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SUMMARY

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), a leading cause of death by an infectious 
disease globally, has no efficacious vaccine. Antibodies are implicated in M. tuberculosis control, but the 
mechanisms of action remain poorly understood. We assembled a library of monoclonal antibodies (mAb) 
and screened for M. tuberculosis-restrictive activity in mice, identifying protective antibodies targeting diverse 
antigens. To dissect the mechanism of mAb-mediated M. tuberculosis restriction, we optimized a protective 
lipoarabinomannan-specific mAb, generating Fc variants. In vivo analysis of these Fc variants revealed a 
role for Fc-effector function in M. tuberculosis restriction. Restrictive Fc variants altered distribution of 
M. tuberculosis across innate immune cells. Single-cell transcriptomics highlighted distinctly activated path- 
ways within innate immune cell subpopulations, identifying early activation of neutrophils as a key signature 
of mAb-mediated M. tuberculosis restriction. Therefore, antibody-mediated restriction of M. tuberculosis is 
associated with reorganization of the tissue-level immune response to infection and depends on the collabo- 
ration of antibody Fab and Fc.

INTRODUCTION

With an estimated 10 million new cases worldwide and approx- 

imately 1.6 million associated deaths annually, tuberculosis (TB) 

remains one of the world’s deadliest infectious diseases. 1 Novel 

drugs, host-directed therapies, and vaccines are needed to 

combat this global health threat. While cell-mediated immunity 

is critical for limiting intracellular Mycobacterium tuberculosis 

infection, 2 recent data suggest the importance of humoral re- 

sponses in mediating control. Humoral immunity has been rela- 

tively understudied in TB, but passive transfer of intravenous 

immunoglobulin (IVIG), 3,4 antibodies from TB patients, 5,6 and 

vaccine-induced antibodies 7 in mice demonstrate that anti-

bodies can promote M. tuberculosis restriction, although these 

effects vary between studies. 8 Similarly, monoclonal antibodies 

(mAbs) targeting M. tuberculosis cell wall-associated antigens 

lipoarabinomannan (LAM) 9,10 and heparin-binding hemaggluti- 

nin (HBHA), 11 as well as those targeting the membrane-associ- 

ated PstS1 12 and intracellular protein HspX, 13 have been shown 

to protect animals against M. tuberculosis challenge. However, it 

remains unclear how antibodies mediate M. tuberculosis infec- 

tion control. 

Antibody function is governed not only by antigen specificity, 

conferred by the antigen-binding (Fab) domain to neutralize 

pathogens but also by the antibody constant (Fc) domain, which 

recruits complement and engages Fc receptors (FcRs) on the
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surface of immune cells. These interactions promote Fc-effector 

functions including phagocytosis, cellular cytotoxic responses in 

natural killer (NK) cells, and macrophage activation. 14,15 The 

mere presence of M. tuberculosis-specific antibody titers in a 

host does not guarantee protection against infection or disease. 8 

Instead, emerging data suggest that antibody Fc-effector func- 

tions, diverge across TB disease states, and may better predict 

antibody-mediated protection. 16 Recently, humoral immune re- 

sponses have been linked to reduced rates of infection in a TB 

vaccination study in humans 17 as well as in non-human pri- 

mates. 18 Mice lacking the Fc gamma chain (Fcγ chain), the 

FcR moiety key to intracellular signaling and function, exhibit a 

diminished capacity to restrict M. tuberculosis, compared with 

wild-type (WT) mice, 19 indicating that immunoglobulin G (IgG) in- 

teractions with FcR contributes to immune control of infection. 

Consistent with this, point mutations of the IgG Fc domain,

which reduce FcR engagement of protective mAbs, eliminated 

antibody-mediated M. tuberculosis restriction. 12,20 Further, 

M. tuberculosis-specific Fabs generated with IgA and IgM Fc do- 

mains exhibit increased M. tuberculosis-restrictive capacity 

in vitro, 18,21 emphasizing that Fc-effector function is also impor- 

tant for antimicrobial activity of antibodies during M. tuberculosis 

infection. However, it is unclear whether antibodies to diverse 

antigens or even distinct epitopes within the same antigen confer 

protection, and how Fc-effector functions contribute to 

M. tuberculosis restriction in vivo is unknown. 

To investigate the role of antibody Fab and Fc in immune- 

mediated M. tuberculosis restriction, we profiled the largest 

library of M. tuberculosis-specific mAbs to date for the ability 

to drive bacterial control in mice. Screening this library, we 

identified diverse antigen targets of mAbs able to restrict 

M. tuberculosis growth in vivo, which were not predicted by anti- 

body opsonization. A protective LAM-specific mAb with swap- 

ped Fc domains and varying Fc-effector functions revealed that 

antibody Fc contributes to antibody-mediated M. tuberculosis 

restriction. The most functional Fc variant (mIgG2a) of the 

αLAM-mAb exhibited enhanced restriction of M. tuberculosis 

in mice. Treatment of mice with the mIgG2a Fc variant prior to 

infection altered M. tuberculosis tropism for different innate im- 

mune cell populations in the lung. Single-cell transcriptional 

profiling of lung innate immune cells pointed to distinct pathway 

activation in alveolar macrophages (AMs) and neutrophils in the 

presence of the restrictive αLAM-mIgG2a at initial stages of 

M. tuberculosis infection. These data suggest that protective 

antibodies cooperate with the innate immune response, rewir- 

ing interactions of M. tuberculosis with innate immune cells 

within the lung.

RESULTS

Both M. tuberculosis-opsonizing and non-opsonizing 

mAbs promote M. tuberculosis restriction in vivo 

M. tuberculosis expresses an array of protein and glycolipid anti- 

gens, which is targeted by antibody responses in humans, 22,23 

and passive transfer of these antibodies to M. tuberculosis-in- 

fected mice suggests that some polyclonal pools harbor protec- 

tive antigen-specific antibodies. 3,5,6,24 The transfer of mAbs spe- 

cific for a limited number of antigen targets is described to give 

rise to various M. tuberculosis control phenotypes: restricting 

bacterial replication in the lung, preventing spleen dissemination, 

or increasing animal survival. 9,11–13,25 Despite this evidence, the 

identity of the many potential M. tuberculosis-antigen targets or 

even epitopes within an individual antigen that can promote 

M. tuberculosis restriction in the lung remains incompletely char- 

acterized. Many studies have focused on the protection mediated 

by antibodies targeting surface-associated glycan and protein 

antigens. Whether antibodies targeting intracellular or secreted 

antigens provide protection equivalent to these surface-associ- 

ated targets is unclear. Thus, we generated a library of 24 

mAbs, targeting various M. tuberculosis antigens (Table 1) to 

identify antigens targeted by antibodies that could promote anti- 

microbial activity in mice, 26 including mAbs previously described 

to confer varying protective M. tuberculosis phenotypes in 

mice. 9–11,13,27–29 Additionally, we screened mAbs derived from 

vaccination against capsular (CP) and outer membrane (OM)

Table 1. TB mAb clones and antigen targets

mAb clone Antigen Reference

712 Ag85B Ernst et al. 27

710 Ag85B Ernst et al. 27

CS-90 Ag85 complex BEI Resources

CP2-R19 ESAT6/CFP10 see Table S1and 

Figures S1and S2

a-Rv1411c LprG BEI Resources

D2 HBHA Pethe et al. 11

Apa 30 Apa –

CP2-LR5 PstS1 see Table S1and 

Figures S1and S2

IT-15 PhoS1/PstS1 BEI Resources, 

Foreman et al. 29

Mpt64(B) Mpt64 BEI Resources

2e9 HspX Balu et al. 13

OM2-L2 HspX see Table S1and 

Figures S1and S2

KatG2 KatG BEI Resources, 

Foreman et al. 29

C1-LR/NP12 unknown see Table S1and 

Figures S1and S2

CP2-LR17 capsule polysaccharides/ 

lipopolysaccharides

see Table S1 and 

Figures S1 and S2

24c5 alpha-glucan Teitelbaum et al. 10

CP2-R3 glycopeptidolipids see Table S1 and 

Figures S1 and S2

OM2-L7 glycopeptidolipids see Table S1 and 

Figures S1 and S2

OM2-L22 glycopeptidolipids see Table S1 and 

Figures S1 and S2

SMITB14 LAM (AM) Hamasur et al. 9

A194 LAM Choudhary et al. 28

MoAb1 LAM (MTX) Choudhary et al. 28

CS-35 LAM BEI Resources, 

Chatterjee et al. 26

OM2-R18 inner membrane and 

intracellular peptide 

glycans

see Table S1 and 

Figures S1 and S2
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fractions of M. tuberculosis. These CP and OM mAbs were char- 

acterized to determine M. tuberculosis antigen binding (Table S1; 

Figure S1). For consistency and comparability, the Fab domain of 

each mAb was produced with a human IgG1 (hIgG1) Fc domain, 

known to interact with FcR and to mediate Fc-effector functions in 

mouse immune cells. 30 The mAb library was screened in mice to 

identify mAbs that mediated M. tuberculosis growth restriction 

in vivo. Ten antibodies promoted significant fold reduction of 

M. tuberculosis colony-forming units (CFUs), compared with 

PBS-treated mice (Figure 1A). Both protein- and glycolipid-spe- 

cific antibodies restricted M. tuberculosis in vivo. 

M. tuberculosis surface opsonization by antibodies has previ- 

ously been associated with M. tuberculosis restriction in vivo. 6,31 

Thus, we tested whether restrictive mAbs bound to 

M. tuberculosis more effectively than non-restrictive mAbs. A 

head-to-head comparison of mAb binding was performed with 

live M. tuberculosis, revealing, as expected, that LAM-specific 

mAbs robustly opsonized M. tuberculosis (Figure 1B, hashed 

bars), while many of the protein-targeting mAbs did not (solid 

blue bars). Specifically, M. tuberculosis opsonization assay re- 

vealed negligible anti-human IgG Fc MFI associated with mAbs 

targeting secreted proteins (Ag85B, clone 712) and variable bind- 

ing for cell wall protein-specific or intracellular protein-specific 

mAbs (e.g., Apa, clone Apa30 and HspX, clones 2e9 and OM2- 

L2) (Figure 1B).

Previous studies found a correlation between mAb opsino- 

phagocytic activity and bacterial restriction. 31,32 We tested 

these mAbs for the ability to increase bacterial phagocytosis 

in mouse macrophages, neutrophils, and dendritic cells 

(DCs). LAM-specific mAbs promoted significant increases in 

M. tuberculosis phagocytosis (phago score) in DCs and neutro- 

phils, compared with isotype control treatment, but no signifi- 

cant antibody-mediated increases in M. tuberculosis uptake 

were observed in macrophages (Figures 1C and S2A). We 

found a moderate correlation between M. tuberculosis surface 

binding and M. tuberculosis phagocytosis in DCs and neutro- 

phils, suggesting that antibody opsonization can enhance bac- 

terial uptake by these cells (Figure S2B). However, when 

comparing across this library, there was no significant correla- 

tion between phagocytic function and in vivo control 

(Figure S2B). These results indicate that both opsonizing and 

non-opsonizing antibodies can promote M. tuberculosis re- 

striction in vivo. 

The degree of M. tuberculosis surface binding did not correlate 

with in vivo restriction (Figure 1D). Specifically, not all antibodies 

targeting the surface-abundant LAM antigen restricted 

M. tuberculosis outgrowth in vivo. Instead, the LAM-specific 

clones promoted highly variable M. tuberculosis growth pheno- 

types from restriction to near enhancing effects in mice. To further 

dissect the determinants of LAM-specific in vivo restriction, we

Figure 1. Passive transfer screen of mAbs 

in mice identifies protein- and glycolipid- 

binding antibodies that restrict 

M. tuberculosis growth

A library of human IgG1 (hIgG1) monoclonal anti- 

bodies (mAbs) targeting proteins (solid light blue 

bars) and glycolipid antigens (hashed navy bars) 

was screened for M. tuberculosis growth restric- 

tion in mice along with a hIgG1 isotype control 

antibody (gray bar). C57BL/6 mice were pre- 

treated with 100 μg of mAb and infected via 

aerosol with ∼100 day 1 CFUs of M. tuberculosis, 

and brackets denote class/localization of TB an- 

tigen targets for each mAb clone. Table 1 defines 

these antigen targets in more detail.

(A) Fold change of lung colony-forming units 

(CFUs) of mAb-treated mice determined by divi- 

sion of mAb-treated mouse CFUs by average 

CFUs of control mice (PBS) in each round of 

infection (linear scale). Data are representative of 2 

independent experiments (n = 3 mice). Graphs 

depict the mean ± SEM, and mAb mediating sig- 

nificant restriction was identified by one sample t 

test: *p < 0.05, **p < 0.01, ***p < 0.005.

(B) Bar plots represent fold enrichment of hIgG1 

MFI on the surface of M. tuberculosis measured 

for each monoclonal via flow cytometry. Signal is 

background subtracted.

(C) Fluorescent M. tuberculosis and mAb were 

combined prior to exposure to mouse DC-, 

neutrophil-, and macrophage-derived bone marrow 

(see also Figure S2A). Heatmap depicts the phago scores calculated, which were Z scored per cell type tested. Data are representative of 2 independent experiments 

(n = 2 replicates). mAb clones that significantly enhanced M. tuberculosis phagocytosis were identified by one-way ANOVA: ****p < 0.0001.

(D) M. tuberculosis surface binding plotted against lung CFUs are poorly correlated. M. tuberculosis-restrictive protein-specific mAbs (light blue) and glycolipid-specific 

mAbs (dark blue).

(E) Relative mAb binding measured by LAM ELISA. The inverse IC50 describes the binding capacity of each mAb. Data are representative of 2 independent exper- 

iments.

(F) Pearson correlation r of LAM-binding mAbs with M. tuberculosis surface-binding and LAM-binding IC50 − 1 . See also Table S1 and Figures S1 and S2.
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measured the binding affinity of the LAM-specific mAbs for the 

cognate LAM antigen. We found no significant differences in bind- 

ing affinity across the LAM-specific mAbs (Figure 1D). While affin- 

ity weakly correlated with M. tuberculosis surface binding, anti- 

gen-specific affinity did not correlate with the growth restriction 

observed in mice (Figure 1E). Collectively, profiling this large 

mAb library indicates that not only high affinity opsinophagocytic 

antibodies restrict M. tuberculosis growth, but that antibodies tar- 

geting secreted, cell wall-associated, or canonically intracellular 

proteins can promote M. tuberculosis restriction in vivo.

Fc domain swapping of an αLAM mAb enhances 

antibody-mediated effector function 

Previous data point to a role for antibody cooperation with the 

innate immune system, via Fc-effector functions, as a key mech- 

anism in the control of M. tuberculosis. To dissect the impact

of Fc-effector function on M. tuberculosis control in vivo we 

focused on the LAM-specific mAb clone A194, 28 which dis- 

played restrictive efficacy in vivo and enhanced phagocytic func- 

tion in our screen. We reasoned that swapping the Fc domain of 

this αLAM mAb for specific mouse isotypes would modulate Fc- 

effector function and might impact the restrictive effect of the 

LAM-specific mAb. In addition to the hIgG1 variant that we 

screened previously, we generated a functional mouse IgG2a 

(mIgG2a) Fc variant, an FcR-binding knockout mIgG2a N297A 

point mutant, and a mouse IgG1 (mIgG1) Fc variant. We assayed 

FcR binding and antibody effector functions of the αLAM Fc var- 

iants complexed with LAM-coated beads or M. tuberculosis. 

Consistent with previous reports, 30,33 the mIgG1 and mIgG2a 

N297A Fc variants displayed negligible binding to the activating 

FcγRIV receptor, while the hIgG1 and mIgG2a variants bound 

with high affinity (Figure 2A). The mIgG2a, mIgG1, and hIgG1

Figure 2. FcR-binding and Fc-effector functions of αLAM Fc variants

(A–C) Luminex beads were combined with Fc-variant mAbs to test for the ability to bind mouse FcRs. Graphs depict MFI of (A) PE-FcγRIV, (B) -FcγRIIIA, and (C) 

-FcγRIIB bound to LAM beads complexed with αΛАМ (А194) Fc variants; n.d., not detected. 

(D–G) (D) Relative MFI of αC3-fluorescein isothiocyanate (FITC) antibody used to detect complement C3 deposition on LAM-bead immune complexes (IC). 

Phagocytic scores determined for αLAM Fc variant-opsonized M. tuberculosis in bone marrow-derived (E) macrophages, (F) neutrophils, and (G) DCs. 

Data are representative of 2 independent experiments. Graphs depict the mean ± SEM. Significant differences between Fc variants were determined by one-way 

ANOVA with Tukey’s multiple correction: *p, 0.05; **p, 0.01; ***p, 0.005.
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variants bound with decreasing strength to FcγRIIIA, while the 

mIgG2a N297A displayed no apparent binding (Figure 2B). 

Finally, the mIgG1 variant bound with the greatest affinity to 

FcγRIIB; the mIgG2a and hIgG1 bound with relatively moderate 

affinity, while the mIgG2a N297A had no apparent binding to 

FcγRIIB (Figure 2C). 

Differences in FcR affinity impart differential Fc-effector func- 

tion. 30 In addition to biophysical measures of FcR interactions, 

we compared the capacity of Fc variants to mediate comple- 

ment recruitment and M. tuberculosis-phagocytic functions. 

When the mAbs were complexed with LAM-coated beads, all 

Fc variants were able to recruit C3 complement on immune 

complexes, indicating mature complement-complex forma- 

tion, but the mIgG1 variant immune complex recruited less 

C3 (Figure 2D). Notably, while the mIgG2a N297A displayed 

reduced FcR interactions, the ability of the variant to recruit 

complement was maintained. We also screened Fc-mediated 

phagocytic function in murine macrophages, neutrophils, and 

DCs and found that the mIgG2a variant possessed enhanced 

phagocytic activity in macrophages (Figure 2E), neutrophils 

(Figure 2F), and DCs, when compared with the hIgG1 variant 

(Figure 2G). As expected, the FcR-binding mutant mIgG2a 

N297A had no appreciable phagocytic capacity, compared 

with an isotype control antibody, in any of the cell types tested. 

The mIgG1 variant displayed modest phagocytic capacity 

when compared with the mIgG2a Fc variant. Across the bio- 

physical and functional measures, we confirmed that swapping 

the Fc domains altered the functional capacity of the αLAM 

mAb, with each variant displaying distinct FcR and cellular 

engagement patterns (Figure 2H).

αLAM-Fc variants leverage distinct cellular immune 

responses in vivo during M. tuberculosis infection 

The diverse functional profiles of the Fc variants provided an op- 

portunity to probe the role of Fc-effector function in modulating 

M. tuberculosis infection in vivo. We selected the enhanced 

(mIgG2a), intermediate (mIgG1), and reduced (mIgG2a N297A) 

Fc variants to investigate Fc-mediated immune responses to 

M. tuberculosis infection. Fc variants were passively transferred 

into mice, and animals were challenged with low-dose aerosolized 

M. tuberculosis. Following infection, we tracked how immune re- 

sponses changed across the distinct Fc variant-treated groups. 

Using multi-parameter flow cytometry, we tracked immune cell 

recruitment and fluorescent M. tuberculosis distribution among 

AMs, eosinophils, polymorphonuclear neutrophils (PMNs), clas- 

sical Ly6C high monocytes, non-classical monocytes (Ly6C low Fc- 

gRIV high ), 34 interstitial macrophages (IMs), CD11b + DCs, and 

CD103 + DCs recruited to the lung (Figure S3). 35,36 Analysis of 

lung cells 14 days post M. tuberculosis challenge revealed a shift 

in relative proportions of immune cells in the setting of specific Fc- 

variant treatments, compared with controls (Figure 3A), although 

the total number of myeloid cells was not statistically different 

across the treatment groups (Figure 3B). Specifically, we 

observed elevated AM numbers within the lungs of mice treated 

with mIgG2a and mIgG2a N297A Fc variants, compared with 

mice treated with mIgG1 or control mice (Figure 3C). 

Using yellow fluorescent protein (YFP)-expressing M. 

tuberculosis, we also tracked M. tuberculosis distribution across 

lung immune cells. Consistent with previous reports in C57BL/6

mice 14 days post infection, 37,38 YFP-M. tuberculosis was found 

within AMs, PMNs, and IMs of all animals regardless of 

M. tuberculosis treatment (Figure 3D). However, the Fc variants 

differentially affected the relative distribution of M. tuberculosis 

among the three cell types. The mIgG2a-N297A treatment re- 

sulted in significantly higher numbers of M. tuberculosis+ im- 

mune cells (Mtb + CD45 + ) (Figure 3E) and greater relative 

numbers of M. tuberculosis+ AMs (Figure 3F), PMNs 

(Figure 3G), and RMs (Figure 3H), compared with treatment 

with any other Fc variants. These data suggest that loss of 

FcR engagement but retained complement recruitment activity 

(Figure 2D) may promote differential bacterial entry into immune 

cells. The effects of the other Fc variants were less pronounced, 

although mIgG2a treatment resulted in greater numbers of 

M. tuberculosis+ AMs (Figure 3F) and higher ratios of infected 

AMs to PMNs when compared with other Fc variant treatments 

(Figure 3I). These results indicate that mAbs with enhanced Fc- 

effector function promote residence of M. tuberculosis within 

AMs and may either limit M. tuberculosis uptake by or promote 

bacterial growth restriction within neutrophils.

αLAM mIgG2a treatment is associated with temporal 

bacterial restriction in vivo 

We next determined the effect of the different αLAM Fc variants 

on bacterial restriction in the lungs of mice following 

M. tuberculosis aerosol challenge (Figure 4A). Treatment with 

the αLAM-mIgG2a Fc variants, like the hIgG1 screened previ- 

ously (Figure 1A), resulted in significantly lower bacterial burden 

in the lung, when compared with that of control mice, 14 days 

post infection (Figure 4B). Conversely, no restriction was 

observed with mIgG2a-N297A, the Fc variant with reduced 

FcR binding, or the less functional mIgG1 Fc variant, indicating 

that Fc-effector function is required for αLAM-mediated bacterial 

control. M. tuberculosis dissemination from the lung to other tis- 

sues occurs in a non-linear fashion 11–17 days following infec- 

tion 39 ; notably, at the early time point of 14 days, we detected 

M. tuberculosis only within spleens of mIgG2a N297A-treated 

mice (Figure 4C). These data indicate that Fc-effector function 

is key to the αLAM-mediated restrictive effect on M. tuberculosis. 

The effect of Fc-variant treatment changed over time. While 

the effect on M. tuberculosis restriction was evident 14 days 

post infection, there were no differences in lung CFUs across 

the treatment groups within the first week of infection 

(Figure 4D). Moreover, the effect of Fc-variant treatment on 

M. tuberculosis growth was no longer significant by 3 weeks 

post infection (Figure 4E), when passively transferred antibodies 

are reported to wane from circulation. 40,41 Collectively, these 

data are consistent with a model where the presence of an anti- 

body capable of inducing strong Fc-effector functions promotes 

temporal M. tuberculosis restriction during the early stages of 

infection.

Fc variants mediate no appreciable Mycobacterium 

tuberculosis growth difference in vitro 

Given the differences in bacterial outgrowth and the differential 

distribution of M. tuberculosis among immune cells that we 

observed in Fc-variant-treated mice, we measured the in vitro ef- 

fect of Fc-variants on antibody-mediated M. tuberculosis growth 

restriction in specific lung immune cells. We focused on
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macrophages and neutrophils, which were the dominantly in- 

fected cell types in mouse lungs. We sorted AMs, IMs, and 

PMNs from the lungs of naive mice. We combined Fc-variants 

and luciferase-expressing M. tuberculosis (lux-M. tuberculosis), 

forming Fc-variant immune complexes, which we exposed to 

the sorted immune cells. We tracked M. tuberculosis outgrowth 

via luminescence over time and observed no Fc variant-medi- 

ated restriction of M. tuberculosis in the sorted AMs 

(Figure S4A), IMs (Figure S4B), and PMNs (Figure S4C). The 

lack of mAb-mediated M. tuberculosis restriction in vitro indi- 

cated a potential non-canonical mechanism of mAb-mediated 

bacterial restriction that was not observable using individually 

cultured cells.

Fc-dependent signaling in AM and neutrophil 

populations early in Mycobacterium tuberculosis 

infection 

To evaluate how Fc function may shape immune signaling in vivo 

and bacterial control, we performed single-cell RNA sequencing 

(scRNA-seq) on lung immune cells from M. tuberculosis-infected 

mice treated with the restrictive αLAM mIgG2a variant, non- 

restrictive mIgG2a N297A variant, or PBS. We focused on cell 

state early during infection (5 days) to identify transcriptomic dif- 

ferences that are likely to contribute to, rather than result from, 

CFU differences observed 14 days post infection (Figure 5A). 

As observed 1 week post infection (Figure 4D), M. tuberculosis 

burden in the lungs were similar in all treated animals 5 days

Figure 3. M. tuberculosis infection of AMs is enriched within αLAM mIgG2a-treated mice

(A and B) C57BL/6 mice were pre-treated with 100 μg of αLAM (A194) and infected via aerosol with ∼100 day 1 M. tuberculosis CFUs. Single-cell suspensions of 

lung tissue from mAb-treated mice were generated and phenotypically analyzed using flow cytometry (see also Figure S3). Stacked bar plots show (A) relative 

frequency (%) of myeloid cell types and (B) total numbers (#) of myeloid cells by type present in the lung 14 days post infection.

(C) Frequency (%) and number (#) of alveolar macrophages (AMs).

(D) Flow plots depict YFP-M. tuberculosis signal detected in lung cells at 14 days, and bar plots show relative frequency of M. tuberculosis-infected cells by type.

(E) Total numbers of M. tuberculosis-infected cells by type.

(F) % and # of Mtb + AMs.

(G) % and # of Mtb + PMNs.

(H) % and # of Mtb+ IM.

(I) Ratio of Mtb + AM to Mtb + PMN. Data are representative of 2 independent experiments (n = 4–5 mice per treatment group). 

Graphs depict the mean ± SEM, and significant differences between Fc variants were determined by one-way ANOVA with Tukey’s multiple correction: *p, 0.05; 

**p, 0.01; ***p, 0.005; and ****p, 0.0001. See also Figure S3.
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post infection (Figure S5A). We sorted Mtb+ and Mtb− CD45 + cells 

from PBS-, αLAM-mIgG2a-, and -mIgG2a N297A-treated mice 

(n = 3 mice per treatment) for scRNA-seq, recovering 6,702 

CD45+ cells from all mice in all conditions. Eleven distinct cell pop- 

ulations were identified by transcriptomic clustering, 42 including 

neutrophils, AMs, myeloid cells, NK cells, B cells, monocytes, 

plasmacytoid DCs (pDCs), cycling T cells, basophils, T cells, and

cycling AMs (Figure 5B), and the relative abundance of the popu- 

lations recovered by scRNA-seq was also observed by flow anal- 

ysis in the same tissue (Figures S5B and S5C). 

Mapping the distribution of the AMs isolated from each of 

mAb-treated groups, we found distinct antibody-specific enrich- 

ment patterns across the subclustered AMs (Figure 5C), indi- 

cating that antibodies promoted shifts in AM transcriptional 

states. To identify distinct pathways induced in AMs of mAb- 

treated mice, we performed gene set enrichment analysis 

(GSEA) of the expressed genes measured within the pseudo- 

bulked AM subclusters in individual mice. We performed pair- 

wise comparisons of cells from mIgG2a-, mIgG2a-N297A-, 

PBS control-treated, and infected mice. In AMs from restrictive 

mIgG2a antibody-treated mice, we consistently observed acti- 

vation of DNA repair, heme metabolism, and reactive oxygen 

species (ROS) pathways (red dots) (Figure 5D). In the AMs 

from non-restrictive mIgG2a N297A-treated mice, we observed 

an enriched gene expression profile, which indicated an 

enhanced interferon-α (IFN-α) response accompanied by oxida- 

tive phosphorylation and Myc target gene activation (blue dots in 

mIgG2a/N297A comparisons and red dots in N297A/PBS com- 

parisons) (Figure 5D). The GSEA of AMs revealed that transcrip- 

tional signature shifts, associated with the functional Fc variants, 

occurred prior to the onset of M. tuberculosis restriction in mice. 

GSEA analysis on the pseudo-bulked neutrophils of the indi- 

vidually treated mice revealed additional Fc-mediated changes 

to lung neutrophil state. Several pathways were enriched within 

the cells from mIgG2a-treated mice versus mIgG2a N297A- 

treated or PBS control mice. No pathways reached significance 

in the comparison of N297A and PBS (Figure 5E). In the neutro- 

phils of mIgG2a-treated mice, there was differential expression 

of fatty acid metabolism, G2M checkpoint, and Myc target genes 

(Figure 5E). Thus, single-cell sequencing revealed early shifts in 

cellular transcriptional circuitry ahead of observed in vivo M. 

tuberculosis control, coordinated by mAb-mediated cellular acti- 

vation. Activation of these non-canonical pathways in AMs and 

PMNs may render cells of the lung more resistant to bacterial 

growth, resulting in acute M. tuberculosis restriction and delayed 

dissemination in mice.

DISCUSSION

Emerging data indicate that antibody function is a correlate of pro- 

tection against TB. 16,43 M. tuberculosis-specific antibodies can 

enhance M. tuberculosis restriction in vitro, in macrophages 6,16,31 

and human whole blood, 44 and in vivo, in mouse models of infec- 

tion. 5,6,12 While antibodies able to opsonize M. tuberculosis are 

commonly associated with antimicrobial activity at early stages 

of M. tuberculosis infection in vivo, 6,7 the potential for antibodies 

targeting diverse M. tuberculosis antigens, including non-surface 

antigens, remains incompletely understood. By screening a library 

of mAbs targeting various M. tuberculosis intracellular, cell wall- 

associated, and secreted antigens, we found that antibody opso- 

nization of M. tuberculosis and opsinophagocytic activity were 

concordant but did not correlate with in vivo restriction in mice. 

Instead, both opsonizing and non-opsonizing mAbs restricted 

M. tuberculosis, indicating that additional functions of antibodies 

may be responsible for antimicrobial activity in vivo. Further 

dissection of the in vivo immunological responses induced by

Figure 4. αLAM-mIgG2a restricts M. tuberculosis growth in early 

infection

(A–C) C57BL/6 mice were pre-treated with 100 μg of αLAM (A194) and infected 

via aerosol with ∼100 day 1 M. tuberculosis CFUs. 

(B and C) (B) Lung and (C) spleen CFUs were measured 14 days post infection 

in αLAM Fc variant-treated mice; n.d., not detected.

(D) Lung CFU 7 days post infection.

(E) Lung CFUs 23 days post infection. Data are representative of 2 independent 

experiments (n = 4–5 mice per treatment group). Graphs depict the mean ± 

SEM, and significant differences between Fc variants were determined by 

one-way ANOVA with Tukey’s multiple correction: *p, 0.05; **p, 0.01; ***p, 

0.005; ****p, 0.0001.
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a LAM-specific mAb pointed to a clear Fc-dependent mechanism 

of protection, linked to an Fc-dependent shift of bacterial tropism 

across lung immune cells. In addition, we observed non-canonical 

transcriptional activation of immune cells early following 

M. tuberculosis infection. Together, these data point to a previ- 

ously unappreciated role for antibodies in early M. tuberculosis re- 

striction within the lung, if primed by a vaccine. In the setting of this 

LAM-specific mAb, the mAb alone did not clear the bacteria, but 

collaborates with cells responding to infection in the lung to pro- 

mote bacterial clearance via transcriptional rewiring of key innate 

immune cell types. 

We identified several mAbs capable of restricting 

M. tuberculosis in vivo, despite poor or negligible M. tuberculosis 

surface binding. These mAbs target counterintuitive antigens 

described as secreted or intracellular: Ag85B, Apa, Mpt64, and 

HspX. Consistent with our observations, antibodies against 

HspX and Ag85 were previously shown to protect against 

M. tuberculosis during passive transfer experiments in mice. 7,13 

During infection, antigen targets have been identified in endocytic 

vesicles, which transport M. tuberculosis antigens to the extracel- 

lular space, 45 making these targets potentially accessible to 

antibodies independent of the bacterial surface. Antibody interac- 

tions with released antigens may form complexes that co-ligate 

FcRs on infected cells to promote eradication of intracellular 

M. tuberculosis or that engage FcRs to promote inflammatory re-

sponses. 46 In addition, Mpt64 has previously been identified in in- 

fected cell membranes 47 ; antibodies specific for this and other cell 

surface-associated antigens could recruit cells to recognize and 

eliminate infected cells. In other infectious diseases, such as ma- 

laria and HIV, antibodies that bind the surface of infected cells 

can recruit FcR-bearing NK cells to induce antibody-dependent 

cellular cytotoxicity (ADCC) and enhance infection control. 48–50 

Thus, antibodies targeting diversely localized M. tuberculosis 

antigens, such as those identified in our screen, may induce Fc- 

effector functions beyond bacterial phagocytosis and contribute 

to immune-mediated protection during M. tuberculosis infection. 

Previous studies found an enrichment of antibodies with 

enhanced binding to FcγRIIIA in patients that controlled TB 

infection. 16 FcγRIIIA is an activating FcR that directs ADCC 

through NK cells and macrophages. Phenotypic analyses of pe- 

ripheral blood mononuclear cells in a cohort of TB patients also 

identified increased expression of FcγRIIIA on NK cells in hu- 

mans with controlled M. tuberculosis infection, 51 further impli- 

cating engagement of specific FcRs in TB control. Here, we 

demonstrate that αLAM Fc variants with the highest affinity for 

FcγRIV, the mouse FcR analog to human FcγRIIIA, 30,33 pro- 

moted robust restriction of M. tuberculosis infection in vivo. 

While mouse NK cells do not express FcγRIV, many myeloid 

cells, including AMs, express FcγRIV (Figure S6). As the 

first phagocytes to encounter M. tuberculosis during infection,

Figure 5. scRNA-seq of αLAМ-mIgG2a- 

treated and –mIgG2a N297A-treated lung 

cells reveals distinct AM and PMN states

(A) C57BL/6 mice were pre-treated with 100 μg of 

αLAM (A194) and infected via aerosol with

∼60 day 1 CFUs of YFP-M. tuberculosis.

(B) UMAP depicts clusters of immune cells defined 

from scRNA-seq: including neutrophils, alveolar 

macrophages (AMs), myeloid cells, NK cells, B 

cells, monocytes, plasmacytoid dendritic cells 

(pDCs), cycling T cells, basophils, T cells, and 

cycling AMs.

(C) Cells from the distinct Fc-variant treatment 

groups are differentially distributed within the AM 

subcluster.

(D) Top pathways of AM subcluster identified in 

gene set enrichment analysis (GSEA) in at least 

one of the following pairwise comparisons: 

mIgG2a/PBS, mIgG2a/N297A, N297A/PBS.

(E) Differentially enriched pathways within neu- 

trophils identified in GSEA in at least one of the 

following pairwise comparisons: mIgG2a/PBS, 

mIgG2a/N297A, N297A/PBS. n = 3 mice per 

group. Enriched pathways depicted are derived 

from 100 permutations with normalized enrich- 

ment scores (NESs) > 1.1, signifying enrichment in 

the numerator (red dots), or NES < − 1.3 signifying 

enrichment in the denominator (blue dots). En- 

riched pathways across the group comparisons 

with nominal p < 0.05 are filled with red for 

significant numerator enrichment or blue for 

denominator enrichment for the pairwise 

comparison. 

See also Figure S5.
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AMs may respond rapidly and robustly to antibody-opsonized 

M. tuberculosis and contribute to rapid bacterial capture or 

growth restriction. 37,52,53 Importantly, antibody-mediated 

FcγRIV ligation on AMs may play a critical role in antibody-medi- 

ated protection against influenza, as the depletion of AMs prior 

to viral challenge disrupted antibody-mediated restriction of 

influenza. 54 These data point to a critical role for early anti- 

body-mediated activation of AMs as a first line of defense 

against M. tuberculosis and other respiratory pathogens, poten- 

tially linked to FcγRIV in mice or FcγRIIIA in humans. 

Transcriptional profiling of the lung cellular immune response 

to mAb Fc-variant treatment following M. tuberculosis infection 

revealed distinct shifts in cell state following mAb variant treat- 

ment. We found early activation profiles associated with the 

restrictive αLAM mIgG2a, compared with controls in AMs and 

PMNs within the infected tissue. Consistent with previous 

studies of macrophages, 55 we found ROS signaling elevated in 

restrictive mIgG2a-treated lung AMs. In a model of lupus 

nephritis, antibody Fc has recently been found to shift liver 

macrophage metabolism following antibody treatment, and 

this metabolic shift promoted greater inflammatory responses 

to immune complexes. 56 Here, we found a heme metabolism 

pathway preferentially elevated in AMs in mice treated with the 

restrictive mIgG2a variant. Similarly, this pathway has been 

found to be enriched in M. tuberculosis-restrictive AMs in 

concomitantly immune animal models, 57 and transcriptional 

changes in BCG-trained immunity models also reveal heme 

metabolism enrichment. 58 

PMNs also displayed shifts in metabolism. Both fatty acid and 

heme metabolism gene sets were enriched in the lung PMNs of 

protective mIgG2a-treated mice, indicating that metabolic shifts 

in neutrophils may promote a less hospitable environment for 

bacterial growth. Although there is a paucity of data linking meta- 

bolism in PMNs to M. tuberculosis control, 59,60 recent studies 

have found that distinct metabolic activation of neutrophils can 

promote inflammation or prevent tissue damage. 61 While this 

study highlights a relationship of metabolism and antibody Fc 

recognition on immune cells, future studies are essential to un- 

derstand how metabolic signals impact the cellular response 

during M. tuberculosis infection. 

Recent TB vaccine studies point to a role for antibodies in 

M. tuberculosis control. 17 Likewise, intravenous BCG vaccina- 

tion in non-human primates provides near sterilizing protection 

against M. tuberculosis and is linked to both cellular 62 and hu- 

moral immune responses. 18 Our current work contributes to 

the growing appreciation that humoral immunity contributes to 

protection against TB, extending our understanding of antigen 

targets and functional diversity of antibodies that promote bac- 

terial control. Furthermore, the data presented here point to a 

critical collaboration between the humoral and innate immune 

response in early defense against M. tuberculosis. Thus, next- 

generation TB vaccines that exploit canonical (opsinophagocy- 

tosis and ADCC) and non-canonical (metabolic) functions may 

enhance clearance of this deadly pathogen. 

This study raises hypotheses for future investigation. The anti- 

gen targets of the protective Fab identified in our screen could be 

targeted by antibodies in novel vaccines to protect against TB, 

as has been achieved by antibodies in other bacteria-targeting 

vaccines. 63,64 Future studies, aimed at driving persistent and

high titers of polyclonal antibodies to these antigens, would pro- 

vide additional insights into the mechanisms by which 

M. tuberculosis surface- and non-surface-associated antibodies 

promote bacterial restriction in vivo. Our findings also indicate 

that high concentrations of non-specific isotype IgG2a can 

induce antimicrobial activity in the lungs of M. tuberculosis-in- 

fected mice, indicating a response to monomeric antibody Fc 

engagement of FcRs. 65,66 Importantly, we find that only the com- 

bination of antigen-specific targeting and Fc function promotes 

significant changes in M. tuberculosis tropism and immune 

cell state.

Limitations of the study 

Here, we focused on the role of antibodies as a prophylactic 

measure against M. tuberculosis infection. In our model, anti- 

bodies engage innate immune cells in the absence of T cells. 

However, in vaccination or therapy, antibodies would be persis- 

tent, tonically interacting with circulating M. tuberculosis anti- 

gen and the innate immune system and likely collaborating 

with T cells. Several M. tuberculosis infection models indicate 

that antibody-mediated function can be dependent on 

T cells, 3,5 and future studies will be essential to fully dissect 

the precise antibody Fc biology that best cooperates with 

T cell immunity to gain optimal control over M. tuberculosis 

infection.
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70. Liberzon, A., Birger, C., Thorvaldsdó ttir, H., Ghandi, M., Mesirov, J.P., and 

Tamayo, P. (2015). The Molecular Signatures Database (MSigDB) 

Hallmark Gene Set Collection. Cell Syst. 1, 417–425. https://doi.org/10. 

1016/j.cels.2015.12.004.

ll
OPEN ACCESSArticle

Immunity 58, 1586–1597, June 10, 2025 1597

https://doi.org/10.1016/j.cell.2015.10.027
https://doi.org/10.1016/j.cell.2015.10.027
https://doi.org/10.7554/eLife.36806
https://doi.org/10.1016/j.chom.2021.01.006
https://doi.org/10.1038/s41586-018-0439-x
https://doi.org/10.1038/s41586-018-0439-x
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1126/sciimmunol.aaw6693
https://doi.org/10.1126/sciimmunol.aaw6693
https://doi.org/10.1038/s41467-017-00928-3
https://doi.org/10.1038/s41467-017-00928-3
https://doi.org/10.4049/jimmunol.1800333
https://doi.org/10.4049/jimmunol.1800333
https://doi.org/10.1073/pnas.2000943117
https://doi.org/10.1371/journal.ppat.1008655
https://doi.org/10.1371/journal.ppat.1008655
https://doi.org/10.1016/j.cell.2020.09.062
https://doi.org/10.1016/j.cell.2020.09.062
https://doi.org/10.1016/j.celrep.2019.12.033
https://doi.org/10.1016/j.celrep.2019.12.033
https://doi.org/10.1084/jem.20210615
https://doi.org/10.1084/jem.20210615
https://doi.org/10.1111/imr.13157
https://doi.org/10.1038/s41586-019-1817-8
https://doi.org/10.1038/s41586-019-1817-8
https://doi.org/10.1128/cdli.10.5.780-786.2003
https://doi.org/10.1128/cdli.10.5.780-786.2003
http://refhub.elsevier.com/S1074-7613(25)00225-0/sref64
http://refhub.elsevier.com/S1074-7613(25)00225-0/sref64
http://refhub.elsevier.com/S1074-7613(25)00225-0/sref64
https://doi.org/10.1016/s0161-5890(98)00069-8
https://doi.org/10.1016/s0161-5890(98)00069-8
https://doi.org/10.1016/s1074-7613(02)00287-x
https://doi.org/10.1016/s1074-7613(02)00287-x
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1128/IAI.70.5.2566-2575.2002
https://doi.org/10.1128/IAI.70.5.2566-2575.2002
https://doi.org/10.1172/jci.insight.143129
https://doi.org/10.1172/jci.insight.143129
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

InVivoMAb human IgG1 isotype control BioXCell Cat # BE0297

InVivoMAb mouse IGg2a isotype control (clone C1.18.4) BioXCell Cat # BE0085

anti-CD45 (clone 30-F11) BUV395 BD Cat # 564279

anti-CD11c (clone N418) PerCP Biolegend Cat # 117326

anti-Ly6G (clone 1A8) BV605 Biolegend Cat # 127639

anti-Ly6C (clone HK1.4) AlexaFluor700 Biolegend Cat # 128024

anti-IAIE (clone M5/114.15.2) BV421 BD Cat # 562564

anti-CD24 (clone M1/69) BV510 Biolegend Cat # 101806

anti-CD103 (clone 2E7) APC Biolegend Cat # 121413

anti-CD64 (clone X54-5/7.1 FC) PE-Cy7 Biolegend Cat # 139314

anti-CD16/CD32 (clone 93) BV711 Biolegend Cat # 101337

anti-CD16.2 (clone 9e9) BV785 Biolegend Cat # 149535

anti-CD19 (clone 1D3) BUV737 BD Cat # 612781

anti-CD11b (clone M1/70) BUV805 BD Cat # 741934

anti-Siglec F (clone E50-2440) PE-CF594 BD Cat # 562757

anti-cd351, Fca/mR (clone TX61) PE Biolegend Cat # 137306

Anti-human IgG1 Fc (clone M1310G05) APC Biolegend Cat # 410712

Anti-human IgG-Fc Fragment (polyclonal) HRP Bethyl Laboratory Cat # A80-104P

Anti-guinea pig complement C3 (polyclonal goat IgG) 

FITC

MP Biomedicals Cat # 0855385

Bacterial and virus strains

M. tuberculosis: YFP-tagged H37Rv Laboratory of Chris Sasseti N/A

M. tuberculosis: H37Rv ATCC ATCC 27294

M. tuberculosis: Lux276-H37Rv Laboratory of Bryan Bryson N/A

Chemicals, peptides, and recombinant proteins

eBioscience™ Fixable Viability Dye eFluor™, 455UV Thermo Fisher Cat # 65-0868-18

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit Thermo Fisher Cat # L34975
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BEI Resources Cat # NR-49428

PstS1 (Gene Rv0934, Non-Acylated), Purified Native 

Protein from Strain, H37Rv Mycobacterium tuberculosis

BEI Resources Cat # NR-14859

ESAT-6, Recombinant Protein Reference Standard 

Mycobacterium tuberculosis

BEI Resources Cat # NR-49424

CFP-10, Recombinant Protein Reference Standard 

Mycobacterium tuberculosis

BEI Resources Cat # NR-49425

Mouse GM-CSF, recombinant protein PeproTech Cat # 315-03-20UG

Mouse M-CSF, recombinant protein PeproTech Cat # 315-02-10UG

Middlebrook 7H9 Broth Base Millipore Sigma Cat # M0178-500G

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice 

C57BL/6 mice () were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in specific-pathogen free BSL3 

facilities of Harvard T.H. Chan School of public Health and/or the Ragon Institute of MGH, MIT, and Harvard for the duration of the 

experiment., C57BL/6 female mice aged 6 weeks were used for in vivo studies of antibody-mediated restriction; these mice were 

acclimated for 1 week in the animal facility prior to experimental procedures. Female mice between 6-8 weeks were used for 

bone marrow isolation and cell culture. All animal experiments were conducted in accordance with procedures approved by the Insti- 

tutional Animal Care and Use Committees of Harvard T.H. Chan School of Public Health and the Ragon Institute of MGH. MIT, and 

Harvard.

Bone marrow derived dendritic cells, macrophages, and neutrophils 

Bone marrow was isolated from female C57BL/6 mice, aged 6-8 weeks purchased from Jackson Laboratory. BMDC and neutrophils 

were generated in 7-day cultures with complete RPMI-10 supplemented with 15ng/mL recombinant GM-CSF (PeproTech). Cells 

from the floating fraction were harvested and BMDC were sorted using anti-CD11c MicroBeads (Miltenyi Biotech) or anti-Ly6G

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Middlebrook 7H11 Agar Base Millipore SIgma Cat # M0428-500G

Middlebrook OADC Growth Supplement Millipore Sigma Cat # M0678-500ML

Critical commercial assays

Gelatin Veronal Buffer with Mg & Ca (GVB++) Millipore Sigma Cat # G6514

Low-Tox Guinea Pig Complement Cedar Lane Labs Cat # CL4051

Collagenase, Type 4, Filtered Worthington CLSS-4/LS004210

DNase I Millipore Sigma #10104159001

gentleMACS C Tubes Miltenyi Cat # 130-096-334

anti-mouse CD11c MicroBeads Miltenyi Cat # 130-125-835

anti-Ly6G MicroBeads Miltenyi Cat # 130-120-337

LS Columns Miltenyi Cat # 130-042-201

Chromium Single Cell 3’ Reagent Kits 

(v3.1 Chemistry)

10X Genomics Cat # PN-1000121

MULTI-seq Lipid-Modified Oligos Millipore Sigma Cat # LMO001

BD OptEIA™ TMB Substrate Reagent Set BD Cat # 555214

MagPlex microspheres Diasorin Cat # MC10045-YY, MC10009-YY, 

MC12024-01, MC10056-YY, 

MC10038-YY

FluoSpheres® NeutrAvidin®-Labeled Microspheres, 

1.0 μm, yellow-green

Thermo Fisher Cat #: F8776

Deposited data

Raw data scRNAseq (Figure 5) This paper GEO: GSE198064

Flow cytometry and meta data of mouse immune 

profiling

FAIRDOMHub https://fairdomhub.org/studies/927

Experimental models: Organisms/strains

Mouse: Female C57Bl/6J The Jackson Laboratory Cat # 000664

Recombinant DNA

pUC19 vector New England Biolabs Cat # N3041S

Software and algorithms

Flow Jo version 10.8.1 BD Bioscience https://www.flowjo.com

GraphPad Prism versions 9 to 10 GraphPad https://www.graphpad.com

RStudio version 2021.09.0+351 CRAN https://www.r-project.org

R version 4.0.3 CRAN https://www.r-project.org

Seurat v4.0.0 Hao et al. 67 https://github.com/satijalab/seurat

single cell cluster and analysis code This paper https://zenodo.org/records/6329999
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MicroBeads (Miltenyi Biotech) for the isolation of BMDC and PMN, respectively. BMM were differentiated in complete DMEM-10 

supplemented with 15 ng/mL recombinant M-CSF(PeproTech) and 7 days later adherent macrophages were collected from the 

culture dish with warm PBS. Cell phenotype was confirmed by antibody staining at the conclusion of the ‘‘Mtb phagocytic assay’’; 

MHC II (BMDC), Ly6G (PMN), of CD11b+MHC II lo (BMM). No additional authentication was performed of these primary mouse cells.

Bacterial Strains 

YFP-expressing M. tuberculosis (courtesy of C. Sassetti) and its parental strain H37Rv (BEI Resources NR-123) were used for mouse 

aerosol infections. For in vitro infection of phagocytic cells YFP-Mtb was used to track bacterial uptake and Mtb-276, a luminescent 

Mtb strain generated with a modified form of pMV306hsp+LuxG13 (Addgene 26161) (lux-Mtb, from B. Bryson) was used to track 

bacterial growth in the in vitro Mtb restriction assays. Mtb cultures were grown to mid-log in Difco Middlebrook 7H9 media (Millipore 

Sigma) supplemented with 10% OADC (Millipore Sigma) and 0.05% Tween 80 and 37C shaking at 100 rpm. YFP-expressing Mtb 

were grown in the presence of the selection antibiotic hygromycin (50 μg/ mL) and lux-Mtb was cultured in Zeocin supplemented 

(20 μg/ mL) media. To count colony forming units, Mtb was palted on 7H11 agar plates (Millipore Sigma) supplemented with 

10% OADC.

METHOD DETAILS

Aerosol infection of mice 

7-week-old female C57BL/6 mice were injected with 100 μg of antibody (5 mg/kg) intraperitoneally (i.p.) one day prior to aerosol infec- 

tion with YFP-H37Rv. Prior to infection H37Rv was cultured in 7H9-OADC media to mid-log phase and passaged once. Mice were 

inoculated with 50-200 CFU using an Inhalation Exposure Unit (Glas-Col). 3 animals from the aerosol infection were sacrificed one 

day following infection to determine the Day 1 CFU dose. 14 days following aerosol infection, all mice were sacrificed, and lungs and 

spleen were harvested for CFU plating on 7H11 Agar plates supplemented with 10% OADC (Millipore Sigma) and single cell suspen- 

sions were stained for flow cytometric analysis.

Antibody cloning and expression 

Previously published VH/VL genes of monoclonal antibodies (A194, 28 D2, 11 710 and 712, 27 MoAb1, 28 2e9, 13 SMITB14, 9 and 24c5 68 ) 

were cloned as human IgG1 Fc variants. Additional VH/VL sequences were courtesy of and MassBiologics and Chris Sassetti (OM- 

and CP- clones), AERAS/IAVI (Apa30), and BEI Resources (CS-90, a-Rv1411c, IT-15, Mpt64(B), KatG2, CS-35). Antibody VH/VL se- 

quences were cloned together with hIgG1, mIg2a, mIgG2a N297A, and mIgG1 Fc sequences, and the corresponding antibodies 

were produced following transfection of plasmids into Expi293F cells (in the Dana Farber Cancer Institute Antibody Production 

Core). Antibodies were enriched from culture supernatants using protein G beads and were tested for endotoxin. Only antibody prep- 

arations with less than 0.5 endotoxin unit/mL detected were used in our experiments.

Mtb surface staining 

10 7 YFP-Mtb cultured in 7H9 with and/or without 0.05% Tween-80, were combined with 1μg of mAb in a 96-well plate at 37 ◦ C for one 

hour. Following incubation with antibody, Mtb was washed 2x with PBS and stained with an αhuman IgG1-Fc antibody (M1310G05, 

Biolegend) secondary antibody. After staining with secondary antibody, Mtb was washed with PBS and fixed overnight with 4% para- 

formaldehyde (PFA) before analysis on a BD LSR Fortessa and High Throughput Screening (HTS) plate reader. Data were analyzed 

using FlowJo software version 10.8.1 for Mac OS X.

LAM coated bead phagocytic assays 

Biotinylated LAM was generated by combining 100 μg of LAM (BEI Resources NR-14848) dissolved ddH 2 O (1mg/mL), with 10 μL of 

1M sodium acetate (NaOAc, Millipore Sigma) and 2.2 μL of 50mM sodium periodate (NaIO 4 , Millipore Sigma); this solution was 

incubated for 60 minutes (mins) on ice in the dark to oxidize LAM. To stop the oxidation reaction, 12uL of 0.8M NaIO4 was added 

to the solution and incubated for 5mins at room temperature (RT) in the dark. The oxidized LAM was transferred to a fresh tube and 

combined with 10 μL 1M NaOAc and 22 μL of 50mM hydrazide biotin (Millipore Sigma), this was incubated at RT for 2 hours (hrs) to 

biotinylate LAM. The reaction mixture was buffer exchanged on an Amicon 3KDa cutoff 0.5mL Centrifuge column (Millipore Sigma) 

to remove excess biotin by washing 3 times with PBS. The buffer-exchanged biotinylated LAM was suspended in a final volume of 

100 μL of PBS. As described, 18 biotinylated LAM was combined with 1 μm green fluorescent neutravidin beads (ThermoFisher) 

incubated overnight and washed to generate LAM-coated beads. These beads were co-incubated with 0.5 μg of αLAM Fc-variants 

for 1hr at 37 ◦ C to generate immune-complexes, washed with PBS then combined with either RAW cells for antibody-dependent 

phagocytosis (ADCP) assays or bone marrow derived neutrophils (generated as described below) for antibody-dependent neutro- 

phil phagocytic (ADNP) assays. Cells and immune complexes were co-incubated for 1hr at 37 ◦ C, after which the cells were 

washed with PBS, stained with fixable live/dead NearIR stain (ThermoFisher), and fixed with 4%PFA. Phagocytosis data was 

collected on a BD LSR Fortessa and HTS plate reader. Data were analyzed using FlowJo software version 10.8.1 for Mac OS 

X. Phagocytic Scores were determined as (%Green LAM-bead + Live Cells x MFI of Bead + Cells)/100 for each of the antibody 

conditions tested.
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Mtb Phagocytic Assays in bone marrow derived cells 

Differentiated cells were seeded into 96-well plates at 3x10 4 /well. 1.5x10 5 antibody-coated Mtb (prepared as described above in Mtb 

surface staining) were added to each well. Cells and bacteria were co-incubated for phagocytosis for 1hr, after which extracellular 

bacteria were washed off with PBS and the cells were stained with CD11b and Live/Dead for identification of live cells via flow cy- 

tometry. Cells were fixed at 4 ◦ C overnight with 4% PFA and run on a BD LSR Fortessa and HTS plate reader. Data were analyzed 

using FlowJo software version 10.8.1 for Mac OS X. Phagocytic Scores were determined as (%Mtb + Live Cells x MFI of Mtb + 

Cells)/100 for each of the antibody conditions tested.

IC50 determination for LAM mAbs 

ELISA plates (ThermoFisher 269620 439454) were precoated with 100 μL PBS containing 2 μg/mL LAM overnight at 4 ◦ C. Plates were 

washed 5 times with PBS Tween 0.5% (PBST), blocked with 5% BSA for one hour at RT, and was again washed PBST 5 times before 

adding diluted mAb. Glycolipid-specific mAbs (SMITB14, MoAb1, CS-35, A194, OM2-L22, and CP2-R3, Table 1) at a starting con- 

centration of 200 ng/mL were serially diluted 2-fold, and 9 dilutions per antibody were added to LAM-coated and pre-washed plates. 

Antibodies were incubated at RT for 2 hours before washing the plates and adding hIgG1 detection antibody (Bethyl Laboratory 

#A80-104P). Plates were incubated for 1 hour with secondary antibody and washed with PBST 5 times before adding TMB substrate 

(BD) to develop the signal. The reaction was stopped with 2N sulfuric acid and ELISA plates were read on a Tecan infinite M1000pro 

plate reader. 

The collected O.D. values from the antibody dilution series in ELISA was used to calculate IC-50. Each mAb dilution was assayed in 

duplicate. The resulting dilution curve was plotted in GraphPad Prism and IC-50 was determined by fitting a nonlinear curve to the 

averaged data per mAb, which was constrained to a 0% baseline defined by the average O.D. of the non-specific human IgG1 isotype 

control antibody. IC-50 -1 are reported to demonstrate increased LAM-binding capacity of the mAbs relative to controls.

Luminex-based FcR-binding assay 

LAM was covalently coupled to MagPlex Luminex beads as described 43 and these beads were combined with 10 ng of αLAM Fc- 

variants and incubated for 1hr at RT in a 96-well plate to form immune complexes that were then washed with PBS and probed for 

binding to mouse FcγR. To measure FcγR binding to these Fc-variant immune complexes, FcγR detectors were generated by 

biotinylating Avi-tagged mouse FcγRIIB, FcγRIIA, RcγRIV (generated by the Duke Human Vaccine Institute) and conjugating the bio- 

tinylated FcγR with Streptavidin-PE (Prozyme PJ31S). 69 FcR detectors were incubated with αLAM ICs, then washed and resus- 

pended in BioRad Sheath Fluid. The MFI of FcγR-PE was detected for each condition on the FlexMap3D (Luminex).

Luminex-based complement deposition assay 

LAM-coated Luminex beads as described in the FcR-binding assay above were incubated with 10 ng αLAM Fc-variants for 1 hr at RT 

to form immune complexes. In addition to LAM coated beads a BSA-coated control bead was spiked in for antigen-specificity control 

in each well. After washing 4 times with PBS-Tween 0.5%, immune complexes were incubated with Low-Tox Guinea Pig Comple- 

ment (Cedar Lane labs) which was serially diluted five-fold in veroneal buffer (Millipore Sigma) ranging from 1:20 to 1:50,000. 

Complement and immune complexes were incubated for 30 minutes. Cells were washed 4 times with PBS-Tween 0.5%. And the 

complement-bound complexes were stained with anit-C3-FITC mouse sera (AP bio) diluted 1:1000 for 15 mins at RT in the dark. 

Complexes were washed 3x with PBS-Tween 0.5% and fixed with 4% PFA before running on a BD LSR Fortessa and HTS plate 

reader to detect anti-C3-FITC signal.

Flow staining of infected lungs 

Single cell suspensions from Mtb-infected lungs were generated by digestion with 10mg/mL Type IV collagenase D (Worthington) 

and 30 μg/mL DNAseI (Roche) for 1hr at 37 ◦ C in a shaker. Cells were washed with PBS then stained for innate immune cells using 

viability dye (eBioscience Fixable Viability Dye eFluor455UV) and the fluorescently-labelled Abs BUV737-CD19 (1D3, BD), BUV395- 

CD45 (30-F11, BD), PerCp-CD11c (N418,Bioegend), BUV805-CD11b (M1/70), BV605-Ly6G (HK1.4, Biolegend), AlexaFluor700- 

Ly6C (1A8, Biolegend), Pacific Blue-IA-IE (M5/114.15.2, Biolegend), BV510-CD24 (M1/69, Biolegend), PE-Cy7-CD64 (X54-5/7.1 

FC, Biolegend), BV711-CD16/32 (93, Biolegend), BV786-CD16.2 (9e9, Biolegend), and PE-CD351(TX61, Biolegend). Mtb-infected 

cells were identified by the expression of YFP. Lung cells were stained, washed with PBS, and fixed in 4% PFA overnight. The sam- 

ples were analyzed on the BD FACSymphony™ A5 SE Cell Analyzer using BD TruCount (Cat# 340334) tubes to determine the total 

number of CD45+ cells in each sample; the cells and TruCount beads were collected on BD FACS Symphony and analyzed with 

FlowJo version 10.8.1 for Mac OS X. The gating strategy for immune cell identification is outlined in Figure S4.

Mtb restriction assay in sorted lung immune cells 

Single cell suspensions were generated from lungs of naı̈ve 6-week-old female C57Bl/6 mice and stained with antibodies as 

described in the methods used for flow cytometry of Mtb-infected lungs. AM, IM, and PMN were sorted from the lung suspension 

using the gating strategy outlined in Figure S3 on a BD FACS AriaFusion. The cells were resuspended in phenol-free complete 

RPMI-10 media without antibiotic and plated in 96-well plates (Greiner BioOne: #655083) and 10,000 AM, IM, and PMN were plated 

per well. At least five days prior to infection of these cells, H37Rv-276, a luciferase-expressing Mtb (lux-Mtb), was cultured in 7H9- 

OADC media to mid-log phase at 37 ◦ C and passaged once prior to infection. Bacteria was washed and resuspended in RMPI-10
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without phenol and pre-coated with antibody as described above for Mtb surface staining. 1.5 x10 4 antibody-coated Mtb was added 

to 96-well plates containing previously aliquoted lung immune cells for an approximate MOI of 0.5. Luminescence readings were 

taken daily over the course of 192 hours (hr). Luminescent values were fold normalized to background signal captured in uninfected 

wells of the plate, and background-corrected luminescent values were reported as the fold change in lux-Mtb signal relative to the 

starting Mtb luminescence at the 0 hr time point of the assay. Area Under the Curve (AUC) values for each mAb treatment Mtb growth 

curve was calculated to quantify the difference the bacterial restriction mediated by mAb treatment.

Single-cell sorting and RNA Sequencing of mouse lung cells 

6-week-old female C57Bl/6 mice were purchased from Jackson Laboratories and injected with PBS or 100 μg of aLAM-mIgG2a or 

-mIgG2a N297A (5 mg/kg) i.p. (3 mice/group) one day prior to aerosol infection (Biaera AeroMP-Hope aerosolization unit) with YFP- 

expressing H37Rv. On day 5 post infection, mice were sacrificed, and a single cell suspension of lungs cells was generated for flow 

sorting. Prior to sorting for CD45+ cells, samples were then quenched with FACS buffer (PBS with 2% FBS and 2 mM EDTA), washed 

once, and counted before proceeding with MULTI-seq barcoding. Samples were barcoded with 2.5 μM of MULTI-seq Lipid-Modified 

Oligos (LMO) (Millipore Sigma) anchor and barcode for 5 minutes on ice in PBS before adding 2.5 μM of the LMO co-anchor and 

incubating for an additional 5 minutes. Samples were quenched with 1% BSA in PBS and washed once with PBS before staining 

with the antibodies according to the above flow staining method. CD45+ cells were sorted on a BD FACS AriaFusion. Sorted cells 

were processed using the Chromium Single Cell 3’ Reagent Kits (10X Genomics) per the manufacturer’s protocol in 2 microfluidic 

lanes. Again, 0.5 U/μL RNase inhibitor (Roche) was added to the single-cell suspension and cDNA was heat-inactivated at 95 ◦ C 

for 15 minutes prior to BSL3 removal. Libraries were sequenced on a NextSeq500 (Illumina), and the data were aligned to the 

mm10 reference using Cell Ranger Count v6.0.1.

Analysis of infection scRNA-seq data 

LMO barcode and gene expression count matrices were merged and analyzed using R (v4.0.3) and Seurat (v4.0.0). Samples were 

demuxed using HTODemux (Seurat). Data from both CD45+ and Mtb+ sorted samples were merged. Cells with less than 200 unique 

molecular identifiers (UMIs) counted and more than 25% mitochondrial UMIs were excluded. 3,000 variable features were used for 

Principal Component Analysis. Counts were normalized using the default parameters from NormalizeData (Seurat), i.e., scaling by 

10,000 and log normalization. Walktrap (igraph) clustering was performed on the shared nearest neighbor graph generated from 

FindNeighbors (Seurat) using 20 principal components and k = 20. Cell type annotation was based on expert annotation and pre- 

dicted cell type labels from the Tabula Muris dataset. Cell type labels were predicted using FindTransferAnchors, MappingScore, 

and TransferData (Seurat) with 20 dimensions and 20 trees. Myeloid cell types were subclustered separately by repeating the steps 

above on the cell subsets. Marker gene statistics were calculated using wilcoxauc (presto). The in vivo scRNA-seq data is accessible 

on GEO (GSE198064).

Gene Set Enrichment Analysis 

A gene expression data set (or gene sets) for cells of the alveolar macrophage and neutrophil subclusters was extracted per mouse 

and pseudo-bulked. The pseudo-bulked data was used to perform pathway enrichment analysis comparing PBS-, mIgG2a-, and 

mIgG2a N297A-treated mice to the others (mIgG2a/PBS, mIgG2a/N297A, and N297A/PBS). GSEA software (version 4.2.1) was 

used to rank the genes expressed in AM from treated mice and calculate enrichment of genes in hallmark genes list curated by 

MSigDB. 70 Gene-sets enriched in either treatment group with a nominal p value < 0.05 were used for bubble plot visualization.

Data Analysis and Visualization 

Univariate data visualization and statistical analysis were performed using GraphPad Prism (Version 9.3.1) and ‘‘ggplot’’ package in 

RStudio (version 2021.09.0+351).

QUANTIFICATION AND STATISTICAL ANALYSIS

The code utilized for the subclustering and analysis of the scRNAseq data is depositied on Zenodo https://doi.org/10.5281/zenodo. 

6329999.
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