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Humoral correlates of protection
against Mycobacterium tuberculosis following
intravenous BCG vaccination in rhesus macaques

Edward B. Irvine,1,2 Patricia A. Darrah,3 Shu Wang,4 Chuangqi Wang,4,6 Ryan P. McNamara,1 Mario Roederer,3

Robert A. Seder,3 Douglas A. Lauffenburger,4,7 JoAnne L. Flynn,5,7 Sarah M. Fortune,1,2,7,* and Galit Alter1,7,8,*
SUMMARY

Altering Bacille Calmette-Guérin (BCG) immunization from low-dose intradermal (i.d.) to high-dose intra-
venous (i.v.) vaccination provides a high level of protection againstMycobacterium tuberculosis (Mtb). In
addition to strong T cell immunity, i.v. BCG drives robust humoral immune responses that track with bac-
terial control. However, given the near-complete protection afforded by high-dose i.v. BCG immunization,
a precise correlate of protection was difficult to define. Here we leveraged plasma and bronchoalveolar
lavage fluid (BAL) from a cohort of rhesus macaques that received decreasing doses of i.v. BCG and aimed
to define correlates of immunity followingMtb challenge.We show an i.v. BCG dose-dependent induction
of mycobacterial-specific humoral immune responses. Antibody responses at peak immunogenicity pre-
dicted bacterial control post-challenge. Multivariate analyses revealed antibody-mediated complement
and natural killer (NK) cell-activating humoral networks as key signatures of protective immunity. This
work extends our understanding of humoral biomarkers and potential mechanisms of i.v. BCG-mediated
protection against Mtb.

INTRODUCTION

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), caused an estimated 1.3 million deaths in 2022.1 Antibiotics to

treat TB exist, yet their effectiveness is hampered by imperfect patient adherence to lengthy drug regimens and emerging antibiotic resis-

tance.1 Like other infectious diseases, mass vaccination against TB would provide the most efficient intervention to control the epidemic.

However, Bacille Calmette-Guérin (BCG), the only approved TB vaccine, fails to effectively prevent Mtb infection or disease in adults.2 In

the absence of a defined correlate of protection against Mtb, the design of next-generation vaccines has proven difficult.

While standard intradermal (i.d.) BCG administration results in limited protection against pulmonary disease in adolescents/adults, recent

data demonstrate that simply switching the route of BCG administration can lead to profound protection againstMtb infection.3 Specifically,

while ID immunization of rhesusmacaques with BCG leads toMtb infection and disease in all macaques, macaques that received a high-dose

(5e+07 colony forming units [CFUs]) of intravenous (i.v.) BCG exhibited a remarkable level of protection from Mtb infection, with 6 out of 10

macaques exhibiting no detectableMtb burden and 9 out of 10 harboring less than 100 CFUs at the time of necropsy.3 Although the mech-

anisms of protection are yet to be strictly defined, i.v. BCGdrove the persistent activation of lung-localizedmyeloid cells4 and induced a broad

expansion in polyfunctional T cells and antibody titers in the periphery and lungs compared to ID BCG.3,5 Furthermore, antigen-specific

immunoglobulin (Ig)M responses were among the strongest humoral signatures of i.v. BCG-induced protection.5 However, due to the limited

number of i.v. BCG-vaccinated rhesus macaques with breakthrough infections in the original study,3 precise correlates of i.v. BCG-mediated

protection were unable to be defined.

To define i.v. BCG-induced correlates of immunity, a follow-up dose de-escalation study was performed, in which rhesus macaques were

vaccinated with decreasing doses of i.v. BCG prior toMtb challenge.6 Computational analysis of immune data identified CD4 T cell functions

and natural killer (NK) cell numbers to be dose-independent primary correlates of i.v. BCG-mediated protection.6 While simple lipoarabino-

mannan (LAM)- and purified protein derivative (PPD)-specific antibody titer measurements were captured in the original immune correlates

analysis,6 we hypothesized that a more extensive survey of antibody responses elicited by i.v. BCG immunization may unveil correlates of
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protection and provide insight into potential humoral mechanisms ofMtb control. Detailed antibody profiling of plasma and bronchoalveolar

lavage fluid (BAL) collected over the course of this vaccination study revealed an i.v. BCGdose-dependent induction ofmycobacterial-specific

humoral immunity. Further, antibody profiles in the plasma and BAL at peak immunogenicity significantly predictedMtb infection outcome.

Finally, multivariate linear modeling of longitudinal antibody data identified antigen-specific IgM responses, along with antibody comple-

ment and NK cell activation as key surrogates of Mtb control. These data confirm previous work, which identified robust IgM responses as

a marker of i.v. BCG-induced protection.5 Additionally, they reveal biomarkers associated with protective immunity toMtb, providing insights

into the mechanisms through which antibodies may contribute to protection.

RESULTS
Dose-dependent induction of systemic humoral immune responses by i.v. BCG

i.v. BCG provides striking protection againstMtb in rhesus macaques.3 To identify the correlates of protection, a vaccine dose de-escalation

study was designed to elicit a continuum of i.v. BCG-induced immunity and potentially a range of protective outcomes after challenge.6 Spe-

cifically, rhesusmacaques were immunized with decreasing doses of i.v. BCG ranging from 2.49e+07 to 3.88e+04 CFUs (Figure 1A; Table S1).6

Plasma and BAL samples were collected from each macaque prior to i.v. BCG vaccination, and at 4, 8/9, 12, and 22 weeks following vaccina-

tion (Figure 1A).6 Each macaque was challenged with Mtb 24 weeks following immunization (Figure 1A).6 While BAL was not collected after

Mtb challenge to avoid perturbing the course of infection, post-challenge plasma was collected 26, 28, and 36 weeks following i.v. BCG vacci-

nation (Figure 1A).6 Finally, the total thoracic CFU present in each macaque was quantified at necropsy performed 36 weeks following vacci-

nation (12 weeks followingMtb challenge) (Figures 1A and 1B).6 As expected, the dose of i.v. BCG administered significantly negatively corre-

latedwith total CFU (spearman r:�0.414,p value: 0.015) (Figure 1B). This correlationwas not perfect, likely reflecting the complex dynamics of

Mtb infection and the development of protective immunity. Notably, a proportion of macaques in each i.v. BCG dose group were protected,

and several cases of breakthrough infections emerged across the spectrum of dose groups (Figure 1B).6 Overall, the cohort was divided

evenly between sterilely protected macaques (n = 17) and those with breakthrough infections (n = 17) (Figure 1B),6 providing the critical het-

erogeneity in outcome needed to mine for humoral correlates of i.v. BCG-mediated protection.

We first leveraged systems serology, an agnostic antibody profiling platform,8 to probe i.v. BCG-inducedmycobacterial-specific antibody

profiles across a panel of 9mycobacterial antigenswith distinct biology andmolecular function. In addition to PPD, which is a complexmixture

of mycobacterial antigens,9 mycobacterial-specific antibody responses were probed against secreted proteins (Ag85 and Mpt64),10,11 cell-

membrane proteins (PstS1 and Apa),12,13 a cell wall glycolipid (LAM),14 intracellular proteins (HspX and GroES),15,16 and an Ebola virus-nega-

tive control protein (EBOV). In addition to antibody titers, Fcg-receptor binding and antibody effector functions were captured—which reflect

nuances in titer, isotype, and Fc glycans—to provide a more comprehensive view of the humoral immune responses elicited. Antibody dy-

namics were assessed by computing the fold change in Luminex median fluorescence intensity (MFI) over the baseline pre-vaccination level

for each macaque at each time point (Data S1).

IgG1 titers specific to LAM, PstS1, Apa, and PPD were induced by vaccination, whereas negligible vaccine-induced IgG1 titers were

observed to HspX, Ag85, Mpt64, GroES, or the EBOV-negative control antigen in the plasma (Figure 1C). i.v. BCG-induced IgA and IgM re-

sponses were largely limited to LAM and PstS1 (Figures S1A and S1B). Consistent with previous work,3 afterMtb challenge, a majority of i.v.

BCG-vaccinatedmacaques exhibitedweak or undetectable anamnestic responses (Figures 1C, S1A, and S1B), suggesting the rapid clearance

of Mtb after challenge. However, several macaques in the lower-dosage groups mounted antibody responses to LAM, HspX, Ag85, Mpt64,

and GroES after challenge (Figures 1C, S1A, and S1B), pointing to distinct antibody reactivity patterns induced in the cohort by BCG vacci-

nation and Mtb infection.

We next integrated the 90 plasma antibody features evaluated to define those most heavily influenced by vaccine dose at peak immuno-

genicity (week 4). Antibody features with low signal (average fold change less than 1.25) were first removed, and then the remaining features

with detectable vaccine-induced signal at week 4 were each individually correlated with i.v. BCG dose (Figure 1D). LAM-specific C1Q binding

(spearman r: 0.585,p value: 2.82e-04), LAM-specific IgM (spearman r: 0.574,p value: 3.82e-04), LAM-specific IgG1 (spearman r: 0.449,p value:

7.79e-03), and PstS1-specific IgM (spearman r: 0.573, p value: 3.92e-04) were the only antibody features at peak immunogenicity that re-

mained significantly positively correlated with BCG dose after multiple testing correction (Figures 1D and 1E).7 Other features including

LAM-specific antibody-dependent NK degranulation (spearman r: 0.402, p value: 0.018) and Apa-specific IgM (spearman r: 0.379, p value:

0.027) and C1Q-binding antibodies (spearman r: 0.398, p value: 0.020) also positively correlated with i.v. BCGdose, but these features did not

remain significant following multiple testing correction (Figure 1D). Together, these data indicate that i.v. BCG drives a dose-dependent

change in mycobacterial-specific peripheral humoral immunity, with antigen-specific IgM and C1Q binding responses tracking most closely

with the dose of vaccine administered.

Dose-dependent induction of airway humoral immune responses by i.v. BCG

We next evaluated mycobacterial-specific antibody titers, Fcg-receptor binding, and antibody effector activity in the BAL fluid. Unlike plasma

samples, vaccine-induced antibody responses were detected to all mycobacterial antigens, at least in a subset of macaques (Figures 2A, S2A,

and S2B). i.v. BCG drove particularly robust LAM-specific responses in the airways, reaching up to a 600-fold increase in LAM-specific IgG1

titers in some macaques at week 4 (Figures 2A, S2A, and S2B). BAL IgG1, IgA, and IgM titers largely peaked at week 4 and then waned over

time (Figures 2A, S2A, and S2B). Yet, even 12 weeks following i.v. BCG immunization, the closest time point available beforeMtb challenge,

several macaques in the higher dosage groups maintained antibody titers above the pre-vaccination level (Figures 2A, S2A, and S2B). As
2 iScience 27, 111128, December 20, 2024



Figure 1. Study design and impact of i.v. BCG dose on plasma antibody responses

(A) 34 rhesus macaques were vaccinated with i.v. BCG at doses ranging from 3.88 3 104 to 2.493 107 CFUs. Macaques were challenged with 4–17 CFUs ofMtb

Erdman 24 weeks following vaccination. Plasma and bronchoalveolar lavage fluid (BAL) were collected at multiple time points during the vaccination and

infection phase for analysis. Week 8/9 indicates that samples were collected either 8 or 9 weeks following vaccination. Week 9 is used in future figures for

simplicity. Figure created using BioRender.com.

(B) TotalMtbCFUmeasured at necropsy in eachmacaque.6 Boxes represent the interquartile range. The whiskers extend to the smallest and largest values within

1.5 times of the interquartile range. Spearman correlation between log10(total Mtb CFU) and i.v. BCG dose indicated.

(C) Fold change in IgG1 titers to various antigens in the plasma following i.v. BCG vaccination. Fold changes were calculated as fold change in Luminex median

fluorescence intensity (MFI) over the pre-vaccination level for each macaque. Macaques are colored by i.v. BCG dose, and each point represents the duplicate

average from a single macaque. Dashed vertical line indicates the time ofMtb challenge. Gray shaded area is the background level set to 2 standard deviations

above the mean MFI of the pre-vaccination samples. A mixed-effects model was applied to assess the impact of vaccine dose on antibody titers over time. The

model p values, indicating the significance of the dose effect, are displayed in the top right corner.

(D) Spearman correlations between i.v. BCG dose and each plasma antibody measurement collected at peak immunogenicity (week 4). Antibody features with

low signal (average fold change less than 1.25) were removed prior to i.v. BCG dose correlation analysis. Black dotted horizontal line indicates unadjusted p value

of 0.05. Red and blue dots represent antibody features with a significant positive or negative correlation with i.v. BCG dose, respectively, following multiple

testing correction (Benjamini-Hochberg adjusted p value <0.05).7

(E) Spearman correlations between selected plasma antibody features at peak immunogenicity (week 4) and i.v. BCG dose. Boxes represent the interquartile

range. The whiskers extend to the smallest and largest values within 1.5 times of the interquartile range.
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expected, neither IgG1 nor IgA responses reactive to the EBOV-negative control protein were observed at any time point (Figures 2A and

S2A), although a low level of IgM reactivity was observed likely due to the polyreactive nature of pentameric IgM (Figure S2B).17

We next integrated the 90 BAL antibody measurements captured at peak immunogenicity (week 4), removed those with low signal, and

correlated the remaining antibody features with i.v. BCG dose. Every antibody feature with detectable vaccine-induced signal exhibited a

significant positive correlation with i.v. BCG dose following multiple testing correction (Figure 2B).7 These significant BCG-dose correlates

included antibody features across isotypes, antigens, and assays (Figure 2B). LAM-specific C1Q-binding antibodies (spearman r: 0.874, p

value: 3.12e�11), Apa-specific FcgR3A binding antibodies (spearman r: 0.843, p value: 7.21e�10), and LAM-specific (spearman r: 0.869, p

value: 5.24e�11) and PstS1-specific (spearman r: 0.867, p value: 7.05e�11) IgM titers each correlated with i.v. BCG dose particularly closely
iScience 27, 111128, December 20, 2024 3
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Figure 2. Impact of i.v. BCG dose on BAL antibody responses

(A) Fold change in IgG1 titers to various antigens in the BAL following i.v. BCG vaccination. Fold changes were calculated as fold change in LuminexMFI over the

pre-vaccination level for each macaque. Macaques are colored by i.v. BCG dose, and each point represents the duplicate average from a single macaque. Gray

shaded area is the background level set to 2 standard deviations above the mean MFI of the pre-vaccination samples. A mixed-effects model was applied to

assess the impact of vaccine dose on antibody titers over time. The model p values, indicating the significance of the dose effect, are displayed in the top

right corner.

(B) Spearman correlations between i.v. BCG dose and each plasma antibody measurement collected at peak immunogenicity (week 4). Antibody features with

low signal (average fold change less than 1.25) were removed prior to i.v. BCG dose correlation analysis. Black dotted horizontal line indicates unadjusted p value

of 0.05. Red and blue dots represent antibody features with a significant positive or negative correlation with i.v. BCG dose, respectively, following multiple

testing correction (Benjamini-Hochberg adjusted p value <0.05).7

(C) Spearman correlations between selected BAL antibody features at peak immunogenicity (week 4) and i.v. BCG dose. Boxes represent the interquartile range.

The whiskers extend to the smallest and largest values within 1.5 times of the interquartile range.
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(Figures 2B and 2C). These data illustrate that antibody responses that emerge in the BAL following i.v. BCG immunization are highly depen-

dent on the dose of i.v. BCG administered.
Early i.v. BCG-induced antibody responses predict Mtb infection outcome

Antibodies represent the correlate of protection following nearly all clinically approved vaccines.18 Hence, we next sought to determine

whether peak mycobacterial-specific humoral immunity could similarly predict i.v. BCG-induced protection. We first examined the relation-

ship between BAL-derived antibody measurements at week 4 and bacterial burden quantified at necropsy (Figure 3A). After multiple testing

correction, a number of peak antibody features displayed a significant negative correlation with total CFU (Figure 3A). Specifically, PPD-spe-

cific FcgR2A (spearman r: �0.532, p value: 8.91e�04) and FcgR3A (spearman r: �0.538, p value: 9.06e�04) binding antibody levels were

among the strongest correlates of protection, as were LAM-specific IgG2 titers (spearman r:�0.524, p value: 1.20e�03) and IgM titers specific

to PstS1 (spearman r: �0.497, p value: 3.28e�03) and GroES (spearman r: �0.511, p value: 2.37e�03) (Figure 3A).

We next sought to define a minimal mycobacterial-specific antibody signature in the BAL, captured 4 weeks following immunization, that

could accurately predict i.v. BCG-induced protection against Mtb. i.v. BCG-vaccinated macaques were split into two groups to generate a

sterilizing Mtb control outcome variable distinguishing macaques that exhibited sterilizing protection against Mtb (total CFU = 0; n = 17)

and those that experienced breakthrough infections (total CFU>0; n = 17). Next, the BAL antibody profiling data were integrated, and a com-

bination of least absolute shrinkage and selection operator (LASSO) regularization and partial least-squares discriminant analysis (PLS-DA)

was implemented to identify a minimal set of features able to accurately separate the protected macaques from those with breakthrough

infections (Figure 3B). Separation was observed between the two groups simply based on variation along latent variable 1 (LV1) (Figure 3B,

left). Strikingly, as few as 2 of the total 90 features that were captured in the BAL samples were sufficient to significantly separate the

groups: LAM-specific FcgR3A binding antibodies and PPD-specific antibody-dependent neutrophil phagocytosis (ADNP) (Figures 3B [right]

and S3A). Given the success of this relatively simple PLS-DA model, we reasoned that individual antibody features may also have strong
4 iScience 27, 111128, December 20, 2024



Figure 3. Early BAL and plasma antibody features predict Mtb control at necropsy

(A and D) Spearman correlations between total Mtb CFU measured at necropsy and each (A) BAL and (D) plasma antibody measurement collected at peak

immunogenicity (week 4). Antibody features with low signal (average fold change less than 1.25) were removed prior to correlation analysis. Black dotted

horizontal line indicates an unadjusted p value of 0.05. Red and blue dots represent antibody features with a significant positive or negative correlation with

total Mtb CFU, respectively, following multiple testing correction (Benjamini-Hochberg adjusted p value <0.05).7

(B and E) PLS-DA model fit using LASSO-selected antibody features in the (B) BAL and (E) plasma. Left: plot of latent variable (LV) 1 and 2. Ellipses represent

95-percentile normal level sets. Right: LV1 loadings.

(C and F) Area under the receiver operating characteristic curve (AUROC) analysis using individual antibody features in the (C) BAL and (F) plasma. Left: AUROC of

the five most predictive features. Top individual antibody predictor in black, remaining features in gray. Right: receiver operating characteristic plot of the top

individual antibody predictor in the (C) BAL and (F) plasma. 95% confidence intervals of the AUROC are shown in brackets.
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predictive power. Thus, we next performed area under the receiver operator curve (AUROC) analysis to determine the ability of each to pre-

dict Mtb infection outcome (Figure 3C). Several peak BAL antibody features were strongly predictive of group separation on their own (Fig-

ure 3C). For example, LAM-specific FcgR3Abinding antibodies, a key feature identifiedby the LASSOmodel (Figure 3B, right), had anAUROC

value of 0.814 (Figure 3C), pointing to its considerable predictive power. BAL PPD-specific FcgR3A binding antibodies and LAM-specific IgG1

titers were also strong predictors of protection with AUROC values of 0.830 and 0.818, respectively (Figure 3C). Of note, the five antibody

features found to be most predictive during logistic regression analysis (Figure 3C, left) were also significantly higher in protected macaques

compared to those with breakthrough infection by Mann-Whitney analysis (Figure S3B).

We next aimed to determine whetherMtb infection outcome following i.v. BCG vaccination could be predicted using peak (week 4) anti-

body measurements in the plasma—a compartment easier to sample and thus of high value for correlate of protection studies. Plasma LAM-

specific NK cell degranulation (spearman r:�0.401, p value: 0.019) as well as PPD-specific (spearman r:�0.356, p value: 0.039) and LAM-spe-

cific (spearman r: �0.346, p value: 0.045) C1Q-binding antibodies correlated most closely with reduced Mtb CFU measured at necropsy

(Figure 3D). However, individual peak immunogenicity plasma measurements did not significantly correlate with bacterial control after mul-

tiple testing correction (Figure 3D).7

To determine whether a significant multivariate signature of protection could be defined, we next generated a LASSO PLS-DA model us-

ing the week 4 plasma antibody measurements (Figure 3E). Separation of protected and breakthrough macaques was observed (Figure 3E,

left), with significant separation driven by only 6 of the total 90 features evaluated in the plasma samples (Figures 3E [right] and S3C). Inter-

estingly, PPD-specific C1Q-binding antibodies (PPD.C1Q), LAM-specific antibody-dependent NK cell degranulation (LAM.ADNKA.CD107a),

and Apa IgM titers were all selectively enriched in the plasma of protected macaques. LV1 was a strong predictor of protection, with an

AUROC of 0.855 (Figure 3F). Furthermore, similar to the BAL, several individual plasma features measured at peak immunogenicity exhibited
iScience 27, 111128, December 20, 2024 5
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substantial predictive power, such as LAM-specific antibody-dependent NK cell degranulation (LAM.ADNKA.CD107a) and activation

(LAM.ADNKA.TNFa), which had AUROC values of 0.806 and 0.786, respectively (Figure 3F). Further, the top 5 most predictive plasma anti-

body features were significantly higher in protected macaques by Mann-Whitney analysis (Figure S3D). Taken together, these data indicate

that several BAL antibody features measured 4 weeks following i.v. BCG immunization correlate significantly with reduced Mtb burden and

further suggest that i.v. BCG-mediated protection may be accurately predicted using individual BAL or plasma antibody measurements

collected early after vaccination.

Convergent humoral signatures of protection before and after challenge

While previous analyses focused on correlates of protection at peak immunogenicity, we next aimed to determine whether combining all the

antibody profiling data collected across time points and compartments may offer mechanistic insights into potential humoral mechanisms of

Mtb control. Thus, all antibody data were integrated to define a minimal cross-compartment signature associated with complete protection

againstMtb following i.v. BCG vaccination. Importantly, rather than using peak immunogenicity levels, here we calculated an area under the

curve value for each antibody feature to capture the overall levels of the feature up to and followingMtb challenge (Figure 4A). Thus, following

feature computation, each antibody feature (e.g., Plasma LAM IgG1) was transformed into 2 integrated variables describing the longitudinal

behavior of the feature during the pre-challenge phase (e.g., Plasma.Pre.LAM.IgG1) and the post-challenge phase (e.g.,

Plasma.Post.LAM.IgG1) of the study (Figure 4A, top). Similarly, area under the curve values were computed for each BAL antibody feature

during the pre-challenge phase (Figure 4A, bottom). Then all pre- and post-Mtb challenge features were integrated and a LASSO PLS-DA

analysis was performed on the combined dataset, to define the features that most accurately captured variation between fully protected

and breakthrough macaques (Figure 4B).

Robust separation was observed across the macaque groups largely along the LV1 axis (Figure 4B, left). 11 of the 270 total area under the

curve features in the dataset were sufficient to significantly distinguish the 2 groups, marked largely by features elevated in the protected

macaques (Figures 4B and S4A). PPD-, PstS1-, and Ag85-specific IgM titers in the BAL prior to challenge were among the top features en-

riched among fully protected macaques (Figure 4B, right). Indeed, univariate analysis of these BAL LASSO-selected features found each

to be significantly higher in protected macaques compared to macaques with breakthrough infection during at least one of the time points

sampled (Figure S4B). In the plasma, Apa-specific IgM, PPD-specific C1Q-binding antibodies, and PPD-specificNK activating antibodies were

selectively enriched among protected macaques (Figure 4B, right). Of note, PstS1-specific IgM antibodies and Mpt64-specific C1Q-binding

antibodies after challenge were also enriched among protectedmacaques in the plasma (Figure 4B, right), pointing to an enrichment of IgM-

and complement-mediated immunity in protected macaques close to the time of Mtb infection. Consistent with this notion, IgM titers to

PstS1 and Apa were significantly higher in protected macaques compared to those with breakthrough infection at the 3 time points nearest

toMtb challenge: week 22, week 26, and week 28 (Figure S4C). Moreover, spearman correlations performed close to and followingMtb chal-

lenge consistently identified plasma IgM and C1Q-binding antibodies as significantly correlated with reduced Mtb burden (Figure S4D). By

contrast, plasma LAM-specific ADNP, PstS1-IgG1, and PstS1-IgA expansion after challenge was identified by the model as linked to break-

through infection (Figure 4B, right), suggesting that these responses expand selectively after infection inmacaques unable to control bacterial

replication.

Humoral immune responses were highly correlated likely due to the simultaneous induction of many antibody specificities after i.v. BCG

vaccination (Figure S5). However, our LASSO feature selection approach selects only a subset of highly correlated features to include in the

model. Therefore, to explore the broader humoral networks tracking with Mtb infection outcome—beyond the features selected by our

model—we performed a co-correlates analysis using the selected features (Data S2). Strikingly, the PPD-, PstS1-, and Ag85-specific IgM titers

selected by themodel as augmented in the BAL of protectedmacaques correlated strongly with IgM titers to nearly all tested antigens tested,

hinting at a critical role for IgM in the lung prior toMtb challenge (Figure 4C, left). In the plasma prior toMtb challenge, Apa-specific IgM titers

and PPD-specific C1Q-binding antibodies, which were enriched in the protected group, were strongly correlated with Apa IgG1 titers, Apa-

specific C1Q-binding antibodies, and LAM-specificNK cell-activating antibodies (Figure 4C,middle). Finally in the plasma followingMtb chal-

lenge, Mpt64-specific C1Q-binding antibodies and PstS1-specific IgM titers following infection that were enriched in protected macaques

displayed strong correlations with additional C1Q- and IgM-related features including HspX- and PPD-specific C1Q-binding antibodies,

as well as LAM-specific IgM titers (Figure 4C, right), revealing a similar complement fixing IgM signature of protection prior to and following

Mtb challenge. Conversely, LAM neutrophil phagocytosis-activating antibodies, together with PstS1-specific IgG1 and IgA titers enriched in

macaques with breakthrough infections, strongly correlated with a myriad of additional IgG- and IgA-related features such as IgG1 titers

across all Mtb antigens evaluated, and Ag85-specific IgA (Figure 4C, right), suggesting that IgG- and IgA-skewed responses expand selec-

tively following breakthrough infection as a consequence of increasing bacterial antigen load. Taken together, these data indicate that i.v.

BCG-mediated protection from Mtb infection is linked to robust complement fixing IgM and NK cell-activating antibodies.

Humoral signatures of protection maintained after controlling for i.v. BCG dose

Given that i.v. BCG vaccination dose significantly negatively correlated with total CFU (spearman r: �0.414, p value: 0.015) (Figure 1B), we

finally utilized logistic regression analysis to evaluate the relationship between each antibody feature and protection while controlling for

i.v. BCG dose. Of note, using limited antigens and antibody features, previous work demonstrated that LAM- and PPD-specific antibody titer

measurements only marked protection when not correcting for i.v. BCG dose.6 However, consistent with our LASSO PLS-DA modeling

approach, multiple logistic regression analysis—which included i.v. BCG dose as a covariate—identified a complement fixing IgM and NK
6 iScience 27, 111128, December 20, 2024



Figure 4. Convergent humoral signatures of protection across compartments pre- and post-Mtb challenge

(A) Fictitious data demonstrating how each antibody feature was transformed into 3 integrated variables by area under the curve computation: plasma pre-Mtb

challenge, plasma post-Mtb challenge, and BAL pre-Mtb challenge.

(B) PLS-DAmodel fit using LASSO-selected antibody features in the combined dataset. Left: plot of LV 1 and 2. Ellipses represent 95-percentile normal level sets.

Right: LV1 loadings.

(C) Co-correlate networks based on the pairwise correlation between the LASSO-selected antibody features, and the remaining antibody features evaluated.

Networks were constructed separately for BAL pre-Mtb challenge features (left), plasma pre-Mtb challenge features (center), and plasma post-Mtb challenge

features (right). Nodes of the LASSO-selected features enriched in protected and breakthrough macaques are yellow and purple, respectively. Nodes of

significant co-correlates are gray. Spearman correlations with a coefficient greater than an arbitrary threshold (pre-plasma threshold = 0.6; pre-BAL

threshold = 0.9; post-plasma threshold = 0.7) and an adjusted p value less than 0.01 after multiple testing correction are indicated by the edges.7
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cell-activating antibody signature of protection (Figure 5). Specifically, after controlling for i.v. BCG dose, plasma LAM-specific NK cell

degranulation (LAM.ADNKA.CD107a) and activation (LAM.ADNKA.TNFa, LAM.ADNKA.IFNg) prior toMtb challenge significantly associated

with protection (Figure 5). Plasma PPD- and Apa-specific C1Q-binding antibodies prior to Mtb challenge and PstS1-specific IgM titers after

Mtb challenge also remained significantly associated with protection after controlling for i.v. BCG dose (Figure 5). Conversely, BAL-specific

antibody features were no longer significantly associated with protection (Figure 5). These findings indicate that the association of mycobac-

terial-specific NK cell-activating and C1Q-binding antibody responses in the plasma with protection following i.v. BCG vaccination is not sim-

ply a function of vaccine dose.
DISCUSSION

To date, i.v. BCG vaccination has displayed the strongest signal of protective efficacy againstMtb infection in nonhuman primates.3 Emerging

data evaluating correlates of i.v. BCG-mediated protection indicate that a combination of systemic and respiratory compartment-specific pro-

files are selectively augmented in protected macaques, including persistent activation in the airway myeloid cells4 and a profound expansion

of T cell and antibody immunity in the lungs and periphery.6 While LAM- and PPD-specific antibody titer measurements were captured in the

original immune correlates analysis,6 immunization with BCG likely induces a functional humoral immune response to a broad array of anti-

gens. Thus, here we aimed to extend this analysis, to define whether a more comprehensive evaluation of antibody responses elicited by i.v.

BCG immunization may reveal humoral signatures of protection.

In the original i.v. BCG dose de-escalation study, which focused on T cell responses and solely LAM- and PPD-specific antibody titers, the

number of mycobacterial-specific CD4 T cells, the number of NK cells, and PPD-specific IgA titers in the BAL were identified as prominent

markers of protection, while immune features in the blood were less robust biomarkers.6 Although the current study with its more extensive

antibody profiling did not identify BAL PPD-specific IgA as a top protective marker, it reinforced the importance of LAM-specific antibodies

(IgM, IgA, and IgG1) in the lung, which were significant co-correlates of PPD-specific IgA,6 as robust markers of protection. The difference in
iScience 27, 111128, December 20, 2024 7



Figure 5. Humoral biomarkers of protection after controlling for i.v. BCG dose

Logistic regression to predict Mtb infection outcome using individual antibody features in the BAL and plasma. Each antibody feature was transformed into 3

integrated variables by area under the curve computation: plasma pre-Mtb challenge, plasma post-Mtb challenge, and BAL pre-Mtb challenge. Black dotted

horizontal line indicates an unadjusted p value of 0.05.
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marker identification between studies underscores the selectivity inherent in the LASSO regularization process, which selects a minimal set of

relevant, highly correlated features. Building on this, our study expands the spectrum of potential humoral biomarkers, identifying antibody

features associated with differential control of Mtb in both the BAL and the peripheral circulation. Importantly, biomarkers (1) linked to pro-

tective mechanisms, (2) that are simple to measure (e.g., in the blood), and (3) that have robust predictive power even when collected at a

single cross-sectional time point have the greatest potential to accelerate TB vaccine design and evaluation. Hence, the top antibody pre-

dictors of i.v. BCG-induced protection measured at peak immunogenicity (week 4), such as LAM-specific NK cell-activating antibodies and

C1Q-binding antibodies in the plasma, may serve as markers of the quality of antigen-specific immunity induced by vaccines that may modu-

lateMtb infection.While significant, the predictive power of these antibody features was not perfect (e.g., LAM-specific NK cell degranulation

with an AUROC of 0.806), and whether the key antibody markers of protection identified in this study are conserved across TB vaccine plat-

forms, or instead are unique to i.v. BCG vaccination, remains unknown.

Our previous comparison of i.v. BCG-induced antibody profiles with those induced by alternate routes of BCG immunization identified

robust IgM responses in the plasma and a broad expansion of humoral immunity in the BAL as markers of i.v. BCG-induced immunity.5 Like-

wise, plasma antibody features including LAM- and PstS1-specific IgM and LAM-specific C1Q-binding antibodies correlated strongly and

significantly with i.v. BCG dose in the present study. Moreover, BAL antibody responses—across isotypes, antigens, and functions—were

highly dependent on the dose of i.v. BCG administered, further supporting the results of the initial study in this independent vaccination

cohort. While the antibody features that correlated most strongly with i.v. BCG dose were not exactly the same as those that correlated

most strongly with protection, antigen-specific IgM/C1Q responses were also key in predicting protection prior to and following Mtb expo-

sure. This consistent IgM/C1Qprotective signal observedpre- and post-challengewas particularly striking andmay potentially hint at amech-

anistic role for complement in microbial control. C1Q, a primary marker of protective immunity identified in the present study, is the compo-

nent of the classical complement pathway responsible for recognition of antibody-antigen complexes.19 C1Q engagement of IgG or IgM on

the surface of microbes precipitates themobilization of downstream enzymatic processes that lead to the deposition of C3b on themicrobial

surface that can either promote opsonophagocytic clearance or eventually form pores in the microbial membrane via the membrane attack

complex.19 While the membrane attack complex is critical in the lysis of a subset of gram-negative bacteria,19,20 it is unlikely that it can

adequately penetrate the thick, complex cell envelope of mycobacteria to cause direct cell lysis.21 Indeed, there is a paucity of evidence sup-

porting a direct antimicrobial role for complement in Mtb control. Still, upon challenge, lung-localized IgM responses induced by i.v. BCG

vaccination likely bathe the surface of Mtb with complement proteins, potentially altering the mechanism of bacterial uptake. Future work

is required to determine whether enhanced IgM-mediated complement deposition on the surface ofMtb targets the bacteria for enhanced

opsonophagocytic destruction, alters antigen presentation to lung-localized T cells, or simply promotes distinct, yet functionally neutral, dif-

ferences in immune signaling.

Previous functional comparisons pointed to enhanced NK cell-activating antibodies as a key marker of protection in clinical control of

Mtb.22,23 Specifically, amulti-cohort analysis observed that latent TB infection was associated with higher signaling via FcgR3A, and enhanced

NK cell activity,22 supporting a potential role for NK cell-recruiting antibodies in the context of controlled latent TB infection. Similarly, our

previous work identified an enrichment of FcgR3A-binding and NK cell-activating antibodies in controlled latent TB infection compared to

individuals with active TB disease.23 Purified IgG from latent TB patients bearing this unique Fc-effector profile also suppressed Mtb
8 iScience 27, 111128, December 20, 2024
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replication in primary macrophages more effectively than purified IgG from actively infected individuals, suggesting that these antibodies

may targetMtb-infectedmacrophages.23 Here we establish enhanced FcgR3A-binding andNK cell-activating antibodies as correlates of pro-

tection following i.v. BCG vaccination in rhesus macaques. Intriguingly, the present study reinforces and extends the findings from a previous

multivariate analysis of the same cohort of macaques vaccinated with decreasing doses of i.v. BCG, which identified the number of NK cells in

the BAL to be a primary correlate of protection.6 This convergent signal across the two studies is consistent with a potential model whereby

the higher availability of BCG in the lung may expand NK cells at the site of infection, while simultaneously instructing B cells to generate

mycobacterial-specific antibodies able to drive enhanced NK cell activation.

While correlation does not equate to causation, the correlates of protection identified herein engendermechanistic hypotheses regarding

a potential role for antibodies in vaccine-induced control ofMtb. The persistence of these humoral signals until the time ofMtb challenge as

well as post-challengemay suggest sustained antibody secretion from lung-localized B cells, and a potential rapid anamnestic recall of local B

cell responses followingMtb exposure that may plausibly contribute to the protective immunity afforded by i.v. BCG as described for other

respiratory pathogens.18,24,25 Mechanistic studies in mice are challenging due to the differences in Fc receptor expression and NK cell func-

tion compared to humans.26–28 Thus, passive transfer studies in nonhuman primates may be necessary to distinguish humoral correlates from

mechanisms of protection, as well as to provide critical insights into how antibodies may be harnessed to drive enhanced immunity against

Mtb more broadly. Indeed, the continued interrogation of immune correlates and mechanisms of vaccine-induced protection against Mtb

using i.v. BCGas amodelmay inspire the formulation of safe, next-generation TB vaccination strategies, which similarly elicit robust protective

immunity.

Limitations of the study

The antibody markers of i.v. BCG-mediated protection identified in this study align with previous work,5 validating their role as antibody cor-

relates of i.v. BCG-driven immunity. However, their universality as indicators of protective immunity againstMtb cannot be presumed. Future

work should aim to validate these markers across disparate Mtb infection and vaccination cohorts to determine if they serve as broader in-

dicators of protective immunity. Such validation is crucial for their potential application in diverse global populations to help optimize TB

vaccination or future therapeutic strategies. It is also crucial to acknowledge the challenges in identifying post-challenge antibody markers

of protection in the present study, as it is difficult to distinguish primary immune responses from booster effects in the absence of an unvac-

cinated, Mtb-challenged control group. Lastly, while we have identified key antibody markers that may contribute to protection, further

studies, including B cell depletion and passive transfer experiments, are necessary to fully uncover the mechanistic impact of antibodies in

i.v. BCG-mediated protection.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-rhesus IgG1 (clone 7H11) Nonhuman primate reagent resource RRID: AB_2819312

anti-rhesus IgA (clone 9B9) Nonhuman primate reagent resource RRID: AB_2819305

anti-rhesus IgM (clone 2C11-1-5) Life Diagnostics Cat# 2C11-1-5

PE anti-mouse IgG ThermoFisher Cat# 31861; RRID: AB_429715

anti-human CD66b-Pacific Blue BioLegend Cat# 305112; RRID: AB_2563293

PE-Cy5 antihuman CD107a BD Cat# 555802; RRID: AB_396136

PE-Cy7 anti-human CD56 BD Cat# 557747; RRID: AB_396853

APC-Cy7 anti-human CD16 BD Cat# 557758; RRID: AB_396864

Alexa Fluor 700 anti-human CD3 BD Cat# 557943; RRID: AB_396952

PE anti-human MIP-1b BD Cat# 550078; RRID: AB_393549

BV605 anti-human TNF-a BioLegend Cat# 502936; RRID: AB_2563884

FITC anti-human IFN-g BD Cat# 340449; RRID: AB_400425

Bacterial and virus strains

BCG SSI (Danish strain 1331) Aeras (IAVI) Lot# 050613MF

Mtb Erdman barcode library BEI Resources Cat# NR-50781

Biological samples

Rhesus macaque plasma and BAL (Darrah et al.6) N/A

Chemicals, peptides, and recombinant proteins

LAM BEI Resources Cat# NR-14848

PPD Statens Serum Institute Batch RT50

PstS1 BEI Resources Cat# NR-14859

Apa BEI Resources Cat# NR-14862

HspX BEI Resources Cat# NR-14860

Ag85A BEI Resources Cat# NR-53525

Ag85B BEI Resources Cat# NR-53526

Mpt64 BEI Resources Cat# NR-49435

GroES BEI Resources Cat# NR-14861

Zaire ebolavirus glycoprotein R&D Systems Cat# 9016-EB

GolgiStop BD Cat# 554724

C1Q Sigma Cat# C1740

Sulfo-NHS-LC-LC Biotin ThermoFisher Cat# A35358

Hydrazide biotin ThermoFisher Cat# 21339

FITC-conjugated neutravidin beads ThermoFisher Cat# F8776

Deposited data

Data and metadata This study Data and metadata associated with this study at FAIRDOMHub:

https://fairdomhub.org/studies/1198

Custom code This study Scripts to reproduce the computational analysis at Zenodo:

https://doi.org/10.5281/zenodo.13880858.29

Experimental models: Cell lines

THP-1 ATCC Cat# TIB202

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R – pROC package (version 1.18.0) (Robin et al.30) https://cran.r-project.org/web/packages/pROC/pROC.pdf

R – glmnet package (version 3.0-2) (Friedman et al.31) https://cran.r-project.org/web/packages/glmnet/index.html

R – mixOmics package (version 6.10.9) (Rohart et al.32) https://bioconductor.org/packages/

release/bioc/html/mixOmics.html

Python – NetworkX library (version 3.9.12) NetworkX https://networkx.org/documentation/

stable/install.html

R – lme4 package (version 1.1-31) CRAN https://cran.r-project.org/web/

packages/lme4/index.html

Other

FlexMap 3D Luminex N/A

BD LSR II BD N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Rhesus macaque (Macaca mulatta) plasma and bronchoalveolar lavage fluid (BAL) samples from the BCG dose de-escalation vaccination

cohort were collected during a study performed at the Vaccine Research Center at the National Institutes of Health.6 The cohort consisted

of 35 macaques (17 males and 18 females) with a median age of 4.7 years.6 The macaques were housed at Bioqual, Inc. for the vaccination

phase of the study.6 Macaques were challenged with Mtb at the University of Pittsburg and post-challenge samples as well as all data from

necropsy were collected at the University of Pittsburg.6 Experimentation and sample collection was approved by the Institutional Care & Use

Committees of AAALAC (American Association for Accreditation of Laboratory Animal Care)-accredited institutions (NIH Vaccine Research

Center, Bioqual, Inc., and the University of Pittsburgh) and were conducted in compliance with the guidelines of the Animal Welfare Act and

Regulations (USDA) and the Guide for the Care and Use of Laboratory Animals, 8th Edition (NIH).6
Human samples

Primary immune cells derived from human whole blood and buffy coats were used in this study. These samples were collected from healthy,

HIV-negative individuals recruited through a voluntary donation program at Massachusetts General Hospital. Participants received informa-

tion about the study through sessions and writtenmaterials before undergoing eligibility screening. Eligibility criteria included the absence of

clinical illness and negative test results for active HIV, hepatitis C (HCV), and hepatitis B (HBV) infections. To ensure a diverse and represen-

tative sample, demographic characteristics such as age, gender, or ethnicity were not used as selection criteria. Specimens were provided

either coded or anonymized to protect donor identities. For coded specimens, the investigator did not have access to the key and agreed

not to seek it. An agreement between the investigator and the sample provider ensures that these identifiers will remain confidential. The

donors did not participate in the research study, and written informed consent was obtained from all donors. The study received approval

from the institutional review board at Massachusetts General Hospital.
Cell lines

Male THP-1 cells were used for antibody-dependent cellular phagocytosis assays (ATCC, TIB202). Cells were cultured at 37�C in static culture

and were not authenticated or tested for mycoplasma contamination.
METHOD DETAILS

Vaccination study design

34 macaques were immunized with intravenous (IV) BCG at half-log increasing target doses between 4.5 and 7.5 (log10) colony forming units

(CFUs).6 24 weeks following IV BCG immunization, macaques were challenged with 4-17 CFU of Mtb Erdman.6 We utilized a more stringent

definition of ‘‘protected’’ as total colony forming unit (CFU)<1 in our current analysis, as opposed to total CFU<100 in the original paper.6 This

provided a more precise and simple distinction between protected and non-protected animals. The present cohort consists of plasma and

BAL collected prior to vaccination, week 4, week 8 (Cohort B)/9 (Cohort A), week 12, and week 22 following vaccination, as well as post-Mtb

challenge plasma samples collected at week 26, week 28, and week 36 (necropsy). BAL fluid was received as a 10X concentrate and diluted for

experiments. Post-Mtb challenge BAL samples were not collected.
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Antigens

Panel of antigens used for antibody profiling: LAM (BEI Resources, NR-14848), PPD (Statens Serum Institute), PstS1 (BEI Resources, NR-14859),

Apa (BEI Resources, NR-14862), HspX (BEI Resources, NR-14860), Ag85A and B (BEI Resources, NR-53525 and NR-53526), Mpt64 (BEI Re-

sources, NR-49435), GroES (BEI Resources, NR-14861), and Zaire ebolavirus glycoprotein (R&D Systems, 9016-EB).
Antibody levels

Antibody levels weremeasured as describedpreviously.5 In brief, protein antigenswere coupled tomagnetic Luminex beads by carbodiimide

N-hydroxysuccinimide (NHS) ester coupling,33 and LAM was coupled by 4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-methyl-morpholinium

(DMTMM) modification.34 Coupled beads were incubated with 5mL of plasma or BAL overnight at 4�C in 384-well plates (Greiner Bio-

One). The following plasma dilutions were used: IgG1 (1:30 PPD and Apa; 1:150 remaining antigens), IgG2, IgG3, and IgG4 (1:150 LAM

and PstS1; 1:30 remaining antigens), IgA (1:30 all antigens), IgM (1:750 all antigens). BAL was used at 1X for all isotypes/subclasses and an-

tigens. Beadswere thenwashed, andmouse anti-rhesus IgG1 (clone 7H11), IgA (clone 9B9), or IgM (Life Diagnostics, clone 2C11-1-5) antibody

was added at a concentration of 0.65mg/mL and incubated shaking at room temperature (RT) for 1 hour. Anti-rhesus IgG1 and IgA were from

the National Institutes of Health Nonhuman Primate Reagent Resource supported by grants AI126683 and OD010976. Beads were washed,

and phycoerythrin (PE)-conjugated anti-mouse IgG was added (ThermoFisher, 31861) at a concentration of 0.5mg/mL and incubated shaking

at RT for 1 hour. Beads were washed, and relative antibody levels (PE MFI values) were measured using a FlexMap 3D (Luminex). Univariate

analysis of antibody levels over time were plotted as fold-change over baseline to account for baseline variation. Samples were run in

duplicate.
Fcg-receptor binding

Fcg-receptor Luminex was performed as described previously with minor modifications.5,35 Briefly, rhesus macaque FcgR2A and FcgR3A (ac-

quired from the Duke Human Vaccine Institute Protein Production Facility) were biotinylated with a BirA biotin–protein ligase bulk reaction kit

(Avidity). C1Q (Sigma, C1740) was biotinylated with Sulfo-NHS-LC-LC Biotin (ThermoFisher, A35358). Excess biotin was removed from each

with 3-kDa-cutoff centrifugal filter units (Amicon). Antigen-coupled beads were incubated with 5mL of plasma or BAL overnight at 4�C in

384-well plates (Greiner Bio-One). The following plasma dilutions were used: FcgR2A and FcgR3A (1:150 all antigens), and C1Q (1:150

LAM; 1:30 remaining antigens). BAL was used at 1X for all isotypes/subclasses and antigens. After overnight incubation, streptavidin-PE (Agi-

lent, PJRS25) was added to each biotinylated Fcg-receptor in a 4:1 molar ratio and incubated rotating for 10min at RT to create the detection

reagent. 500mM biotin (Avidity) was then added at a 1:100 ratio relative to the total solution volume and incubated rotating for 10min at RT.

Beads were washed, and each prepared detection reagent was added at a concentration of 1mg/mL and incubated shaking for 1hr at RT.

Beads were washed, and Fcg-receptor binding (PE MFI values) was measured using a FlexMap 3D (Luminex). Data are represented as

fold-change over pre-vaccination levels. Samples were run in duplicate.
Antibody-dependent cellular phagocytosis

PPD and LAM antibody-dependent cellular phagocytosis (ADCP) assays were performed as described previously with minor changes.5 PPD

was biotinylated with Sulfo-NHS-LC-LC Biotin (ThermoFisher, A35358). LAM was biotinylated using hydrazide biotin (ThermoFisher, 21339).

Excess biotin was removed from each with 3-kDa-cutoff centrifugal filter units (Amicon). Biotinylated antigen was then added to FITC-conju-

gated neutravidin beads (ThermoFisher, F8776) at an antigen(mg):bead(mL) ratio of 1mg:1mL for PPD, and 1mg:2mL for LAMand incubated over-

night at 4�C. Excess antigen was washed away. Antigen-coated beads were then incubated with 10mL of diluted sample (plasma 1:30; BAL 1X)

for 2hr at 37�C. THP-1 cells (50000 per well) were then added and incubated at 37�C for 16hr. Bead uptake was measured on a BD LSR II (BD

Biosciences). Data were collected in FACSDiva (version 9.0) and analyzed using FlowJo (version 10.3). Phagocytic scores were calculated as:

((% FITC-positive cells)3 (geometric mean fluorescence intensity of the FITC-positive cells)) divided by 10000. Data are represented as fold-

change over pre-vaccination levels. Samples were run in duplicate.
Antibody-dependent neutrophil phagocytosis

PPD and LAM antibody-dependent neutrophil phagocytosis (ADNP) assays were performed as described previously with minor changes.5,30

Briefly, antigens were biotinylated, coupled to fluorescent neutravidin beads, and incubated with sample as described above for ADCP. Dur-

ing the 2hr bead and sample incubation, fresh peripheral blood from healthy donors was added at a 1:9 ratio to ACK lysis buffer (Quality

Biological, 118-156-101) for 5min at RT. The blood was then centrifuged, the supernatant was removed, and leukocytes were washed with

cold PBS (4�C). Leukocytes were then resuspended in R10 medium (RPMI (Sigma), 10% fetal bovine serum (Sigma), 10 mM HEPES (Corning),

2 mM l-glutamine (Corning)). After the 2hr bead and sample incubation, 50000 leukocytes were added and incubated for 1hr at 37�C. Cells
were washed and stained with 1:100 diluted anti-human CD66b-Pacific Blue (BioLegend, 305112). Cells were washed and bead uptake was

measured on a BD LSR II (BD Biosciences). Data were collected in FACSDiva (version 9.0) and analyzed using FlowJo (version 10.3). Phagocytic

scores were calculated in the CD66b-positive cell population. Data are represented as fold-change over pre-vaccination levels. Samples were

run in duplicate.
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Antibody-dependent NK cell activation

PPD and LAM antibody-dependent NK cell activation (ADNKA) was performed as described previously withminor changes.5,23 In brief, ELISA

plates (ThermoFisher, NUNC MaxiSorp flat bottom) were coated with antigen (300ng PPD or 150ng LAM) and incubated overnight at 4�C.
Plates were then blocked with 5% BSA-PBS overnight at 4�C. 50mL of diluted sample (plasma 1:30; BAL 1X) was added and incubated for

2hr at 37�C. One day prior to adding the diluted sample, NK cells were isolated from healthy donors using the RosetteSep human NK cell

enrichment cocktail (Stemcell) and Sepmate conical tubes (Stemcell). NK cells were incubated overnight at 1.53106 cells per mL in R10 media

with 1ng/mL human recombinant IL-15 (Stemcell). After the 2hr sample incubation, the plates were washed and 50,000 NK cells, 2.5mL PE-Cy5

antihuman CD107a (BD, 555802), 0.4mL brefeldin A (5 mg/mL, Sigma) and 10mL GolgiStop (BD, 554724) were added to each well and incu-

bated for 5hr at 37�C. Samples were then stained with 1:10 diluted PE-Cy7 anti-human CD56 (BD, 557747), APC-Cy7 anti-human CD16

(BD, 557758) and Alexa Fluor 700 anti-human CD3 (BD, 557943). Samples were washed, and then fixed using Perm A and Perm B (Invitrogen).

The Perm B solution contained 1:50 diluted PE anti-human MIP-1b (BD, 550078), 1:50 diluted BV605 anti-human TNF-a (BioLegend, 502936),

and 1:20 diluted FITC anti-human IFN-g (BD, 340449). Cells were washed and fluorescence was measured on a BD LSR II (BD Biosciences).

Data were collected in FACSDiva (version 9.0) and analyzed using FlowJo (version 10.3). Data are represented as fold-change over pre-vacci-

nation levels. Samples were run in biological duplicate using NK cells from two different donors.

AUROC analysis

The predictive power of individual antibody features was determined via area under the receiver operating characteristic curve (AUROC) anal-

ysis. 95% confidence intervals of the AUROC were computed with 10000 stratified bootstrap replicates. Antibody features with low signal

(average fold change less than 1.25) were removed prior to AUROC analysis. AUROC analysis was performed using the pROC package,31

(version 1.18.0) in R (version 4.2.1).

Logistic regression

Logistic regression models were generated using fold-change antibody measurements to identify the antibody features that significantly

predicted protection while controlling for IV BCG dose. IV BCG dose, macaque age, and macaque gender were each included as cova-

riates in the model in addition to the respective antibody feature. Antibody features with low AUC variance between macaques (pre-

plasma AUC < 30; post-plasma AUC < 15; pre-BAL AUC < 1) were removed prior to multiple logistic regression analysis. Antibody features

with an unadjusted p-value < 0.05 were considered significant markers of protection. Multiple logistic regression models were generated in

R (version 4.2.1).

LASSO PLS-DA

Least absolute shrinkage and selection operator (LASSO) regularization followed by partial least-squares discriminant analysis (PLS-DA) was

performed to identify key antibody features that predict Mtb infection outcome as previously described with minor changes.5 Briefly, 1000

bootstrap datasets of the systems serology data were generated. A LASSO model in which the lambda hyperparameter was chosen via five-

fold cross-validationwas then fit on each bootstrap dataset. Variable inclusion probabilities – the proportion of bootstrap replications in which

the coefficient estimate is not zero – were computed for each antibody feature. Data were z-scored, and PLS-DAmodels were fit using a grid

of variable inclusion probability cutoffs in a fivefold cross-validation framework repeated 1000 times. Model accuracy ((1 � balanced error

rate)3 100) was computed for each variable inclusion probability cutoff during cross-validation. To visualize the models, the first and second

latent variable (LV) from the optimal PLS-DAmodels are plotted, as are the loadings of LV1 which highlight the contribution of each feature to

variation inMtb infection outcome. Antibody features with low signal (average fold change less than 1.25) were removed prior to the week 4

LASSO PLS-DA. Likewise, antibody features with low AUC variance between macaques (pre-plasma AUC < 30; post-plasma AUC < 15; pre-

BAL AUC < 1) were removed prior to the AUC LASSO PLS-DA. Permutation tests were utilized to evaluate the statistical significance of the

separation achieved by our PLS-DA models, comparing the classification accuracy of our original model with that from models built on

randomly permuted labels. LASSO was implemented using the glmnet package (version 3.0-2),32 and PLS-DAmodels were implemented us-

ing the mixOmics package (version 6.10.9),36 in R (version 4.2.1).

Co-correlate networks were constructed based on the pairwise correlation between the LASSO-selected antibody features which distin-

guish Mtb infection outcome, and the remaining antibody features evaluated. Spearman correlations with a coefficient greater than an

arbitrary threshold (pre-plasma threshold = 0.6; pre-BAL threshold = 0.9; post-plasma threshold = 0.7) and an adjusted p-value less

than 0.01 after multiple testing correction are shown. Correlation networks were generated using the NetworkX library in Python (version

3.9.12).

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate the longitudinal impact of vaccine dose on antibody responses, we employed linear mixed-effects models for each antibody

feature. The models incorporated the logarithm of vaccine dose as a fixed effect and time post-vaccination as a continuous variable to ac-

count for the trajectory of antibody responses. Individual animal variability was captured through random intercepts, accommodating the

repeated measures design. Model fitting was performed using the lme4 package (version 1.1-31) in R (version 4.2.1). The statistical signifi-

cance of the dose-response relationship was indicated as p-values on the longitudinal plots of antibody titers. Two-tailed Mann-Whitney
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U tests were performed at each timepoint comparing protected and breakthrough macaques to determine the statistical significance of the

LASSO-selected features in the combined model. P-value<0.05 (*), p-value<0.01 (**), p-value<0.001 (***), p-value<0.0001 (****). Spearman

correlations were computed in R (version 4.2.1). Adjustedp-values in the correlation volcano plots and network analyses were calculated using

the Benjamini-Hochberg procedure.7 All additional statistical details of the experiments performed can be found in the results and/or in the

figure legends.
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