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Introduction
Tuberculosis (TB) is presently the deadliest infectious disease caused by a single agent, with 10.8 million 
incident cases and 1.25 million deaths globally in 2023 (1). Among preventive interventions, the only TB 
vaccine available is the Bacillus Calmette-Guérin (BCG) vaccine (2), which is typically administered intra-
dermally at birth in high-incidence countries. Despite efficacy against disseminated disease in young chil-
dren, BCG confers variable protection against adolescent and adult pulmonary TB (3–5) via mechanisms 
that remain poorly understood by the field. Robust vaccine-mediated immune correlates of  protection need 
to be identified to better inform the development and use of  TB vaccines.

A major challenge with TB vaccine research is the difficulty in assessing vaccine-mediated protection in 
humans. At minimum, studying postvaccination clinical outcomes in humans requires clinical follow-up of  
thousands of participants (6–8) where exposure to pathogen is not always a known variable. Study designs also 
may not include an unvaccinated control group because it would violate the bioethical principles of beneficence 
and nonmaleficence. Moreover, diagnostic tools for TB vary widely in their sensitivity, specificity, cost, portabil-
ity, and resource intensity (9–11), which complicate their application to large human cohorts in different ways 
and limit disease classification. Some clinical outcomes, such as bacterial burden in lung tissues, are simply not 
directly observable in living humans given present diagnostic tools and ethical considerations (12–14).

The immune mechanisms induced by the Bacillus Calmette-Guérin (BCG) vaccine, and the subset 
of which that mediate protection against tuberculosis (TB), remain poorly understood. This is 
further complicated by difficulties in verifying vaccine-induced protection in humans. Although 
research in animal models, namely mice and nonhuman primates (NHPs), has begun to close this 
knowledge gap, discrepancies in the relative importance of biological pathways across species limit 
the utility of animal model–derived biological insights in humans. To address these challenges, 
we applied a systems modeling framework, Translatable Components Regression (TransCompR), 
to identify human blood transcriptional variability that could predict Mycobacterium tuberculosis 
challenge outcomes in BCG-vaccinated NHPs. These protection-associated pathways included 
both innate and adaptive immune activation mechanisms, along with signaling via type I IFNs and 
antimycobacterial Th cytokines. We further partially validated the associations between these 
mechanisms and protection in humans using publicly available microarray data collected from 
BCG-vaccinated infants who either developed TB or remained healthy during 2 years of follow-up. 
Overall, our work demonstrates how species translation modeling can leverage animal studies 
to generate hypotheses about the mechanisms that underlie human infectious disease and 
vaccination outcomes, which may be difficult or impossible to ascertain using human data alone.

https://insight.jci.org
https://doi.org/10.1172/jci.insight.194450
https://doi.org/10.1172/jci.insight.194450


2

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(24):e194450  https://doi.org/10.1172/jci.insight.194450

For these reasons, TB vaccine research heavily relies on the use of  animal models, including mice 
and nonhuman primates (NHPs), to evaluate vaccine-mediated immune mechanisms (15, 16). However, 
animal model–derived biological insights are not guaranteed to be directly translatable to humans (17, 18), 
owing in part to divergent immune processes (19, 20) and to discrepancies in the phenotypic relevance of  
conserved immune processes (21) across species. For example, the long-held paradigm regarding the mech-
anism of  action of  BCG was that protective immunity is conferred by vaccine-induced IFN-γ–producing 
CD4+ T cells (22), which was supported in part by mouse studies (23, 24). However, various clinical studies 
have asserted little to no correlation between IFN-γ+CD4+ T cells and BCG-mediated protection (6, 25), 
suggesting that cross-species differences could be one factor that limits the translational potential of  TB 
vaccine studies in animal models. This example in particular highlights the need for the development and 
widespread use of  improved approaches to enhance translation proficiency (26–28).

Our group previously developed a computational framework called Translatable Components Regres-
sion (TransCompR), which was designed to relate orthogonal axes of  transcriptional or proteomic variabil-
ity in one species to disease biology and measurable phenotypes observed in another species (27). In doing 
so, TransCompR explicitly accounts for differences in the relative importance of  disease-relevant processes 
and pathways in the two species. Although originally applied in the contexts of  inflammatory bowel dis-
ease (27, 29) and neuropathology (30, 31), we have recently used this framework to identify transcriptional 
variability in mouse TB models that could best predict human TB phenotypes (21, 32), demonstrating the 
utility of  TransCompR to uncover species-translatable signatures in an infectious disease context.

In this work, we adapted TransCompR to identify human-relevant biological pathways that are associ-
ated with the outcome of  post–M. tuberculosis challenge in BCG-vaccinated NHPs. We show that a linear 
mathematical model built on human blood transcriptomic data could predict vaccine-mediated protection 
against TB, as assessed in publicly available NHP studies (33, 34). These protection-associated directions of  
human transcriptional variance corresponded to the activation of  innate and adaptive immune mechanisms, 
including type I IFN and antimycobacterial Th cytokine signaling. We further partially validated the associa-
tions between these directions of  transcriptional variance and protection using publicly available microarray 
data from a heterogeneous cohort of  BCG-vaccinated infants who either developed TB or remained healthy 
during 2 years of  follow-up (35). Overall, we demonstrate how translational cross-species modeling can 
leverage animal studies to uncover mechanisms of  action in humans where no outcome data are available.

Results
Bulk blood transcriptomics data collection characterizes BCG-induced biological variability across species. To develop 
an understanding of  vaccine-induced immune responses in animal models and humans, we used NHP and 
human bulk blood transcriptomic data. We included data from 60 South African infants who received per-
cutaneous or intradermal BCG vaccination at birth and were selected from a parent cohort study of  11,680 
infants (6, 7) to reflect a range of  BCG responses based on antigen-induced T cell IFN-γ production (see 
Methods). Bulk transcriptional profiling on peripheral blood mononuclear cells (PBMCs) and intracellular 
cytokine staining (ICS) on whole blood collected at 10 weeks of  age were performed for characterization 
of  peripheral immune responses (Figure 1A, Supplemental Figure 1A, and Supplemental Table 1; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.194450DS1). The 
NHP dataset was previously published in a study by Liu et al. (33). NHPs in this cohort (n = 34; “dose 
cohort”; ref. 36) were vaccinated intravenously with BCG across a range of  doses, and whole blood was 
collected for transcriptional profiling at baseline and at 4 postvaccination time points (Figure 1B and Sup-
plemental Table 2). Plasma and bronchoalveolar lavage (BAL) samples were also collected at these or sim-
ilar time points for flow cytometry and antibody profiling (37). At 24 weeks after vaccination, NHPs were 
challenged with M. tuberculosis and outcome was assessed at 8-12 weeks post–M. tuberculosis challenge via 
quantification of  bacterial burden (as colony forming units [CFU]) in lung tissues.

TransCompR model identifies human transcriptional variability associated with BCG-mediated protection in 
NHPs. To construct a species translation model, we used TransCompR (27), a method previously developed 
in our group to relate axes of  data-derived variance in one species to a phenotype of  interest in another 
species. Like other species translation approaches, TransCompR analyses have directionality (Figure 1C). 
Historically, TransCompR has been used to relate transcriptional variability in mouse or NHP models of  
disease to human disease characteristics (e.g., animal model–to-human translation, refs. 21, 27, 38; visual-
ized in Figure 1C, in red) with the objective being to better understand axes of  variance in animal models 
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with respect to their human relevance. However, human-to-animal model translation (visualized in Figure 
1C, in blue), in which human variance is regressed against biological outcomes as assessed in animal mod-
els, also offers actionable insights. This direction of  species translation is particularly useful for studies in 
which assessing individuals’ responses to immunomodulation is difficult or limited by experimental or 
ethical bounds, a point that our group has previously demonstrated in noninfectious disease contexts (29, 
30). Different directions of  translation address different scientific questions; therefore, depending on the 
application, one of  the two possible directions might address a more informative question than the other.

Because vaccine-induced protection is challenging to ascertain in humans, in this work we chose to pur-
sue human-to-NHP translation modeling (Figure 1C, blue only) to investigate human immune response–
relevant correlates of  protection in BCG-vaccinated NHPs. To do this, we first identified 9,628 gene homo-
logs between the human and NHP datasets for inclusion in our cross-species model (Figure 2A). We then 
used principal component analysis (PCA) on the human bulk RNA-seq data to construct a latent space 
which describes orthogonal directions of  transcriptional variance in the South African infant cohort. The 
first 15 human-derived principal components (hPCs), which captured approximately 80% of  total transcrip-
tional variance in the infant cohort (Figure 2B), were retained for cross-species modeling.

Prior to translation, we were first interested to understand how these hPCs, representative of  blood 
transcriptional variance, related to measurable human phenotypes. To do this, we univariately regressed 
each of  the 15 hPCs retained in our model against patterns in cytokine expression by T cells, mono-
cytes, myeloid dendritic cells (mDCs), or neutrophils, assessed by ICS on whole blood and collected at 
10 weeks post-BCG priming; these cells were either left unstimulated or stimulated ex vivo with BCG or 
staphylococcal enterotoxin B (SEB), a positive control (Figure 2C and Supplemental Figure 1, A and B).  

Figure 1. BCG-induced patterns in gene expression across species. (A) Schematic showing collection of blood for bulk RNA-seq and profiling with 
intracellular cytokine staining (ICS) in a cohort of 60 BCG-vaccinated South African infants. (B) Schematic showing collection of blood for bulk RNA-
seq in a cohort of 34 IV BCG-vaccinated nonhuman primates (NHPs). Vaccination was administered over a range of BCG doses. (C) Schematic showing 
species translation conceptually. Translation modeling involving two species presents two potential directions for analysis, which affects the biological 
questions that can be probed computationally.

https://doi.org/10.1172/jci.insight.194450
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Figure 2. Human-derived principal components associate with BCG-specific immune responses in infants. (A) Venn diagram demonstrating the 
number of genes profiled in the human and NHP bulk RNA-seq datasets that were either species-specific or orthologous. (B) Line plot demonstrating 
cumulative explained variance (%) across subsequent human-derived principal components (hPCs) calculated from the human bulk RNA-seq dataset 
(limited to orthologous genes only). (C) Heatmap of univariate regression coefficients from individual hPCs regressed against patterns in cytokine 
expression (% unless otherwise indicated) from immune cells stimulated with BCG ex vivo. Regression coefficients were averaged across results from 
5-fold cross-validation. *P < 0.05 across folds. For each fold, P values were calculated by Wald’s test.

https://doi.org/10.1172/jci.insight.194450
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Associations quantified by regression were notably different between SEB- and BCG-stimulated cells. We 
further found 5 of  these 15 hPCs to be significantly associated with one or more BCG-specific cytokine-ex-
pressing cell subsets. hPC1, hPC4, and hPC8 were significantly associated with BCG-specific IFN-γ–
expressing T cells, while hPC9 was instead significantly associated with BCG-specific TNF-expressing T 
cells. Interestingly, hPC12 was associated with IL-6–expressing mDCs, suggestive of  human transcriptional 
variance that might correlate with innate responses to BCG. Because antigen-specific IFN-γ production 
by T cells is typically considered a protective immune marker in the context of  BCG vaccination (22), we 
binned infants into high and low responder groups by their BCG-specific IFN-γ+ T cell response (Supple-
mental Figure 2A) and used univariate logistic regression to identify hPCs that were predictive of  responder 
group. Separation between responder groups was not observed along the first 2 hPCs (Supplemental Figure 
2B). Instead, hPC4, hPC8, and hPC9, which collectively explained 12% of  total transcriptional variance, 
were found to significantly distinguish infants by responder group (Supplemental Figure 2, C and D). Using 
covariate logistic regression, these 3 hPCs were capable of  predicting high versus low BCG-specific IFN-γ+ 
T cell response with high classification accuracy (Supplemental Figure 2E). This result signaled that inter-
mediate- and higher-order hPCs (i.e., those that explain less transcriptional variance overall compared with 
low-order hPCs, such as hPC1 and hPC2) remain relevant to human immunological responses of  interest.

To next approach species translation, we projected each postvaccination NHP sample into hPC space 
using the gene ortholog loadings for each of  the 15 hPCs retained in our model, resulting in NHP sample 
scores along these hPC axes. This projection allowed us to “reorder” or “filter” the NHP data to reflect 
the most relevant directions of  variance in the human data. As expected, for human samples, the variance 
explained by each subsequent hPC monotonically decreased, while this trend was broken for projected 
NHP samples (Figure 3A). Interestingly, while patterns in explained variability were similar for each NHP 
time point, they were not identical, which hinted at how axes of  variance in the data might change over 
time. Moreover, across postvaccination time points, hPC projection preserved approximately 25% of  the 
total variance in the NHP datasets (Figure 3A), which reemphasized the idea that common biological path-
ways and processes may differentially contribute to transcriptional variability, and, ultimately, higher order 
biological function, across species.

Because many of  the immune responses quantified in the dose cohort of  NHPs exhibited dose depen-
dence (4), we were first interested to understand how dose-linked transcriptional variance might be reflect-
ed in the hPC-projected bulk RNA-seq data. To do this, we univariately regressed the hPC scores from 
the projected NHP samples against the dose of  vaccination administered to each NHP. Many hPCs were 
significantly associated with BCG dose (Supplemental Figure 3), both with and without time dependence, 
suggesting that dose-linked variation was reflected at the transcriptional level and that this variation was 
preserved upon hPC projection. This preservation also raised the possibility that the range of  immune 
responses generated in NHPs by varying BCG dose maintained some human relevance. hPC4 was also 
significantly associated with BCG dose in NHPs at all postvaccination time points, suggesting that this 
component captures variance related to robust and sustained response mechanisms that are potentially core 
and conserved in both species.

Finally, toward our goal of  identifying vaccine-induced correlates of  protection in the NHP data that 
are human-relevant, we then, for each postvaccination time point separately, univariately regressed hPC 
scores from the projected NHP samples against post–M. tuberculosis challenge bacterial burden to test for 
statistically significant association (Figure 3B). This analysis identified 5 protection-associated hPCs (with 
time dependence): hPC4 (all postvaccination time points); hPC5 (2 weeks); hPC6 (2 days); hPC11 (2 weeks 
and 4 weeks); and hPC12 (2 days). These associations largely held whether post–M. tuberculosis challenge 
outcome was treated as a continuous (CFU) or discrete (“protected” versus “not protected”) variable, and 
covariate regression using each time-specific subset of  protection-associated hPCs confirmed significant 
improvement in prediction of  postchallenge outcome compared with null models with random hPCs or 
shuffled outcomes (Supplemental Figure 4).

To examine the robustness of  associations between hPCs in our model and protection against TB, we 
repeated the projection and regression steps of  our species translation approach using an independent cohort 
of  NHPs (Supplemental Figure 5, A and B). Referred to as the “route cohort” (33, 34), these NHPs (n = 34) 
were vaccinated with BCG via different routes, and, similarly to the dose cohort, blood was collected for tran-
scriptional profiling at baseline and at 3 postvaccination time points, with later M. tuberculosis challenge and 
necropsy to assess protection against disease. Like the dose cohort, hPC projection preserved approximately 

https://doi.org/10.1172/jci.insight.194450
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd
https://insight.jci.org/articles/view/194450#sd


6

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(24):e194450  https://doi.org/10.1172/jci.insight.194450

Figure 3. Human-derived principal components can predict post–M. tuberculosis challenge bacterial burden in NHPs. (A) Bar graphs showing explained 
variance captured by projecting the NHP bulk RNA-seq data, restricted to orthologous genes, into hPC space (right) as a percentage of total variance 
preserved for each postvaccination NHP dataset and (left) as distributed across each hPC in the TransCompR model. (B) Bar graphs showing (top) 5-fold 
logistic regression coefficients (summary data presented as mean ± SD) and (bottom) distribution of corresponding P values from univariate regression of 
each hPC against post–M. tuberculosis challenge bacterial burden (CFU). For each fold, P values are calculated by Wald’s test. The dotted line denotes P = 
0.05. (C) Venn diagram detailing overlap of hPCs, which were found to be significantly associated with protection in the dose (B) and route (Supplemental 
Figure 5B) cohorts of NHPs and with BCG-specific immune cytokine expression in the South African infant cohort (Figure 2C). hPC4 is highlighted in red to 
indicate its unexpected correspondence between high bacterial burden in NHPs and high BCG-specific T cell response in infants.
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20%–25% of the total variance in the NHP route cohort data (Supplemental Figure 5A). Regressing hPC- 
projected route cohort samples against post–M. tuberculosis challenge bacterial burden provided further sup-
port for hPC5 (2 week) and hPC12 (2 days) as time-dependent, species-translatable axes of  variance that were 
associated with protection against TB across independent NHP cohorts (Supplemental Figure 5, B and C).

Finally, we examined the overlap between hPCs significantly associated with protection across NHP 
cohorts and hPCs significantly associated with BCG-specific immune responses in infants (Figure 3C and 
Supplemental Figure 5D). Perhaps expectedly, 3 T cell response-associated hPCs (hPC1, hPC4, and hPC9) 
were also significantly associated with protection in 1 of  the 2 NHP cohorts, although, contradictorily, for 
hPC4, protected NHP samples were separated on the same end of  the axis as the low T cell responders (Sup-
plemental Figure 4A; compare to Supplemental Figure 2D). Of the hPCs found to be protection-associated 
in both NHP cohorts, hPC5 did not correspond to any patterns in human immune cytokine expression that 
were assessed by ICS, while hPC12 was instead associated with antigen-reactive innate responses in infants 
(Figure 2C). Overall, our cross-species modeling identified axes of  transcriptional variability that maintained 
significant associations with measurable human and NHP biological outcomes.

Cross-species correlates of  protection represent biological axes related to innate, adaptive, and humoral immuni-
ty. We next wanted to biologically interpret these species-translatable hPCs, as they represent orthogonal 
directions of  variance, and therefore we expected them to reflect distinct (although not wholly disjoint) 
biological processes. We focused on hPC5 and hPC12, which were protection-associated across both NHP 
cohorts, for these analyses. To manage this interpretation, we used gene set enrichment analysis (GSEA) to 
compare the gene loadings for these hPCs against gene sets in the Reactome Pathways and Kyoto Encyclo-
pedia of  Genes and Genomes (KEGG) databases (39, 40).

Using Reactome as the reference database, hPC5 (2 week) was significantly enriched (Padj < 0.1) for 175 
terms, while hPC12 (2 days) was significantly enriched for only 8 terms (Figure 4A and Supplemental Table 
3). With KEGG, hPC5 and hPC12 were significantly enriched for 35 and 8 immune- and cell function-re-
lated terms, respectively (Supplemental Figure 6). Across reference databases, we noted enrichment of  
hPC12 for innate immune activation, antiviral immunity, and type I IFN signaling, mechanisms that have 
been shown to be altered by BCG, M. tuberculosis (41), and other pulmonary infections (42), while hPC5 
was enriched for signaling pathways related to innate-adaptive immune crosstalk, Th differentiation, and 
B cell activation (Figure 4B and Supplemental Figure 6). Included in these terms was Dectin-1 signaling, 
enriched along hPC5. Dectin-1 is a C-type lectin that functions as a pattern recognition receptor, is primar-
ily expressed on antigen-presenting cells (APCs) (43), including dendritic cells (DCs) and B cells, and has 
been described to play a role in immune responses to mycobacteria, including M. tuberculosis and BCG (44, 
45). Signaling downstream of  Dectin-1 activation is known to induce production of  reactive oxygen species 
in neutrophils, as well as NF-κB– and MAPK-mediated expression of  proinflammatory cytokines, includ-
ing TNF, IL-12, IL-6, and IL-1β, in APCs (43, 46). Because IL-12 and IL-6/IL-1β are known to direct the 
differentiation of  naive CD4+ T cells into Th subsets Th1 and Th17, respectively (47), it is possible that 
hPC5 represents an axis of  transcriptional variability that is associated with Dectin-1–mediated coupling 
of  innate and adaptive immunity.

To confirm that these hPC-enriched Reactome pathways and processes separated NHPs by their post–M. 
tuberculosis challenge infection status, we used single-sample GSEA (ssGSEA) to calculate enrichment scores 
for these gene sets for each individual sample in the NHP dose cohort at each profiled time point and compared 
between “protected” and “nonprotected” NHPs. As expected, we observed statistically significant, time-de-
pendent separation of samples by the majority of hPC12- and hPC5-enriched terms (Figure 4C), including the 
IFN and cytokine signaling pathways that we highlighted (Figure 4D), at one or more postvaccination time 
points. Repeating this analysis in the route cohort of NHPs, we observed similar patterns in time-dependent 
enrichment, which distinguished protected from nonprotected NHPs (Supplemental Figure 7A).

Although NHPs are important animal models for studying TB, owing to many genetic and immunologi-
cal similarities to humans, their research applications can be limited by low availability and high maintenance 
costs. Because mouse models are often used in their stead, we were interested to see whether these hPC-en-
riched Reactome pathways and processes were further predictive of  post–M. tuberculosis challenge lung bacte-
rial burden in mice. To test this, we took advantage of  a blood bulk RNA-seq dataset that captured Diversity 
Outbred (DO) mice, a heterogeneous stock derived from 8 founder inbred strains (48), before and 2–3 weeks 
after BCG vaccination. We then calculated enrichment scores with ssGSEA directly on the dataset as before. 
On average, we observed increased enrichment after vaccination for many of  the selected Reactome pathways 
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and processes from samples from protected versus nonprotected mice, although we could only assert a statisti-
cally significant increase in enrichment for Dectin-1 signaling (Supplemental Figure 7B). Overall, interpreting 
protection-associated hPCs with gene set enrichment analyses identified species-translatable biological path-
ways and processes that were associated with BCG-mediated protection in NHPs.

Independent cohort of  South African infants with 2-year follow-up outcomes partially validates species-translat-
able correlates of  protection. Finally, because our cross-species analyses allowed us to generate hypotheses 

Figure 4. Protection-associated hPCs are enriched for innate and adaptive immune processes and pathways. (A) Bar graph demonstrating the total 
number of significantly enriched (Padj < 0.1) Reactome terms along hPC5 and hPC12. (B) Heatmap showing enrichment scores for select Reactome terms 
across hPC5 and hPC12. *Padj < 0.1. P values were estimated using an adaptive multilevel split Monte-Carlo scheme implemented in the fgsea package in R. 
(C) Bar graph as in A, with terms now separated into significant (black) or nonsignificant (white) categories by how their leading-edge gene sets distin-
guished NHP samples by challenge outcome (P values obtained by unpaired t test). hPC12-enriched terms were evaluated for their ability to separate NHP 
samples collected 2 days after vaccination by their challenge outcome, while hPC5-enriched terms were evaluated using NHP samples collected 2 weeks 
after vaccination. (D) Normalized enrichment scores (NESs) calculated using single-sample gene set enrichment analysis (ssGSEA) for each sample in 
the NHP dose cohort. Gene sets for each pathway/process were derived from the Reactome Pathway Database. Sample scores were lumped by post–M. 
tuberculosis challenge protection outcome for visualization. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired t test with 
Holm-Šídák’s multiple comparison correction, as calculated in GraphPad.
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about transcriptional correlates of  protection in vaccinated infants, we wanted to approach their validation. 
Although vaccine-induced protection is difficult to ascertain in humans, Fletcher et al. (35) previously pub-
lished a microarray dataset that captured PBMCs, either left unstimulated or stimulated ex vivo with BCG, 
from South African infants who were vaccinated with BCG at birth and who later either developed TB (cas-
es) or remained disease-free (controls) during 2 years of  follow-up (Figure 5A and Supplemental Table 4). 
While the original study failed to reliably identify a correlate of  risk, the authors instead classified patients 
into 2 clusters by hierarchically clustering samples by their respective differences in BCG-stimulated and 
unstimulated gene expression at the 12-hour time point only. The authors observed that immune pheno-
types presented differently in cases depending on their cluster membership. Therefore, we were interested 
to use this microarray dataset with case and control outcomes as a validation set. To do this, we calculated 
enrichment scores for each sample using the top 5% of  genes along each extreme of  hPC5 and hPC12 
and compared these scores across clusters and follow-up outcomes for each ex vivo stimulation condition 
(Figure 5B and Supplemental Table 5). Although no meaningful separations were observed by hPC5 gene 
expression, we noted, for cluster 1 only, that cases and controls could be nearly distinguished by expression 
of  genes in the top 5% of  the positive end of  the hPC12 axis, i.e., (+) hPC12 across most individual ex vivo 
stimulation conditions. Using Fisher’s method to merge P values across stimulation and time point pairs 
(4 conditions total) indeed yielded statistical significance for this comparison only (P = 0.027; see Supple-
mental Table 6). We repeated these analyses for hPCs found to be associated with protection in only one 
NHP cohort (Supplemental Figure 8 and Supplemental Table 6), which further confirmed that the greatest 
separation between cases and controls was achieved using hPC12 genes. These results lent support for the 
idea that our species translation modeling can leverage animal model data to identify correlates of  relevant 
human phenotypes that can be difficult to assess using human data alone.

Discussion
BCG is currently the only TB vaccine available. Despite having been first approved for clinical use over a 
century ago (2), our understanding of  the mechanism(s) of  action of  BCG and the limitations of  its effi-
cacy remain elusive (3–5), likely due in part to constraints on disease characterization imposed by present 
clinical diagnostic tools (10, 11, 49). Animal models including mice and NHPs have thus been employed to 
investigate BCG-mediated protective immunity, but these models can further complicate the identification 
of  human-translatable biological insights due to cross-species discrepancies in the phenotypic relevance of  
immune processes and pathways (17, 18, 21).

Our lab has developed a cross-species modeling framework called TransCompR (27) that evaluates 
orthogonal axes of  transcriptional or proteomic variability in one species with respect to a phenotype or 
biological outcome of  interest in another species, allowing for the explicit accounting of  cross-species 
differences. Previous applications of  TransCompR have identified underappreciated pathological mech-
anisms in various disease contexts that were not apparent with traditional cross-species comparisons (21, 
27, 29–32). Here, we adapted TransCompR to identify human-relevant biological pathways that were 
predictive of  BCG-mediated protective immunity, a disease-relevant biological outcome that is best char-
acterized in animal models given experimental and ethical considerations. We used both newly generated 
and publicly available (33, 34) bulk blood transcriptomics datasets from human participants and animal 
models to construct and test our species translation model. It is important to note that lung-localized 
immune responses, collected at the site of  infection and typically quantified via BAL, might be more 
disease-relevant. However, blood-based responses maintain clinical relevance because they are more eas-
ily measured at scale in human participants. We also note that the human data captured transcription-
al responses to percutaneous and intradermal BCG vaccination, while much of  the animal model data 
described responses to intravenous BCG vaccination, a route that is not approved for clinical use. Differ-
ent routes of  BCG vaccination, despite reported differences in protective efficacy, have been shown to 
induce many of  the same cellular responses in BAL (34) and humoral responses in plasma (50), albeit at 
varying magnitudes, supporting the validity of  our cross-species comparison of  datasets.

Our hPC model, built on human blood transcriptomic data, was separately able to predict ex vivo 
BCG-specific immune responses in infants (Figure 2) and post–M. tuberculosis challenge outcomes, as 
assessed in two different publicly available, BCG-vaccinated NHP cohorts (Figure 3). Interestingly, we 
found no hPCs that were associated both with protection across the 2 NHP cohorts and BCG-specific 
T cell responses in infants (Supplemental Figure 5D). This result is somewhat surprising given that 
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Figure 5. GSE20716 provides partial validation for associations between hPCs and protection. (A) Schematic detailing microarray data collection strategy 
for independent cohort of South African infants. (B) Box plots visualizing normalized enrichment scores (NESs) calculated with ssGSEA for each microar-
ray sample either (left) left unstimulated or (right) BCG-stimulated ex vivo for (top) 4 or (bottom) 12 hours. The thick center line of the box denotes the 
median; the bounds of the boxes (hinges) denote the 25th and 75th percentiles; the upper and lower whiskers extend ±1.5 × interquartile range from the 
upper and lower hinges, respectively; data beyond the whiskers are considered outliers and plotted individually. Samples were separated by case (red) 
versus control (blue) follow-up outcome and by major cluster assigned in the original publication of this dataset. Statistical testing between distributions 
of enrichment scores between cases and controls was conducted by unpaired t test.
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antigen-specific IFN-γ production by T cells has been historically considered to be a BCG-mediated 
immune correlate of  protection (22, 51), although there is a growing body of  literature that contradicts 
this in both humans and animal models (6, 52). The magnitude of  M. tuberculosis–specific IFN-γ pro-
duction has also been previously proposed as a marker of  disease progression (53), which might explain 
why the nonprotected end of  hPC4 corresponded with BCG-specific IFN-γ expression in T cells (Figure 
2C and Figure 3, B and C), and provides a plausible mechanism for BCG-specific Th1 subsets that fail 
to protect. It is also possible that BCG-mediated antimycobacterial immunity requires polyfunctional T 
cell responses, which have been demonstrated by previous literature (54) and which are not captured by 
observing IFN-γ expression alone.

Instead, we observed a statistically significant association between hPC12 and BCG-reactive IL-6 
expression in mDCs. IL-6 is a pleiotropic cytokine with a wide array of  biological functions. In the contexts 
of  BCG vaccination and M. tuberculosis infection, most previous literature has focused on establishing the 
role of  IL-6 in CD4+ (Th1/17) and CD8+ T cell activation (55, 56). However, the observed antigen “spec-
ificity” of  this mDC response, given that hPC12 maintained no significant associations with IL-6+ mDCs 
(%) under unstimulated or SEB-stimulated conditions (Supplemental Figure 1B), was unexpected given 
that it is an innate immune response. This finding bears similarity to findings from recent work demonstrat-
ing BCG-induced innate immune memory, also called trained immunity, which occurs via epigenetic repro-
gramming and has been observed in various cell types, including bone marrow hematopoietic stem cells, 
multipotent progenitors, and circulating monocytes (57–60). This phenomenon has also been observed in 
mature myeloid cell types, including lung-resident alveolar macrophages with BCG vaccination (61) and 
splenic DCs with fungal pathogenic stimulation (62). More evidence is needed to definitively disentangle 
whether DCs can be induced to elicit memory-like immunological responses against mycobacteria and how 
these responses might participate in BCG-mediated protective immunity.

Of  those human-derived PCs found to associate with protection in NHPs, a common theme of  time 
dependence emerged. This was a fundamental nuance of  our analyses, which emphasized the dynamic 
nature of  vaccine-induced processes and pathways and highlighted the importance of  considering time as 
a variable when assessing BCG-mediated immune correlates of  protection. On this topic, we further noted 
that the temporal component of  the associations between hPC5 and hPC12 and protection was the same 
for both cohorts (Figure 3B and Supplemental Figure 5B), lending further support for the idea that these 
orthogonal axes of  transcriptional variance represented species-translatable, time-dependent, and largely 
acute mechanisms that play a role in BCG-mediated protective immunity.

We next used GSEA to reveal which biological processes and pathways might be captured by the 
protection-associated human-derived PCs in our species translation model, focusing our interpretation 
on hPC12 and hPC5. hPC12, across reference databases (39, 40), was enriched for innate immune acti-
vation via RIG-I–like and NOD-like receptors, antiviral immunity, and type I IFN signaling. RIG-I ago-
nism in concert with BCG vaccination has been shown, albeit in mice, to enhance antigen presentation, 
myeloid-specific β secretion, memory T cell expansion, and BCG-mediated protective responses (63), and 
therefore, it is possible that hPC12 captures transcriptional variability associated with multiple innate 
immune processes that ultimately cooperate to facilitate anti-TB immunity through the initiation of  myco-
bacterial-specific T cell responses. The characterization of  type I IFN signaling as protective might be 
controversial given that previous studies have described this pathway as an immune correlate of  risk (64, 
65); however, timing and vaccination status might provide crucial context, as other studies have described 
a protective role for type I IFNs against M. tuberculosis infection specifically during the acute phase of  
response to BCG vaccination (33, 66). This dual role of  type I IFNs has also been observed in response to 
viral vaccines (67, 68).

Regarding hPC5, we found this human-derived axis of  transcriptional variability to be enriched for 
biological processes concerning innate-adaptive immune crosstalk, Th differentiation, and B cell activation. 
Of  particular interest was the enrichment of  hPC5 for signaling via Dectin-1, which is typically restrict-
ed to APCs, and has been previously linked to antimycobacterial immune responses in part through the 
induction of  Th1/Th17-polarizing cytokines (43–46). While antigen-specific Th1 responses have long 
been considered to be necessary for natural and BCG-induced anti-TB immunity (69–71), recent work 
has described roles for noncanonical T cell subsets, including Th17 cells, in M. tuberculosis control (32, 
72) and in vaccine-induced protective responses (73–75) across both humans and animal models. hPC5 
being enriched for Th17 differentiation and Th17-inducible cytokine signaling thus provides support for 
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the idea that noncanonical T cell responses should be further considered as a species-translatable feature 
of  BCG-mediated protective immunity. Moreover, evaluating the enrichment of  these gene sets over time 
with ssGSEA (Figure 4D and Supplemental Figure 7) reinforced our assertions that the human-relevant 
correlates of  protection identified by our species translation model were BCG-induced and translatable 
even across different animal model species, albeit not time-agnostic.

Finally, we partially validated the protection-associated mechanisms inferred from our translation 
model using a publicly available microarray dataset collected from BCG-vaccinated South African infants, 
which were categorized as cases or controls during 2 years of  follow-up (35). The original study, which 
was unable to robustly characterize a common correlate of  risk from the microarray data, instead identi-
fied 2 clusters of  infants across follow-up outcomes by their patterns in gene expression. Of  these 2 clus-
ters, we found that infants belonging to cluster 1 could be distinguished as cases or controls by their blood 
transcriptional expression of  genes in the top 5% of  the positive end of  the hPC12 axis, i.e., (+) hPC12 
by loadings. Expression of  genes along either extreme of  hPC5, which we also predicted to be associated 
with protection, did not significantly separate infants in this cohort with respect to their follow-up out-
come. Partial validation of  our hypotheses was not a surprising result, given that existing clinical data 
that attempt to characterize BCG-mediated protection outcomes are quite limited. Vaccination at birth is 
standard of  care in countries with high TB incidence and precludes collection of  data from nonvaccinated 
participants, which limits the ability to distinguish between vaccine-induced and natural anti-TB immuni-
ty. Additionally, without deliberate pathogen exposure, it is possible that healthy controls comprise both 
protected and unexposed individuals, which would further occlude the detection of  BCG-mediated pro-
tective signals. Moreover, as demonstrated in Fletcher et al. (35), variance among study participants can 
yield divergent host responses to vaccination and mask disease-relevant biological signals. We further 
note that validation was more frequently achieved in unstimulated rather than BCG-stimulated samples, 
although this could be attributed in part to technical artifacts introduced by the substantial experimental 
manipulation required to thaw and restimulate cryopreserved samples with a live bacterium. Regardless 
of  limitations in the validation data, we also acknowledge the caveat that our species translation modeling 
approach identifies human-relevant, i.e., conserved, signatures of  protection from NHP data, and human 
relevance is not alone a sufficient condition for disease relevance in humans.

Overall, this study highlights the utility of  translational cross-species modeling to leverage animal 
studies to uncover mechanisms of  action in humans where no outcome data are available. While applied 
here to analyze human and NHP bulk blood transcriptomics to investigate BCG-mediated protective 
immunity, TransCompR is generalizable to a wide variety of  biological contexts, species, and data modal-
ities, although its reliance on homology matching does impose limitations on its application to cases 
where a 1-1 mapping between cross-species features does not exist. Despite this, our computational frame-
work remains well-suited for heterogeneous and highly variable datasets, facilitating a systems biology 
approach to identifying disease-relevant biological variance. Altogether, cross-species modeling is a useful 
tool to better understand the mechanisms underlying vaccine-mediated protective immunity, ultimately 
supporting the development of  improved preventive interventions for TB.

Methods

Sex as a biological variable
Of the South African infants profiled by bulk RNA-seq (n = 60), 29 were male and 31 were female. We observed 
no significant associations between human-derived PCs retained in the species translation model and biological 
sex (results not shown), and therefore we assert similar findings for both sexes. The publicly available NHP 
cohorts were well-balanced regarding biological sex, and sex-dimorphic effects were not observed with respect 
to post–M. tuberculosis challenge outcomes. Regarding the DO mice, our study exclusively examined female 
DO mice owing to issues with aggression and housing constraints experienced with male mice.

Cohorts and corresponding study designs
South African infant cohort. We performed a nested case-control study of  participants from a parent cohort of  
11,680 South African infants (6, 7), who were vaccinated with BCG either percutaneously or intradermally 
within 24 hours of  birth and from whom blood was collected at 10 weeks after birth for immunological 
analyses (6). The vast majority (88.33%) of  these infants were of  mixed ethnic ancestry, with a median 
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birth weight of  2.81 kg. In this work, we analyzed a group of  60 infants (29 male, 31 female) who had avail-
able cryopreserved PBMCs and who had the highest or lowest IFN-γ–expressing T cell responses to BCG, 
selected from 189 infants with data on BCG-specific cytokine responses (76). Selection of  these infants was 
not informed by biological sex.

NHP dose cohort (GSE218270). 34 adult Indian-origin rhesus macaques (M. mulatta) (16 male, 18 
female; median age 4.4 years) were included in the previously published dose cohort (33). Macaques were 
randomized into 6 vaccine groups to receive varying doses of  intravenous BCG vaccination (4.5–7.5 log10 
CFU, in half-log increments), and whole blood was collected 4 weeks prior to vaccination and at 2 days, 2 
weeks, 4 weeks, and 12 weeks after vaccination for bulk RNA-seq. Macaques were challenged 5–6 months 
after vaccination with a low dose of  M. tuberculosis and euthanized 12 weeks later, or at the humane end-
point, for analysis of  disease burden. As in the original publication (33), protection was defined as fewer 
than 100 total CFU M. tuberculosis in lung tissues upon necropsy. Processed sequencing data were obtained 
from GEO under accession number GSE218270. Corresponding flow cytometry and antibody titers mea-
sured at the same time points were obtained from a repository (https://github.com/Khatri-Lab/bcg_tran-
scriptome; branch name: main; Commit ID: c14215d…8df49c6).

NHP route cohort (GSE218157). 35 adult Indian-origin rhesus macaques (M. mulatta) (17 male, 18 female; 
median age 4.7 years) were included in the previously published route cohort (36). Macaques received BCG 
vaccination through different routes that were randomly assigned: aerosol (n = 7), intradermal (n = 7), high-dose 
intradermal (n = 8), combined aerosol and intradermal (n = 7), and intravenous at 5 × 107 CFU of BCG (n = 7). 
Whole blood was collected at baseline and at 2 days, 2 weeks, and 12 weeks after vaccination for bulk RNA-seq. 
Macaques were later challenged with M. tuberculosis 6–10 months following BCG vaccination and euthanized 
11–15 weeks following challenge or at humane endpoint for analysis of disease burden. As in the original pub-
lication, protection was defined as fewer than 100 total CFU M. tuberculosis [i.e., log10(CFU) < 2] in lung tissues 
upon necropsy. Processed sequencing data were obtained from GEO under accession number GSE218157.

DO mouse cohort
DO mice were purchased from The Jackson Laboratory. Whole blood was collected from 99 DO mice (48) 
2 weeks prior to and 2–3 weeks postintradermal BCG (Pasteur) vaccination for bulk RNA-seq. Mice were 
then challenged with aerosol M. tuberculosis infection 8 weeks after vaccination and euthanized 14 weeks 
following challenge for analysis of  disease burden. Protection was defined as fewer than 25,000 total CFU 
M. tuberculosis [i.e., log10(CFU) < 4.4] in lung tissues upon necropsy. Nine mice died prior to endpoint, and 
their disease burdens were unable to be assessed; these mice were excluded from our analyses.

Fletcher et al. cohort (GSE20716). 46 BCG-vaccinated South African infants were included in the previ-
ously published microarray dataset from Fletcher et al. (35). Blood was collected 10 weeks after birth for 
PBMC isolation and microarray data analysis. Infants were then followed over a 2-year period for charac-
terization of  confirmed TB cases (n = 26) or controls (n = 20). Processed microarray data were obtained 
from GEO under accession number GSE20716.

Human blood collection, stimulation, and cryopreservation
At 10 weeks of  age, heparinized venous blood was collected from all infants. For ICS, 1 mL whole blood 
was immediately incubated with BCG (SSI strain, 1.2 × 106 organisms/mL), as previously described 
(6). Whole blood incubated with medium alone served as negative control, and SEB (10 μg/mL;  
Sigma-Aldrich) was used as positive control. The costimulatory antibodies, anti-CD28 (L293) and anti-
CD49d (L25) (1 μg/mL each; BD Biosciences), were added to all conditions for enhancement of  specific 
responses. Blood was incubated for 7 hours at 37°C. Brefeldin-A was then added, followed by incubation 
for an additional 5 hours. Cells were then harvested, fixed, and cryopreserved as previously described 
(77). PBMCs were isolated by Ficoll-density gradient centrifugation and cryopreserved in liquid nitro-
gen. For bulk RNA-seq, PBMCs were thawed, washed, and immediately used for RNA extraction.

Human bulk RNA-seq and analysis
RNA was isolated according to the manufacturer’s protocol using an miRNeasy Mini Kit (Qiagen). 
RNA integrity and yield was tested on the Agilent 2100 Bioanalyzer. The resulting cDNA was used 
to prepare a sequencing library. Libraries were sequenced on a MGI DNBSEQ-G400RS platform 
using DNBSEQ-G400RS high through-put sequencing set (FCL PE100) to acquire paired-end reads 

https://doi.org/10.1172/jci.insight.194450
https://github.com/Khatri-Lab/bcg_transcriptome
https://github.com/Khatri-Lab/bcg_transcriptome


1 4

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(24):e194450  https://doi.org/10.1172/jci.insight.194450

of  100 base pairs in length. Reads were aligned against the human reference genome: Homo sapiens 
GRCh38. Analysis of  reads was performed in R v4.1.2. The data were log2-normalized (voom trans-
formation) for downstream analyses. Lowly expressed genes were filtered by CPM greater than 2 in at 
least 5 samples.

Human ICS
ICS was performed as previously described (76). Briefly, cryopreserved cells were thawed, washed, and 
permeabilized with Perm/wash solution (BD Biosciences). Cells were then incubated at 4°C for 1 hour 
with fluorescence-conjugated antibodies directed against surface antigens and intracellular cytokines. The 
following antibodies from BD Biosciences were used: anti-CD3 APC-H7 (clone SK7); anti-CD66 BV711 
(B6.2/CD66); anti-CD14 PercP eFluor 710 (61D3); anti-CD33 BV650 (WM5); anti-CD16 AF488 (3G); 
anti-CD123 BV785 (6H6); anti-CD11c BV421 (3.9); anti–TNF-α Cy7PE (Mab11); anti–IFN-γ AF700 
(B27); anti-IL-6 APC (MQ2-13A5); anti-PD-L1/CD274 PE (MIH1); and anti-CD40 BV510 (5C3). Cells 
were acquired on a LSR II flow cytometer (BD Biosciences) configured with 3 lasers and 10 detectors, 
with FACS Diva 6.1 software. Optimal photomultiplier tube settings were established for this study before 
sample analysis. Cytometer setting and tracking beads (BD Biosciences) were used to record the target 
median fluorescence intensity values for the baseline settings, and these calibrations were performed each 
day before sample acquisition. Compensation settings were set with anti-mouse κ-beads (BD Biosciences) 
labeled with the respective fluorochrome-conjugated antibodies. Flowjo version 8.8.4 (Treestar) was used 
to compensate and to analyze the flow cytometric data.

Mouse vaccinations, bacterial infections, and assessment of bacterial burden
100 DO mice were vaccinated intradermally with 105 CFU of  BCG. At 8 weeks after vaccination, animals 
were challenged by aerosol with M. tuberculosis Erdman with –50 CFU delivered to the lungs. Bacterial 
burdens in lung tissue were determined at necropsy at 14 weeks after challenge as previously described (78). 
These 100 animals were chosen from replicate experiments of  similar design and outcome from previously 
published studies (79) and represented a spectrum of  outcomes regarding lung and spleen M. tuberculosis 
burden, lung histopathology, and early moribund.

Mouse blood collection for bulk RNA-seq
For each DO mouse, approximately 100 μL blood was collected via tail nick directly into RNALater (Thermo 
Fisher Scientific) at 14 days before and 14 days after vaccination. RNA was extracted from whole blood using 
the Mouse Ribopure Blood RNA kit (Ambion). All RNA samples were treated with DNase to remove contam-
inating DNA and then purified using QiaQuick Spin skits (Qiagen). RNA quantification was performed with a 
Nanodrop spectrophotometer (Thermo Fisher Scientific).

Mouse bulk RNA-seq and analysis
RNA-seq was performed by Qiagen using 10 ng RNA per sample. Library preparation was done using 
the QIAseq UPX 3’ Transcriptome kit (Quiagen). During reverse transcription, each cell was tagged 
with a unique ID (up to 384 different IDs), and each RNA molecule is tagged with a unique molecular 
index (UMI). Then RNA was converted to cDNA. The cDNA was amplified using PCR and indices 
were added. After PCR, the samples were purified, and library preparation QC was performed using 
TapeStation 4200 (Agilent) or Agilent Bioanalyzer. Based on the quality of  the inserts and the con-
centration measurements, the libraries were pooled in equimolar ratios. The library pool(s) were quan-
tified using qPCR. The library pools were then sequenced on a NextSeq500 sequencing instrument 
according to the manufacturer instructions. Raw data were then processed using UMI-tools (80) to 
extract sample barcodes, remove globin transcripts in silico (>90% total RNA), and perform gene-wise 
deduplication. FASTQ files for each sample were then generated using bam2fastq. Genome Recon-
struction by RNA-seq (81) was then used to perform haplotype-specific alignment of  reads against a 
transcriptome reference containing sequences from all 8 parental strains to generate a count matrix of  
reads assigned to their most likely origins. Samples with fewer than 2,000 total counts were removed 
for downstream analysis, and then a ZINB-WaVE transformation (82) was applied to the data in place 
of  normalization.

https://doi.org/10.1172/jci.insight.194450


1 5

R E S E A R C H  A R T I C L E

JCI Insight 2025;10(24):e194450  https://doi.org/10.1172/jci.insight.194450

Regression of principal component scores onto covariates
Univariate regressions were performed to identify covariates that explain variation in score distributions 
on specific hPCs. For binary covariates (human: responder group; NHP: binned postchallenge protection 
outcome), logistic regressions were performed, and z values were reported as regression coefficients. For 
continuous covariates (human: ICS features; NHP: BCG dose, postchallenge lung bacterial burden), linear 
regressions were performed, and t values were reported as regression coefficients. All regression coefficients 
are presented as average ± SD from 5-fold cross-validation.

TransCompR
PCA was performed on the z-score-normalized, ortholog-limited human data using the prcomp function 
from the stats package (v3.6.2) in R to obtain the human sample scores and gene loadings on each hPC. 
The first 15 hPCs explained 80% of  variance in the human data and were thus retained for downstream 
analyses. NHP samples were projected into this 15 hPC space by multiplying the z-score-normalized, 
ortholog-limited NHP data matrix by the human gene loadings matrix (Supplemental Table 7), resulting 
in a matrix of  NHP scores in the hPC space. The variance of  the NHP scores along all hPCs was totaled 
and used to normalize the amount of  variance in the projected NHP data explained by each individual 
hPC. hPCs were then downselected by whether their univariate regression coefficient was statistically 
significant across all 5 cross-validation folds. Univariate regression modeling was conducted using the 
glm function from the stats package (v3.6.2) in R.

TransCompR model validation
To ensure that we constructed a TransCompR model which predicted post–M. tuberculosis challenge 
bacterial burden with better performance than random chance, we compared prediction error or accu-
racy for covariate TransCompR models using all significantly univariately-associated hPCs to a series 
of  null models with either random hPC selection or shuffled outcome variable (CFU or binned pro-
tection outcome). For all models, distributions of  test error or accuracy scores were generated using 
1,000 trials of  5-fold cross-validation. Distributions were then statistically compared by Wilcoxon’s 
rank-sum testing.

GSEA
To biologically interpret protection-associated hPCs, we used the Reactome Pathway (39) and KEGG 
(40) databases as references. For Reactome Pathway terms, we used the fgsea package (v1.21.1) in R (83) 
to calculate enrichment scores and estimate P values. KEGG terms were limited to exclude those that 
were related to cancer or were specific to nonblood tissues. To calculate odds ratios for KEGG terms, we 
used the enrichR package (v3.3) in R (84), using the top 20% of  genes along the extreme of  each hPC as 
input. ssGSEA was performed using select Reactome Pathway leading edge gene sets, and statistical testing 
between relevant groups (protected vs. nonprotected) was conducted by unpaired t test with Holm-Šídák’s 
multiple comparison correction across time points calculated in GraphPad.

Statistics
Summary data are presented as mean ± SD unless otherwise specified. Statistical analyses are specified in 
the figure legends and include unpaired 2-tailed t test, Holm-Šídák’s multiple comparison correction, uni-
variate regression, and Wald’s test. Values were generally considered significant at P < 0.05. All analyses 
were performed using either custom R scripts or GraphPad Prism (version 10.0.3).

Study approval
Human participants were enrolled from a parent study (6, 7), which was conducted in accordance with the 
US Department of  Health and Human Services and Good Clinical Practice guidelines and included proto-
col approval by the University of  Cape Town Human Research Ethics Committee (332/2005) and written 
informed consent from the parent or legal guardian. All studies utilizing DO mice were performed under 
protocols approved by the Institutional Animal Care and Use Committee of  the Center for Biologics Eval-
uation and Research at the Food and Drug Administration (#2011-14). Animal protocols stressed practices 
and procedures designed to strictly minimize any suffering.
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Data availability
The publicly available data utilized in this study can be found on NCBI Gene Expression Omnibus 
(GEO) under the following accession numbers: GSE218270 (NHP dose cohort), GSE218157 (NHP route 
cohort), GSE20716 (infant microarray data). The BCG-vaccinated infant bulk RNA-seq data published in 
this study are publicly available in the Sequence Read Archive (SRA) with BioProject ID PRJNA1321723. 
The DO mouse bulk RNA-seq data published in this study are publicly available in GEO at GSE308309. 
The TransCompR species translation modeling code was adapted from MathWorks File Exchange (no. 
77987). Values for all data points in graphs are reported in the Supporting Data Values file.
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