficient of variation <20%. BAL antibody values are presented as arbitrary units based on the standard curve and multiplied by 2, based on the phospholipid physiological concentration of 1 mg/mL.





Direct PBMC mycobacterial growth inhibition assay

The direct PBMC Mycobacterial growth inhibition assay (MGIA) was carried out on frozen PBMC from all 12 volunteers, collected at D0 and at days 7, 28, and 56 post-aerosol BCG, as previously described (30). Briefly, 3 ×106 PBMC and ~500 CFU BCG Pasteur were combined in a total volume of 600 µL RPMI (containing 25 mM HEPES, 2 mM L-glutamine 20% foetal calf serum, and 1% v/v sodium pyruvate) in a 48-well plate. Plates were incubated at 37°C and 5% CO2 for 96 h, and then contents of each well were added to separate 2 mL screw-cap tubes and centrifuged at 12,000 rpm for 10 min. 500 µL sterile water was added to each well and left for a minimum of 5 min to lyse adherent monocytes. Supernatants were carefully removed from the 2 mL tubes and discarded, and water from a corresponding well was added to the pellet. Tubes were vortexed for 1 s and the contents added to BACTEC™ MGIT tubes supplemented as above and added to the BACTEC™ MGIT instrument until TTP was detected. On day 0, duplicate viability control tubes were set up by adding the same volume of BCG Pasteur stock directly to supplemented BACTEC™ MGIT tubes, as was added to each well containing the PBMC sample. TTP readout was converted to log10 CFU using a standard curve of TTP against CFU (enumerated by growth on solid M7H11 agar). Results are presented as growth ratio (log10 CFU sample/log10 CFU control).






Statistical analysis

All statistical analysis was performed using GraphPad Prism (v10). Prism calculates exact p-values, which takes into account tied values. Non-parametric tests were applied as data were not normally distributed. Differences in medians between two groups were calculated using the Mann–Whitney test and the Wilcoxon signed rank test for paired data. Correction for multiple comparisons was done using Friedman test. For comparison of non-continuous safety data, chi-squared tests were used. In all cases, significant differences are presented with their p value; the significance level was set as p < 0.05.






Results




Participants

The first volunteer was enrolled into group 1 (1 × 104 CFU) on 06/07/2022; volunteers were sequentially enrolled until each study group was full (three volunteers per group). After a satisfactory SMC outcome was reached, enrolment continued in this way until enrolment into the final group (group 4) was completed on 04/01/2023.

In total, 20 volunteers were assessed for eligibility in the trial, and 12 volunteers were enrolled across 4 groups (Figure 1). In total, eight women and four men were enrolled; the median age of the volunteers was 35 years (range 23 to 49). The baseline demographics of the volunteers are displayed in Table 1.

[image: Flowchart illustrating the allocation and analysis of participants in a study. Twenty were assessed for eligibility, and twelve were enrolled. Eight were excluded: four for criteria, two declined, and two due to full enrollment. Participants were evenly divided into four groups of three, receiving varying CFU doses of aBCG. No participants were lost to follow-up or withdrew. Each group underwent immunology and safety analysis, with three participants in each analysis.]
Figure 1 | Consort diagram for TB044.



Table 1 | Demographics and baseline respiratory function of all enrolled volunteers.

[image: Table summarizing participant characteristics and baseline spirometry. Female participants: 8 (67%). Median age: 35 years (range 23-49). BMI: 26.6 (range 21.4-35.4). Countries of birth include UK (7), South Africa (2), Chile (1), Pakistan (1), Portugal (1). Median time since first BCG vaccination: 28 years (range 16-37). Baseline spirometry shows mean predicted FEV1: 109% (range 87-124), FVC: 107% (range 90-123), TLCO: 100% (range 87-116), KCO: 103% (range 87-113), and baseline SaO2: 98% (range 97-100).]





Safety

No serious adverse events of any kind occurred during the study. All volunteer visits were completed as per the protocol and were performed within the specified window.

Solicited symptoms reported by the volunteers are presented below. Few unsolicited symptoms
deemed to be possibly, probably, or definitely related were reported throughout the study. These
were generally mild and of short duration and are outlined in Supplementary Table 1.





Solicited adverse events in 14 days following aerosol BCG administration

Solicited symptoms were frequent in all groups, but generally mild in severity. The median duration of AEs first reported within 72 hours of challenge was between 1 and 3 days for all systemic AEs and 2 and 4 days for respiratory AEs (Table 2). There were no grade 3 AEs of any type in the first 14 days after challenge.




Table 2 | Median duration of solicited AEs reported within 72 h of aerosol BCG challenge.

[image: Table showing solicited adverse events (AE) among four groups of volunteers, each with three participants. The events include temperature, arthralgia, myalgia, feverishness, headache, fatigue, nausea, malaise, cough, sore throat, tickly throat, wheeze, shortness of breath, cough phlegm, cough blood, chest tightness, and chest pain. Data columns indicate the number of volunteers affected (proportion, max grade) and the median duration of AE in days, with specific ranges for each event. Grading range is one to three, starting within 72 hours of self-reporting.]

The maximum grade and frequency of each solicited systemic and respiratory AEs reported in the first 14 days after aerosol BCG challenge are shown in Figure 2.

[image: Bar charts depicting volunteer symptoms in two groups: (a) respiratory symptoms, including cough, sore throat, and wheeze; (b) general symptoms, such as temperature, myalgia, and fatigue. Severity is categorized by color: Grade 1 (green), Grade 2 (yellow), and Grade 3 (red).]
Figure 2 | Number and maximum grade reported of respiratory (A) and systemic (B) adverse (AE) occurrence on daily volunteer diary in the 2 weeks following BCG aerosol challenge. AE’s reported split by group, dose of aerosol BCG delivered; Group 1 = 1 × 104 CFU; Group 2 = 1 × 105 CFU; Group 3 = 1 × 106 CFU; Group 4  =  1 × 107 CFU. Data obtained once daily in all cases, and volunteers in each group n=3. SOB, Shortness Breath.

The most frequently reported systemic AEs after challenge were fatigue and headache, whereas the most frequently reported respiratory AEs were cough and tickly throat. There were no solicited AEs which were reported in the 14 days after aerosol BCG challenge, and not reported by any volunteers after bronchoscopy. One individual in group 4 reported a cough from D1 which continued throughout the diary and remained present at the end of the study, albeit at significantly reduced intensity. This volunteer also reported 2 days of grade 2 fever and an increased frequency of symptoms in the first 72 h following BCG challenge compared with other volunteers. Figure 1 Supplementary Appendix details the duration and severity of all solicited symptoms for this individual. Investigations including chest radiographs, blood cultures (conventional and mycobacterial), respiratory culture, and PCR were completed to rule out alternative causes. An initial chest radiograph taken on D2 revealed nodularity in the right middle lobe, spirometry on the same day was normal, and TLCO on D7 was not significantly different from baseline. Macroscopic appearances of the bronchial mucosa inspected at the D14 bronchoscopy were unremarkable. Repeat chest radiograph 7 weeks later showed complete resolution of radiological changes. No alternative causative organisms were identified, and mycobacterial blood cultures were negative as was induced sputum at the day D168 visit.

More AEs were reported in volunteers in group 4 compared with groups 1 to 3, both for days of reported systemic AEs (68/335 vs. 36/1007 p<0.0001) and for respiratory AEs (18/1134 vs. 63/378 p<0.0001).





Solicited adverse events reported in the 14 days following bronchoscopy

All bronchoscopies were completed without complication, and all were reported macroscopically as showing normal mucosa by the conducting consultant physician. Solicited AEs occurred in all study groups after bronchoscopy. Symptoms were consistent with those expected following all bronchoscopies. The most frequently reported AEs were cough, sore throat, tickly throat, and fatigue.

The median duration of AEs starting within the first 72 h of bronchoscopy was between 1 and 3
days in all cases (Supplementary Table 2). The frequency of AEs reported was similar between groups, and the increased frequency of AEs reported in group 4 compared with groups 1–3 after BCG challenge was not evident after bronchoscopy (53/714 vs. 171/2141 p=0.63).

The maximum grade for AEs after bronchoscopy was 2, apart from one individual who reported 2 days of grade 3 fever on D15 and D16 of the study. Upon PCR testing, this individual was found to have a nasopharyngeal swab which was positive for influenza A. Mycobacterial blood cultures were negative for growth after 6 weeks of incubation, and induced sputum at D168 was negative for BCG. One other volunteer had a grade 1 fever following bronchoscopy; as previously discussed, this individual also had negative mycobacterial blood cultures.

Overall, a greater number of AEs were reported in the 14 days after bronchoscopy than after aerosol BCG challenge (224/2,855 vs. 185/2,854 p=0.046). Separate analysis of each group showed the same association for groups 1 to 3; however, the trend was reversed in group 4 where significantly fewer AEs were reported after bronchoscopy than after aerosol BCG challenge (53/714 vs. 131/713 p<0.0001).





Lung function tests

None of the volunteers were found to have a clinically significant drop in Transfer Factor for carbon monoxide (TLCO) or transfer coefficient of the lung for carbon monoxide (KCO) at D7 after administration of BCG. Although the sample size was too small for statistical tests to be completed, there was a trend for greater drops in TLCO and KCO in group 4 compared with groups 1 to 3 (−11.7% vs. −2.3%, −8.3% vs. −2.5% mean change for TLCO and KCO, respectively. Oxygen saturations were within the normal range at all study visits. Repeat TLCO and KCO at D84 remained within the expected variability of the test for all volunteers. Figure 3 shows the TLCO adjusted for haemoglobin (TLCOADJ) for each group.

[image: Four line graphs labeled a, b, c, and d plot TLCO_ADJ percentage predicted over time at Screening, Day 7 (D7), and Day 84 (D84). Each graph shows three lines in different colors. Graph a shows lines diverging and converging again. Graph b lines intersect. Graph c shows lines diverging further by D7 and slightly converging by D84. Graph d shows lines diverging at D7 and converging again by D84. Y-axis ranges from 80 to 120 percent.]
Figure 3 | Percentage of predicted TLCO (TLCOADJ) at screening and also 7 days (D7) and 84 days (D84) after aerosol BCG for Group 1 (A), Group 2 (B), Group 3 (C) and Group 4 (D) for each volunteer enrolled. TLCO, transfer capacity of the lung, for the carbon monoxide. All percentage predicted accounting for age, sex, ethnicity and height and adjusted for most recent laboratory haemoglobin. N.B. volunteer in blue TLCO repeated at D168 rather than D84.

Forced vital capacity (FVC) and forced expiratory volume in one second (FEV1) were similar across all groups and are shown in Figure 4. No significant drops in FVC or FEV1 were seen at any timepoint.

[image: Line graphs labeled a) and b) display changes from D0 pre-challenge in four groups over time points: Screening, D0, 1hr, D2, D7, and D84. Group 1 is blue, Group 2 is orange, Group 3 is gray, and Group 4 is yellow. Values fluctuate around 0%, showing varying trends between groups. Error bars indicate variability.]
Figure 4 | Percentage change in FEV1 (A) and FVC (B) compared to pre-challenge (D0) testing, separated by group. Plotted points are the median percentage change for each group. Bars show range. FEV1 - Forced Expiratory Volume in 1st second, FVC, Forced Vital Capacity. Dotted line is time of BCG administration. D0 spirometry was completed on the day of enrolment immediately prior to challenge. 1hr- repeated spirometry taken one hour after challenge with BCG was completed. N.B Spirometry for one individual in group 1 completed at D168 rather than D84 visit.





Adverse safety blood tests

Haematology and biochemistry adverse events were rare. Four cases of hypokalaemia were identified after enrolment (grade 1: n=2, grade 2: n=1, grade 3: n=1); these were found to be normal on repeat testing and thought likely to be related delays in processing and raised ambient temperature, as described in other studies based at the same site (31). One individual was found to have an elevated eosinophil count (grade 1) on D14, which normalised by the time of repeat testing on D28. Another volunteer was found to have a transient rise in urea on D7 which normalised by D14; this individual reported use of protein supplements which were thought to have contributed to this result. Two volunteers were found to have grade 1 anaemia during follow-up. These were found after day 14 of the study and were static on repeat testing. They did not necessitate changes to the protocolised blood draws.

One volunteer in the high-dose group 4, previously discussed as having a larger number of AEs after aerosol BCG-challenge, was found to have a transient raise in bilirubin (grade 2) and alanine transaminase (grade 1) on D2 of the study; this was accompanied by a raised white cell count (grade 1) and grade 1 hyponatraemia. These AEs all normalised on repeat testing by D14. This individual also had a raised C-reactive protein measured at D2 of 209.2 mg/L (normal laboratory range 0 mg/L–5 mg/L), which gradually reduced on repeat testing to 19.2 mg/L by D7 and 6.2 mg/L by D28.





BCG infection dose

BCG was quantified, by BACTEC™ MGIT, from the diluted vaccine vials used to prepare the dose for nebulisation. The same batch of BCG was used for 11/12 volunteers; a new batch was used for the final volunteer enrolled due to the first batch having passed its expiry date. The number of BCG CFU/vial and number of BCG CFU/dose were calculated for each volunteer (Figure 5). The number of BCG CFU/vial ranged from 2.24 × 106– 6.11 × 106 (median 3.71 × 106), with some variation between vials used for different groups; however, all were within the range stated by the manufacturer (2–8 × 106 CFU/vial). The median dose given to volunteers in groups 1–4 was 5.01 × 103, 5.60 × 104, 1.12 × 106, and 8.12 × 106 CFU/vial, respectively. This was within 0.5 logs of the intended dose for each group.

[image: Two scatter plots labeled "a" and "b" show colony-forming units (CFU) data. Plot "a" displays CFU per vial for groups one to four. Group three has the highest CFU, including a standout red point. Plot "b" shows CFU per dose, increasing from group one to four, with group four having both black and a standout red point.]
Figure 5 | Enumeration of BCG from clinical vaccine vials (A) and dose loaded into the nebulizer (B). Dots represent individual vaccine vials/dose per volunteer. Red dot shows a different batch of BCG used. Lines show median numbers per group, solid lines show the manufacture’s stated range for amount of BCG contained in a vaccine vial and the dotted line shows value used for dose calculations.





BCG was not detectable in BAL and sputum samples

BAL samples were pelleted, decontaminated, and added to BACTEC™ MGIT tubes for detection of live BCG 14 days post-aerosol BCG. No growth was detected in 11/12 BAL samples; one sample in group 2 became positive after 813 h. Out of the 12 volunteers in the study, 11 gave an induced sputum sample at D168 post-aerosol BCG; these samples were processed in the same way as the BAL samples for detection of growth. No growth was detected in 8/11 samples, with the other 3 becoming positive at 56 h, 545 h, and 636 h. DNA extraction and use of HAIN MTBC genotyping on all positive samples found that this growth was not BCG but identified as “High GC Gram Positive Bacterium”.





BCG identified from PVA strips from face mask sampling

Two PVA strips from each mask, worn pre- and immediately post-aerosol BCG and 2 and 7 days post-aerosol BCG, in the two high-dose groups were dissolved, decontaminated, and added to BACTEC™ MGIT tubes for detection of live BCG. No growth of BCG was detected in any of the samples processed.

qPCR performed on the remaining PVA strips showed detectable evidence of the Mycobacterium bovis BCG in 5/60 samples taken after infection in two target genes, whereas a further five post-infection samples were positive using a single BCG target gene. None of the pre-infection samples were positive for BCG. Seven out of 10 of the samples with detectable BCG were from volunteers in group 4, two out of 12 were detected in group 3, and one other sample was positive at D0 in group 1. Figure 6 shows a heat map of the Ct values calculated for all mask samples processed, by volunteer and time point.

[image: Grid chart displaying Ct values for IS1081 Probe across different groups and time points. Groups 1 to 4 are shown on the y-axis, with specific time points on the x-axis. Colored squares indicate Ct values, with a color gradient from orange to green representing lower to higher Ct values, and single assay positives are outlined in green.]
Figure 6 | Heatmap of qPCR results using IS1081 probe, from PVA masks. Volunteers separated by dosing group (Group 1 = 1 x 104 CFU, Group 2 = 1 x 105 CFU, Group 3 = 1 x 106 CFU and group 4 = 1 x 107 CFU). Single assay positive probes highlighted in green boxes, where secondary IS6110 probe was not also positive.





Ex vivo IFN-γ ELISpot responses

Fresh PBMC IFN-γ ELISpot responses to PPD, BCG, and a pool of MTB300 peptides were measured at D0 and at days 7, 14, 28, 56, 84, and 168 post-aerosol BCG. Due to only having three volunteers per dose group, it was not possible to perform statistical comparisons between them. However, a clear dose effect could be seen, with volunteers in the highest dose group having the biggest increase in responses between baseline and the peak of the response at D7 (Table 3). All groups were combined to compare responses at each time point to baseline (Figure 7). PPD, BCG, and MTB300 responses at D7 were all significantly higher than baseline (p = 0.020, 0.021, and 0.0034 respectively, Wilcoxon matched-pairs); only BCG responses remained significantly higher than baseline at D14 (p = 0.016), and no other time points were significantly different from baseline.




Table 3 | Median IFN-γ ELISpot responses per million PBMC by dose group.

[image: Chart showing data for PPD, BCG, and MTB300 across 168 days in four groups. PPD and BCG values are recorded higher in Group 1, while MTB300 shows the highest in Group 4. Each group represents different CFU levels.]

[image: Graphs a, b, and c show immune responses over time post-aerosol BCG in terms of Spot Forming Cells (SFC) per 1 million PBMCs, peaking at D7. Graphs d and e depict ELISA units over time, showing consistent antibody levels. Graph f compares IgA and IgG levels across four groups, showing variation in immune response.]
Figure 7 | IFN-γ ELISpot responses to PPD (A), BCG (B) and a pool of M.tb peptides - MTB300 (C) and ELISA PPD-specific IgA (D) and IgG (E) in serum at baseline and multiple time points post-aerosol BCG and in concentrated BAL fluid 14 days post-aerosol BCG (F). Dots represent individual values, lines represent a volunteers response over time. Colours represent the different dose groups - black = 1 x 104 CFU, red = 1 x 105 CFU, green = 1 x 106 CFU and blue = 1 x 107 CFU. Stars denote significance *p = <0.05, **p = <0.01.





PPD-specific IgA and IgG antibody responses

PPD-specific IgA and IgG were measured in the serum of all volunteers at D0 and 2, 7, 14, 28, 56, 84, and 168 days post-aerosol BCG and in concentrated BAL fluid at D14 for 11/12 volunteers (one volunteer’s BAL fluid was lost due to a processing error; Figure 7). There was no noticeable dose effect in the serum, so all 12 volunteers were combined for analysis; there was no significant increase in either IgA or IgG over time compared with baseline (Friedman test). Levels of PPD-specific IgA and IgG in the BAL fluid were generally lower than those in the serum, with no noticeable dose effect, but with only three samples in each group, it was not possible to do a statistical comparison.





Direct PBMC mycobacterial growth inhibition assay

The direct MGIA was performed in one batch on PBMC frozen at baseline and at 7, 28, and 56 days post-aerosol BCG from all volunteers. PBMC from 19 BCG naïve volunteers were run alongside to act as a control for the assay, and there was a significant reduction in the log10 CFU growth ratio in the historically BCG-vaccinated group at baseline compared with the naïve group (p = 0.023, Mann–Whitney; Figure 8). There was a trend towards better control of BCG growth after aerosol BCG, with lower median growth ratios at D7 and D28 compared with baseline, but this did not reach statistical significance.

[image: Scatter plot showing growth ratios (log\(_{10}\) CFU) of different time points post-aerosol BCG: Control, D0, D7, D28, D56. Each dataset has a distinct color. Significant differences are marked with asterisks above brackets. Horizontal lines indicate means.]
Figure 8 | Ratio of BCG growth after a 96 hour incubation with PBMC, collected and frozen on day of aerosol BCG and 7, 28 and 56 days post-aerosol BCG, in the mycobacterial growth inhibition assay (MGIA). A group of BCG naïve volunteers (open circles) were run as a control for the assay. Colours represent the different dose groups - black = 1 x 104 CFU, red = 1 x 105 CFU, green = 1 x 106 CFU and blue = 1 x 107 CFU. Stars denote significance *p = <0.05.






Discussion

This is the first aerosol-BCG CHIM to be completed on historically BCG-vaccinated volunteers. We have shown that aerosol challenge, which closely mimics the route of infection of M.tb, can be safely performed up to a loaded dose of 1 × 107 CFU BCG Danish. Despite some variability in the frequency and severity of AEs between volunteers, this route of challenge and the following bronchoscopy was well-tolerated by volunteers.

All volunteers experienced some systemic and respiratory symptoms during the 28-day eDiary; however, no volunteers experienced severe (grade 3) symptoms as a direct result of BCG challenge and there were no serious adverse events in this study. The number of AEs reported within the first 72 h of challenge was greater in the highest-dose group (group 4), where both the frequency and maximum severity of systemic and respiratory symptoms increased. Despite the dose effect, even at the highest dose, the duration of AEs was generally short. Symptoms were predictable, with few unsolicited AEs recorded, and the most commonly reported AEs of cough, sore, or tickly throat and fatigue were generally mild, with only 10.4% of reported AEs more severe than grade 1. Compared with a previous aerosol BCG CHIM, which we have completed on BCG-naïve volunteers (18), the most commonly reported AEs were similar in type. Although the sample size of groups in this study are small, there does appear to be a trend for more symptoms in the 72 h following challenge in historically BCG vaccinated individuals than was seen previously in BCG-naïve volunteers (18). It is credible that a stronger and more rapid adaptive immunological response secondary to immunological memory meant that historically vaccinated individuals had a larger symptom burden. However, it is also important to note that this study was not blinded, whereas some aspects of our previous BCG-naïve study were, and this may have affected the rate of reporting.

AEs reported following bronchoscopy were also predictable and of a similar frequency to those reported in another healthy volunteer cohort (32). It was reassuring that we did not see a dose effect on the frequency of AEs post bronchoscopy, suggesting that BAL sampling at day 14 does not pose a significant risk of potentiating BCG infection after challenge; this is also in keeping with results from previous work in BCG naive volunteers, where there was no difference in the proportion of AEs reported by aerosol BCG and control groups (18, 33).

Comparison of symptom burden to another BCG respiratory challenge study published by Davids et al. is pertinent, as this study was also conducted on individuals who were historically BCG vaccinated, although some also had evidence of M.tb infection or previous disease (17). There are significant differences in methodology which make comparisons challenging, foremost that BCG was administered via bronchoscopy and only to one lobe of the lung and at a different dose (1 × 104 CFU). The authors of this study state that 70% of individuals reported an AE deemed to be related to their bronchoscopy, whereas they concluded that there were no AEs definitively related to BCG (17). Making a clear distinction on causality, when the two events occur at the same timepoint, is challenging. We have shown that AEs related to BCG challenge and bronchoscopy are similar and we found no symptoms unique to each phase of our study. While aerosol BCG has historically been trialled as a treatment for lung carcinoma, the underlying pathology and concurrent use of other treatment make comparison difficult (34, 35).

One individual in group 4 of this study had markedly more symptoms within the first 72 h of challenge than were reported by other volunteers. This included several grade 2 symptoms: fever lasting 2 days, cough, arthralgia, myalgia, and fatigue as well as night sweats lasting 11 days. Symptoms were accompanied by a significantly raised C-reactive protein on day 2. It is difficult to be certain why this individual had such marked symptoms. Baseline characteristics, including time since initial BCG vaccination, was not significantly different to other volunteers. We considered whether this individual could have developed a BCGosis; however, serial mycobacterial blood cultures were negative, and the acuity of symptoms and speed of recovery, without the need for additional treatment, did not support this. Although we did not find microbiological evidence for a concurrent viral or bacterial infection, we cannot entirely rule out this possibility as routine diagnostics for respiratory infections do not yield a causative organism in the majority of cases (36). Given the similarity in time course of symptom onset, it is likely that a major driver was a systemic response triggered by BCG re-exposure. This is supported by the large BCG-specific ELISpot response seen for this individual, and the transitory chest radiograph changes. Although this volunteer had a mild ongoing cough even at final visit on day 168, this was significantly improved, with the volunteer reporting only an occasional non-productive cough occurring very intermittently which was not affecting any of their normal activities. Causality in this regard is also difficult as this volunteer had been given a diagnosis of gastric reflux prior to starting the study, which is a common cause of chronic cough (37). The volunteer had elected not to initiate any preventative therapy offered for their diagnosis of reflux, and therefore we cannot rule out this co-existing diagnosis as contributory. Given the small number of volunteers recruited to the highest BCG dose, recruitment of more volunteers would be of benefit to evaluate the spectrum of symptoms experienced after aerosol BCG challenge in historically vaccinated individuals at a dose of 1 × 107 CFU/dose. There is significant heterogeneity in the side effect profile of those who receive intravesicular BCG for the treatment of bladder neoplasms (38), and it is likely that the same is true of BCG administered through the respiratory system.

We found no evidence of Koch phenomenon (39) after re-exposure to BCG, and despite frequent monitoring of lung function tests, there were no clinically significant drops in any of the functional tests. We did note a trend for larger drops from baseline of TLCO and KCO at day 7 in group 4. Measurement of TLCO is known to be highly variable; even after appropriate adjustment for demographics and haemoglobin, it has been shown to be affected by recent exercise and food intake as well as diurnal variations and timing of the menstrual cycle (40–42). Pulmonary function tests are also well established to be effort dependent (43), and this may explain some of the trend seen when compared with screening results. Given the inflammatory responses observed in volunteers, modest changes to lung TLCO could be expected. TLCO is not routinely used in clinical practice to assess response to infection; however, a study of adult patients admitted with acute varicella zoster infection showed that the transfer factor was significantly reduced in the majority of individuals following infection, even in the absence of a diagnosis of pneumonia (44). Volunteers with small reductions in TLCO in our study did not report associated clinical symptoms of breathlessness and had normal observations recorded and unremarkable physical examination at study visits. Reassuringly, we noted that the size of differences from baseline diminished upon retesting at day 84.

No BCG was detectable by BACTEC™ MGIT in BAL samples 14 days post-BCG challenge in any of the volunteers. The reasons for this are not immediately clear. We have previously shown that viable BCG can be consistently cultured from BCG-naïve healthy UK adults following challenge with a dose as low as 1 × 104 CFU BCG Bulgaria (18). It is conceivable that the immunological memory afforded by historic intradermal BCG vaccination for these individuals aided clearance prior to D14 or that there is a BCG strain affect. BCG conferred 80% protection in the British MRC study, and this potential demonstration of a known BCG vaccine effect in our aerosol BCG infection model provides data to support the biological validity of this model (45). In a different respiratory BCG CHIM, Davids et al. instilled a dose of 1 × 104 CFU BCG SSI (Danish) into a single lung segment of historically BCG-vaccinated volunteers, some of whom also had evidence of M.tb infection or previous disease (17). BCG was only recovered in 6 of 54 volunteers from a BAL completed 3 days after initial BCG challenge. Despite differences both in the modes of delivery, dose of BCG, and timing of bronchoscopy, it is credible in both studies that enhanced clearance was afforded from immunological memory of primary vaccination. As the sample size in each dosing group of our study was small, we cannot discount the possibility of successfully recovering BCG in a significant proportion of individuals. It is possible that the sensitivity to detect BCG in our study was hampered by the processing of BAL fluid samples. To reduce the risk of contamination by other typical bacteria, lavage samples underwent decontamination with MycoPrep™. NALC-NaOH-based approaches to decontamination such as MycoPrep™ are known to significantly reduce the viability of M.tb (46)., and it is credible that the same would be the case for BCG. Alternative processing techniques may improve the sensitivity of culture but would run a significant risk of contamination with other bacteria from the lung or oropharynx.

qPCR evidence of exhaled BCG was detected from face mask sampling in all three volunteers from group 4 immediately after challenge and from 2/3 volunteers in group 3. Previous studies have used this technology for identification of cases of incipient M.tb infections in those with subclinical disease, where it has been shown to have the potential to provide earlier diagnosis than sampling sputum (47), and an improved predictor of transmissibility (48). The larger proportion of positive samples in group 4 suggests a dose effect and provides support for the use of higher inoculums of BCG in this aerosol challenge model. It is notable that we were not able to isolate live BCG on any exhaled PVA strip samples after incubation in MGIT. As previously discussed, the sensitivity of culture is also likely to be reduced by the decontamination of samples with MycoPrep™, as has previously been reported during development of these adapted face masks (49). However, these data do provide a reassuring safety signal as it suggests that volunteers in this study do not pose a significant risk to close contacts even immediately after administration of aerosol BCG.

Two volunteers in group 4 also had positive PCRs on D14, despite having no culturable BCG in their BAL sample. This may be related to issues with sensitivity, but it is also credible that this constitutes genetic material from non-viable bacilli. Equally masks were worn for a relatively short time period (30 min) during which volunteers breathed normally. Although few studies have focussed directly on means to optimise sampling of infectious agents from adapted facemasks, the optimal duration of sampling is not established (50). Previous experience of face mask sampling with M.tb has highlighted that sensitivity of this tool is likely to be improved with prolonged durations of mask wearing (49). Further work is needed to optimise the sensitivity of this emerging technology.

All volunteers in this study were shown to elicit significant adaptive immune responses to BCG infection. ELISpot responses were significantly increased compared with baseline. There was also evidence of a dose effect with volunteers in group 4 showing greater fold change compared with baseline when stimulated with PPD, BCG, and the MTB300 peptide pool. This time course is similar to what we have previously shown in BCG-naïve volunteers (18), and in an aerosol delivery study of the M.tb viral vector vaccine MVA85A (24), with peak responses occurring at day 7. Although we did not directly compare ELISpot responses between BCG-naïve and historically vaccinated individuals in this study, heightened ELISpot responses following revaccination with intradermal BCG have been reported in other studies (51). Further work to directly compare the magnitude of immunological responses between intradermal and aerosol routes after re-challenge would be valuable.

We did not see a significant increase in PPD-specific IgA and IgG responses compared with baseline in the serum of challenged volunteers, nor was there a significant difference in IgA and IgG levels in the BAL fluid between the different dose groups. The importance of antibodies in the clearance of mycobacteria remains contested and the results inconsistent (52). Data from a small study in Turkey showed that intradermal BCG causes increases in PPD-specific serum IgG after primary intradermal vaccination (53). There is evidence for increasing titres of antibodies to components of the cell wall in revaccination studies which may be more pertinent to our results. One group showed a detectable increase in IgG to lipoarabinomannan after primary intradermal BCG vaccination which increased again following intradermal re-vaccination 6 months later (54). It is possible that the time interval between primary and secondary exposure is important, as another group showed that while both primary and secondary vaccination resulted in transient increases from baseline antibody titres against arabinomannan, there was no difference in the maximal antibody responses between those who were BCG-naïve and those who had been vaccinated in childhood (55). Whether the aerosol route of delivery is important is not entirely clear. NHPs given primary aerosol BCG vaccination were shown to have a significant rise in serum PPD-specific IgG following primary aerosol vaccination (56). We have previously shown that there are significant increases from baseline in PPD-specific IgG and IgA responses in the serum after aerosol BCG (Bulgaria) vaccination, although IgG responses were short lived falling to baseline by day 14 (18). We are unaware of data reporting humoral responses to BCG revaccination through the aerosol route in animal or human models.

It is interesting that there was a trend towards better control in the MGIA assay after aerosol BCG, and that this was more marked in the highest-dosing group even though these data did not reach statistical significance. The MGIA is a functional sum-of-the-parts assay designed to establish whether the control of the combined immunological response to mycobacteria is enhanced (57). In this study, we completed the MGIA on frozen PBMC and did not include paired serum samples to minimise variability; this comes at the cost of negating the role of neutrophils and antibodies present in whole blood. The small sample size means that this study was not powered to draw clear conclusions but provides a basis to explore the role for aerosolised BCG as a vaccine candidate in its own right given non-human primate data, suggesting that mucosal BCG is more protective than intradermal BCG (58).

Guided by our previous work developing a BCG CHIM, we elected to utilise the entire BAL pellet for culture in order to improve the sensitivity of viable BCG detection (18). This has limited the ability to characterise the local pulmonary immunological responses to aerosol BCG in this study. Previous works conducted by our group and others have highlighted that local immune response kinetics can be very different to those seen in circulation after administration of BCG (17, 18). Given the successful dose escalation in this study, we plan to extensively interrogate the local immunological responses after challenge in the future cohort of historically BCG-vaccinated healthy adults. This is a key role for CHIM studies in accelerating vaccine research, providing an opportunity to identify novel corelates of protection and to identify novel vaccination targets and approaches (11).

In this study, we have shown that the aerosol BCG challenge is safe in historically BCG-vaccinated healthy adults up to a dose of 1 × 107 CFU. Although we showed subjects mounted significant BCG-specific immunological responses, we were not able to culture BCG from BAL samples taken 14 days after challenge. Future work should focus on exploring ways to maximise sensitivity of culture techniques in large cohorts to investigate whether aerosol BCG CHIMs are useful in assessing prime-boost vaccine regimes involving historically BCG-vaccinated individuals. Aerosol BCG CHIMs remain a promising tool to accelerate TB vaccine development and as an avenue to further appraise the role of aerosolised vaccines for respiratory infections, which could provide advantages over more conventional routes.
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Granulomas, organized aggregates of immune cells which form in response to Mycobacterium tuberculosis (Mtb), are characteristic but not exclusive of tuberculosis (TB). Despite existing investigations on TB granulomas, the determinants that differentiate host-protective granulomas from granulomas that contribute to TB pathogenesis are often disputed. Thus, the goal of this narrative review is to help clarify the existing literature on such determinants. We adopt the a priori view that TB granulomas are host-protective organelles and discuss the molecular and cellular determinants that induce protective granulomas and those that promote their failure. While reports about protective TB granulomas and their failure may initially seem contradictory, it is increasingly recognized that either deficiencies or excesses of the molecular and cellular components in TB granuloma formation may be detrimental to the host. More specifically, insufficient or excessive expression/representation of the following components have been reported to skew granulomas toward the less protective phenotype: (i) epithelioid macrophages; (ii) type 1 adaptive immune response; (iii) type 2 adaptive immune response; (iv) tumor necrosis factor; (v) interleukin-12; (vi) interleukin-17; (vii) matrix metalloproteinases; (viii) hypoxia in the TB granulomas; (ix) hypoxia inducible factor-1 alpha; (x) aerobic glycolysis; (xi) indoleamine 2,3-dioxygenase activity; (xii) heme oxygenase-1 activity; (xiii) immune checkpoint; (xiv) leukotriene A4 hydrolase activity; (xv) nuclear-factor-kappa B; and (xvi) transforming growth factor-beta. Rather, more precise and timely coordinated immune responses appear essential for eradication or containment of Mtb infection. Since there are several animal models of infection with Mtb, other species within the Mtb complex, and the surrogate Mycobacterium marinum – whether natural (cattle, elephants) or experimental (zebrafish, mouse, guinea pig, rabbit, mini pig, goat, non-human primate) infections – we also compared the TB granulomatous response and other pathologic lung lesions in various animals infected with one of these mycobacteria with that of human pulmonary TB. Identifying components that dictate the formation of host-protective granulomas and the circumstances that result in their failure can enhance our understanding of the macrocosm of human TB and facilitate the development of novel remedies – whether they be direct therapeutics or indirect interventions – to efficiently eliminate Mtb infection and prevent its pathologic sequelae.
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1 Introduction

Granulomas are aggregates of immune cells that form in response to repetitive exposure to various stimuli that include infectious agents (e.g., bacteria, fungi, protozoa, helminths, and viruses), non-infectious foreign bodies (e.g., talc, starch, sutures), or an unknown inciting agent (e.g., sarcoidosis, Crohn’s enteritis, granulomatosis with polyangiitis, polyarteritis nodosa, etc.) (1–3). While granulomas are typically regarded as a host-protective response against microbial agents, they may also lead to pathologic consequences, especially if the granulomas are unable to eradicate the microbes (2). In the context of tuberculosis (TB), granulomas are well documented in both humans and experimental animals (4).

The objective of this narrative review is to describe the factors that provide a host-protective granulomatous response with TB and the circumstances which cause granulomas fail. To help shed light on determinants of protective and non-protective TB granulomas, we also compared the TB granulomatous response and other pathologic lung lesions in various animals naturally or experimentally infected with Mycobacterium tuberculosis (Mtb), other Mtb complex species, or a mycobacterial surrogate with that of human pulmonary TB.




2 Cellular composition and functions of the TB granuloma



2.1 Overall structure of granulomas

Granulomas are considered a key histopathologic feature of TB. Classically, the spatial organization of TB granulomas is comprised of a central region populated with macrophages (epithelioid, activated, and foamy macrophages) with an innermost zone that may become necrotic. Other myeloid cell types (dendritic cells, neutrophils, eosinophils, multinucleated giant cells, and/or mast cells) may be interspersed with the macrophages. Surrounding the macrophages are lymphocytes (T cells, B cells, natural killer cells, and innate lymphoid cells), forming a cuff in the outer zone of the granulomas (Figures 1A, B). Granulomas may also contain endothelial and epithelial cells from blood vessels and airways, respectively, as well as be encapsulated by collagen secreted by fibroblasts. However, granulomas may display great diversity with regards to certain immunological characteristics even within a single individual (5). In more protective granulomas, the concentric cell layers are gradually organized along with the presence of fibrosis, which suppresses necrosis, strengthens the lymphocytic rim, and leads to pathologic resolution (Figure 1A). These resolved granulomas can be identified radiologically and histologically by dystrophic calcification of the necrotic debris within these structures (6). In cases of active and progressive TB, granulomas have higher number of foamy macrophages and neutrophils as well as exhibit necrotic centers (Figure 1B).
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Figure 1 | Human TB granulomas may be non-necrotic or necrotic. Several different fates of granulomas occur and such heterogeneity may present in the same individual. (A) A non-necrotic TB granuloma is characterized by the presence of epithelioid macrophages and activated macrophages as well as fewer foamy macrophages, necrotic macrophages, neutrophils, and more or less a rim of host-protective T cells and B cells along with relatively few bacilli. iBALT may be considered an “appendage” of granulomas typically comprised of dendritic cells, B cells, and T cells and may serve as a ready supply of immune cells for the neighboring granuloma. This granuloma is protective as shown by the relatively few Mtb (red-colored rod-shaped structures. (B) A granuloma with central necrosis characterized by fewer epithelioid and activated macrophages and more foamy macrophages, necrotic macrophages, and neutrophils along with an area of central necrosis. There are also fewer host-protective T cells and B cells. Due to the fewer number of host-protective innate and adaptive immune cells, there is overall a greater Mtb burden. However, in the central necrotic area of this human granuloma, there is active killing of Mtb resulting in fewer viable Mtb in this region. Higher levels of MmpL7 and IDO-1 inhibit iBALT formation. IDO-1, indoleamine 2,3-dioxygenase; iBALT, inducible bronchus-associated lymphoid tissue; MmpL7, Mycobacterial membrane protein Large 7; Mtb, Mycobacterium tuberculosis; TB, tuberculosis.

Granulomas can be classified by several different morphological characteristics. One is whether cells within the central regions of granulomas are necrotic, which may be found in human TB, in natural TB in animals, and experimental TB in some laboratory animals. Caseation is the gross pathological term which alludes to the “cheese-like” material found when sufficient number of macrophages in the granuloma core undergo necrotic cell death. Caseating granulomas typically are consisted of necrotic, acellular core surrounded by epithelioid macrophages, and an outer lymphocytic cuff comprised of B and T cells (7). While the presence or absence of granuloma necrosis is often linked, respectively, to infectious (e.g., TB) or non-infectious (e.g., sarcoidosis) etiology for the granuloma, this dichotomy is not absolute. For example, necrosis may be seen in some non-infectious granulomas (2) and TB granulomas may not show any necrosis (Figure 2) (8).
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Figure 2 | Peritoneal TB with non-necrotizing granulomas. A 51-year-old man from the Philippines presented with a two-year history of early satiety, intractable abdominal pain, and weight loss exceeding 60 pounds. Abdominal CT showed evidence of “peritoneal carcinomatosis.” (A) Peritoneal biopsy showed no evidence of malignancy. Instead, there were multiple non-necrotizing granulomas (demarcated by red dashed lines) with prominent Langhans-type multinucleated giant cells (arrows) and surrounding fibrosis (asterisks) (H&E). The boxed inset shows a magnified view of the smaller box demonstrating the multinucleated giant cells. (B) A peritoneal lymph node biopsy showed similar non-necrotizing granulomatous inflammation (white dashed line) with a conspicuous multinucleated giant cells (white arrow) (H&E). The acid-fast stain in both the peritoneal and lymph node biopsies were negative. With standard treatment for drug-susceptible TB, his symptoms abated and he regained his lost body weight. TB, tuberculosis.

Granulomas can show other morphological characteristics. Some granulomas may display fibrosis, characterized by collagen deposit either peripherally (those with a cuff of collagen surrounding them) or centrally (those with collagen throughout the entire granuloma) (9). Another subtype of granulomas is known as suppurative or neutrophil-rich granuloma. These granulomas arise when neutrophils infiltrate the center of the granuloma. Overall, high concentrations of neutrophils within Mtb granulomas have shown to be host destructive (enable spread of infection, higher levels of inflammation, and result in poorer host outcomes) (10). A calcified granuloma is typically regarded as the “final” stage of infection, and a sign of a successful host-immune response. The calcification (or mineralization) process typically begins within the caseous center (7, 11).




2.2 Selected immune cells that comprise granulomas



2.2.1 Macrophages

Lung macrophages are ubiquitous in granulomas and along with dendritic cells are likely the first cell types in the nascent granuloma. These phagocytes engulf Mtb and orchestrate the influx of other cell types (2). After being engulfed, Mtb are killed when Mtb-containing phagosomes fuse with lysosomes. However, the bacilli may avoid this fate by inhibiting phagosome and autophagosome maturation (12–16). Ingested Mtb may also escape from arrested phagosomes by disrupting the phagosome membrane – via the release of Mtb pore-forming protein ESAT-6 (early secreted antigenic target-6) utilizing the ESX-1 (type VII) secretion system – and translocating into the cytoplasm (17, 18). In the cytosol, Mtb replicates, precipitating both necrosis of the phagocytes and release of bacilli extracellularly. Neighboring macrophages then phagocytose the released Mtb and the infection cycle repeats. During this cycle of suboptimal control of infection, the infected and subsequent necrotic macrophages release both inflammatory chemokines and mycobacterial cell wall components that induce influx of neutrophils and monocytes to the infection site, forming the early granuloma (19).

Infected macrophages and dendritic cells also migrate to the regional mediastinal lymph nodes to help differentiate and recruit antigen-specific T cells (e.g., TH1 and TH17), which then migrate to the infection site, activate monocytes and macrophages, and participate in the formation of evolving granulomas (15, 16, 19–21). This delayed influx of recruited T cells to the site of the infection may allow Mtb to persist if the initial macrophages encountered are of the more “permissive” phenotype (22). However, with sufficient recruitment of Mtb-specific and activated T cells to the granulomas, containment or eradication of Mtb within the granulomas is possible. Macrophages in evolving granulomas may be comprised of various phenotypes, including “classically activated”/inflammatory (M1) macrophages and various subsets of “alternatively activated” (M2) macrophages as well as other morphologically distinct macrophages (epithelioid macrophages, foamy macrophages) that likely have overlapping features with M1 or M2 macrophages, and multinucleated Langhans giant cells (23, 24).

M1 macrophages are activated in response to TH1 T-cell signals (interferon-gamma [IFNγ] and tumor necrosis factor [TNF]) as well as lipopolysaccharide (LPS) (7). Once activated, M1 macrophages secrete pro-inflammatory cytokines (TNF, interleukin-1 [IL-1], IL-6) and inducible nitric oxide synthase (iNOS). Whereas the M1 response is important in TB control, an excessive response can lead to chronic inflammation as well as inflammatory diseases (25). On the other hand, M2 macrophages are known to inhibit the inflammatory response, playing an important role in wound healing and tissue repair. These macrophages are activated by TH2 T-cell cytokines (IL-4 and IL-13). In response, they produce anti-inflammatory cytokines (IL-10, transforming growth factor-beta [TGFβ]), IL-6, and arginase (7, 25). However, this binary categorization is likely an oversimplification to fully describe the function of these subtypes, especially M2 macrophages which are divided into at least three sub-phenotypes (26, 27). We expound below two distinct macrophage phenotypes given their preponderance in granulomas: “epithelioid macrophages” and “foamy macrophages” (2, 28).



2.2.1.1 Epithelioid macrophages

Epithelioid macrophages are so named due to their cellular characteristics that resemble epithelial cells: spread morphology, elongated nuclei, high cytoplasm-to-nucleus ratio, and contact interaction with neighboring macrophages. Epithelioid macrophages are also less phagocytic and more secretive than activated macrophages (29, 30). Additional characteristics of epithelioid macrophages are discussed in Table 1.



Table 1 | Epithelioid and foamy macrophages in TB granulomas.
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2.2.1.2 Foamy macrophages

Macrophages in some TB granulomas appear foamy due to the accumulation of various intracellular lipids (cholesterol, triglycerides, and phospholipids) (31). In foamy macrophages, bacilli are observed in proximity to lipid droplets, posited to be a nutrient source for Mtb (29). Foamy macrophages are typically found around the edge of the necrotic core of caseating granulomas and rarely found in non-necrotic granulomas (Figures 1, 3) (32). In human autopsy cases of TB, foamy DEC-205+ dendritic cells were more common in lipoid pneumonia and cavitary lesions than in granulomas (33). Additional characteristics of foamy macrophages are discussed in Table 1.
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Figure 3 | Formation of foamy macrophages and their role in TB pathogenesis. Foamy macrophages play a key role in the formation of caseous necrosis. They are formed when macrophages acquire cholesterol-containing LDL particles into lipid bodies. See text for discussion. ESAT-6, 6 kDa early secretory antigenic target; GPR109A, a specific G-protein coupled receptor; LB, lipid bodies; LDL, low density lipoprotein; MA, mycolic acids; PPARγ, peroxisome proliferator-gamma; TR4, testicular receiver 4.




2.2.1.3 Apoptotic vs. necrotic cell death of phagocytes in granulomas

Death of Mtb-containing phagocytes may either be a mechanism of restricting Mtb replication or spreading the infection. Apoptosis of Mtb-infected cells is a mechanism by which phagocytosed intracellular bacilli are killed (50–58). In addition, macrophage phagocytosis of apoptotic bodies – a process known as efferocytosis – can further enhance the killing of Mtb contained within the apoptotic bodies (59). Thus, apoptosis is a host protective mechanism to not only dispose of phagocytosed Mtb but to limit excessive inflammation associated with necrosis (58). In contrast, in the zebrafish-M. marinum model, phagocytosis of apoptotic macrophages infected with M. marinum promoted the spread of mycobacteria (60).

In contrast, cell necrosis permits survival and release of Mtb to infect neighboring cells (58, 61–63). Necrosis may be dictated, in part, by the Mtb strain and thus an immune evasive virulence phenomenon. Divangahi et al. (64) demonstrated that the more virulent Mtb H37Rv, in contrast to the less virulent Mtb H37Ra, induced the lipoxin A4 (LXA4) production, which then blocks both synthesis of prostaglandin E2 (PGE2) and activation of synaptotagmin 7. Since PGE2 prevents necrosis of Mtb-infected macrophages (61, 64–66) and synaptotagmin 7 (a calcium ion sensor) is involved with lysosome-mediated repair mechanism (64), LXA4 induced by the more virulent Mtb prevents repair of the injured plasma membrane caused by Mtb, resulting in cellular necrosis. Another mechanism by which Mtb induces necrosis is via activation of the cytosolic receptor-interacting protein kinase 3 (RIPK-3) pathway, preventing apoptosis of Mtb-infected macrophages through Bcl-xL and promoting reactive oxygen species (ROS)-mediated cell necrosis (67).





2.2.2 Neutrophils

Neutrophils can phagocytose Mtb as well as release neutrophil extracellular traps (NETs), which are comprised of chromatin (DNA) decorated with neutrophil-derived proteins (elastase, histones) that entrap the extracellular bacilli. NETs have antimicrobial activity and the NET-induced inflammatory response may promote migration of activated dendritic cells to the draining lymph nodes to activate naïve T cells; however, excessive NET-associated inflammation also causes tissue injury (68, 69). In addition, type 1 interferon-induced NET formation was found to promote Mtb growth and disease severity in mice genetically susceptible to TB (65). Neutrophils may also be present at the interface between the necrotic center and epithelioid macrophages as well be a source of immunoregulatory cytokines TNF and IL-10 (70). In C3HeB/FeJ mice, a fulminant necrotizing alveolitis with uncontrolled neutrophilic response in the lungs is associated with greater Mtb burden and mortality (34). Neutrophils may also provide a niche for mycobacterial growth, and this ability was associated with increased mitochondrial metabolic activity (71, 72).




2.2.3 Lymphocytes



2.2.3.1 CD4+ T effector cells

CD4+IFNγ+ T cells are critical in the formation of granulomas with early containment of Mtb (73–75). However, excessive amounts of CD4+IFNγ+ T cells, in conjunction with increased TNF, can also cause macrophage necrosis and poorer control of Mtb (76, 77). Similarly, either excessive or insufficient CD4+IL-13+ T cells (37, 78) impairs host control of Mtb (79–81). However, BALB/c mice with genetic disruption of IL-4 were more proficient in controlling Mtb (82), indicating that attenuating TH2 (IL-4, IL-13) immunity in more immunocompromised mice is host-protective. TGFβ produced by macrophages and T regulatory cells (Tregs) predisposes to Mtb in a computer simulated TB granuloma model, in experimental animals, and in humans (83–85). However, TGFβ combined with IL-23 promotes the expansion of TH17 cells, which are important in the control of Mtb during earlier stages of infection (86). IL-17 secreted by TH17 cells has other host-protective functions (limiting excessive granuloma hypoxia, inducing iBALT formation, recruiting CD4+IFNγ+ T cells) (87–90) but also host-deleterious properties (inducing excessive influx of neutrophils that may limit the formation of protective granulomas) (91, 92). Serum IL-9 (produced by TH9 cells) was found to be significantly higher in pulmonary TB subjects than individuals with sarcoidosis, a granulomatous disorder of unknown etiology (93).




2.2.3.2 CD8+ T effector cells

CD8+ T cells, through their cytotoxic response, help limit bacterial replication in the later stage of disease (6, 94). Following aerosol Mtb infection of mice, CD8+ cells were not considered to play a major protective role (95) whereas with high intravenous inoculum, they were more essential for protection (96–98). CD8+ T-cells are able to recognize and induce apoptosis of infected macrophages (99). In mice, CD8+ T cells were found to be important in maintaining stable latent phase of infection, in part through production of IFNγ (100). However, increased TGFβ and IL-10 expression and reduced granzyme B production by CD8+ T cells are associated with poorer control in patients with active TB (101).




2.2.3.3 T regulatory cells

Tregs are CD4+ T cells (or less frequently CD8+ marker) characterized by the phenotypic markers Foxp3+CD25hiCD127dim/–. Tregs develop from naïve T cells in the presence of TGFβ and dampen the function of M1 macrophages and T effector cells through expression of immunosuppressive cytokines TGFβ, IL-10, and IL-35 (102–104). Tregs were more commonly present in cavities than in the lipoid pneumonia or granulomas of human post-primary TB in the lungs (33) Within granuloma-infiltrating T cells of both Mtb-infected mice and rhesus macaques, TGFβ signaling antagonized activity of IFNγ-producing CD4+ T cells and impaired control of Mtb (83).




2.2.3.4 B cells

B cells also play an important role in the granulomatous and iBALT response against Mtb (105, 106). B cells found in granulomas produce the chemokine CXCL13, which recruits specific T cells to the infection site, promoting follicle-like structure formation within granulomas (107). B cells also function as antigen-presenting cells within granulomas, enhancing proliferation of a host-protective T cells and plasma cells against Mtb infection (108). Studies in mice have shown that B cells decrease neutrophil motility (109–111).

Three distinct populations of B cells exist: B effector 1 cells (Be1), B effector 2 cells (Be2), and regulatory IL-10 producing B cells (B10). Be1 cells are produced when naïve B cells are primed by TH1 cytokines. These cells then produce IFNγ, IL-12, TNF, IL-10, and IL-6. On the other hand, Be2 cells are differentiated in the presence of TH2 cytokines, and, in turn, are producers of IL-2, lymphotoxin, IL-4, IL-13, IL-10 and IL-6 (105, 112, 113). Once produced, Be1 and Be2 cells are able to influence the differentiation of naïve CD4+ T cells into TH1 or TH2, respectively (112). Regulatory B cells are known to downregulate the T cell response through production of IL-10 or TGFβ (112, 113). Thus, whereas effector B cells induce the inflammatory T cell response, regulatory B cells downregulate this pathway. Due to the crucial role that CD4+ T cells play in the formation of TB granulomas, the ability of B cells to induce or block this pathway illustrates their importance in granuloma formation. Indeed, clusters of B cells are found in human TB granulomas (114).






2.3 Inducible bronchus-associated lymphoid tissue, an accessory organoid to granulomas

Tertiary lymphoid organs (TLOs) are organized lymphoid structures that form in non-lymphoid tissues in response to injury, inflammation, or chronic infection (115). These structures have been shown to surround granulomas during mycobacterial infection (116, 117). While TLOs and granulomas are generally regarded as discrete structures, they have been shown to share similar biological processes (118). One such TLO that is associated with granuloma formation is inducible bronchus-associated lymphoid tissue (iBALT). iBALT are comprised of B cells, T cells, and antigen-presenting cells (e.g., dendritic cells) and are juxtaposed to granulomas (Figures 1A, B) (119–121). The immune cell inflammation that accompanies Mtb infection: (i) induces “stromal lymphoid tissue organizer cells” (fibroblasts, myofibroblasts, and endothelial cells) to transform into follicular dendritic cells; (ii) triggers them to produce chemokines (CXCL13, CXCL12, CCL21, CCL19), which recruit and organize T cells, B cells, and dendritic cells into iBALT; and (iii) supports high endothelial venule formation to allow lymphocyte trafficking into the infection site (122). Interleukin-17 (IL-17), IL-23, and group 3 innate lymphoid cells (ILC3s) also promote the differentiation and activation of lymphoid cells that participate in iBALT formation (89, 90, 123–125).

iBALT has been described with pulmonary TB in humans (75, 121, 126), non-human primates (NHP) (75, 121, 126), rabbits (127), guinea pigs (127), and mice (75, 125). iBALTs are considered to be protective against Mtb for several reasons: (i) they can serve as a site for local antibody production (128, 129); (ii) they can render support to neighboring granulomas as a ready supply of additional immune cells (119, 130); (iii) the presence of iBALT can be associated with the maintenance of latency and containment of infection, whereas its absence is associated with active disease (75, 121). However, in the context of sustained and unresolved TB, iBALT may become pathogenic and contribute to lung injury, especially with sustained IL-17 expression and neutrophil recruitment (119).

Certain molecules can have an impact on iBALT formation. For example, NHP infected with Mtb that lacked MmpL7 (Mycobacterial membrane protein Large 7) showed an increase in granulomas containing iBALT, suggesting that Mtb-derived MmpL7 prevents the formation of host-protective iBALT (Figure 1B) (131). Another study found in both in vitro (macrophage) and in vivo (murine and NHP) Mtb models that inhibition of indoleamine 2,3-dioxygenase (IDO-1) activity resulted in a greater host protective response as well as increased iBALT, indicating that IDO-1 also inhibits iBALT formation (Figure 1B) (132).





3 The granuloma paradox



3.1 Granulomas may be viewed from different perspectives

One overarching paradox of TB is that despite being the most lethal infectious disease globally, most who are infected with Mtb do not ever develop disease, consistent with pathologic studies that most human TB lesions are regressive (133, 134). Because humans and Mtb have co-existed for a long time, it is likely that the genetics of both humans and Mtb are important in determining who are at risk for developing latent infection or active TB disease (135, 136). The battle between Mtb and host immunity may be viewed from either the perspective of the bacilli or the host. When the host is unable to completely eradicate the Mtb upon initial infection – due to immune evasive strategies of Mtb such as arrest of phagosome maturation (137) – the next best recourse is to contain the infection through the formation of granulomas. While granulomas are generally regarded as a host-protective response by controlling the Mtb infection, they also provide a niche that allows Mtb survival by limiting the trafficking of immune cells (4). Some newly infected macrophages may also escape from the original granuloma to form a secondary granuloma, albeit this was observed in the M. marinum-zebrafish model (60).

Drawing from epidemiological evidence indicating that the majority of individuals with latent TB infection do not progress to active TB but remain at risk, our discussion framework centers on the host-protective nature of TB granulomas. We explore the multifaceted circumstances leading to their occasional failure in protecting the host. There are many factors that determine whether TB granulomas are protective or harmful. One plausible explanation for variability in the protective efficacy of granulomas lies in the existence of different granuloma phenotypes – a heterogenous spectrum of lesions – within the same individual. These distinct granuloma types emerge due to a complex interplay between the host immune response and Mtb components, reflecting varying endotypes (138). However, a glaring limitation emerges when assigning a specific granuloma phenotype as detrimental to the host: the challenge of discerning whether a particular granuloma phenotype fails to protect or if it arises as a consequence of such failure or an attempt to correct the failure. In essence, our comprehension of granulomas is significantly hindered by our inability to observe the temporal evolution of individual granulomas in the context of live bacilli burden. Nevertheless, we have organized below the descriptions of granulomas in the context of host-protection or not.




3.2 Evidence that granulomas serve host-protective function



3.2.1 Epidemiological and clinical observations

The notion that TB granulomas are host-protective is evinced indirectly from the observation that most individuals infected with Mtb – identified through positive tuberculin skin tests or IFNγ release assays – do not progress to active TB and commonly exhibit calcified granulomas. Indeed, global data show a much greater preponderance of individuals infected with Mtb without disease (by ~200-fold) than those with active TB (139).

A stronger piece of clinical evidence that granulomas serve a host-protective function is that individuals with severe immunodeficiency (such as those with AIDS or immune suppression by pharmacologic TNF blocking agents) are highly susceptible to Mtb and have poorly-formed or absent granulomas (140–145). On a cellular level, TNF is necessary for macrophage-mediated control of mycobacterial infection (146). The requirement of TNF in forming a host-protective TB granuloma is evinced by the finding that mice knocked out for TNF or neutralized of TNF function were unable to form granulomas in response to Mtb infection and showed greater Mtb burden (147). One novel function of TNF in granuloma formation is the induction of a T cell receptor (TCR) αβ-based recombinatorial immune receptor in subpopulations of monocytes/macrophages (148). As macrophage-TCRαβ was found to induce the release of CCL2 (monocyte chemoattractant protein 1), which recruits monocytes, dendritic cells, and memory T cells, deletion of this variable macrophage-TCRαβ or TNF results in structurally compromised TB granulomas (148). Yet, there are case reports of caseating granulomas (often a sign of high Mtb burden) found in active TB in the presence of TNF blocking agents, indicating that granulomas that form despite TNF deficiency are not protective (149, 150). One possible scenario for this finding is that latent TB granulomas previously existed but with the introduction of an anti-TNF agent, there was proliferation of dormant Mtb, causing disruption of the intact, protective granuloma with secondary necrosis. An alternative explanation is that during treatment with an anti-TNF agent, a new Mtb infection occurred (plausible in TB endemic countries), resulting in inadequate control of the initial infection and the recruitment of other cell types such as neutrophils, resulting in caseating necrosis of the poorly protective granulomas. The observation that most of the Mtb are extracellular within necrotic granulomas, with lesser number located in the macrophage-rich region surrounding the core would support either scenario (151).




3.2.2 HIF-1α, a response to granuloma hypoxia, is largely host-protective

In non-necrotic, cellular granulomas, Mtb exists mainly intracellularly in the infected macrophage population within the core of the intact granuloma (11, 151, 152). One likely factor that allows granulomas to remain intact and non-necrotic is the prevention of a hypoxic environment within granulomas. More specifically, if cellular hypoxia occurs, one thwarting response is through increased production of hypoxia inducible factor-1 alpha (HIF-1α) by innate immune cells (macrophages, dendritic cells, and neutrophils) and lymphocytes (153). HIF-1α, which combines with constitutive HIF-1β to form HIF1, increases angiogenesis to the granuloma via induction of vascular endothelial growth factor, which allows oxygen and nutrient transport to the cells within granulomas (154). HIF-1α also aids cell survival in the hypoxic environment by augmenting glycolysis to generate quickly available ATP (155–157).

Several studies have shown that inducible HIF-1α is host-protective against Mtb infection. HIF-1α enhances the Mtb-killing abilities of both phagocytes and monocytes by several effector mechanisms including apoptosis of Mtb-infected phagocytes and enhanced production of cellular anti-microbial elements (nitric oxide, granule proteases, and anti-microbial peptides) (154, 158–160). Live Mtb alone has been shown to induce HIF-1α (154, 161) but this effect was especially seen in conjunction with IFNγ (162). In turn, HIF-1α augments IFNγ-induced genes that play important roles in effector functions against Mtb such as inflammatory cytokines and chemokines (IL-1α, IL-1β, and IL-6) (154, 162, 163). Hypoxia-induced HIF-1α also induces expression of CXCR4 – the receptor for the lymphocyte chemokine (and pro-angiogenic) CXCL12; thus, HIF-1α maintains both the influx of potentially host-protective immune cells to granulomas and the viability of these cells (164, 165). These findings are supported by studies of mice with conditional genetic disruption of HIF-1α in myeloid cells wherein with Mycobacterium avium infection, there was greater granuloma necrosis (perhaps due in part to impaired neovascularization of the granulomas) and impaired clearance of the mycobacteria (166). In the M. marinum-zebrafish model, stabilization of HIF-1α at the early stages of infection enhanced the levels of nitric oxide and reduced mycobacterial burden (167). Furthermore, suppression of granuloma-associated angiogenesis – which would be expected to cause hypoxia and induce the expression of HIF-1α – decreased M. marinum burden (168). While the ability of HIF-1α to enhance host immune cells against mycobacteria may be mediated by NFκB activation (169), HIF-1α may also attenuate an excessive NFκB response to prevent injurious inflammation (170).





3.3 Evidence that granulomas serve to propagate Mtb



3.3.1 Is bacillary patience a survival factor for Mtb? A teleological perspective

The first observation that certain granulomas – depending on the model used – benefit Mtb growth is that Mtb has adapted to remain quiescent for long periods with the opportunity to propagate at later times. Unlike pathogens that do not develop latency in the host and evade host immunity by antigenic variation, Mtb is capable of surviving (in a latent form), paradoxically, because of its recognition by host immune cells. The notion that Mtb has exploited recognition by the host as a survival mechanism is supported by the extensive diversity of Mtb antigens and epitopes that are recognized by CD4+ and CD8+ T cells of both active TB subjects and healthy controls (171–173). Hence, a potential interpretation is that T-cell recruitment to the site of infection, although initially a host-protective mechanism, could inadvertently aid Mtb by facilitating the establishment of a latent infection within an organized granuloma. This arrangement extends the bacilli’s survival, enabling them to lay dormant until conditions conducive to their reactivation arise, such as during immune senescence, thereby facilitating their dissemination to other individuals (6, 174, 175). Therefore, a teleological perspective suggests that Mtb, by exhibiting remarkable “patience” in remaining quiescent after encountering host immune cells within granulomas, ensures a higher probability of long-term survival for its species.




3.3.2 The co-evolution of Mtb with its host to survive within granulomas

The second observation that granulomas benefit Mtb is that the bacilli have developed survival mechanisms within the host phagocytes. A denouement of such survival capability is that the bacilli can spread between phagocytes within either quiescent or disruptive stages of granulomas. Mechanisms for this intracellular survival and spread to other cells are Mtb-mediated rupture of the phagosome membrane to escape into the cytoplasm, evading phagosome-lysosome fusion (17) as well as apoptosis-mediated cell-to-cell spread (60, 176). This intracellular movement of mycobacteria is likely an immune evasive mechanism because pathogenic mycobacteria are more capable of translocating from the intra-phagosome compartment to the cytosol via pore-inducing mycobacterial ESAT-6 protein than non-pathogenic mycobacteria (discussed in Section II.2.1 above) (17, 18). A connection between this intracellular immune evasive mechanism and the earlier-discussed Mtb latency survival strategy within organized granulomas emerges. ESAT-6, known to contain multiple T-cell epitopes (both CD4 and CD8), plays a pivotal role (177). Interestingly, just before Mtb burden plateaued post-infection in mice, the mRNA levels of both ESAT-6 and Ag85B decreased by 10-fold (178). This decline, reflecting little turnover of Mtb during the stationary phase, allows for Mtb to be still recognized by T cells but prevented its complete eradication by the immune system.

ESAT-6 secretion systems (ESX), particularly ESX-1 and ESX-5, have been shown to be virulence factors during mycobacterial infection. The importance of ESX-1 in mycobacterial pathogenesis is evinced by the finding that Mtb strains lacking ESX-1 have decreased pathogenesis and intracellular replication compared to wild-type strains (179). In humans, ESX-1 induction of the chemokine fractalkine (CX3CL1) mediates the recruitment of monocytes to the expanding granuloma (180). In contrast, the ESX-1 of M. marinum induced expression of matrix metalloproteinase 9 (MMP-9), which facilitates influx of uninfected macrophages, expanding the granulomatous lesions that may contain viable mycobacteria (181, 182). ESX-5 of M. marinum has been shown to inhibit induction of proinflammatory cytokines (IL-12p40, TNF, IL-6) (183) as well as induce both inflammasome/IL-1β activation and caspase-independent cell death (184).

Mtb also secretes lipids that affect the host immune response and caseous granuloma formation. These include mycolic acids, specifically trehalose 6,6’-dimycolate (TDM, aka cord factor), a toxic lipid that induces epithelioid macrophage transformation, pro-inflammatory cytokine production, and necrosis of the granulomas (185–187). Experimentally, the largest oil droplets of oil-water emulsions containing TDM were the most granuloma-genic (188). In contrast, de-lipidated BCG – where TDM was stripped from the outer cell wall – induced more of an acute (neutrophilic-like) infiltration and reduced delayed hypersensitivity (granulomatous) response along with more rapid clearance of de-lipidated BCG in mice, indicating that TDM is both a virulence factor and responsible for granuloma formation (189). The programming Mtb into a dormancy state by the dormancy survival regulon (DosR) is induced by carbon monoxide and hydrogen sulfide as well as a local environment that is hypoxic, acidic, and contains high nitric oxide levels (190–195). This induced dormancy of Mtb results in reduced metabolic activities of the bacilli, but they are also able to dysregulate host-lipid synthesis resulting in the production of lipid bodies (39). This process transforms macrophages into the foamy phenotype capable of not only sustaining the dormant Mtb but contributing to the caseous necrosis when granulomas breakdown (31).

Mtb has the capacity to import and catabolize host-derived cholesterol (an integral part of cellular membranes) – via proteins encoded by the mycobacterial gene cluster mce4 and by the igr locus, respectively – and use it as a carbon and energy source to survive for prolonged periods in caseous granulomas (196, 197). The catabolism of cholesterol in host-cells requires a shift from aerobic to anaerobic metabolism within the hypoxic and necrotic granuloma core which contributes to the dormant state of Mtb. In this state, Mtb remodels the cell wall and produces intracellular triglycerides (comprised of three long-chain fatty acids esterified to glycerol). β-oxidation of even-chain fatty acids produces acetyl-Co-A, which can be used for either synthesizing triglycerides (a lipid relevant for dormancy) or fueling the tricarboxylic acid (TCA) cycle (for ATP production) (198). Odd chain fatty acids undergo β-oxidation to produce the 3-carbon propionyl-CoA, which can be further metabolized to products that enter the TCA cycle or produce methyl-branched lipids to synthesize the mycobacterial cell wall (198). The mycobacterial enzyme isocitrate lyase (Icl) serves two functions for Mtb: (i) it is essential for conversion of even-chain fatty acids under nutrient limitation; i.e., Icl metabolizes isocitrate (6C) to glyoxylate (2C) and succinate (4C) with subsequent combining of glyoxylate with acetyl-Co-A (2C, a product of β-oxidation of fatty acids) to form malate (4C), which enters and fuels the tricarboxylic acid cycle and (ii) by fueling the TCA cycle, it activates the events that occur downstream of the initial steps in the metabolism of the toxic propionyl-CoA. In addition, the gene that encodes the lipid transporter also plays an important role in Mtb growth (6, 199).




3.3.3 What causes necrosis and caseation of TB granulomas?

The root cause of the necrotic cell death and subsequent caseation in TB granulomas is not precisely known. Within TB granulomas, macrophage necrosis occurs by various and not necessarily mutually exclusive mechanisms. The first mechanism is dysregulation of the pro-inflammatory cytokine TNF. On the one hand, either deficiency or antagonism of TNF impairs macrophage control of Mtb (and of M. marinum), increases mycobacterial burden in macrophages, and results in necrotic macrophage death with subsequent tissue spread of Mtb (4, 76, 146, 200). This TNF deficiency may also occur endogenously in certain individuals due to decreased leukotriene A4 hydrolase (LTA4H) activity (CC genotype of LTA4H gene), resulting in a decrease ratio of the pro-inflammatory leukotriene B4 (LTB4) to the anti-inflammatory LXA4 (201, 202). On the other hand, TNF excess due to high LTA4H activity (TT genotype), resulting in increased LTB4:LXA4 ratio), leads to activation of the TNF receptor-interacting serine/threonine kinases 1 and 3 (RIP1 and RIP3), mitochondrial reactive oxygen species (ROS), and initiated programmed necrosis (necroptosis) of the macrophages (76). Thus, both the hypoinflammatory (CC) and hyperinflammatory (TT) genotypes of LTA4H were associated with poorer outcomes compared to the heterozygous (CT) genotype (201, 202).

The second mechanism for macrophage necrosis is the insufficient clearance of Mtb-infected apoptotic phagocytes. Mtb-infected macrophages that undergo apoptosis are further phagocytosed by (recruited) uninfected macrophages, a process known as efferocytosis (60). However, if the influx of these uninfected macrophages is insufficient, apoptotic Mtb-infected macrophages are not cleared, leading to necrosis (203). While apoptosis of Mtb-infected macrophages is known to kill the intracellular bacilli, any surviving bacilli in apoptotic bodies that are not efferocytosed are released during secondary necrosis of the apoptotic bodies (51, 204).

The third hypothesized mechanism for the development of caseous necrosis is related to a deficiency or an excess of CD4+ T cell response. Deficiency of CD4+IFNγ+ T cells and insufficient formation of host-protective granulomas (147, 205, 206) results in increased IL-17-mediated neutrophilic influx and overwhelming Mtb infection of the macrophages, with both events leading to necrosis of the phagocytes (Figure 4A). The mechanism by which an excess of CD4+ T cells contribute to necrosis is not clear, but based on experimental evidence, the exuberant IFNγ response induces TNF and other downstream inflammatory mediators (207), causing activation of the aforementioned RIP1 and RIP3, necrotic macrophage death (necroptosis), and release and proliferation of mycobacteria (Figure 4B) (76, 208–210). IFNγ also increases CXCR3 (a receptor for several angiostatic chemokines) that may result in granuloma hypoxia and necrosis (Figure 4B) (211). Another supporting clue that excess IFNγ (and its downstream effects) may contribute to a detrimental immune response to the host is based on a study showing that IFNγ production by TH1 cells is far more important for TB control in the spleen than in the lungs and that increasing the IFNγ-producing capacity by the TH1 cells actually exacerbated the lung infection and led to more rapid mortality (77). In contrast to these two extremes of CD4+IFNγ+ T cell deficiency and excess, we posit that a more precise CD4+ T cell response would be more optimal (Figure 4C).
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Figure 4 | Mechanisms by which deficiency or excess CD4+IFNγ+ T cells predispose to TB. (A) Deficiency of TH1 (CD4+IFNγ+) T cells – as seen in advanced AIDS, genetic defects in the IFNγ-IL-12 axis, and in animal models – has been shown to increase the risk of TB and other mycobacterial infections. This IFNγ deficiency leads to an increase in IL-17 and neutrophilic influx. This combined with a lack of macrophage activation (due to insufficient number of CD4+IFNγ+ T cells) leads to an overwhelming Mtb infection of phagocytes, resulting in an unprotective, necrotic granuloma. (B) Excess TH1 cell activation and numbers lead to a secondary increase in TNF, which can then induce RIP1 and RIP3 activation, excessive ROS formation, and macrophage necroptosis. The sequence of these events leads to over-inflamed, necrotic, and unprotective granulomas. (C) There is ample evidence in both humans and experimental animal models that optimal quantity and temporal influx of Mtb-specific CD4+IFNγ+ T cells are necessary for control ± eradication of Mtb infection, in part through activation of macrophages. IFNγ also inhibits IL-17 production from TH17 cells which can induce chemokines for CD4+IFNγ+ T cells. In non-hematopoietic cells, IFNγ also induces IDO-1 production that inhibit excessive IL-17 production (via the catabolized products of tryptophan by the actions of IDO). Hence, IL-17 production is kept in check, limiting the amount of potentially harmful neutrophilic influx. IDO-1, indoleamine 2,3-dioxygenase; IFNγ, interferon-gamma; IL-12, interleukin-12; IL-17, interleukin-17; Mtb, Mycobacterium tuberculosis; RIP, receptor-interacting serine-threonine kinases; ROS, reactive oxygen species; TB, tuberculosis; TNF, tumor necrosis factor.

A fourth mechanism for the development of caseous necrosis, related to an excess of CD4+IFNγ+ T cells discussed above, is insufficient negative regulation of IFNγ. Mtb induction of IFNγ upregulates the immune checkpoint PD-1 (programmed cell death protein-1), which, in turn, inhibits IFNγ+ TH1 cells, a form of negative feedback mechanism to prevent excessive IFNγ production (212). The importance of dampening an excessive IFNγ production is evinced by studies showing that PD-1 knockout mice are paradoxically more susceptible to Mtb infection (213–216).

A fifth proposed mechanism for the development of necrosis in TB granulomas is the inability of the granuloma to overcome excessive hypoxia (described above), causing cell death and central necrosis in the granuloma. TB granulomas are hypoxic in guinea pigs, rabbits, and NHP (217). Employing dynamic PET imaging using the tracer [18F]- fluoromisonidazole, heterogenous degrees of tissue hypoxia were found in the TB pneumonia and around cavities (218). In contrast to the host-protective function of HIF-1α against TB (discussed in Section III.2.2 above), excessive HIF-1α may be harmful. Domingo-Gonzalez et al. (87) showed that when IL-17 was neutralized in Mtb-infected mice, there was higher production of HIF-1α, more hypoxic necrotic granulomas, exacerbated inflammation, and increased Mtb burden. They further showed that restricting HIF-1α activity in the mice by neutralizing IL-17 reversed both the excessive inflammation and the increased Mtb burden (87). While it is not clear how HIF-1α may induce hypoxic necrotic granulomas – since it has known properties that mitigates hypoxia and its detrimental sequelae such as induction angiogenesis and switch to glycolytic metabolism – one possible mechanism is that HIF-1α can induce mucin production and transepithelial resorption of sodium ion and water, resulting in increased mucus in the airways and thus indirectly worsening hypoxia to the lungs and the granulomas (219). Either Mtb or hypoxia-induced HIF-1α is known to individually and synergistically induce MMP-1, which can lead to lung tissue destruction and cavity formation via its collagenase activity (218). Baay-Guzman et al. (154) found a dual opposing roles for HIF-1α in mice: (i) a protective role in early stage TB (≤28 days after infection) through macrophage activation in conjunction with IFNγ and (ii) a detrimental role at a later stage of infection through HIF-1α inhibition of apoptosis of foamy macrophages, impairing an effector mechanism by which intracellular Mtb are killed.

Finally, type-1 interferons, produced by interstitial macrophages and plasmacytoid dendritic cells, have been found to exacerbate Mtb infection, recruit neutrophils, NETs formation, and promote tissue necrosis (220, 221). Not only have type-1 interferons been found to inhibit protective cytokines (IFNγ, TNF, IL-12, IL-1α, IL-1β), but they also contribute to spread of infection and lung inflammation by increasing accumulation of myeloid cells (66, 222). Type-1 interferons have been shown to contribute to necrosis through inhibition of PGE2. As noted above, PGE2 is known to prevent necrosis of Mtb-infected macrophages (61, 64–66). In turn, PGE2 (and IL-1) were found to inhibit expression of type-1 interferons (65, 223). It has also been shown that type-1 interferon induction of interleukin-1 receptor antagonist IL-1Ra mediated susceptibility to Mtb (224). Despite these host-harmful effects of type 1 interferons during Mtb infection, they have also been shown to exhibit host-protective properties in certain conditions; (i) co-administration with antimycobacterial chemotherapy; (ii) lack of IFNγ signaling from the host; (iii) BCG vaccination in certain animal models (65).





3.4 Lesion heterogeneity

The physical makeup and host-protective abilities of granulomas can vary greatly. When granulomas form in response to an infection, it gives rise to a trajectory that varies across a spectrum between complete bacterial clearance to uncontrolled infection. Distinct types of TB granulomas exist, all potentially coexisting within a single host infected with Mtb (Table 2) (138, 152, 225). Several factors can affect granuloma heterogeneity, such as host inflammatory/immune responses as well as differences in physiological-chemical properties of the different regions of the lungs (discussed in Section IV.3 below). Consequently, spatially grouped bacilli may encounter diverse granuloma environments depending on factors such as granuloma type, age, and regional immune response; in turn, Mtb can display different phenotypes depending on the microenvironment they are being enveloped (225). This variability leads to a dynamic landscape where some granulomas progress while others regress, even within a single infected individual. This notion of lesion heterogeneity is also supported by reports that sterile (mainly calcified) lesions may coexist with active TB lesions (226).



Table 2 | Heterogeneity of granulomas and other TB lesions.
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More supporting evidence for this claim comes from a study in which cynomolgus macaques were infected with Mtb and their developing granulomas were tracked using computed tomography (CT) combined with deoxy-2-[18F]-fluoro-D-glucose (FDG) positron emission tomography (PET) scans before necropsy was performed (226). Based on the PET-CT findings, the metabolic state of individual granulomas showed a dynamic pattern, even within the same animal. Remarkably, their findings revealed that individual granulomas mostly arise from one bacillus of Mtb (226). Furthermore, the number of culturable bacteria in the granulomas decreased significantly after time (~15-fold decrease from 4 to 11 weeks). Interestingly, compared to lesions of the NHP at 4 and 11 weeks after infection, animals with latent infection and those with active TB (defined as clinical disease and Mtb culture positivity ≥ 3 months after infection) had 10-100–fold less culturable bacteria (226). While the CFU count modestly correlated directly with FDG uptake – a sign of increased glycolysis – it does not necessarily implicate glycolysis as a cause of impaired disposal of Mtb; i.e., increased FDG uptake may be a marker for increases of either glycolysis alone or of both glycolysis plus mitochondrial oxidative phosphorylation. Another study using the cynomolgus macaque Mtb model found that the lesions showed different immune cell responses based on whether the lesions formed earlier vs later (227). Consistent with the prior Mtb culture results, earlier forming granulomas in Mtb-infected cynomolgus macaques displayed type-2 immune responses, which tend to allow for the survival of Mtb within the granuloma, whereas later forming granulomas demonstrate adaptive TH1, TH17 and cytotoxic T cell responses, which tend to be more effective at killing Mtb bacilli and controlling the infection (227). This heterogeneity not only underpins the diversity in infection outcomes between lesions but also complicates treatment efforts. Individual lesions may exhibit varying responses to antibiotics, posing challenges in achieving consistent therapeutic outcomes.

TB is classically divided into “active” vs. “latent” forms, although the current paradigm acknowledges a clinical continuum that also include incipient and subclinical TB (228). Perhaps reflecting these clinical phenotypes is the presence of a spectrum of pathologic lesions that may be seen in human and experimental TB. Following low-dose (~25 bacilli) infection of cynomolgus macaque, about 40% develop active disease whereas 60% develop latent infection (229, 230). In those macaques with active TB, some lesions showed replicating high-burden mycobacteria and necrotic granuloma whereas others showed fewer mycobacteria, more fibrosis, and resolved granulomas, mirrored by PET-CT imaging that demonstrated both metabolically active and metabolically inactive granulomas. Interestingly, even with culture confirmed negativity of NHP with latent infection, both PET-positive and PET-negative lesions may be seen with the caveat that the degree of PET-CT positivity correlates with glucose uptake by the cells and does not necessarily inform the level of control of the Mtb infection. In an antibiotic treatment study of pulmonary TB in cynomolgus macaques and in humans, decline in PET activity correlated with reduced bacterial load in both treatment groups and at necropsy in the NHP, with also a reduction in pulmonary pathology (231). Another study showed that a substantial number of humans treated for active drug-susceptible TB remained PET-positive along with positive Mtb mRNA in sputa, indicating either subclinical active disease or resolved TB with residual dead Mtb (232). These findings show that dividing clinical TB into “active” or “latent” is an oversimplification, and that the dominant type among a spectrum of lesions is likely to dictate the clinical disease (6, 152). Indeed, a recent review categorized TB into eight different states, ranging from elimination by various mechanisms to disseminated disease (233).




3.5 Does aerobic glycolysis in TB lesions–granulomas protect against or predispose to TB?

Answering this question is challenging because it is difficult to know in any distinct granuloma that is failing – defined as unopposed Mtb replication and worsening pathology – whether the presence of aerobic glycolysis is the cause of the failure or an attempt to rectify the failure. Furthermore, since it has been shown that seemingly distinct granulomas may in fact be different “branches” of the same granuloma (237, 238), the task in answering this question is even more daunting. Nevertheless, we will summarize the reported data.

On the one hand, there are indirect evidence that aerobic glycolysis increases host-susceptibility to TB: (i) PET-CT is commonly employed to detect TB lesions in NHP because this avoids the need to sacrifice the animal while obtaining more data in a temporal fashion. While PET-CT has been cited as a radiographic marker of aerobic glycolysis (a Warburg effect) (239), it is not specific for aerobic glycolysis alone since it is only a marker for glucose uptake, which can be seen with increased glycolysis (either aerobic or anaerobic) alone or with increase of both glycolysis and oxidative phosphorylation. Compared to the more TB-susceptible rhesus macaques, the more TB-resistant cynomolgus macaques infected with Mtb showed reduced dissemination of infectious granulomas and fewer PET-positive/necrotic lymph nodes (240). While this finding may suggest that aerobic glycolysis increases host susceptibility to TB in the rhesus macaques, one could contrarily argue that the increased PET-CT positivity (increased glycolysis) was an attempt to control the Mtb infection in the lymph nodes (240); (ii) in cancer cells, there is generally an inverse relationship between glycolysis and autophagy; i.e., increased glycolysis contributes to decreased autophagy (241) and loss of autophagy switches energy metabolism to glycolysis (242); in contrast to cancer cells, the glycolytic byproduct lactate increases autophagy in macrophages (see below); (iii) since the lung apices are more alkalotic in upright humans and alkalosis drives aerobic glycolysis (due to increased activity of hexokinase and phosphofructokinase activity (243, 244), key enzymes in the glycolytic pathway), one could also posit that perhaps an increase in glycolysis in the upper lung zones is (partly) responsible for the increased involvement of the upper lung zones in post-primary TB.

On the other hand, there is a collective strong argument that aerobic glycolysis of macrophages is host-protective against TB: (i) Mtb infection of macrophages inhibits aerobic glycolysis and increases fatty acid metabolism by mitochondria; this inhibition of aerobic glycolysis increased mycobacterial growth and decreased the production of certain pro-inflammatory mediators (40, 245–247); (ii) phagocytosis is augmented by glycolysis (40, 248); (iii) using live Mtb, HIF-1α switches macrophage metabolism to aerobic glycolysis which polarizes macrophages to the M1 phenotype (and secondarily to the TH1 phenotype) against Mtb (162, 163) (Figure 5); (iv) since the ability of mycobacterial ESX-1 to convert glycolysis to ketosis induces the formation of foamy macrophages – which are known be impaired in controlling intracellular mycobacteria due to decrease of both autophagy and lysosomal acidification (39) – lending credence that glycolysis is host-protective; (v) lactate, the byproduct of glycolysis, increases autophagy, possibly through hyperlactylation of PI3 kinase (39, 41, 42); (vi) while the aforementioned inverse relationship between protection and aerobic glycolysis in Mtb-infected macaques (240) suggests that aerobic glycolysis confers susceptibility, one could argue that the greater protection against TB in the cynomolgus macaques prevented the need for an increase in host-protective aerobic glycolysis; (vii) indirect evidence that aerobic glycolysis is host-protective is that calcification of granulomas – a sign of well-controlled TB lesions – is more likely to occur in an alkaline environment, which would also promote aerobic glycolysis; (viii) the central parts of necrotic granulomas are considered to be more hypoxic and have greater HIF-1α expression; since HIF-1α increases glycolysis, whose byproduct lactate augments autophagy, this may account for the low Mtb number in the central necrotic area of granulomas (Figure 5, left-hand side) (161, 163). Because immune cells at the granuloma periphery are less hypoxic and have less HIF-1α activity, there is greater burden of Mtb in the outer regions of the granulomas (Figure 5, right-hand side). Interestingly, increased aerobic glycolysis may participate in a positive feedback phenomenon as increased autophagy – due to greater macrophage activation – also promotes aerobic glycolysis (43, 44). However, analyzing for the presence of aerobic glycolysis is challenging and requires more testing than simply measuring lactate levels and transcriptional analysis of glycolytic enzymes (40).
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Figure 5 | Differential expression of hypoxia, HIF-1α, and downstream effects in the central and peripheral regions of the necrotic granuloma. The central region of a necrotic granuloma is more hypoxic. As a result, there is greater HIF-1α expression with a panoply of downstream effects due to HIF-1 activity. One immune mechanism induced by HIF-1 is aerobic glycolysis, which in turn induces autophagy through the byproduct lactate. Hence, the central necrotic area of an intact human TB granuloma is usually sterile or with low bacterial burden. In contrast, the peripheral region of the granuloma less hypoxic with less HIF-1α induction. In the presence of macrophages that are less effective in killing Mtb (as shown by the foamy macrophages), there is less ability to kill Mtb, as shown by the greater bacilli number. However, in the presence of activated macrophages and T cells, the peripheral granuloma may also be efficient in either killing or controlling the Mtb infection. HIF-1α, hypoxia-inducible factor 1-alpha; IFNγ, interferon-gamma; Mtb, Mycobacterium tuberculosis; TB=tuberculosis;.




3.6 Either insufficient or excessive immune response impairs the ability of host granulomas/lesions in controlling Mtb infection

There is strong evidence that lack of CD4+IFNγ+ T cells or IFNγ signaling, as seen in advanced AIDS patients (73, 249) and individuals with genetic mutations of various components IFNγ-IL-12 axis (250–253), respectively are vulnerable to TB and non-tuberculous mycobacterial infections. These clinical evidences are supported experimentally by increased susceptibility of IFNγ-knockout mice to TB (254, 255). Thus, one would predict that genetic disruption of the immune checkpoint PD-1, which increases CD4+IFNγ+ T cell activation, would enhance the ability of the host to control an Mtb infection. Yet, three studies have shown that mice with the PD-1 gene knocked out, which would increase CD4+IFNγ+ T cell activation, are more susceptible to Mtb infection with not only more severe pathology but greater Mtb burden (213, 214, 216). In contrast to the findings with the PD-1 gene knockout mice, wild type mice that were administered blocking antibody to TIM3 (another immune checkpoint) or the TIM3 knockout mice were more resistant to Mtb with reduced the bacilli burden in the lungs compared to their respective control mice (256). Similarly, administration of an anti-CTLA-4 antibody decreased Mycobacterium bovis (M. bovis) Bacillus Calmette Guérin (BCG) burden by one-half log at 6 weeks post-infection (257). Plausible mechanistic explanations for these differences include: (i) differential capacity among the various immune checkpoints (PD-1 vs. TIM3) to inhibit T effector cell function; (ii) the disparity between partial inhibition of immune checkpoints with an antibody vs. complete genetic disruption of an immune checkpoint; and (iii) separate background strains of mice used (C57BL/6 vs. BALB/c) wherein mice that are intrinsically and relatively more immunosuppressed (e.g., the BALB/c background in the TIM3 gene knockout mice) may be more likely to benefit from immune checkpoint inhibitors.

Either deficiency or excess of other molecular and cellular components that impair the host’s ability to control Mtb infections are listed in Table 3. Thus, we posit that a “modest” activation of these components, at the appropriate times in the course of the Mtb infection, are necessary for optimal control of the infection. This “Goldilocks principle” – illustrating the concept of finding the “optimal middle ground” based on the English fairy tale Goldilocks and the Three Bears – is also shown graphically (Figure 6).



Table 3 | Deficiency or excess of specific components that impairs host control of Mtb.
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Figure 6 | Either excessive or deficiency of molecular or cellular immune elements may predispose to unprotective granuloma or defense against Mtb. The diagram illustrates that either deficiency or excessive of specific immune components (x-axis) may result in increased susceptibility and severity of TB (y-axis). Using the immune checkpoint inhibitors as an example, we posit that in conditions where the host is either severely immunocompromised, immune checkpoint inhibition would be beneficial against mycobacterial infection, as exemplified by: (i) advanced AIDS patient with severe mycobacterial infection that improved with an anti-PD-1 antibody and (ii) TIM3 antagonism or TIM3 gene knockout mice are protected against mycobacteria in the less immunocompetent BALB/c mice. In contrast, in hosts with better preserved immune function, immune checkpoint inhibition results in a hyperinflammatory state, worsening control of mycobacterial infections, as exemplified by the mice with genetic disruption for PD-1 or PD-L1 gene. Perhaps the severity of TB is not as severe in the PD-L1 knockout mice than the PD-1 knockouts because in the PD-L1 knockout mice, PD-L2 is still intact and thus the enhanced immune activation with the genetic disruption of PD-L1 is not as severe as of PD-1. We have also shown other molecular and cellular components in which deficiency or excess predispose to TB. See also text and Table 2 for further discussion. AIDS, acquired immunodeficiency syndrome; HIF-1α, hypoxia-inducible factor 1-alpha; HO-1, heme oxygenase-1; ICI, immune checkpoint inhibitor; IDO-1,  indoleamine 2,3-dioxygenase; IFNγ, interferon-gamma; IL-12, interleukin-12; IL-17, interleukin-17; LTA4H, leukotriene A4 hydrolase; MAC, Mycobacterium avium complex; MP, macrophages; MMP, matrix Mtb, Mycobacterium tuberculosis; NFκB, nuclear factor-kappa B; PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand-1; TB, tuberculosis; TGFβ, transforming growth factor-beta; TNF, tumor necrosis factor.
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Figure 7 | Relative IDO-1 activity helps dictate the level of protection by TB granulomas. IDO-1 activity can also be an indicator of the protectiveness of a granuloma. When there is an optimal level of IDO-1 inhibition, the remodeling of the granulomas allows access of CD4+ T cells to the central core of the granuloma, resulting in Mtb death. However, excessive or insufficient IDO-1 activity leads to an unprotective granuloma. An excess of IDO activity results in an unprotective, hypoinflammatory granuloma, characterized by deficient proliferation of CD4+ and CD8+ T cells and poor access of CD4+ T cells to the granuloma core, allowing Mtb to grow within the center. On the other hand, an insufficient level of IDO-1 activity leads to an unprotective, hyperinflammatory granuloma, characterized by excess IL-17 production and excess neutrophil influx and granuloma necrosis. IDO-1 is also responsible for the catabolization of tryptophan (a molecule necessary for Mtb growth) into kynurenine. A deficiency of IDO-1 would in turn increase levels of tryptophan and allow for more Mtb growth. IDO-1, indoleamine 2,3-dioxygenase; IL-17, interleukin-17; Mtb, Mycobacterium tuberculosis;.





4 Characteristics of human TB and granulomas

In humans, active TB is classically divided into primary TB and post-primary TB, the latter known as reactivation TB, usually located in the lungs after establishment of systemic host-protective immunity in primary TB (283). Since Mtb is acquired through inhalation of Mtb-containing droplet nuclei less than 5 µm that reach the terminal bronchioles and alveoli, the granulomas in primary TB are located more commonly in the lower lung zones where the ventilation is greater (284). In contrast, the location of post-primary TB is typically more prevalent in the upper lung zones, especially the lung apices but also the superior segments of the lower lobes. These differences suggest that the immunological correlates of protection of primary TB and post-primary TB may be quite different as perhaps evinced by BCG protection against primary TB but less successfully with post-primary TB (285).



4.1 Self-limiting primary TB and primary progressive TB

In immunocompetent individuals, primary TB – most commonly affecting the lungs but may present as extrapulmonary TB – typically remains asymptomatic and resolves spontaneously. It is most often detected radiographically as a Ghon lesion (a sequela of untreated primary TB characterized by a lung nodule comprised of caseous granulomas surrounded by a fibroblastic rim), a Ghon complex (the combination of a nodule with associated draining mediastinal lymphadenopathy), or a Ranke complex (characterized by calcification of the Ghon complex) (286). On imaging, such lesions may be suspicious for lung cancer prompting surgical removal, but diagnosed histopathologically as TB-related (287). A relatively small number of bacilli adapt to the granuloma micro-environment and persist as asymptomatic latent infection. Autopsy studies revealed that granulomas in latent TB tissues exhibited lower cellularity and inflammation but displayed more prominent sclerosis, fibrous encapsulation, and calcification compared to their active counterparts (152). Histological analysis of latent TB lesions from individuals who died of non-TB-related causes has revealed caseous and fibrocaseous characteristics (288).

Ghesani and co-workers (289) reported the PET-CT findings of five household contacts of active TB patients before and during treatment for latent TB infection. These five individuals had no evidence of active TB and asymptomatic (“latent”) TB infection was established based on positive QuantiFERON testing and negative chest radiographs. This report showed that: (i) FDG uptake was increased in the thoracic lymph nodes in four of the five contacts; (ii) on repeat PET-CT testing while on treatment for latent TB infection, the FDG uptake decreased or became negative in three of the four and no change in one with initial mild FDG uptake; (iii) in the one patient with initial negative FDG uptake in the chest, there was evidence of remote latent TB infection as evinced by calcified granuloma in the lung parenchyma and ipsilateral calcified hilar lymph node (Ranke complex); (iv) the QuantiFERON results correlated highly with the intensity of the FDG uptake, indicating the PET positivity likely reflected a type 1 (CD4+IFNγ+) immune response (289).

Some individuals, perhaps with sub-optimal and not necessarily severely immunocompromised immune function may develop primary progressive TB. Except for a history of a relatively recent active TB exposure and the location of disease (more likely to be mid to lower lung zones), such patients are essentially indistinguishable from those with post-primary TB.




4.2 Post-primary TB

Post-primary TB accounts for the majority (≥80%) of active TB cases. In the 19th and early 20th centuries, pathologic analyses of human TB tissues were commonly performed on subjects with varying profiles of disease severity. These studies were conducted prior to the discovery of effective antibiotic therapy and thus also reflect the natural history of TB (134, 288, 290–292). Dr. Robert Hunter and his colleagues have critically reviewed these older literature as well as microscopically examined treatment-naïve TB lung specimens (287, 293–297). Two characteristic lesions of human pulmonary TB emerged: caseating granulomas and tuberculous pneumonia (Figures 8A, B) (293). Caseating granulomas were reflective of primary TB, which may be self-limiting or progressive (Figure 8A). While post-primary TB may begin with degeneration of primary granulomas (Figure 8A), some contend that it starts as a nascent pneumonic process which then spreads endobronchially resulting in airway obstruction and lipoid pneumonia, the latter due to the presence of lipid-laden (“foamy”) macrophages and DEC-205+ dendritic cells infiltrating the airway lumina and alveolar spaces (Figure 8B) (33). However, because most surgically resected or autopsy TB cases represent advanced disease, it is challenging to determine with certainty whether endobronchial spread is a primary or secondary process, or a combination of both. The early inflammation that occurs with this post-primary pneumonic process was largely attributed to a Type IV hypersensitivity reaction to Mtb antigen and not to an increase in the number of viable Mtb since the early stages of this pneumonic process were very often paucibacillary (133, 298, 299). The formation of necrotic granulomas due to host-mediated bacillary destruction rather than proliferation is supported by recent RNAscope and immunohistochemistry studies (300). In this study, a significant amount of Mtb mRNA and Ag85B was detected in human necrotic granulomas in the lungs and lymph nodes of a confirmed TB patient, despite being Ziehl-Nielsen-negative (300).
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Figure 8 | Origin of Mtb and early events in the development of post-primary TB. (A) An often-cited description for the evolution of post-primary (reactivation) TB is that immune dysfunction results in progressive necrosis and liquefaction of the granuloma, exuberant multiplication of dormant Mtb, disruption of the integrity of the granuloma wall, and spillage Mtb-filled necrotic granulomatous content into the airways. Pneumonia forms due to endobronchial spread of granuloma content. (B) An alternative description of post-primary TB is based on the paradigm chronic stable granulomas are mostly sterile and that the dormant Mtb that “reawaken” originated from lymph nodes. fat cells, and airway epithelial cells causing a bronchogenic lipoid pneumonia. Granulomas may form around pockets of necrotizing pneumonia. As discussed in the text, it is plausible that both reactivation models occur. Mtb, Mycobacterium tuberculosis; TB, tuberculosis.

These findings are further corroborated by another study that characterized the micro-anatomical environment of human TB lung tissues using micro-computed tomography (µCT), histopathology, and immunohistochemistry to determine the three-dimensional shape of the TB granulomas and their spatial relationship to airway and vascular structures (237, 238, 301). Consequently, unlike the typical two-dimensional description of TB granulomas as round discrete structures, they found that human necrotic TB granulomas demonstrated cylindrical, branched morphologies which are connected to the airways and shaped by the bronchi, supporting the bronchogenic spread of Mtb. Another clinically relevant finding is that the lack of vascularization within obstructed bronchi likely resulted in further necrosis poor antimicrobial penetration of affected lung segments, and the development of functional drug resistance (237). Additionally, utilizing histopathology and genome-wide transcriptomic analysis, immunological profiling of human lungs surgically resected for recalcitrant active TB showed considerable variation in T cell influx in different granulomas as well as significant differences in gene expression of the inflammatory response, immune cell trafficking, and cell mediated immune response (5).

The post-primary pneumonic process can either resolve spontaneously with resolution of the airway obstruction (thought to occur in the majority of cases) or develop necrosis and a caseating pneumonia (in ~5% of cases) (Figure 8B). One Mtb component that may be responsible for the caseating pneumonia is the glycolipid TDM (185, 188). If caseous necrosis develops – often linked to a rapid surge in Mtb numbers (133, 297) – the infection may progress in one of two ways: either through the formation of a post-primary granuloma around the caseous pneumonia, attempting to contain the infection, or through cavitation, which leads to even greater Mtb replication and facilitates their expulsion into the airways, enabling person-to-person transmission. The pathogenesis of cavitary disease may arise not only from the caseating necrosis associated with the pneumonic process but also from the degradation of fibrous tissue at the periphery of secondary granuloma by MMP-1 and MMP-9 (302–306). Additional factors for cavitation include pulmonary infarction resulting from vasculitis (287, 294), and an excessive immune response (285, 307, 308). Interestingly, the lack of necrotizing granulomas in most standard mouse strains may be linked to the absence of lung expression of the mouse ortholog of MMP-1 (303, 304).




4.3 Where do the Mtb originate from in post-primary TB?

The precise location of dormant Mtb before their reactivation, leading to post-primary TB, remains a topic of debate. Some argue that dormant Mtb residing within primary granulomas break out as the integrity of the granulomas declines due to waning immunity (Figure 9A). Subsequently, Mtb enters the airway lumina, leading to endobronchial spread. Alternative evidence suggests that Mtb originates from normal-appearing lung tissues, fat cells, and thoracic lymph nodes since primary granulomas are noted to be sterile after five years (21, 294, 309). However, unless all innumerable microscopic granulomas in the lungs of primary TB can be individually dissected and cultured – logistically an untenable task – it is impossible to exclude primary TB granulomas as potential sources of reactivated Mtb during development of post-primary TB. Furthermore, both hypotheses are not necessarily mutually exclusive, leading to a reasonable supposition that both quiescent lung granulomas and other tissues (fat cells, lymph nodes) are potential sources of reactivated Mtb. Following cavitation, endobronchial spread may occur to all other parts of the lungs (310).

[image: Two chest X-rays comparing Primary TB and Post-primary TB. Image A shows diffuse nodular lesions indicative of Primary TB. Image B shows upper lobe cavitation associated with Post-primary TB.]
Figure 9 | Distribution of lesions in primary and post primary TB. The localization of lesions of (A) primary and (B) post-primary TB of several people were plotted on an X-ray. Each dot marks the location of an individual’s lesion. The distribution of primary TB is consistent with chance distribution of air-borne infection while most post-primary lesions were in the upper lobes, especially the apical segments. Reprinted with permission of the American Thoracic Society. Copyright © 2024 American Thoracic Society. All rights reserved. Medlar E.M. The pathogenesis of minimal pulmonary tuberculosis: A study of 1,225 necropsies in cases of sudden and unexpected death. Am Rev Tuberc 1948; 58: 583-611. The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society. TB, tuberculosis.

Most primary TB lesions reside in the lower lung zone (Figures 9A, 10A) because inhaled Mtb are preferentially deposited in the more ventilated lower lung zones. However, primary TB lesions can also form in the upper lung zones, albeit less frequently (Figure 9A) (294, 298). Nonetheless, post-primary TB is more common in the upper lobes (especially apices) and superior segments of the lower lobes (Figures 9B, 10A). The exact reason for the differing lung distribution between primary TB and post-primary TB remains unclear, as it seems unlikely to be solely attributed to the initial residence of dormant Mtb. We suggest that this locational disparity arises from the preferential reactivation of primary lesions in the upper lung zones, influenced by fundamental physiological and chemical principles.
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Figure 10 | Anatomical-physiological-chemical mechanisms by which post-primary TB is more common in the upper lobes of the lungs. Based on differences in the physiological-chemical properties between the upper lobes and lower lobes, primary Mtb lesions located in the upper lobes, while fewer than that in the lower lobes, are more likely to reactivate. (A) Diagram showing that primary TB is located mostly in the lower lung zone (green circular structure that represents a calcified granuloma – Ghon complex). This distribution of primary TB is due to greater (3.4X) ventilation in the lower lobes than the upper lobes of an upright human. (B) In the upright human, there is decreased lung perfusion pressure due to lower pulmonary artery pressure in the upper lobes. This decreased perfusion will result in decreased influx of immune cells and soluble mediators to the upper lobes in the upright position. (C) Lymph formation and flow are also significantly decreased in the upper lobes, resulting in increased accumulation of mycobacteria and antigens in the upper lobes and contributing to increased hypersensitivity reactions and lung damage. pH in the upper lobes is more alkalotic which induces glycolysis and, in turn, increases autophagic clearance of Mtb by the macrophages. (D) The PAO2 is also significantly greater in the upper lobes than the lower lobes, which favors Mtb growth. The mechanical stress and alveolar size of the upper lobes are also greater (by 40X and 4X, respectively) than the lower lobes, predisposing this area to the development of cavities, especially with large inspiratory efforts. Mtb, Mycobacterium tuberculosis; PAO2, partial pressure of alveolar oxygen; TB, tuberculosis.

First, while there is less ventilation to the upper lung zones in the upright position in humans, there is much less perfusion in the upper lung zones (Figure 10B). The relative overall decrease in blood perfusion to the upper lung zones will also result in decreased influx of both immune cells and soluble factors such as antibodies and complement components (311, 312). Second, because the lung apices have decreased capillary perfusion pressure in the upright human, there is decreased lymphatic fluid formation in the upper lung zones, resulting in reduced lymphatic drainage of Mtb antigen/debris removal to lymph nodes and reduced T cell priming (Figure 10C) (313). Third, there is relative alkalosis in the upper lung zones compared to the lung bases (~pH 7.51 vs. 7.39, respectively) due to increased ventilation:perfusion ratio in the upper lung zones (314). Alkalosis promotes aerobic glycolysis over oxidative phosphorylation (315, 316) and this increase in glycolysis can hinder autophagic flux (241), impairing a key mechanism for killing intracellular Mtb. Supporting this hypothesis, experimental TB in rabbits predominantly affects the dorsal regions of the lungs; however, when the rabbits are kept in a vertical position, the infection primarily targets the superior parts of the lungs (317, 318). Fourth, the relatively greater O2 delivery to the upper lung zones (Figure 10D) creates a more hospitable environment for Mtb replication (313, 319). The reason that there is greater O2 tension in the upper lobes is that perfusion by deoxygenated blood arising from the pulmonary artery in a low pressure right ventricular circulation is surpassed by oxygenated blood flow from the bronchial artery, which is a high-pressure left ventricular circulation; i.e., compared to the lower lobes, there is relatively less O2 extracted from the upper lobe alveoli by the red blood cells in the upright human. This notion is supported by evidence that in marginal human donor lungs, there is significantly better oxygenation to the upper lobes than the remaining lungs, as measured by the ratio PaO2:FiO2 (partial pressure of O2 in the blood:inspired O2 concentration) (320). One piece of supporting evidence for this mechanism is that Mtb-infected guinea pigs breathing 10% oxygen exhibit less severe TB pathology compared to control animals breathing ambient air (265, 317). Conversely, Mtb-infected mice breathing 60% O2 had significantly higher burden of viable Mtb in the lungs than control mice breathing 20% O2 (317).




4.4 What causes pulmonary cavitation?

There are two prevailing models regarding the formation of TB cavities in the lungs, each corresponding to the two main models of post-primary TB development. It is likely that both models occur with varying frequencies within individuals. The first model suggests that a stable granuloma harboring dormant Mtb becomes destabilized due to “immunosuppression,” leading to liquefaction of the central caseous necrosis and subsequent multiplication of Mtb. The contents of the cavity then erode into an airway, allowing air to enter the emptying granuloma and expanding the space. The second model proposes that post-primary TB initially presents as bronchogenic lipoid pneumonia, which then undergoes necrosis. This triggers a secondary granulomatous reaction, which forms around the necrotizing pneumonia, resulting in cavitation due to the necrosis and expectoration of the necrotic material. One finding that challenges both models is that air analysis reveals most cavities contain lower oxygen levels and higher carbon dioxide levels than those measured in the airway lumen (321). However, it is plausible that intermittent or progressive obstruction of the airway emanating from the cavity could lead to hypoxia and hypercarbia within the cavity lumina. Once cavities form, further necrosis and disruption of the cavitary walls may allow extracellular mycobacteria to access the blood and lymphatic vessels, as well as the airways, facilitating their spread to other individuals through aerosolization (322). Tuberculous cavities typically harbor high concentrations of bacilli, and their presence heightens infectiousness due to their communication to the airways and subsequent aerosol transmission of Mtb. While necrosis is a prerequisite for cavitation, it alone is insufficient to ensure its development.

Recently, a study compared the cell-specific gene expression profiles of sarcoidosis granuloma (usually not associated with necrosis) and human TB granuloma (often associated with necrosis). Compared to sarcoidosis, the most upregulated gene in TB was the collagenase matrix metalloproteinase-1 (MMP-1) (305). MMP-1 is a collagenase that is essential for cavity formation through the degradation of the fibrous extracellular matrix that surrounds granulomas (304). Infection with Mtb induces MMP-1 and MMP-9 production in macrophages (302). During the early stages of granuloma formation, MMP-1 expression increases in the surrounding epithelial cells and leukocytes (181). While MMPs facilitate leucocyte recruitment, cytokine/chemokine processing, and defensin activation, excess MMP activity may lead to damaging immunopathology including granuloma destruction and pathogen dissemination or persistence (181, 303). Inhibition of MMP with a broad spectrum MMP inhibitor yielded conflicting results, but this may be due to timing of the inhibition in relation to the Mtb infection (263, 264). Early MMP inhibition (at the time of Mtb infection) with a broad spectrum MMP inhibitor (BB-94) in mice resulted in decrease in pro-inflammatory cytokines (IL-1 and IL-2), premature increase in IL-4, delayed and smaller granuloma formation, and more rapid progression of disease characterized by small lung nodules suggestive of miliary TB (263). In contrast, delayed administration of BB-94 (18 days after Mtb inoculation) resulted in increased collagen deposition within early granulomas with decreased Mtb burden (264).

Mechanical factors may also account for why TB cavities are more common the upper lung zones. In the upright human, there is significant increase in both physical stress and alveolar sizes in the upper lung zones during inspiration, ~40 times and ~4 times greater, respectively, than the lower lung zones (Figure 10D). These physical differences may subject the upper lung zones to increased physical stress and along with actions of various metalloproteinases produced by immune cells that degrade lung tissues, increase vulnerability to cavitary formation. Based on these plausible pathogenic mechanisms, it has been suggested that historical TB treatment of enforced bed rest may be an effective adjunctive remedy for TB (312).

Animal models are essential for studying TB pathogenesis and developing treatments and vaccines. As with all disease models, it is vital to select species that replicate key characteristics of human TB, including the development of caseous necrosis surrounded by a collagen rim, hypoxia, both intracellular and extracellular populations of bacilli, liquefaction, and cavity formation (152). In this context, we will first discuss select animals with natural Mtb complex infections, such as cattle and elephants, followed by a review of experimental animal models including zebrafish, mice, guinea pigs, rabbits, and non-human primates (152, 266, 323–327).





5 Characteristics of natural TB infections of animals



5.1 Cattle

Cattle are a natural host of Mycobacterium bovis, an Mtb complex organism (328). While cattle can be experimentally infected with Mtb, TB is less severe (329). M. bovis also infects many other domesticated and wild animal species (328, 330). Cattle have several advantages in TB vaccine research – the disease progresses slowly, the granulomatous reaction are similar to that seen in humans, and vaccination in neonatal calves confers protection but wanes over time (331–334). Disadvantages include their large size/high cost in experimental housing (326) and post-primary TB is not a characteristic of them (294).

Granulomas in tuberculin reacting cattle (due to M. bovis) may be uncommon to rare (1-2%) when tissues are examined in a slaughterhouse but are commonly found (>70%) when analyzed using 5 mm lung slices (335). Wangoo et al. (336) have classified bovine TB granulomas in experimentally infected calves with M. bovis into four separate stages of severity based on size and microscopic morphological characteristics such as cellular composition, necrosis and fibrosis. Similar to humans and NHP, all stages of granulomas in this M. bovis infection model may be seen simultaneously in the same animal (336, 337).

As in human TB, CD4+ and CD8+ T cells are important in host immunity to bovine TB. In most stage I/II lesions of bovine TB, CD8+ and CD25+ T cells were found in the rim of the granulomas whereas CD4+ T cells were distributed in both the lymphocytic rim and center of the granulomas (337). γδ T cells were interspersed among the macrophages, leading to the speculation that CD4+ and γδ T cells – observed in granulomas within the first 21 days after experimental M. bovis infection in cattle (338, 339) – both play a role in the maintenance and the maturation of the granulomas as well as a host-protective role in respiratory mucosal immunity (340, 341). In stage III/IV lesions, all the examined T cell populations were present among the mononuclear component of the granulomas. The clinical and pathologic features of M. bovis-infected cattle that mimic human pulmonary TB are described in Table 4.



Table 4 | Comparison of the features of natural and experimental animal TB with human pulmonary TB.
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5.2 Elephants

Elephants are divided into African elephants (Loxodonta africana) and Asian (Indian) elephants (Elephas maximus). While TB in elephants is mostly due to Mtb, M. bovis (342–345) and M. caprae (346) have been reported. TB in elephants has been identified more commonly in Asian elephants than African elephants, possibly due to greater contact between the former and humans. However, it is not known whether Asian elephants are intrinsically more susceptible (347, 348).

TB has been observed in both wild (349–351) and captive elephants (344, 352). Spread among elephants and inter-species infection between humans and elephants (likely bidirectional) have been either strongly suspected or well-documented (353–357).

Heterogenous TB granulomas are also found in elephant TB. The main pathological lesions of elephant TB occur in the lungs and thoracic lymph nodes (358). Gross anatomical features include non-caseating and caseating granulomatous nodules as well as calcified caseous and cavitary lesions. Histopathologic features include epithelioid granulomas with giant cells in both lymph nodes and lung lesions as well as caseous and necrotizing granulomatous pneumonia in more severe cases (358). One study showed that of nine Asian elephants that died from TB, six had poorly-formed granulomas in the lungs with low to moderate number of lymphocytes, comprised mostly of B cells (359). However, the other two elephants had discrete and well-demarcated granulomas and greater number of T cells. The clinical and pathologic features of Mtb-infected elephants that mimic human pulmonary TB are described in Table 4.





6 TB Granulomas associated with experimental infections



6.1 Zebrafish

The primary limitations of zebrafish in experimental TB are that they do not have lungs and cannot be infected in a sustained fashion with Mtb due to lower temperature requirements of zebrafish. Instead, M. marinum is used as a surrogate because it naturally inhabits zebrafish, is genetically similar to Mtb, and causes TB-like diseases in poikilothermic animals (76, 261, 360, 361). Nevertheless, both the embryonic-larval and adult zebrafish models have several advantages in understanding mycobacterial pathogenesis: (i) large-scale screening studies can be attempted since they are small and easy to reproduce and raise; (ii) their transparency in the embryonic and larval stages allows their internal structures to be visualized temporally without the need to sacrifice them; (iii) zebrafish embryos have a temporal separation between the earlier development of innate immunity (macrophages and neutrophils) and later development of adaptive immunity (lymphocytes), allowing the study of only innate immunity during the initial stages of mycobacterial infections; (iv) hypoxic or non-hypoxic granulomas can be induced according to the infection site – via inoculation of M. marinum in poorly or richly vascularized areas, respectively – in the larva model; (v) in the advanced model, acute or chronic/latent infection may be induced based on the infectious dose (4, 362–370). The clinical and pathologic features of M. marinum-infected zebrafish that mimic human pulmonary TB are described in Table 4.




6.2 Mice

Mice are a tractable animal model for TB because they are relatively easy to handle, inexpensive, require little space, have similar immune components to humans, and there is an expansive array of immunological reagents available. Furthermore, there is the ability to genetically engineer mouse strains to elucidate the role of specific genes with Mtb infection; i.e., “knock-out” and “knock-in” mouse strains through targeted disruption of specific genes (266, 323, 326, 371, 372). These advantages allow for assessment of large-scale drug screening and vaccine efficacy testing, in addition to monitoring disease endpoints following Mtb infection.

While susceptibility to TB can be affected by the virulence of Mtb strain used, route of infection, and the inoculum dose (373), the genetic background of mice plays a critical role with Mtb infection. Many distinct mouse lineages exist with varying genetic backgrounds. Historically, these lineages are divided into two main categories: “resistant” or “susceptible” strains. Currently, the most common mouse lineages used in TB research are the BALB/c and C57BL/6 mice (“resistant” strains) and the C3HeB/FeJ, DBA/2, and 129/Sv mice (“susceptible” strains). The C3HeB/FeJ strain is regarded as a valuable resource for host-pathogen and drug response characterization since it better mimics histopathologic features of human TB: well-formed, hypoxic TB granulomas with central necrosis and liquefaction, elements not seen in other inbred strains (34, 326, 374, 375). Indeed, C3HeB/FeJ mice infected with Mtb may develop three morphologically distinct lesion types in the lungs (Figures 11A–C) (34). The unique susceptibility of C3HeB/FeJ mice to TB is due to de novo mutation and defective expression of the Ipr1 gene located within the sst1 (super-susceptibility-to-tuberculosis 1) locus (376, 377). The sst1 locus from C3HeB/FeJ has been engineered into a C57BL/6 background, termed congenic B6.C3H-sst1 which harbored a 10–fold higher bacterial burden at four weeks post-infection and displayed large necrotic lesions in histopathology evaluations (376, 378). The B6.C3H-sst1 strain has helped demonstrate that the sst1 locus independently defines necrotic lesion progression in the mouse model (376).
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Figure 11 | Different types of TB lung lesions in the C3HeB/FeJ mice. Three types of histopathologic TB lesions are seen in the C3HeB/FeJ mice. (A) Type 1 lesion is mainly comprised of foamy macrophages, few epithelioid macrophages and lymphocytes, and a caseous center surrounded by neutrophils. This lesion most resembles to that seen in human TB. (B) Type 2 lesion is the most severe form and is characterized by a neutrophilic, necrotizing alveolitis with occlusion of the terminal bronchioles and caseous necrosis. (C) Type 3 lesion is comprised mainly of infiltration of epithelioid macrophages and lymphocytes, smaller numbers of foamy and activated macrophages and neutrophils around the airway and blood vessel pair. This is the typical lesion seen in most other mouse strains. TB, tuberculosis.

The Collaborative Cross (CC) mice are a multi-parental mouse genetic reference population characterized by genetic polymorphism with a spectrum of sensitivity to Mtb infection (379–381). Bacterial burden after intravenous infection with Mtb ranges over 1000-fold across these strains (379). This CC strain catalog has advanced our understanding of the interplay of different genes on host susceptibility to TB by enabling the ability to reference and isolate key genetic loci influencing that sensitivity. For example, CC042 strains exhibit deficient IFNγ production which correlated with fewer macrophages and T cells being recruited to the lungs but enhanced neutrophil infiltration and necrotic lesions compared to C57BL/6 mice (380). In addition to informing which immune components provide host protection, the CC or diversity outbred (DO) mouse strains have also been shown to impact the effectiveness of TB vaccines and thus more likely to be more informative and a better alternative to inbred mouse strains. A DO model inherently lowers the power available to decipher key genetic components as each genotype is only present in a single animal, whereas the CC model retains diversity of the DO model while powering studies with repeatable and well powered “n” per genotype (382). Both CC and DO modeling better recapitulates the diversity and spectrum of TB disease observed in human clinical cases, including interrogation of pulmonary lesions and granuloma formation.

One notable disadvantage of the TB mouse model is that Mtb infection results in a slowly progressive infection that eventually leads to death, a model of primary progressive TB rather than post-primary TB or latent TB infection (323, 383). However, two models have been reported for latent TB in mice (with potential for reactivation): (i) the use of antibiotics to eliminate actively replicating Mtb but not sterilizing all Mtb (the Cornell model) (384) and (ii) intradermal (ear) inoculation of mice that produced a long-term clinical state characterized by the presence of Mtb-specific T cells but no overt signs of active TB (385). Major gaps in the field also include understanding subclinical TB disease and biological features that promote Mtb transmission, which remain outside the capacity of the present mouse models.

Other shortcomings of mice in TB research include: (i) their inability to form caseating granulomas and lung cavitation except in the C3HeB/FeJ mouse (386, 387) or as part of an experimental condition, such as mice that received intraperitoneal injection with TDM in oil prior to infection with Mtb (185, 295); (ii) predominance of loosely formed granulomatous lesion (Type III lesions mentioned in Figure 11), whereas humans form discrete granulomas (34, 266); (iii) absence of hypoxia in mouse granulomas (with the exception of the C3HeB/FeJ strain) and thus murine macrophages may be more likely to undergo apoptosis rather than necrosis (266, 388); (iv) localization of Mtb intracellularly in non-necrotic lesions in commonly used mouse strains (389), whereas in human and other animal models, Mtb primarily resides extracellularly (372, 387, 390); thus, the sterilizing activity of new TB drug/regimen seen in mice may not be observed in other animal models or human clinical trials (391); (v) alterations in how the CC mouse strains with genetic polymorphisms respond to TB vaccines (392); and (vi) differences in antigen clusters between mice and humans that may impact host immunity to Mtb; e.g., mice do not possess a homolog of human IL-32, a cytokine associated with host protection in human macrophages and in a transgenic murine model that expresses human IL-32γ (393, 394). The clinical and pathologic features of Mtb-infected mice that mimic human pulmonary TB are described in Table 4.




6.3 Guinea pigs

Guinea pigs were one of the first experimental animals used to study TB. Some of the earliest studies using this model were conducted by Robert Koch and Max Lurie in the late 19th and early 20th centuries, respectively (395–397). Currently, the outbred Dunkin-Hartley strain is the most common strain used in research (398). Guinea pigs display many features during Mtb infection that are similar to humans: (i) newborn guinea pigs have mature lympho-myeloid system like that found in human infants; (ii) their hormonal and immunological phenotypes; (iii) guinea pigs also do not synthesize vitamin C but must obtain it from their diet; (iv) guineas pigs are glucocorticoid-resistant (324); and (v) presence of necrotic primary granuloma after low-dose Mtb infection (323–325).

Guinea pigs are also highly susceptible to Mtb, making them good models for primary progressive disease. They develop pulmonary TB with very low doses of Mtb (as low as 2-4 CFU per animal) (399) as well as with exposure to exhaust ambient air from human TB patients (400) or to neighboring Mtb-infected guinea pigs within the same room but in different cages (397). Lurie also showed that concomitant respiratory and enteric infection with Mtb of guinea pigs resulted in more chronic respiratory TB whereas only respiratory inoculation with Mtb resulted in more acute respiratory TB (396). Although it has been argued for many years that a latent TB model and thus post-primary (reactivation) TB are not possible in guinea pigs due to their increased susceptibility (325, 395, 401), some have found it possible to do so (402, 403). Because guinea pigs are also well protected by the BCG vaccine and respond well to anti-TB antibiotics, they are useful for drug and vaccine studies (399, 404–411).

Disadvantages of guinea pigs in TB research include: (i) greater expense than mice; (ii) most Mtb infections of guinea pigs model primary progressive disease than post-primary TB; (iii) more limited immunologic reagents than for mice. However, successful cloning of various cytokines (IFNγ, IL-4, IL-10, and IL-17) from guinea pigs expands the ability to characterize the immune response to Mtb (412–415). The clinical and pathologic features of Mtb-infected guinea pigs that mimic human pulmonary TB are described in Table 4.




6.4 Rabbits

Nearly 100 years ago, Lurie and colleagues developed a rabbit model of TB, wherein rabbits with varying levels of Mtb resistance were developed (416–418). Rabbits are useful to model both human latent TB infection and active TB, developing caseating granulomas that may liquify and cavitate (323, 395, 419–425). It has also been used to distinguish between protective cellular immunity and potentially damaging mechanisms of “delayed type hypersensitivity” (426–428).

The severity of rabbit TB lung pathology can be influenced by two main factors: the specific Mtb strain used; e.g., Erdman Mtb was found to cause more severe pathology and worse outcomes than Mtb CDC1551 and H37Rv (424, 429) and the rabbit genotype; e.g., inbred rabbits are more susceptible to Mtb, resulting in the formation of lung granulomas and cavities, than outbred rabbit strains (395, 424).

Another way that rabbits mimic human TB infection is that they show a spectrum of disease outcome, including the development of latent TB infection in the TB-resistant outbred strain of New Zealand white rabbits (424, 425, 430). Lung cavities are also common with serial low-dose Mtb infection of rabbits (431–433). Serial CT scans demonstrated that the cavities developed from areas of necrotizing pneumonia in the dorsal-caudal region of the rabbit lungs – anatomically analogous to the apical region of the human lung – pulmonary segments with the greatest mechanical stress, decreased blood flow, and highest partial pressure of alveolar O2 in the normal position of rabbits (311–313, 319, 431). Disadvantages of rabbits include larger housing requirements, greater expense, more difficulty in handling, greater challenge in gene manipulation, and lesser repertoire of immunologic reagents compared to mouse models (323, 434). The clinical and pathologic features of Mtb-infected rabbits that mimic human pulmonary TB are described in Table 4.




6.5 Mini pigs

Mini pigs have been used to model primary progressive TB (435, 436). Like guinea pigs, spread of Mtb may occur between infected mini pigs and their previously uninfected neighbors (436). The advantage of the mini pig model is that the anatomical structure of the lungs is like that seen in humans, with the normal presence of intralobular septae that become thickened following encapsulation of granulomas, which prevents the development of new lesions (435). This encapsulation – present in humans but not in rodents or NHP – makes the mini pigs a promising model to study latency because drainage of latent bacilli into the airways or alveolar spaces (435, 436). However, mini pigs also have the disadvantage of being expensive and large (up to 150 pounds). The clinical and pathologic features of Mtb-infected mini pigs that mimic human pulmonary TB are described in Table 4.




6.6 Goats

Goats are natural hosts of M. caprae and M. bovis and have been used to study bacillary load, pathology, and vaccine efficiency. Their high susceptibility and the fact that they mimic human infection by developing caseous necrotizing granulomas as well as cavities make them good models for studying TB (437). Compared to other experimental animals, goats are also more like humans in terms of size, body weight, and respiratory anatomy (266, 438). In goats, it was shown that the immune response varied depending on the route of BCG vaccination; i.e., a negative intradermal or interferon-gamma release assay test for latent TB infection was more likely to be observed following oral administration of heat-inactivated M. bovis vaccine compared to the intramuscular route (439). Given that goats may develop TB lesions like that seen in humans and that either heat-inactivated M. bovis vaccine and BCG vaccine showed efficacy against M. caprae (440), goats are potential models to study vaccine efficacy. The clinical and pathologic features of Mtb-infected goats that mimic human pulmonary TB are described in Table 4.




6.7 Non-human primates

In early 1900’s, rhesus macaques were used in experimental TB by Dr. Gerald B. Webb and his colleagues at his home in Colorado Springs, Colorado (441, 442). Their work was involved subcutaneous injections of Mtb in the NHPs. Subsequent experimental TB work with rhesus macaques from ~1950-1970 also involved vaccination with intravenous BCG (443, 444). Since 1996, the Philippine cynomolgus macaque was utilized for experimental TB, showing that depending on the dose, either active TB or latent TB infection may develop (229, 445). Cynomolgus macaques primed with BCG and then boosted with the Mtb72F/AS02A vaccine showed long-term protection against TB (446). Whereas the control monkeys showed granulomas with caseous centers, extensive edema, and were fused, the granulomas of the NHP vaccinated sequentially with BCG and Mtb72F/AS02A were discrete lesions with no necrosis or edema (446). More recently, marmosets, which are much smaller than the macaques, have been used in experimental TB (447).

NHPs are likely the most accurate model in human TB research because of their similarities to humans genetically, immunologically (e.g., functional MHC regions, T-cell antigen receptors, and other cellular features that are relevant for vaccine testing), clinically (manifesting a spectrum of TB from latent infection to active disease), pathologically (including pneumonia, various forms of granulomas, and cavitary disease) and pharmacokinetically (with relevance for testing new drugs) (229, 326, 448–457). Limitations of the NHP model are more logistical – smaller sample sizes and time points due to cost and more difficulty in handling (456). However, serial radiographic imaging of a relatively large animal – namely, chest radiograph, CT, magnetic resistance imaging, and 18FDG-PET-CT to detect areas of increased metabolic activity to indicate host immune response to the infection (458–460) – have been highly informative. The clinical and pathologic features of Mtb-infected NHP that mimic human pulmonary TB are described in Table 4. The key clinical, radiographic, and pathological differences between the rhesus and cynomolgus macaques relevant for TB are shown in Table 4.





7 Summary and future perspective

Substantial progress has been made in our understanding of the host immune responses that either protect against TB or contribute to TB pathogenesis. Much of the work have focused on the granulomas and the molecular and cellular components that participate in their formation in experimental animals as well as re-analysis of archived and more contemporaneous human TB tissues. While descriptive analyses of the different cell types in the granuloma architecture have been dominating, the role of soluble mediators (cytokines, chemokines, growth factors) and metabolic studies (hypoxia, aerobic glycolysis, and activity of various cellular enzymes such as MMPs, IDO-1, and HO-1) have enriched our understanding of TB granulomas but have also raised new avenues of research. One emerging paradigm is that either a deficiency or excess of certain host-derived molecular and cellular components may be harmful to the host which, in turn, allow for the proliferation and persistence of Mtb. While new imaging techniques such as MIBI-TOF (multiplexed ion beam imaging by time of flight) and PET-CT using the radioactive tracers deoxy-2-[18F]-fluoro-D-glucose and [18F]- fluoromisonidazole have contributed to our understanding of TB, it is important to understand their limitations. For example, one overarching limitation is our inability to analyze immunological and microbiological data simultaneously in individual granulomatous TB lesions in vivo over time. Rather, “snapshots” of events limits our ability to interpret whether the myriad of molecular and cellular components that can be found in active TB are: (i) the main drivers of TB pathogenesis (causing loss of host protection), (ii) attempts to correct an inadequate initial immune response, or (iii) possibly both depending on the temporality of the responses. While some of these limitations can be overcome by targeted genetic disruption of specific molecular or genetic components, inherent limitations of these models to human TB remain. A better understanding of the immune correlates of protection may also help guide the development of antimicrobial agents that can target privileged sites of Mtb and of host-directed therapies. While “high-tech” approaches to better understand granulomas and other TB lesions are occurring, we ought not lose sight of the value of “low-tech” foundational principles of anatomy, physiology, and chemistry that should be included in both the experimental studies and care of TB patients.
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Multi-cellular biological systems, including the immune system, are highly complex, dynamic, and adaptable. Systems biologists aim to understand such complexity at a quantitative level. However, these ambitious efforts are often limited by access to a variety of high-density intra-, extra- and multi-cellular measurements resolved in time and space and across a variety of perturbations. The advent of automation, OMICs and single-cell technologies now allows high dimensional multi-modal data acquisition from the same biological samples multiplexed at scale (multi-OMICs). As a result, systems biologists -theoretically- have access to more data than ever. However, the mathematical frameworks and computational tools needed to analyze and interpret such data are often still nascent, limiting the biological insights that can be obtained without years of computational method development and validation. More pressingly, much of the data sits in silos in formats that are incomprehensible to other scientists or machines limiting its value to the vaster scientific community, especially the computational biologists tasked with analyzing these vast amounts of data in more nuanced ways. With the rapid development and increasing interest in using artificial intelligence (AI) for the life sciences, improving how biologic data is organized and shared is more pressing than ever for scientific progress. Here, we outline a practical approach to multi-modal data management and FAIR sharing, which are in line with the latest US and EU funders’ data sharing policies. This framework can help extend the longevity and utility of data by allowing facile use and reuse, accelerating scientific discovery in the biomedical sciences.
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Introduction

Data powers our understanding of the world around us. As the world becomes fully digitized and technology continues to develop, researchers’ ability to gather different types of measurements at scale is only increasing, making the adoption of Data Science principles across all disciplines increasingly necessary. This is particularly true in biomedical research, where the race to understand the basis of life and human disease has encouraged researchers to push the boundaries of method development for decades. Most notably, the advent of high-throughput technologies such as high-content imaging, multi-parameter flow cytometry/CyToF, microarrays, next generation sequencing, and mass spectrometry has transformed biologic research into a rich multi-modal data science.

The increase in scale across the research enterprise requires careful experimental design as well as the development of novel statistical and mathematical frameworks that can help researchers synthesize all this data into meaningful, and occasionally non-intuitive biological insights. We collectively refer to these frameworks as artificial intelligence (AI). Practically, this necessitates making the data accessible and interpretable to other researchers as well as machines in ways that allow it to be used for applications beyond its original intent. In the case of human studies, this also requires deliberate efforts to ensure the data is representative of human diversity and is well-guarded to protect individuals’ privacy and rights. Only then can society fully benefit from the richness and complexity of the data needed to enable AI-driven advances in the biomedical field for the benefit of all.

A term commonly used to refer to good data stewardship in the life sciences is FAIR data sharing (1). The term is an acronym for data that is findable, accessible, interoperable, and reusable, all features that extend the usability of data beyond the purposes it was generated for, thereby increasing its long-term impact. Here, we outline practical steps towards FAIR data-sharing practices that can improve the longevity and utility of biomedical data. The principles are applicable to any field in the Life Sciences.





Why share data

Before ChatGPT made conversations about AI, multi-modal data, data and computational bias so mainstream (2, 3) the biomedical field had its taste of AI’s enabling potential, yet relatively little light was shed on the central role community-wide data curation and sharing played in enabling these biomedical breakthroughs. We discuss two prominent examples below.




AlphaFold

In the case of AlphaFold (4), which won its developers the Lasker Award in 2023 (5) and Nobel Prize in 2024 (6), years of researchers publicly depositing experimentally determined protein structures and genomic sequences was fundamental to training the underlying model (4). These data resided in public databases such as UniRef90 (7), BFD (8), Uniclust30 (9), MGnify clusters (10),and the Protein Data Bank (PDB) (11) which house some of the world’s largest collections of biologic sequences and structures, respectively. Since models are only as good as the data they were trained on, it is no surprise that proteins poorly predicted by AlphaFold are often classes that are underrepresented in nature either because they lack homologues such as orphan proteins (12), or because they are highly variable such as antibodies (13). Since its release, over a million AlphaFold predicted protein structures have been shared in the public domain (14), including the proteins of bacteria rapidly developing antibiotic resistance, thereby posing an urgent threat to global health. The entirety of the AlphaFold model is also available publicly for others to explore and expand (15), which has enabled researchers to adopt it for their use-case of choice expanding its impact even further (16). Without publicly deposited data the development of AlphaFold would not have been possible, neither would much of the science enabled by it.





NextStrain

As part of the global COVID19 response researchers worldwide rushed to sequence and share the SARS-CoV2 genomes they isolated. SARS-CoV2 genomic sequences were centralized in a repository called NextStrain (17), which also provided researchers the world over with tools that allowed tracking mutations in the viral genome, some of which threatened to be associated with changes in transmissibility, virulence, and/or clinical presentation thereby informing public health responses (18–21). Other researchers got straight to developing vaccines against the devastating virus (22). NextStrain’s developers’ focus on data and code sharing was central to its broad utility during the COVID19 pandemic, which was accompanied by an exponential increase in the number of citations from 19 in 2018 to over 2500 citations by May 2024. Its user-friendliness and transparency likely played a role in it featuring in several policy reports (18, 19, 21).

These two examples demonstrate how data and code sharing is fundamental to driving impactful scientific advances in the digital age. Both efforts required the development of globally accessible platforms that allowed the sharing of important, standardized biomedical data at scale. This enabled others to develop computational methods that could crunch through the massive volumes of data thereby providing more researchers with usable information on which to build. As more types of data are standardized and shared, we can only begin to imagine the scope and impact of future breakthroughs.





The shifts in funding agency requirements

While the utility of sharing SARS-CoV2 genomic data was likely obvious to many, it is difficult to imagine that the developers of PDB or NCBI predicted the development of AlphaFold. It’s even more difficult to believe that every researcher depositing their protein structures since 1971 or sequences since 1982 understood they would be individual contributors to such a development many years down the line. Even if they did, it is no secret that the current scientific eco-system lacks a short-term mechanism for rewarding raw data sharing, which is a time-consuming and laborious process many researchers find unpleasant.

Incentive systems that reward data sharing are still under development but should be possible with the popularization of digital object identifiers (DOIs) (23), which allows users to uniquely cite papers as well as code and data in the digital sphere. In the meantime, science policy makers and funders seeking to maximize return on their and/or the public’s investment in basic research have resorted to mandating data sharing. In the absence of clear mechanisms for accountability much of the enforcement currently falls to publishers. As a result, the emerging practice is for researchers to only share positive data or data that is included in a publication which means a lot of data remains unaccounted for. Another important implication is that AI algorithms are being trained disproportionately on positive data which will affect their performance and generalizability (24). That said, enforcement at publication has served science well and is arguably one of the main reasons PDB is now populated with close to 200,000 experimentally validated protein structures. Among the funders now encouraging data and code deposition are the NIH (25) and NSF (26) which are currently updating their policies following mandates from the Whitehouse Office of Science and Technology (27), as well as philanthropic organizations such as the Bill and Melinda Gates Foundation (28), and the Chan Zuckerberg Initiative (29) in the USA. In Europe, the Wellcome Trust (30) and Horizon Europe (31) mandate FAIR data sharing whenever possible.






Key elements for responsible data use and informed reuse




Rich metadata provides necessary context

Experimental data are most reusable when associated with rich metadata, often referred to as data about data, that help future users interpret and differentiate between data sets and individual data points. Imagine a set of hand-made Russian dolls. The smallest doll (the dataset) is nested within other dolls (the layers of metadata collected at each experimental step leading up to the data). Being hand-made, the innermost doll from a single set is made to fit the outer dolls perfectly, but might not fit within another set of Russian dolls, even if they were made by the same craftsperson, and even less so if made by another. If the craftsperson were to share the dimensions of each of the dolls, however, they could help others predict which inner dolls are combinable between sets (Figure 1). The more detailed and understandable the dimensions, the better the predicted fit, thus the need for rich and standardized metadata. In a research setting, capturing rich and understandable metadata is useful not only for researchers in the same lab, but also when re-used by others once the data is in the public domain, and is key to interoperability. Technical and biological confounders can often skew the interpretation of data and can only be accounted for if they are reported as part of the original study. This practice minimizes the chances that others will re-use the data under false assumptions leading to the generation of poorly informed hypotheses. The result is an avoidable loss of time, energy, and resources of many chasing the wrong ideas. More importantly, this contributes to the safe and cost-effective development of safer medicines for patients if such data is ever to be used in that context.
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Figure 1 | Relational databases help link metadata from multi-step experiments. Relational databases are similar to Russian dolls, nested in a particular order. They allow researchers to capture metadata at every experimental step. For example, linking sequencing data to the cDNA library, tissue (lung biopsy) and animal (non-human primate, NHP) from which it came from. The metadata for the two different sequencing files helps future users realize that the main difference between the sequenced samples is that they come from different animals that vary by sex and treatments, despite being from the same species.

As an example, consider DNA sequencing data from a series of different tissue biopsies from a non-human primate. Each raw sequencing file is linked to a DNA library, prepared from a tissue, extracted from an animal. At the time the animal is taken into a study, it’s important to assign it a unique identifier, and document its age, sex, species and geographical origins, any interventions it underwent and when, as well as the organ from which the sample was extracted, plus the time and method of extraction. Each biopsy should also receive a unique identifier and be linked to the parent animal. Similarly, the DNA library should also receive a unique identifier and be linked to the biopsy from which it was prepared, together with information about the DNA extraction kit/process (eg: the thermocycler used, the number of amplification cycles, the temperature at each step, and the sequencing primers). Finally, it’s also important to note which samples were multiplexed on which chip (which should also have unique identifiers), the sequencer used, read length, and sequencing depth. If a plate-based fluorescence assay was done on cells from the same tissue, which sample was in which well, what was the analyte, antibody, and fluorophore, which plate reader was used, on which day, and what were the excitation and emission spectra. Much of this information can be captured in independent tables that serve as templates for researchers at every experimental step and can later be linked together as a set of relational databases, a simple but elegant and well-established solution in Data Science, that ensures full data provenance for single or multi-modal datasets from the same experiment. The metadata can then be shared in the public domain making the associated data truly FAIR (Figure 1).

Historically, a lot of this metadata would simply be described to various degrees of thoroughness throughout a paper, but not directly linked to a particular raw or analyzed data file. While this practice might have been sufficient to interpret one small dataset at a time, it no longer serves biology well today, and adds uncertainty where it need not exist. That is especially true when combining different datatypes within a study (vertical or multi-modal data integration; Figure 2) or across studies (horizontal integration), where the statistical uncertainty associated with data from tissues from the same animal would be different from that from different animals or studies even if the animals were treated similarly.
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Figure 2 | An example of how relational databases can be used to collect metadata for multi-modal data generation. (A) An experiment in which a lung biopsy (TIS) from a non-human primate (NHP) infected with Mycobacterium tuberculosis (BAC) is sequenced (D.SEQ) and analyzed by flow cytometry (D.Flow). DNA refers to the cDNA library sent for sequencing, AB refers to the antibody used in the flow cytometry analysis. The experimental protocol describing how each step was conducted is captured in a file denoted with a “P.” suffix and referenced in the Protocol metadata field. (B) An example of some metadata fields to be collected in association with each step of the research process. These fields are by no means comprehensive. Find more detailed metadata fields for a similar experiment at https://fairdomhub.org/studies/1134.

Open-source data management systems can be found in NextSEEK (32) which allows public metadata sharing on FAIRDOMHub (33), or the Open Science Framework (34), though the latter is currently more suited for the social sciences. A similar, but more powerful alternative is Fairspace (35) provided commercially by The Hyve which supports the cancer research community’s c-Bioportal (36, 37). In principle, metadata collected as part of standard electronic notebook keeping can be easily exported when and where needed, facilitating FAIR data sharing through any of these systems.





Standardization enables interoperability

Data integration has long been the focus of computational biologists, to various degrees of success (38–40) in part -some argue- because of a combination of poor data quality, experimental design and metadata availability (41–43). With the continuous increase in integratable data modalities of relevance to systems immunology, it is more important than ever to standardize how metadata is collected within and across experiments, and harmonize the vocabularies used for annotation. Unfortunately, this is no easy task. Agreeing on metadata standards for a new data type or experimental format often involves hours of discussion between experimental and computational biologists and should happen before data collection begins to avoid discrepancies down the line. This is especially true in the case of nascent technologies and requires an ability to foresee potential uses beyond what the data were originally planned for. Doing this on a field-wide level is even more challenging and requires strong vision and leadership.

For popular data types, specialist repositories often exist and some enforce the use of common data elements (44) (CDEs; pre-defined variables and acceptable values). However, these CDE are often different between repositories which makes vertical integration difficult and is further complicated by the fact that many siloed repositories offer no inherent way to link data from the same samples. This is also true in the case of inherently multi-modal measurements such as sequencing-based spatial transcriptomic technologies, which rely on a complementary set of sequencing and imaging data (45). In such cases, and in the absence of a repository for multi-modal data, the imaging data would be stored in one repository and the sequencing data in another, and would need to be linked through a public-facing database such as FAIRDOMHub (33) to be of future use (See Table 1 for examples of existing repositories for spatial transcriptomic data). Furthermore, the metadata collected by repositories is often too sparse for meaningful analysis as they tend to focus on capturing common points of variation across experiments and not much of the nuance. Generalist repositories, being data agnostic by design, are even less suited for standardized metadata collection. Thus, it is left to depositors to decide what they think is important metadata to share, and to future users to harmonize across datasets which can be very difficult without prior standardization or the release of good dictionaries with every dataset.



Table 1 | Key data repositories useful for systems immunology.

[image: Table listing biological data repositories with columns for data type, repository name with URL, key features, number of datasets as of May 2024, and date of establishment. Categories include mass spectrometry, metabolomics, imaging, sequencing, and more. Repositories like PRIDE and GenBank are mentioned, with varying features such as data submission guidelines and curated data. Establishment dates range from 1982 to 2020.]

Data dictionaries clearly define each field as well as their possible values such that they are comprehensible to someone who was not part of the original study or is new to the field. It also facilitates standardization, which is why CDEs (44) are broadly useful. As an example, species could always be referred to by their NCBI Taxonomical ID and Latin name (73), their geographical origins by ISO 3166 codes (74), proteins by their Uniport ID (75), and antibodies by their company of source plus catalogue number, epitope, and conjugate. To avoid reinventing the wheel, researchers should reach for CDEs and standardized vocabularies in the public domain and share the ones they develop publicly for the benefit of others.





Curation ensures data trustworthiness

Depending on the resources available, data sharing done well can be a time and labor-intensive process involving several people, especially when using infrastructure that is not built-for-purpose. Thus, it is important for researchers to focus on sharing high-quality (well annotated and from well-designed experiments) irrespective of whether their own analysis of the data supports their original hypotheses. This should be done with an eye towards enhancing reproducibility, but also the reuse of data for mechanistic modeling, machine learning (ML) and deep learning (DL) applications, which will undoubtedly increase the impact of the data on the long-term. As mentioned above, curated data should include both negative and positive data to avoid biased training datasets that do not allow the development of models that are broadly generalizable. If time is tight, researchers should prioritize multiplexed datasets (multi-parameter flow cytometry/CyToF, high-throughput sequencing of all kinds, mass spectrometry, high volume imaging data, array-based data, cytokine panels, systems serology data to name a few), which are most useful for data hungry ML/DL applications, as well as data acquired from experiments that are difficult to reproduce without an abundance of resources or access to highly specialized infrastructure.






Code, model and parameter sharing facilitate reproducibility, interpretation, and informed reanalysis and meta analyses

Also important for reproducibility, integration, and the informed interpretation of analyzed data is capturing the complexity of data processing and computational analyses occurring post-generation of raw data. Unlike classical statistical tests familiar to many biologists [eg: the parametric and non-parametric tests pre-programmed in many available software suites such as Excel (76), Google Sheets (77), and GraphPad Prism (78)], many OMICs and most multi-OMIC analyses are far from standardized. Furthermore, compute environment, the choice of software, software version, and user-defined parameters can significantly affect the final output (1). For these reasons, researchers need to precisely document and share all aspects of a workflow including the code (including version number if using a publicly available package) and exact parameters used to analyze a particular dataset, with clear descriptions of any non-standard steps maybe as comments between blocks of code. This can be accomplished in a variety of ways but is greatly facilitated by the use of community workflows such as nf-core (79), containerized compute environments like Docker (80) and Singularity/Apptainer (81) shared in container repositories like DockerHub (82). Also useful are package and environment managers such as Bioconda (83). Jupyter (84) or Rstudio (85) notebooks shared and managed in code repositories such as Github (86) provide a method for sharing both standard and custom analyses, though this practice does not guarantee reproducibility across computing environments since Github does not enforce rigorous testing to ensure deposited packages are performant.

Researchers should also share their trained models given how time and computationally intensive this can be, in addition to the data on which they were trained to ensure full transparency and inform users’ understanding of sources of bias or underperformance. Parameterized mechanistic models can be shared on BioModels (87), while their machine and deep learning equivalents can be shared and deployed on Hugging Face (88).





Resources that enable good FAIR data stewardship




Infrastructure

To support FAIR data practices institutions must facilitate accurate data and metadata collection with little time and effort on researchers’ side. Research institutions and funders also need to account for the increasing specialization that necessitates collaboration between labs. To enable that, there is a need for a radical change in infrastructure to support an evolution to the “decentralized digital Lab with a human in the loop”. In this model, laboratory infrastructure is set up such that data acquisition and import is largely automated within and between labs with the proper agreements in place, meaning scientists spend less time generating and managing data and more time curating and analyzing it. The first step towards that has been a slow-to-start but accelerating shift from paper to electronic lab notebooks (ELNs), catalyzed by the evolution of user-friendly digital platforms such as Benchling (89). Benchling’s cloud-based ELN system now allows independent users anywhere in the world to share experimental templates, as well as track reagents, samples, and data through a shared registry, while linking these features through a set of relational databases ensuring data provenance is continuous and available to all who have access. Add to that the addition of features that allow the integration of lab instruments such that the data coming off them can be directly stored in the cloud, and the effort of moving data, linking to metadata, and -eventually- sharing no longer seems as daunting. Other providers such as L7 informatics are catching up (90). With more players in the Digital Lab eco-system the future of FAIR data sharing is looking promising (Figure 3). Quite importantly, this also facilitates data interpretation and saves research teams hours of lengthy discussion about how data was generated and handled.

[image: Diagram illustrating a data flow between electronic lab notebooks and cloud-based analytics. On the left, protocols, metadata, and genetic data are shown in a cloud labeled with Benchling and L7 Informatics. On the right, data analysis occurs in a cloud with Cirro, DNANexus, LatchBio, L7 analytics, and Terra. Arrows indicate data movement between lab equipment, data clouds, and user icons.]
Figure 3 | Overview of cloud-based infrastructure for digital labs with humans in the loop. Cloud-based electronic documentation systems with registries for animals, samples, reagents, equipment allow facile linking within lab notebooks. This makes experimental protocols transparent and facilitates FAIR metadata and data collection and sharing. Data from lab equipment is imported directly into the registry and can also be linked in lab notebooks saving time and effort, while minimizing human error. Metadata and data can be pushed to cloud computing platforms that allow collaborative and transparent data analysis.

Dedicated cloud computing platforms for biology are also emerging to compliment the shift to data-intense, decentralized and collaborative life science research, including Cirro (of the Fred Hutchinson Institute) (91), DNANexus (a techbio start up) (92), LatchBio (a techbio start up) (93), Terra (of the Broad Institute) (94), and L7 Informatics (also a techbio start up) (90). These platforms allow researchers to run complex analysis workflows in the cloud but in a more user-friendly environment than what’s offered directly by cloud providers and are customized to biologists’ needs. With the data already in the cloud, running such analyses is now possible without the need to duplicate and shuffle around large volumes of data between collaborators, and -in principle- facilitates analyses that respect institutional and national data governance requirements. Cloud providers vow they take data security seriously, and the likes of the NHS, FDA and NIH are beginning to trust them with data for megaprojects such as the UK Biobank (95) and PrecisionFDA (96) who use DNAnexus and the NIH’s All of Us Research program (97) that uses Terra (Figure 3). Enticingly for the computational biologists, these platforms also provide impressive compute that scales to increasingly large and complex models, come with customizable and pre-installed pipelines that save researchers hours of set-up time, and automate log generation which allows tracking the analyses done on every dataset together with the parameters used making it easy to trace how results were derived. In addition, some of these platforms support the integration of Jupyter notebooks which, as mentioned above, allow users to run and share their own custom code within those environments and share them when needed.

Less attractive is the price for cloud storage and compute which becomes an ongoing expense liable to immense runaway costs (98), especially at the hands of less experienced users who are the majority at academic institutions today. These costs could be overcome -in part- by better training, negotiating university/funder-wide contracts with cloud platforms, and could be off-set by long-term savings in personnel, maintenance, and upgrades. However, this does leave academics at the mercy of tech oligarchs such as Amazon [providers of AWS (99)], Alphabet [providers of Google Cloud (100)], and Microsoft [providers of Azure (101)]. At the moment, it is also unclear how easy migration between any of these platforms will be if they fail to meet future user needs. That said, competition in the infrastructure-as-a-service space is increasing because of ubiquitous demand across a variety of industries which will hopefully spur technological innovation and push prices down, democratizing access to infrastructure-as-a-service in the long-term.

The development of equally powerful open-source alternatives, continuously developed by and for the research community would be ideal. Unfortunately, funding such efforts is costly requiring a hefty upfront investment from governments or philanthropists and would take years adding more distance between them and their well-developed commercial counterparts. Once developed, long-term sustainability could be possible by licensing that allows free academic/non-profit usage and paid licensing in the case of for-profit entities similar to the Rosetta Commons approach (102).





Personnel

With the emergence of infrastructure-as-a-service, better ELNs and digital lab management software (also referred to as LIMS), data, compute, and metadata are all now connectable and shareable with relative ease. But the transition to this new model is no easy feat, mostly because of the need for complex and often continuous change management since academic research inherently involves training inexperienced individuals and high turnover.

To facilitate this, the first kind of position universities need to create is that of the Data Officer. This individual outlines university-wide policy, and ensures it aligns with national and international mandates and legal frameworks. Together with the IT officer, they can help coordinate the roll out and adoption of the needed technology for the shift to Digital Labs across the university while vetting different vendors and platforms - all in coordination with Department Data Managers. The latter help roll out these changes within their departments and communicate the importance of FAIR data sharing to researchers of different disciplines, as well as work with them to develop and share best-practices that make FAIR data sharing a natural part of researchers’ workflow with the help of enabling infrastructure. They also provide guidance regarding the choice of private storage and public data repositories depending on the types of data generated (eg: sequencing, flow cytometry, imaging), its sensitivity (eg: clinical versus pre-clinical data), and its stage in the research life cycle (pre- vs post-publication). On the other hand, the university/department IT officers works on optimizing on premise compute and data storage requirements to adapt to a shift to the cloud. For larger, data-intensive departments, it might be necessary to have lab data managers who work even more closely with the researchers on the day-to-day. That said, buy-in from PIs is absolutely necessary for the success of these efforts and communicating the importance of good data management practices early on in every project is immensely important for labs’ long-term success. This is particularly important in academic contexts, where lab turnover is high, and data often pass multiple hands before it ends up in a paper or in the public domain.






Common types of data and their repositories

For systems immunologists in particular and life science researchers in general, some of the most important data types today include multiplexed flow cytometry and CyTOF, Luminex, systems serology [Luminex-based antibody profiling assays (103, 104)], single cell RNASeq, bulk RNASeq data, and imaging data, for which specialized repositories currently exist. For more nascent fields or in the case of orphan datatypes researchers are encouraged to deposit their datasets in generalist repositories, until a dedicated repository is developed (Table 1).





Considerations for consortia

While the guidelines outlined above are broadly generalizable, they are highly relevant for interdisciplinary academic consortia which are somewhat of a special case for three main reasons: (1) data sharing between labs in almost real-time (as opposed to at the time of publication) is important for consortia to achieve their goals as experimental and biological versus mathematical and computational expertise tend to be distributed, (2) physical samples are often exchanged between labs so tracking sample as well as data provenance at scale is key to data integrity, (3) timely exchange of knowledge requires close communication across disciplines to move project goals forward and course-correct as needed.

To address the first and second point, setting up a unified or at least interoperable, digital infrastructure at the onset is key as it allows members of the consortium to share lab notebooks, reagents, and data. Harmonization and standardization becomes easier to achieve and enforce, and analyses can also be shared. This allows for internal transparency, facilitates collaboration, troubleshooting, and corrections, and ultimately multi-modal data analysis. Eventually, sharing the data and knowledge in the public domain also becomes easier (Figure 4).

[image: Flowchart illustrating a case study of sample shipping between labs. In Lab A, samples need unique identifiers and metadata. Without them, Lab B faces issues interpreting data. If identifiers are included and metadata tracked, Lab B accesses necessary data, improving outcomes. Lab C benefits from connected data files and metadata, leading to efficient reanalysis. Issues arise if researchers originally involved have left, causing difficulties in sample-data connection. The chart contrasts poor outcomes with well-coordinated scenarios, where metadata tracking prevents data interpretation problems.]
Figure 4 | Workflow diagram describing how suboptimal practices can affect data integrity, analytical rigor, and waste valuable research time. Suboptimal practices also compromise FAIR data sharing at the end of a study.

Assigning a data officer and data base manager for the consortium is key. Together they need to establish a system that allows centralized sample and data tracking and work with each lab’s data manager and/or individual researchers to collate curated data and ensure the accompanying metadata is accurate, standardized, and complete. In instances when access to unified infrastructure is prohibitively expensive, individual components can be strung together. For example, they could set up a shared Dropbox or Google Drive account where all the consortium’s curated data is collected until it can be shared in the appropriate repositories. Setting up a local instance of NextSEEK would facilitate metadata collection in a relational database, after researchers fill out easy to use spreadsheet-based templates. Tracking samples shipped between sites can be done using tools such as Qualtrics (105) or Google Forms (106). To facilitate early and accurate collection of metadata about samples, only samples for which unique identifiers and a comprehensive set of metadata has been collected should be shipped to other sites. Data should only be shared when all the metadata is complete, they are uploaded to a repository (privately) or a common drive, and linked in the central database. Recipients can then use the unique identifiers to look up key information about each sample/dataset in the database and find all the necessary metadata. Access to the data before it is public can be decided as needed since considerations may vary depending on project needs or data type and source, eg: human versus non-human sequencing data.

To address the third point, establishing recurrent meetings that bringing together researchers of complementary expertise to discuss experimental design, data analysis, next steps, and synthesize information is important. This helps ensure that the data is analyzed and interpreted in a meaningful way, as well as used to inform the design of appropriate follow-up experiments.





FAIR data sharing between interdisciplinary teams is critical to the responsible development and deployment of AI

To summarize, the life sciences are on the cusp of a transformation to a data-intense field that requires experimental and computational biologists to work together and make sense of large swaths of data using mechanistic, ML and DL models. This will allow researchers to generate new insights that drive biomedical research forward in ways and at a scale previous not possible. Enabling this involves embracing a collaborative and digital-first mentality to sustain the development of data hungry, unbiased, generalizable models that are helpful to biomedical researchers. We argue that the future of such a transformation involves a shift to the Digital Lab and decentralized FAIR data sharing and compute to enable broader collaboration across disciplines. Despite the complexity of the feat, it is necessary to ensure that data is scrutinized, used, and re-used to the best extent possible, maximizing return on investment in the research enterprise for the benefit of all.
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Human TB Features

Clinical features Pathologic features

Present Latent infection Primary progres- Reactivation TB TB pneumonia Non-caseat- Caseating Cavitary disease
in animals? sive TB ing granuloma granuloma

Cattle Yes (461-465) Yes (334, 336-340, 461) Not reported “naturally” Not reported Yes (336) No (29, 266, 323)
but experimentally with preumonia) (29)
recovery of M. bovis with o
without treatment of
animals with the
“mycobacterial promoter
resuscitation factor B
(RpfB) protein” (462-464).
Elephants Yes (352, 357, 359, 466) Possible but unable to Yes (352, 467) Yes (349, 358) Not reported Yes (345, 347, 348, Yes (348, 358)
distinguish readily with 354, 358)
reactivation TB.
Zebrafish Yes, with low-dose M. Yes, with high-dose M. Yes, of latent infection with | N/A Yes (361) Yes. With time, the central  N/A
marinun infection (468)  marinum (369) or with gammairradiation (168) necrosis of the granulomas
“cluster I” strain (isolated may be surrounded by a
from humans with fish tank cellular and/or fibrotic cuff
granuloma). Chronic (168, 369).
disease with longer survival
of the zebrafish is seen with
infection with “cluster 11"
strain of M.
marinum (469).
Mice Used antibiotics to suppress | Yes (34, 185, 374, 376, Yes, with use of non- Yes (295, 387). Yes (383) Yes, with the C3HeB/Fe]  Yes, in certain strains
Mtb but not kill them with 383, 386). sterilizing antibiotic (Kramnik) mouse strain (C3HeB/Fe] and CBA/])
ability to reactivate (Cornell regimen (384) and with (34, 376), the CBA/] strain (386, 387).
model) (384). (premature) termination of (470), or intraperitoneal
antibiotic regimen (376). immunization with Mtb
and rechallenge (185).
Guinea pigs Yes, with use of antibiotics | Yes (325, 395, 401, 407, Yes (405). Yes (406, 47) Yes (472) Yes (325, 472). Yes, sporadically (325,
to suppress Mtb (402, 403). | 471,472). 372, 470).
Rabbits Yes,in the TB-resistant Yes (420, 474), Yes, glucocorticoid was Yes (474). Yes (425). Yes (323, 475). Yes (323, 420, 431).
New Zealand white rabbits used to cause reactivation
infected with Mtb TB in New Zealand white
CDCIS51 (425). rabbits with latent TB
infection (425).
Mini pigs Yes (435, 436) Yes (435, 436), Unknown but None reported Yes (435, 436). Yes (435, 436). None reported.
potentially yes.
Goats Yes. Goats inoculated with | Yes (437, 476) Yes (477). Yes, with foamy None found. Yes (437,438,477, 479). | Yes (437, 477).
M. bovis in the airways did macrophages (475).

not develop clinical signs of
infection when euthanized 5
months later; there were
also M. bovis cultured from
thoracic lymph nodes,
calcified lesions in the
lungs, and skin test
confirmed bovine TB (438).

NHP Yes, in thesus and Yes, in thesus and Yes, in both rhesus and Yes, in thesus and Yes, in rhesus and Yes, in rhesus and Yes, in thesus and
cynomolgus macaques (229, cynomolgus macaques (226,  cynomolgus macaques (229, cynomolgus macaques cynomolgus macaques (452,  cynomolgus macaques (451, cynomolgus macaques (229,
452, 480). 240, 451, 481-485). Yes, in | 452, 480). Reactivation (226, 483, 487). Yes in 48) 452, 484). 451,452, 485). Yes, in
marmosets (447, 486). from latent infection can  marmosets (447). Yes, in marmosets (447). Yes,in marmosets (447).  marmosets (447, 486).
occur but is rare
(<5%) (487).

Differences between Rhesus and Philippine cynomolgus macaques with TB

Rhesus macaques Cynomolgus macaques
More susceptible to Mtb with higher bacterial burden, greater signs of clinical disease, and slower progression of | More resistant to Mtb with fewer symptoms, reduced dissemination of granulomas and slower progression of
TB (240). disease (240).
More gross pathology (240). PET-CT shows reduced dissemination of granulomas, slower increase in lung inflammation, and fewer PET-positive/

necrotic lymph nodes than rhesus macaques (240). Immunohistochemistry showed greater influx of macrophages, B cells,
and T cells in most of the granuloma types than rhesus macaques (488).

More reliable model for active disease (240). More reliable model for latent infection (452).
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Cell Type Location

in granuloma

Role in mycobacterial infection

Stimulus that drives production

Epithelioid Surrounding the Depletion leads to increased intracellular bacillary numbers (35) whereas IL-4 activation of STAT6, which mediates
macrophages  necrotic center and excessive formation “walls off” infection site from other immune cells and expression of E-cadherin, adhesion molecule that
interspersed in the | antibiotics (36, 37) is crucial in transforming cytoskeletal structure
cellular rim (34) of epithelioid macrophages through production
of adherens junctions, desmosomes, & tight
junctions (11, 35, 37)
Foamy Surrounding the Contributes to caseous necrosis (by discharging intracellular lipids & Mtb) & = Mtb derived oxygenated mycolic acids bind to
macrophages  necrotic center; have less bactericidal/phagocytic compared to other macrophages due to fat  host lipid sensing nuclear receptors PPARY and

rarely found in non-
necrotic

granulomas (32)

accumulation, creating long-term persistence of Mtb in these cells (31, 38);
fat accumulation occurs due to ESX-1 driven metabolic shift from glycolysis
to ketogenic pathway synthesis, inducing expression of G-protein coupled
receptor GPR109A which inhibits lipolysis (39) (Figure 3); fat accumulation
decreases autophagy due to lower expression of lactate (byproduct of
glycolysis), which normally increases autophagy by lactylation of class IIT
phosphatidylinositol 3 kinase) (39-42); reduced autophagy further attenuates
glycolysis and ketogenic pathway (i.e., oxidative phosphorylation), the latter
via autophagy mediated metabolism of triglycerides into fatty acids, which
are then broken down into acetyl Co A in the mitochondria for ATP
production (43-45).

TR4, inducing production of host derived LDL
receptors (scavenger receptor A and CD36) (31,
38, 46, 47); these receptors bind and mediate
influx of host derived LDL intracellularly
(Figure 3); ESX-1 drives foamy macrophage
formation in M. marinum-zebrafish model (48);
IL-10 also shown to induce differentiation to
foamy macrophages (49)

ESX-1, ESAT-6 protein family secretion system (ESAT-6, 6 KDa early secretory antigenic target); IL-4, interleukin-4; LDL, low density lipoprotein; PPARY, peroxisome proliferator-gamma; TR4,

testicular receiver 4.
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Heterogeneity

characteristic

Examples

Morphology

Lesions can be necrotic, caseous, fibrocaseous, non-
necrotizing, neutrophil rich, mineralized, completely
fibrotic, or cavitary (7, 138).

Cellular composition

Immune
cell response

Inflammation

Typically macrophages as well as CD4 and CD8 T cells
surrounding a necrotic core, but there can also be
multinucleated giant cells, neutrophils, dendritic cells,
and fibroblasts (4, 138).

Early forming granulomas demonstrate type-2 immune
response whereas later forming granulomas
demonstrate adaptive Ty1, Ti17 and cytotoxic T cell
responses (227). Huge variability in numbers and
phenotypes of T cells, and range of cytokine profiles
and bacterial burdens (138, 234).

Proper balance of pro/anti-inflammatory responses is
needed to control Mtb infection. A more pro-
inflammatory response can lead to liquefaction or
softening of the caseum (235). A more anti-
inflammatory response tends to be associated with an
overall better outcome in terms of reactivation as well
as long-term prognosis (232). Various inflammatory
signatures and killing potentials can be found even
within the same granuloma (138, 226, 236). Limitations
in the interpretation of these findings include: (i)
inability to follow the inflammatory phenotype and
correlate with culturable Mtb in single lesions over time
and (ii) incapacity to determine whether the
inflammation type observed is the cause or effect of the
ability or inability of the host to control the infection.
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Componen

Deficiency (c onent beneficial to host)

Excess (component harmful)

Epithelioid Absolute Stat 6 depletion prevents epithelioid macrophage differentiation, Excessive formation may create a “wall” that prevents immune
macrophages increasing Mtb growth in granulomas (36, 37). cell influx into granulomas whereas some disruption increases
immune access and promote host survival (35).

Tyl (IFNY) Natural examples are individuals with advanced HIV infection (73, 249) or with Excess Tyl (IFNy) results in secondary excess in TNF (207).
genetic defect in IFNY-IL-12 axis (Medelian Susceptibility to Mycobacterial TNF activates RIP1 and RIP3, induces robust reactive oxygen
Diseases) who are vulnerable to systemic mycobacterial infections (250, 253) due to  species, programmed necrosis (necroptosis), and TB cavitation
CD4'IFNY" deficiency resulting in massive Mtb burden and necrotic macrophage (76, 77) (Figure 4B). IFNYy also increases CXCR3 (a receptor
death (Figure 4A). Deficiency of IFNY may also augment IL-17 production, for several angiostatic chemokines), causing hypoxia and
inducing neutrophil influx (258). Appropriate IFNY production induces IDO-1 that  granuloma necrosis (211). Excess IFNy-induced IDO-1 (259)
inhibits excessive IL-17 production, limiting excessive neutrophil influx can also inhibit iBALT formation.

(91) (Figure 4C).

Ty2/Stat6 Ty2 cells are required for granuloma formation as Ty2 deficiency results in failed Excess Ty2 results in insufficient host-protective

epithelioid transformation and increased Mtb burden (37, 78). immunity causing granuloma necrosis, increased delayed-type
hypersensitivity to TNF, cavitation, perinecrotic fibrotic
capsule, and Mtb transmission (79-81).

TNF Mice in which either TNF is neutralized by a monoclonal antibody or have genetic TNF activates RIP1 and RIP3 and induces production of
disruption of the 55 kDa TNF receptor are more susceptible to Mtb (147, 260). reactive oxygen intermediates, resulting in activation of BAX,
Humans treated with anti-TNF antibody for autoimmune are highly susceptible to | and initiation of a mitochondrial mediated cascade that
TB (141-143). induces cyclophilin-D-mediated necroptosis (76, 261). TNF

also causes anorexia and cachexia (262).

IL-12 Deficiency of IL-12 or defect in IL-12 receptor subunit is associated with Depending on the Mtb lineage, the ancestral human IL-12B

predisposition to mycobacterial infections (250-253). allele may be associated with more severe TB (suggesting co-
evolution of humans and Mtb) (136).

1L-17 Insufficient IL-17 increases (sequentially) HIF-1o: expression, hypoxic necrotic Excess Tyy17 and IL-17 production increases influx of
granuloma formation, & severity of TB (87). IL-17 also required for initial neutrophils, augmenting granuloma necrosis (91, 92).
formation of protective iBALT (89, 90, 119). IL-17 triggers the production of Sustained & prolonged IL-17 production in iBALT lesions
chemokines that recruit CD4'TENy" T cells (88). could result in chronic inflammatory & pathologic

iBALT (119).

MMPs MMPs facilitate leucocyte recruitment, cytokine and chemokine processing, Excess MMP may lead to immunopathology that leads to Mtb
defensin activation and matrix remodeling (181). Inhibition of MMPs in BALB/c dissemination or persistence (181). MMP-9 helps mediate
mice was deleterious, resulting in decreased IL-1 and IL-2 expression, premature intercellular spread of M. marinum (60, 182).
increase in IL-4, delayed granuloma formation, & more rapid progression of TB
(263). In contrast, inhibition of MMPs in C57BL/6 mice was salubrious, resulting
in increased fibrosis of the granulomas, decreased leukocyte recruitment (to the
granulomas), & decreased numbers of Mtb in the lungs & blood in early
disease (264).

Hypoxia The beneficial, seemingly paradoxical, effects of hypoxia to the host are that Hypoxia induces necrosis of immune cells in granulomas & of
hypoxia can: (i) impair the growth of Mtb as evinced by Mtb-infected mice, guinea | pulmonary tissues (211, 266), causing increased disease
pigs, & rabbits controlled the TB significantly better when breathing 10% O, (vs. severity and provide a niche for Mtb (87). Hypoxia also
21% 0,) (265); (ii) induce expression of HIF-10,, augmenting phagocytes to kill induces secretion of MMP-1 causing lung destruction and
Mitb in part through impaired ability to activate autophagy (158, 162) (see also cavities (218).

HIF-10. below); (iii) recruit immune cells to infection site through induction of the
chemokine receptor CXCR4 for CD4" T cells (164) & neovascularization (165).

HIF-lo Hypoxia-induced HIF-1ct enhances glycolysis to generate ATP quickly, increases HIF-10, although induced by hypoxia, has also been shown to
angiogenesis (267), coordinates antimicrobial responses of macrophages such as induce hypoxic TB granulomas (87), to inhibit apoptosis of
production of inflammatory cytokines (268), and induces greater M1 macrophage | Mtb-infected foamy macrophages (impairing killing of
and Tyl cell phenotypes (154, 162, 163) to kill Mtb and other bacteria including intracellular Mtb) (154), and induce MMP-1 (a collagenase
pyogenic bacteria and Mycobacterium avium (159, 160, 166). that may cause tissue destruction) (218).

Aerobic Aerobic glycolysis skews macrophages and T cells toward the M1 and Ty1 (IFNy- Indirect evidence that the more TB-resistant cynomolgus

glycolysis producing) phenotypes, augmenting immune cells to control Mtb infection (161, macaques have less positive PET-CT lesions (see above

IDO-1 activity

163). Lactate produced from glycolysis increases autophagy and killing of Mtb
(39, 41)

IDO-1 expression in granulomas is found mainly in the rim that surrounds the
central necrosis (270). IDO-1 catabolizes tryptophan into kynurenine. Since
tryptophan is normally required for Mtb growth, absence of IDO-1 would
theoretically provide excess fuel for Mtb growth (271). Insufficient IDO-1 would
increase IL-17, resulting in increased neutrophil influx into and cause necrosis of
the granulomas (Figure 7).

discussions). Post-translational modification of proteins by
lactate may also lead to excessive inflammation (269).

Increased IDO-1 activity is a predictor of death in Mtb-
infected hosts (272). Excess IDO-1 activity would decreased
proliferation of CD4* and CD8" T cells (132). Reduced
remodeling of granuloma resulting in decreased influx of
CD4" T cells to the granuloma core (Figure 7) (132, 271)..
Nevertheless, in the NHP model, (modest) inhibition of IDO-1
results in both reduced Mtb burden and disease severity
(Figure 7) (132, 271).

HO-1 activity HO-1 is protective and promotes granuloma formation in M. avium infection Treatment of macrophages or mice with a HO-1 inhibitor
(273). In mice, HO-1 deficiency leads to increased susceptibility to Mtb infection leads to enhanced control of mycobacterial replication (278,
with increased bacterial loads and mortality due, in part, to failure to mount a 279); it is believed that HO-1 expression increases iron
protective T 1-mediated granulomatous response (274, 275). HO-1 catalyzes the availability in activated macrophages, which benefits Mtb
oxidation of heme (as seen with TB hemorrhage) to produce iron, biliverdin, and growth (276). HO-1 levels correlate directly with the level of
carbon monoxide that have anti-oxidant, anti-inflammatory, and anti-apoptotic active TB but this relationship by itself does not inform
properties to attenuate TB immunopathology (276, 277). whether HO-1 is host-protective or not (280).

Immune C57BL/6 mice with genetic disruption of the PD-1 gene are more susceptible to BALB/c mice with genetic disruption of TIM3 gene were more

checkpoint Mtb infection with both severe pathology and greater Mtb burden (213, 214, 216). resistant to Mtb (256). Similarly, administration of an anti-
The PD-LI gene knockout mice do not have as severe TB than the PD-1 knockout  CTLA-4 antibody enhanced mycobacterium-specific T cell
mice, perhaps because PD-L2 gene is still intact (Figure 6) (213, 281). See above for | proliferation as well as a decrease in M. bovis-BCG
more detailed discussion. burden (257).

LTA4H activity Individuals with the CC genotype of LTA4H possess an anti-inflammatory Individuals with the TT genotype of LTA4H possess a pro-
(decreased LTB,:LXA, ratio) and have poorer TB outcome. See above for more inflammatory phenotype (increased LTB,:LXA4 ratio) and
detailed discussion. have poorer TB outcome.

NFxB NFxB-mediated responses are critical for restricting bacterial growth in a In excess, NFkB may also cause injurious inflammation and
granuloma (282). cell necrosis (282) and may inhibit apoptosis and autophagy of

Mtb-infected macrophages (50).
TGFB In conjunction with IL-23, TGFB promotes the expansion of Ty;17 cells, which are | TGF negatively impacts IFNy-producing CD4" T cells in

important for early control of Mtb infection (86).

granulomas, impairing control of Mtb (83, 101).

CTLA-4, cytotoxic T lymphocyte-associated protein 4; HIF-1at, hypoxia-inducible factor-1 alpha; HO-1, heme oxygenase-1; IDO-1, indoleamine 2,3-dioxygenase; IL-12, interleukin-12; IL-17,
interleukin-17; LTA4H, leukotriene A, hydrolase; LTB, leukotriene By LXA,, lipoxin Az MMPs, matrix metalloproteinases; NFKB, nuclear factor-kappa B; PD-1, programmed cell death
protein-1; TGEB, transforming growth factor-beta; TIM3, T cell immunoglobulin and mucin domain-containing protein 3; TNF, tumor necrosis factor.
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Characteristic

Female, n (%) 8 (67)
Median age in years (range) 35 (23-49)
BMI (kg/m”) median (range) 26.6 (21.4-35.4)

Country of birth

UK 7

South Africa 2
Chile 1
Pakistan 1
Portugal 1
Time since first BCG vaccination in years, 28 (16-37)

median (range)

Baseline spirometry

Mean % predicter FEV1 (range) 109 (87-124)
Mean % predicted FVC (range) 107 (90-123)

Mean % predicted TLco (range) 100 (87-116)

Mean % predicted Kco (range) 103 (87-113)

Median baseline % SaO, (range) 98 (97-100)
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Number of volunteers (proportion, max grade) Median duration of AE in
Solicited AE days (range)

Temperature 0 0 0 1(033,2) 1 Billl =
Arthralgia 0 0 0 2 (0.66, 2) 2 25 | (2-3)
Myalgia 0 1(033,1) 2(0.66, 1) 3(L,2) 6 15 | (1-4)
Feverishness 0 ‘ 0 0 3(1,2) 3 2 (1-5)
Headache 2 (0.66, 2) 0 0 | 3(L1) 5 2 | (1-4)
Fatigue 1(033,1) 1(033,1) 1(0.33,1) 3(1,2) 6 25 (1-13)
Nausea 0 0 0 0 0 ==
Malaise 0 0 0 3(1,1) 3 1 (1-14)
Cough 0 0 1(0.33, 1) 3(1,2) 4 25 (1-162)
Sore throat 0 1(033,1) 0 2 (0.66, 1) 3 2| (2-9)

I Tickly throat 1(033, 1) 1(033,1) 2(0.66, 1) 1(033,1) 5 1 I (1-6)
Wheeze 0 0 0 2 (0.66,1) 2 15 | (1-2)
SOB 0 0 0 1(0.33,1) 1 4| -
Cough phlegm 0 ‘ 0 0 2 (0.66,1) 2 15 | (1-2)
Cough blood 0 0 0 0 0 - -
Chest tightness 0 0 0 2 (0.66, 1) 2 25 | (2-3)
Chest pain 0 0 0 0 0 = | =

Grading range 1-3, AE presented here started within the first 72 h of e-Diary self-reporting. Group 1 = 1 x 10* CFU; group 2 = 1 x 10° CFU; group 3 = 1 x 10° CFU; group 4 = 1 x 10" CFU BCG
SSI SOB, shortness of breath.





OPS/images/fimmu.2024.1427371/table3.jpg
MTB300

Time point (days) = Group 1 Group 2 Group 3

0 343 228 91 477 ‘ 213 266 123 1,028 68 72 83 450
7 401 280 149 4,943 192 209 206 4,943 117 114 79 3,077
14 291 194 132 2,313 90 373 181 1,723 53 74 34 1,373
28 279 204 260 1,627 138 59 214 1,242 67 144 49 406
56 326 234 153 766 229 204 318 584 54 80 114 471
84 300 247 172 508 188 86 136 651 44 57 40 467
168 372 451 160 626 322 203 338 532 76 117 91 314

Group 1 = 1 x 10" CEU; group 2 = 1 x 10° CFU; group 3 = 1 x 10° CFU; group 4 = 1 x 107 CFU BCG SSL.
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PBMC-ICS CD4+ T-D224 (CV-AUC [95% CI]) WB-ICS CD4+ T-D224 (CV-AUC [95% ClI])
Prime (0.43 [0.23 - 0.62]) Prime (0.68 [0.50 - 0.86])

Boost (0.50 [0.23 - 0.77]) Boost (0.42 [0.17 - 0.67])

IFN-I (0.71 [0.45 - 0.96]) IFN-I (0.91 [0.78 - 1.00])

Prime + Boost (0.49 [0.23 - 0.76]) Prime + Boost (0.71 [0.49 - 0.94])

True Positive Rate
True Positive Rate

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate False Positive Rate
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Dose schedule (days)
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2+5(x2)
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Day Day

Possible role

59 (+3*) 63 (+7%)
MONO 12 upP up UP monocyte genes, surfactant gene
EOS 11 upP ‘ P - eosinophil genes
IFN-I 54 up up - antiviral, type I IFN, complement receptors and dendritic cells
NEUTRO-I 13 DOWN DOWN - neutrophil genes
MITOSIS 99 - - upP cell cycle, transcription
BCELL 44 - = up B cells, plasma cells and Ig genes
NEUTRO-II 12 - - UP neutrophil granules, defensins
COREG 177 - E DOWN genes coregulated other modules

* +3 and +7 refer to the number of days post vaccination.
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BCG 24-1 BCG 24-2

f;;fi’::::; _— 0.142 0.183
Replicating Mtb 27 43
Nonreplicating Mtb 163 192
Total Mtb 190 235
CDS8 count (%) 774 1321
CD4 count (%) 1082 1027
B220 count (%) 3286 3485
Other cell count (%) 9097 11638
CFU (Log,, per g tissue) = 5.05 5.05

Examples of granulomas highlighting histopathological morphology based on GLM

associations are shown in Figure 5. Characteristics of each of granuloma are identified by
individual mouse-granuloma (i.e., 24-1). Data for all granulomas evaluated in this study are
available on the GitHub repository.
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Day 56 Day 114

Unvaccinated Vaccinated Unvaccinated Vaccinated
(n =59) (n = 24) (n = 55) (n = 53)

Host Median Count Median Count
CD4 T cell 162 [ 90 [ 157 261 [ 449 | 320
CDS8 T cell 169 170 169 219 355 259
B cell 137 95 116 154 387 234
Other 2036 1952 2036 2407 2601 2436
Total 2441 2325 2424 3205 3538 3337
Mtb . Median Count Median Count
Replicating 19 (22.6%) 2.5 (5.3%) 13 (18.3%) 28 (7.1%) 13 (6.8%) 155 (6.6%)
Nonreplicating 51 37 46 368 183 2135
Total 84 47 71 393 190 236

Counts of granulomas in each group are indicated by n.
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Serological assays

Sample Antibody against defining M.tb iens o
P 0y ag . '\ng . Sensitivity Specificity Reference
Comparison antigens used infection/state;
Ab levels
LTBI vs NI 1gG against PPE17 ELISA sensitivity to Ag 69.62%
PPE17> ESAT-6:CFP-10
iy N/A (85)
ATB vs NI 1gG against PPE17 an J 94.93%
ATB/LTBI>NI
ELISA IgA/IgG anti- 77%(IgA), 83%
ATB vs Control ) ghllgGran! 59% (IgA), 51% (IgA)
NoTBALTED IgA/IgG against Mcel A McelA; (1gM0, 80% (12C) (1gM), and (90)
ATB>LTBI/NI : 84% (IgG)
Ig against Rv3881c, Rv0934, Rv0054, Rv3804c,
AFB microscopy Rv2031c, Rv1886¢, Rv0129¢, Rv1860 Microbead coating with = I
positive M.t antigens; ©1)
vs negative Ig against Rv1980c, Rv3874, RvO831c, Rv2875,  AFB(+) stain>AFB(-) stain 03 0.30%
Rv3841, Rv1926¢, Rv3875, Rv2878¢ -
) ELISA anti-A60; 31.3%(IgA) and 92%(IgA) and
ATB vs NI 1gA/IgG t A60 94
" BA/lgG ageing ATB>NI 94% (1gG) 96% (IgG) o9
M.tb infection ELISA anti M.TB48; IgG
I inst M.TB48§ 4.1 7.5 113
vs Control 8C against AFB(+) stain>AFB(-) stain 7a.1% 97.80% aw)
Patients with and
i > > -P38, 5
without culture. |18 3gainst Ag8SB, Ag85A, Ag85C, Rv0934-P38 MMIA 90.6% s8.6% i
Rv3881, BfrB, Rv3873, and Rv2878¢ M.tb infection > NI
confirmed TB
Ig against Rv3881c, Rv0934, Rv2031c, Rv1886c,
AFB mi RV1860, Rv3874, Rv3875, Rv3804c, Rv3418c,
m‘_‘:_““’l’y Rv3507, Rv1926¢, Rv3874-Rv3875 fusion, MMIA; st p— i
POSH “l'_e Rv2878¢, Rv1099, Rv3619, Rv1677, Rv2220, AFB(+) stain>AFB(-) stain
waDegeuve Rv2032, Rv1984c, Rv3873, Rv0054, Rv3841,
RvI566¢, Rv2875, Rv0129¢, Rv1009, Rv1980c
. ELISA;
1gG against Rv0310c-E and Rv3425 PSSR
ATB vs healthy 82.54% 76.92% (116)
) ELISA;
IgG against Rv1255¢-E and Rv3425 SNPTSNI
ATB vs Control Ig against PstS1, Rv0831c, FbpA, EspB, bfrB, LIPS;
73.5% 100 117
(Non-TB+LTBI) HspX and ssb ATB>NI/LTBI % @)
ATB vs Patient
ELISA; % for both TgA 95% (IgA) and
with anti- IgA/IgM antil6kDa ATB>Sth o °; ’;"M & 590;;1 )3)"
TB treatment others and’s sM
Anti-LAM TgA ©9
Anti-TB-LTBI IgG ELISA combination of Abs;
ATB vs LTBI N/A 100%
v Anti-Tpx IgG ATB>LTBI aceuracy
Anti-MPT64 IgA
90% for Anti-16 95% for Anti-16
Anti-16 ELISA;
ATB vs LTBI/NI kDa IgA, 90% for KkDa IgA, 90% for
kDa IgA, anti-MPT64 ATBoth
a IgA, anti A ~others anti-MPT64 IgA anti-MPT64 IgA
ATB vs NI IgG against LAM 71.40% 86.60%
ATB vs LTBI 1gG against LAM 83.30% 76.40%
) ) ) ELISA;
IgA anti LAM and HSP20 with IgG anti HSP16.3, é
ATB vs NI A anti LAM an with IgG anti ATBSLTBUNI 81% 949% (118)
LAM, and Tpx
IgA anti LAM and Tpx, IgG anti LAM and TPX,
ATB vs LTBI BLEn AL ane L, B an 81% 91.50%
IgM anti Apa
C ELISA;
1gG against TBCM, Ag85B, CEP-10 P .
ATB vs LTBI ik i @
vs NI IgA against Ag85B ATB>LTBI>NI
IgG against Ag85B ATB>LTBI
ELISA;
‘::20‘:“(:1’5“;;‘:[‘; IgA and IgG against Rv2031 ATB>household N/A N/A 7)
contacts>NI
IgG against Ags5 84.1 85.2%
ELISA;
ATB vs NI I inst CFP-1 852 119
vs gG against CEP-10 ATBANI 66 5. (119)
IgG against ESAT-6 64.9 88.9

ATB, Active TB; LTBI, Latent TB Infection; NI, Not Infected; AFB, Acid-Fast Bacillus; MMIA, Multiplex Microbead Immunoassay; SPPT, Smear-Positive Pulmonary TB; SNPT, Smear-Negative
Pulmonary TB; LIPS, Luciferase Immunoprecipitation Systems.
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