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Summary

While a third of the world carries the burden of tuberculosis, disease control has been hindered by 

the lack of tools including a rapid, point-of-care diagnostic and a protective vaccine. In many 

infectious diseases, antibodies (Abs) are powerful biomarkers and important immune mediators. 

However, in Mycobacterium tuberculosis (Mtb) infection, a discriminatory or protective role for 

humoral immunity remains unclear. Using an unbiased antibody profiling approach we show that 
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individuals with latent tuberculosis infection (Ltb) and active tuberculosis disease (Atb) have 

distinct Mtb-specific humoral responses, such that Ltb infection is associated with unique Ab Fc 

functional profiles, selective binding to FcγRIII, and distinct Ab glycosylation patterns. Moreover, 

compared to Abs from Atb, Abs from Ltb drove enhanced phagolysosomal maturation, 

inflammasome activation, and most importantly, macrophage killing of intracellular Mtb. 

Combined, these data point to a potential role for Fc-mediated Ab effector functions, tuned via 

differential glycosylation, in Mtb control.

Graphical abstract

Individuals with active and latent tuberculosis infections can be distinguished by the type of 

antibodies they produce, pointing toward an important and unappreciated contribution from 

humoral immunity in controlling chronic TB.

Introduction

Despite the high global burden of Mycobacterium tuberculosis (Mtb) infection (Zumla et al., 

2013), the immunological mechanism(s) underlying bacterial control remains unclear 

(O'Garra et al., 2013). While cellular immunity is important, the role of humoral immunity 

in tuberculosis (TB) is uncertain (Achkar et al., 2015; Kozakiewicz et al., 2013). 

Complement opsonization does not affect Mtb survival (Zimmerli et al., 1996), higher 

antibody (Ab) titers correlate with disease severity (Doherty et al., 2009; Steingart et al., 

2011), and passive transfer of Abs have inconsistently conferred protection (Balu et al., 

2011; Hamasur et al., 2004; Suter, 1953; Teitelbaum et al., 1998). However, Abs, plasma 

cells, and Ab-responsive innate immune cells bearing Fc receptors (FcR) are abundant in TB 

granulomas (Phuah et al., 2012; Tsai et al., 2006), suggesting that they may play a role in the 
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antimicrobial response. Along these lines, Abs against the Mtb lipoarabinomannan enhance 

bacterial opsonization and restrict intracellular growth (Chen et al., 2016; de Valliere et al., 

2005). Moreover, while B cell and Ab deficiencies are not risk factors for TB disease 

(Glatman-Freedman and Casadevall, 1998), mice lacking B cells or the ability to secrete Abs 

are more susceptible to infection (Maglione et al., 2007; Torrado et al., 2013; Vordermeier et 

al., 1996), and depletion of B cells in non-human primates (NHPs) results in increased 

lesional bacterial burden (Phuah et al., 2016). Finally, elevated Ag85A-specific IgG titers 

have been identified as a correlate of lower risk of TB disease in a post-hoc analysis of the 

MVA85A vaccine trial (Fletcher et al., 2016), highlighting the mounting evidence for a 

possible role for Abs in Mtb protective immunity.

Beyond opsonization, Abs direct innate immune antimicrobial activity via their constant (Fc) 

domains following engagement of FcRs found on all innate immune cells (Casadevall and 

Pirofski, 2006; Nimmerjahn and Ravetch, 2008). These functions, interrogated extensively 

in the monoclonal therapeutics field (Bakema and van Egmond, 2014), include cytolysis of 

infected target cells by natural killer (NK) cells and complement; clearance of target cells by 

monocytes, neutrophils, and dendritic cells (DCs); immune regulation in inflammation; toxin 

clearance and neutralization; and antigen presentation by DCs to promote adaptive immunity 

(Ackerman and Alter, 2013; Nimmerjahn and Ravetch, 2008). In infectious diseases, 

accumulating evidence points to a critical role for Fc-mediated Ab functions in influenza 

(DiLillo et al., 2014), HIV (Bournazos et al., 2014; Hessell et al., 2007), Ebola (Olinger et 

al., 2012; Schmaljohn and Lewis, 2016), and malaria (Bergmann-Leitner et al., 2006; Pleass, 

2009). These Fc effector functions are regulated immunologically via two features of the Ab 

Fc domain: 1) through Fc class-switch recombination selecting different isotypes (i.e., IgG, 

IgM, IgA, IgD, and IgE) and/or subclasses (e.g., IgG1, 2, 3, 4) and 2) the post-translational 

addition of distinct glycan species on the Fc domain of antibodies, specifically at asparagine 

297 on IgG (Vidarsson et al., 2014). In particular, Ab glycosylation varies with age, sex, 

disease state, treatment, infection, and vaccination which likely reflect the highly sensitive 

and dynamic processes that actively alter Ab effector function during an inflammatory 

response (Ackerman et al., 2013; Gardinassi et al., 2014; Ho et al., 2014; Mahan et al., 2016; 

Parekh et al., 1989).

FcRs have been implicated in immune modulation of TB disease. Mice deficient in 

activating FcRs exhibit enhanced immunopathology and elevated bacterial burden while 

those lacking the inhibitory FcR have diminished pathology (Maglione et al., 2008). 

Similarly, higher expression of the activating high-affinity FcγRI (Sutherland et al., 2014) 

and loss of the activating low-affinity FcγRIIIb are associated with enhanced TB disease 

(Machado et al., 2013). Thus, collectively, these lines of evidence point to a potential role for 

Fc-mediated Ab modulation of TB disease. Hence here we aimed to define whether distinct 

Ab Fc-effector functional profiles could contribute to Mtb control among individuals with 

latent TB (Ltb) who, though infected, successfully control Mtb such that they manifest no 

clinical symptoms, as compared to those with active TB disease (Atb) who lack such 

control. Using a systems serology approach (Chung et al., 2015), we profiled 70 Ab features 

associated with Fc effector activity and identified differential Ab glycosylation and 

functional profiles that distinguished Ltb and Atb. Moreover, Abs isolated from Ltb 

enhanced human macrophage control of Mtb with increased phagolysosomal fusion, 
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inflammasome activation, and lower bacterial burden in vitro compared to Atb. Together, 

these data highlight Ab glycosylation profiles as potential immune correlates of TB disease 

state and provide mechanistic insights into Ab Fc effector function in bacterial control.

Results

Ab signatures distinguish latent (Ltb) and active (Atb) TB disease

To broadly explore the humoral immune responses in TB disease, we profiled plasma 

derived IgG from HIV-negative individuals with Ltb (n=22) or Atb (n=20) (Table 1) from 

South Africa. We assessed 70 Ab features (Supplemental Table) including the ability to 

recruit Ab-dependent cellular phagocytosis (ADCP) and Ab-dependent cellular cytotoxicity 

(ADCC) (Chung et al., 2015) in response to purified protein derivative (PPD) and 

fractionated Mtb culture preparations; IgG Fc binding to activating (FcγRIIIa and FcγRIIa) 

and inhibitory (FcγRIIb) FcRs; antigen-specific IgG subclass levels; and IgG glycosylation. 

Principal component analysis (PCA) (Jolliffe, 1986) of the Ab features resolved divergent 

humoral immune profiles between the groups (Supplemental Figure 1). Feature reduction 

(Tibshirani, 1997) identified nine Ab characteristics as the minimal parameters that could 

separate the two disease states (Table 2, indicated by ^). PCA using these nine features alone 

segregated the Ltb individuals (blue) towards the left of the x-axis and Atb individuals (red) 

towards the right (Figure 1A). The mirror loadings plot (Figure 1B), where the relative 

location of an individual feature is associated with the geographical position of the 

corresponding disease state group on the dot plot (Figure 1A), highlighted differential Ab 

glycosylation as a feature that separated with both Ltb and Atb (3̂, 4̂, 8̂, and 18̂ in Figure 

1B). After correction for multiple comparisons (Holm, 1979), the digalactosylated (G2) Ab 

glycoform was identified as the biomarker that best discriminated between the groups (Table 

2, indicated by &). These data show that PPD-specific Fc profiles can resolve differences 

between Ltb and Atb Abs.

Abs generated in Ltb and Atb exhibit distinct Fc effector functional profiles

We next sought to define whether these differences in Ab Fc profiles were simply 

biomarkers of disease state or also contributed to immune activity against Mtb. Among the 

innate immune cells with potential antimicrobial function, we explored Ab activation of NK 

cells, monocytes, and neutrophils. On a per PPD-specific Ab level, we observed that IgG 

from individuals with Ltb (n=22) compared to Atb (n=20) was associated with enhanced NK 

cell–mediated, PPD-specific ADCC (Figure 2A, p=0.0233) and NK cell degranulation 

(CD107a upregulation, Figure 2B, p=0.0110). Likewise, consistent differences were 

observed for additional measures of NK cell activation including the secretion of MIP1β and 

IFN-γ (Supplemental Figure 2A-B). Ab-mediated phagocytosis of PPD-adsorbed beads 

trended higher in the presence of neutrophils (Figure 2C) and was significantly enhanced in 

Atb compared to Ltb in the presence of the monocytic cell line, THP1, (Figure 2D, 

p=0.0010). Similarly, enhanced monocyte-mediated phagocytosis was also observed in the 

presence of some but not all Mtb culture fraction–coated beads (Supplemental Figure 2C-G, 

p values from 0.006 to 0.011), suggesting some selectivity in Ab function against particular 

antigens. To further assess antigen specificity, we generated two pools of Abs composed of 

purified polyclonal IgG from individuals within each disease group: Ltb (n=22) and Atb 
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(n=20). Depletion of PPD-specific Abs resulted in trends towards reduced ADCC and ADCP 

and significantly reduced ADNP (Supplemental Figure 2H-J) supporting the antigen-specific 

nature of Ab effector activity. That bioactivity was not completely depleted may affirm 

immune complex biology where even low affinity Abs that remain in the pools elicit some 

activity. Moreover, functional differences in ADCP were not observed with uncoated control 

beads (Figure 2E) or beads coated with an irrelevant pool of influenza hemagglutinin 

proteins (Figure 2F), against which IgG titers were similar or higher to those observed for 

PPD (Supplemental Figure 2K), highlighting disease specific differences in Ab Fc-effector 

function. Together these lines of evidence suggest that distinct Ab effector profiles in Ltb 

and Atb can selectively recruit innate immune cell activity in an antigen specific manner.

Distinct FcR binding profiles in Ltb and Atb

Low-affinity interactions between the Ab Fc domain and activating or inhibitory FcRs 

regulate Fc-mediated effector functions. Low affinity FcRs include the activating FcRs, 

FcγRIIa and FcγRIIIa/IIIb, and the sole inhibitory FcR, FcγRIIb (Bruhns, 2012; Mishra et 

al., 2010). While no significant differences were observed in the capacity of Ltb and Atb 

IgG to bind to FcγRIIa (Figure 2G) or FcγRIIb (Figure 2H), IgG from Ltb individuals 

bound to the activating FcγRIIIa at significantly higher levels compared to IgG from Atb 

(Figure 2I, p=0.002). Sensorgram overlay for FcγRIIIa binding demonstrated that 

differential binding relates to enhanced on, rather than off rates, consistent with a mode of 

action of glyco-engineered monoclonal Abs (Supplemental Figure 2M) (Nimmerjahn and 

Ravetch, 2008). This difference in FcγRIIIa binding was also observed in the ratios of 

activating to inhibitory FcR binding (Figures 2J, p=0.0174 and K), which more accurately 

captures alterations in immune complex dynamics with combinations of FcRs expressed on 

innate immune cells (Ackerman and Alter, 2013; Pincetic et al., 2014). These results, 

pointing to a selectively enhanced FcγRIIIa binding profile, tracks with enhanced NK cell–

mediated Fc effector function observed among Ltb Abs (Figures 2A and 2B).

Minimal differences in Mtb-specific subclass selection profiles

Ab affinity for select FcRs can be regulated via subclass selection (Chung et al., 2014b). 

While total Mtb-specific IgG levels trended towards higher levels in Atb (Supplemental 

Figure 3), no statistically significant differences were observed among the most functional 

Ab subclasses, IgG1 and IgG3 (Bruhns, 2012). Thus Ltb is associated with lower antigen-

specific Ab titers, as would be expected in the context of a lower bacterial burden. However, 

subclass selection profiles alone do not account for the functional profile differences 

observed between the groups.

Significant differences in Ab glycosylation

A second mechanism by which the immune system naturally tunes FcR affinity is via 

differential glycosylation of IgG Abs at a single asparagine residue at position 297 in the 

CH2 domain (Arnold et al., 2007; Raju, 2008). The Fc glycan is composed of a core 

complex bi-antennary structure of mannose (Man) and n-acetylglucosamine (GlcNAc) with 

variable levels of five branching or terminal sugars: fucose (F), galactose (G), bisecting 

GlcNAc (B), and sialic acid (SA) (Raju, 2008). These post-translational modifications tune 

the affinity of Abs for FcRs and regulate effector function (Herter et al., 2014; Zou et al., 
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2011). To determine whether differences in Ab glycosylation account for diverging 

functional profiles, glycosylation of purified IgG from individuals with Ltb and Atb were 

analyzed by capillary electrophoresis (CE) (Mahan et al., 2015). Unsupervised hierarchical 

clustering of all measured glycans (Figure 3A) showed that Ltb and Atb glycan profiles 

clustered as nearly distinct signatures, with a single Atb glycan profile outlier sample 

clustering with the Ltb samples. Despite this surprising classification accuracy between the 

disease groups, significant heterogeneity was observed among the glycan profiles within 

patient class, potentially reflecting the spectrum of latent and active disease states (Barry et 

al., 2009).

At a more granular level, no statistically significant difference was observed in bisecting 

GlcNAc (Figure 3B), the addition of which improves binding to FcγRIII (Zou et al., 2011). 

However, total IgG from individuals with Ltb compared to Atb contained less fucose, 

another modification known to enhance Ab binding to FcγRIII (Ferrara et al., 2011; Niwa et 

al., 2005) (Figure 3C, p=0.0041). Additionally, striking differences were observed in 

galactose and sialic acid levels, which are associated with inflammation (Anthony et al., 

2011; Jefferis, 2009). Specifically, IgG purified from Ltb individuals had fewer 

“inflammatory” agalactosylated (G0) (Figure 3D, p=0.0003) and higher “anti-inflammatory” 

di-galactosylated (G2) structures (Figure 3E, p=0.0002). Consistent with this, IgG purified 

from Ltb individuals had higher levels of the “anti-inflammatory” sialic acid (S) compared 

to Atb (Figure 3F, p=0.0010). Parallel patterns of glycosylation were observed in PPD-

specific IgG from a subset of individuals (Ltb n=6, Atb n=7) for whom sufficient sample 

was available (Figure 3 and Supplemental Figure 4A-E).

Given that glycan structures were many of the top potential discriminatory features in our 

analyses (Table 2), we sought to validate these findings in an independent, geographically 

distinct cohort of HIV-negative individuals with Ltb (n=10) and Atb (n=10) from Texas/

Mexico (Table 1). These differences were recapitulated in this second cohort (Figure 3G-K, 

p values from 0.003 to 0.025) and remained significant following correction for multiple 

testing. To confirm the essential role of the glycan in directing Ab effector function (Olivares 

et al., 2013), glycans were enzymatically removed from IgG purified from a subset of age- 

and sex-matched pairs of individuals with Ltb (n=9) and Atb (n=9) from South Africa for 

whom sufficient sample was available. As expected, the removal of the glycan reduced 

ADCP (Supplemental Figure 4F, p<0.0001). Together, these data demonstrate that Ltb and 

Atb are associated with conserved differential and selective Ab glycosylation profiles that 

drive Ab effector function and potentially serve as biomarkers of disease state.

Distinct impacts of Abs on modulating host-mediated pathogen control

Next, we investigated whether Abs can also contribute to antimicrobial control using 

primary human monocyte-derived macrophages (MDM) infected with virulent Mtb (Martin 

et al., 2012). We focused on MDM uptake of Mtb (Figure 4A) or PPD-coated beads 

(Supplemental Figure 5A). Opsonization of either bacteria or beads by pools of Ltb 

compared to Atb IgG were not statistically significantly different.

We then sought to determine whether Abs could impact MDM control of Mtb after 

infection. As phagolysosomal-Mtb co-localization is a critical step in intracellular bacterial 

Lu et al. Page 6

Cell. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



control, we assessed the impact of Abs on this process. Mtb-infected MDM were treated 

with pooled IgG from Ltb or Atb individuals immediately after infection. Ltb IgG increased 

co-localization of Mtb with lysosomes as compared to Atb IgG (Figure 4B, p=0.0057 Ltb vs 

Atb), suggesting that Ltb Abs can activate antimicrobial processes within macrophages even 

after infection.

Recent studies have shown that Abs can activate the inflammasome in the context of malaria 

(Hirako et al., 2015) and autoimmune disease (Muller-Calleja et al., 2015) and that 

inflammasome activation may play an important role in TB infection (Briken et al., 2013). 

Treatment of Mtb-infected MDM with pooled Ltb as compared to Atb Abs increased the 

formation of perinuclear Apoptosis-associated Speck-like protein containing a Caspase 

Activation and Recruitment Domain (ASC) aggregates (Mishra et al., 2010), a measure of 

inflammasome activation (Figure 4C and D, p=0.0226 and 0.0180). In addition, IgG pooled 

from Ltb individuals also enhanced IL1β secretion (Figure 4E, p values from 0.001 to 

0.009), a second marker of inflammasome activation (Martinon et al., 2002; McElvania 

Tekippe et al., 2010). Importantly, no differences in cell death were observed between MDM 

treated with pooled Ltb or Atb IgG (Figure 4F and Supplemental Figure 5B), reminiscent of 

data demonstrating that Salmonella activation of the NLRC4 inflammasome in neutrophils 

selectively promotes IL1β secretion without pyroptosis of the infected cells (Chen et al., 

2014).

Next, we evaluated the effect of Ltb and Atb Abs on bacterial survival within macrophages. 

In a standard plating assay, treatment of MDM after Mtb infection with pooled Ltb IgG 

resulted in significantly lower bacterial burden compared to treatment with pooled Atb IgG 

(Figure 4G, p=0.0261 and 0.0047). To determine if Ltb IgG enhanced the capacity of MDM 

to restrict Mtb growth or truly promoted bacterial killing, an Mtb strain carrying a “live-

dead” reporter was used. The “live-dead” reporter enables tracking of both cumulative 

bacterial burden via a long-lived constitutive fluorophore (mCherry) and the quantification 

of the fraction of surviving bacteria, defined by tetracycline inducible GFP expression that 

correlates with bacterial viability, confirmed by colony forming units (CFU) (Martin et al., 

2012) (Figure 4H). Treatment of infected macrophages with Ltb Abs reduced bacterial 

survival compared to Atb Abs in seven of eight macrophage donors (Figure 4I, p=0.0156). 

While donor-to-donor variability was observed (Supplemental Figure 5C), highlighting 

potential nuances in innate immune cell activity, these results demonstrate that Ltb Abs 

promote the ability of macrophages to kill bacteria as compared to Atb Abs. Taken together, 

these results demonstrate that Abs isolated from individuals with Ltb have distinct 

glycosylation patterns linked to enhanced FcRγIIIa binding that are able to activate innate 

immune control of TB infection.

Discussion

While a direct role for Abs in TB has been unclear, the data presented here highlight the 

existence of distinct Ab Fc effector profiles that correlate with different TB disease states 

and suggest mechanisms by which humoral immunity may modulate pathogenesis. Using a 

systems serology approach, we show highly divergent Ab signatures between individuals 

with Ltb and Atb (Figure 1). Despite lower titers to PPD and other Mtb fractions, individuals 
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with Ltb possess Abs able to drive superior NK cell activation. This increased Ltb Ab 

functionality correlates with increased binding to the activating FcγRIII (Figure 2I-J), 

known to drive NK cell activation and ADCC (Ravetch and Perussia, 1989). Moreover, the 

divergent functional profiles observed between Ltb and Atb are associated with distinct Ab 

glycan profiles, validated an independent, geographically distinct cohort, highlighting the 

potential utility of Ab glycosylation profiles as biomarkers of disease state (Figure 3). 

Finally, these differences were linked to differential activation of innate immunity and Mtb 

killing within primary macrophages (Figure 4I), suggesting that Abs may not only mark 

disease states but also contribute functionally to infection outcome.

We found that beyond opsonization, Ltb Abs enhanced several macrophage responses 

against intracellular Mtb including phagolysosomal maturation and inflammasome 

activation independent of pyroptosis. The impact on inflammasome activation is particularly 

provocative in light of recent studies showing that circulating immune complexes containing 

Plasmodium spp. DNA (Hirako et al., 2015) or phospholipid-specific Abs can activate the 

inflammasome in monocytes (Muller-Calleja et al., 2015; Prinz et al., 2011). Moreover, in 

some TB studies, inflammasome activation has been linked to bacterial control (Carlsson et 

al., 2010; Eklund et al., 2014; Mishra et al., 2010; Pontillo et al., 2013). Thus, our data 

suggest that Abs could direct inflammasome activation in macrophages, and this may 

contribute to bacterial control.

How Abs recognize Mtb-infected macrophages remains unclear. Bacterial cell wall 

constituents have been shown to access a constitutive lysosomal exocytic pathway that fuses 

with the macrophage plasma membrane (Beatty et al., 2001). Thus, Abs may directly 

recognize antigens on the infected cell and bind to and activate FcRs in cis or trans. It is also 

possible that Abs may form immune complexes with soluble bacterial antigens or enter the 

cell through pinocytosis/endocytosis and recognize bacteria in endosomal compartments. 

Finally, the existence of intracellular FcRs, such as TRIM21 (McEwan et al., 2013), may 

allow for the recognition of bacterial components within the cytoplasm. Moreover, given that 

granulomas contain an array of immune cells beyond macrophages (Nunes-Alves et al., 

2014; Tsai et al., 2006; Ulrichs et al., 2004), the ultimate impact of functional Abs is likely 

to be a product both of how they direct bacterial fate within macrophages as well as engage 

the collaborative activity of the local cellular microenvironment. Future studies will be 

required to elucidate the mechanism(s) by which Abs recognize and kill intracellular Mtb, 

recruit beneficial innate immune cell functions, and identify the specific Mtb targets that 

may be most critical for these antimicrobial activities.

The data presented here suggest that Ab Fc characteristics, including differential 

glycosylation, may provide a means to distinguish Ltb from Atb. In HIV infection 

(Ackerman et al., 2013) and autoimmune disease (Anthony et al., 2011; Jefferis, 2009; 

Malhotra et al., 1995; Parekh et al., 1989), antigen-specific Abs are differentially 

glycosylated as a function of disease state and treatment status (Ackerman et al., 2013; 

Gardinassi et al., 2014; Ho et al., 2014; Vidarsson et al., 2014). Moreover, recent data 

suggest the existence of distinct Ab glycosylation patterns between different antigen 

specificities (Mahan et al., 2016). Thus, Ab glycosylation differences may reflect differential 

B cell priming (Mahan et al., 2016; Selman et al., 2012) aimed at directing optimized 
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pathogen- or antigen-specific clearance activity. In autoimmune disease, Ab glycosylation is 

heavily influenced by inflammation (Bohm et al., 2014), and interestingly, the glycan 

modifications that are enriched among individuals with Atb are quite similar to those 

observed in rheumatoid arthritis and HIV infection (Ackerman et al., 2013; Gunn et al., 

2016; Parekh et al., 1989) suggesting that high levels of agalactosylated (G0) Abs may 

emerge in the setting of chronic inflammatory diseases. This may be linked to the non-

specific activation of B cells or the induction of unique B cell responses in the setting of 

persistently high antigen loads. Conversely, in controlled Ltb disease, the conversion of 

activated B cells to Ab-secreting cells (plasmablasts or plasma cells) may occur in a less 

inflammatory environment within germinal centers (GC) in lymph nodes, resulting in the 

induction of non-inflammatory (non-G0) but more functional Ab glycan profiles aimed at 

driving bacterial control. To this point, in TB disease the granuloma itself may have GC-like 

properties (Kahnert et al., 2007), potentially enabling unique Mtb-specific Ab profiles to be 

programmed within the lung even in Ltb. Where optimal B cell responses are primed and 

how these may be disrupted leading to bacterial escape is unclear but likely to be defined in 

future studies of NHPs and longitudinal cohorts that follow disease progression from Ltb to 

Atb.

While recent data point to the promising role of gene array technology for distinguishing Ltb 

and Atb (Berry et al., 2010; Zak et al., 2016), current clinical immunologic diagnostics for 

TB infection have been inadequate. The use of antigen-specific Ab glycan profiles would be 

particularly attractive clinical correlates given their ease of interrogation (Mahan et al., 

2015). Importantly, because vaccination generates Ab profiles distinct from natural infection 

(Mahan et al., 2016; Vestrheim et al., 2014), antigen-specific Ab glycan profiles may 

provide diagnostic value even in an immunized population. Moreover, differences in 

glycosylation patterns observed in individuals with TB as compared to other chronic 

infections such as HIV (Supplemental Figure 6) (Mahan et al., 2016) suggest that these 

changes are not necessarily simply representative of a non-specific inflammatory state. 

Therefore, additional efforts to define the preferential antigen-specific Ab populations most 

sensitive to disease progression may refine our understanding of how to most effectively use 

Ab glycosylation states as biomarkers.

The most provocative implication of these data is that Abs may contribute to the control of 

TB disease. It is possible that discrepancies as to a protective or non-protective role for Abs 

may be resolved with appreciation for the diverse functions of Abs and how they may be 

regulated both by the antigens they recognize and the characteristics of their Fc domains. 

Because recent work suggests that it is possible to generate distinct Fc profiles through 

vaccination (Mahan et al., 2016), defining the features of the Abs that provide the most 

protection against TB infection may provide a roadmap for future vaccine design.

Methods and Resources

Contact for Reagent and Resource Sharing

Further information and requests for reagents may be directed to and will be fulfilled by the 

corresponding author and lead contact Galit Alter (galter@mgh.harvard.edu).

Lu et al. Page 9

Cell. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental Model and Subject Details

Study population and sample collection

Twenty-two adult HIV-seronegative individuals with Ltb and twenty with Atb were recruited 

from Cape Town, South Africa (Day et al., 2011) (Table 1). Ltb was defined by the presence 

of IFN-γ-producing T cells specific for CFP10 and ESAT6 in whole blood intracellular 

cytokine staining (ICS), with no previous history of TB diagnosis, treatment or active 

clinical symptoms. Atb was defined by positive sputum smear microscopy or culture for M. 
tuberculosis (Mtb). Peripheral blood was obtained in sodium heparin Vacutainer tubes (BD 

Biosciences) and plasma isolated by Ficoll-Histopaque (Sigma-Aldrich) density 

centrifugation within 4 hr of collection. Blood was obtained from Ltb individuals in the 

absence of therapy and from Atb individuals between 0 and 7 days after initiation of therapy 

per South African National Health Guidelines. All study participants gave written, informed 

consent, approved by the Human Research Ethics Committee of the University of Cape 

Town and the Western Cape Department of Health.

Ten adult HIV seronegative individuals with Ltb and ten with Atb were recruited from the 

south Texas (USA)/north-eastern Mexico regions (Restrepo et al., 2011) (Table 1). Ltb was 

defined by the presence of positive tuberculin skin test and/or IFN-γ-producing T cells 

specific for CFP10 and/or ESAT6 peptides with no previous history of TB diagnosis, 

treatment or active clinical symptoms. Atb was defined by either positive sputum smear 

microscopy, positive culture for Mtb and/or clinical diagnosis when microbiological test 

results were negative or unavailable (clinical case: symptoms compatible with Atb and 

documentation of TB treatment for at least 6 months). All study participants gave written, 

informed consent, approved by the institutional review boards of the participating 

institutions in Mexico and the United States.

Healthy HIV-seronegative donors in the Boston, Massachusetts (USA) area were recruited 

by Ragon Institute of MGH, MIT, and Harvard, whole blood collected in ACD tubes and 

plasma was isolated as detailed above. All study participants gave written, informed consent, 

approved by the institutional review boards at Massachusetts General Hospital and Partners 

Healthcare.

Primary Monocyte Derived Macrophages

CD14-positive cells were isolated from whole blood from seronegative donors using the 

EasySep CD14 Selection Kit per the manufacturer's instructions (Stem Cell Technologies) 

and matured for 7 days in RPMI (Invitrogen) with 10% fetal calf serum (Life Technologies) 

in low-adherent flasks (Corning). Monocyte-derived macrophages (MDM; 5×104 per well) 

were plated in a glass bottom 96-well plates (Greiner) 24 hr prior to Mtb infection or 

addition of Ab-opsonized, PPD-adsorbed beads or Mtb.

M. tuberculosis H37Rv

Live dead reporter bacteria constitutively express mCherry and a tetracycline inducible GFP 

(Martin et al., 2012). Bacteria were cultured in 0.5 mg/ml Hygromycin 7H9 media (BD) at 

37°C in log phase, washed, sonicated and passed through 5 μm filter (Millex) to obtain a 
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single cell suspension prior to infection at multiplicity of infection (MOI) 1 for 14 hrs at 

37°C. For experiments involving induction of GFP fluorescence expression in 

transcriptionally active bacteria, anhydrotetracycline (Sigma) (200 ng/mL) was added for 16 

hours.

Method Details

Antigens

Mtb antigens used were: PPD (Statens Serum Institute), cell membrane, culture filtrate, 

cytosol protein, soluble cell wall protein and soluble protein fractions of H37RV Mtb (BEI 

Resources). A mixture of seven recombinant influenza envelope HA antigens representative 

of the dominant strains in the past 10 years were used as a control: H1N1-A/Brisbane/

59/2007, B/Florida/4/2006), B/Malaysia/2506/2004, H1N1-A/Solomon Island/3/2006, 

H3N2-A/Wisconsin/67/X-161/2005, H3N2-A/Brisbane/10/2007), H1N1-A/New Caledonia/

20/99 (all from Immune Technology Corp.).

Isolation of bulk IgG

Total IgG was purified from plasma via negative selection using Melon Gel resin (Thermo 

Scientific). All purified IgGs, except endotoxin contaminated monoclonal Abs used as 

controls for endotoxin removal, were filtered through 0.2 μM (Fisher) and 300 kDa filters 

(Amicon) prior to use. Endotoxin levels were assayed by LAL Chromogenic Endotoxin 

Quantitation Kit (Pierce). No effect of endotoxin was observed in the purified Abs or pools 

in functional assays (Supplemental Figure 2L and 5D).

Isolation of PPD-specific IgG

Purified protein derivative (PPD) was biotinylated with Sulfo-NHS-LC-LC Biotin (Thermo 

Scientific) and coated onto M270 Streptavidin Dynabeads (Invitrogen). Subject plasma was 

incubated with PPD-conjugated beads at 4°C for 24 hrs. Beads were washed with PBS 

(Corning), and PPD-specific IgG was eluted using 100mM citric acid (pH 3.0) and 

neutralized with 0.5 M potassium phosphate (pH 9.0).

IgG pools

Pools of Ltb and Atb Ab were generated by mixing equivalent total IgG from each 

individual Ltb (n=22) or Atb (n=20) sample. The resulting pools were passed through a 300 

kDa centrifugal filter (Amicon) to remove immunoglobulin complexes. Human IgG from 

over 1000 healthy North American donors (Sigma) was used as a control and also passed 

through a 300 kDa filter.

PPD-specific IgG depletion

Biotinylated PPD was coated on 1 mm fluorescent neutravidin beads (ThermoFisher) and 

incubated with Ab pool mixes at 4°C for 16 hrs. PPD-specific IgG was pulled down, and the 

depleted pools removed for further use. Depletion was confirmed by PPD ELISA (data not 

shown).
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IgG deglycosylation

To remove N-linked glycans from IgG, 100 μg of purified IgG (0.8 mg/mL) was treated with 

6250 U PNGase enzyme (NEB) or control water at 37°C for 14 hrs in 50 mM sodium 

phosphate. The reactions were passed through 50 kDa centrifigual filters (Amicon) to 

remove the enzyme and then used for functional assays.

IgG quantitation

Total IgG concentrations were determined by Human IgG ELISA kit (Mabtech). Each 

sample was run in duplicate.

PPD- and HA-specific IgG quantitation

To determine PPD-specific and HA- specific IgG titers, ELISA plates (Nunc) were coated 

with PPD (250 ng/ml), HA-Flu (250 ng/mL), or PBS-5% BSA at 4°C for 16 hrs. The coated 

plates were blocked with PBS-5% BSA for 2 hrs at room temperature (RT). IgG samples 

were added, and the plates were incubated at RT for 2 hrs. HRP-conjugated anti-human IgG 

(1:500 in PBS; R&D Systems) was added, and the plates were incubated for1 hr at RT. Wells 

were developed in 0.4 mg/ml o-phenylenediamine in PBS/H2O2 and stopped by the addition 

of 2.5 M H2SO4. Absorbances were measured at 492 and 605 nm.

THP1 phagocytosis assay

The THP1 phagocytosis assay of antigen-coated beads was conducted as previously 

described (Ackerman et al., 2011). Briefly, Mtb antigens were biotinylated with Sulfo-NHS-

LC Biotin (Thermofisher). A mixture of seven recombinant influenza HA antigens 

representative of the dominant strains in the past 10 years were used as a control. 

Biotinylated Mtb and HA antigens were incubated with 1 μm fluorescent neutravidin beads 

(Invitrogen) at 4°C for 16 hrs. Excess antigen was washed away. Antigen coated beads were 

incubated with IgG samples (100 μg/ml) 2 hrs at 37°C. THP1 cells (1×105 per well) were 

added and incubated at 37°C for 16 hrs. Bead uptake was measured in fixed cells using flow 

cytometry on a BD LSRII equipped with high-throughput sampler. Phagocytic scores are 

presented as the integrated MFI (% bead-positive frequency × MFI/10,000) (Darrah et al., 

2007) (Supplemental Figure 7). ADCP experiments for individual IgG samples were 

performed in duplicate in three independent experiments, while pooled IgG samples were 

tested in duplicate in two independent experiments.

ADCC assay—A modified rapid fluorometric ADCC (RFADCC) assay was used (Chung 

et al., 2014b; Gomez-Roman et al., 2006). CEM-NKr CCR5+ cells (NIH AIDS reagents) 

were pulsed with PPD (60 μg/ml) for 1 hr at RT and labeled with the intracellular dye CFSE 

(Sigma) and the membrane dye PKH26 (Invitrogen). NK cells were isolated from 

seronegative donor whole blood with RosetteSep (Stem Cell Technologies). Purified IgG 

(100 μg/ml) was added to the labeled CEM-NKr cells (2×104 per well), incubated with NK 

cells (2×105 cells per well) for 4 hr at 37°C and fixed. The proportion of PKH26+ cells 

lacking intracellular CFSE staining (i.e., percent dead cells) was determined using flow 

cytometry (Supplemental Figure 7). Individual IgG samples were tested in two independent 
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RFADCC experiments, while pooled IgG samples were tested in duplicate in two 

experiments.

Ab-dependent NK cell activation

An ELISA-based Ab-dependent NK cell activation assays were modified for use with Mtb 

antigens (Jegaskanda et al., 2013). Briefly, ELISA plates (Thermo Fisher NUNC MaxiSorp 

flat bottom) were coated with PPD (300 ng/well) or BSA as a negative control at 4°C for 16 

hrs. Purified IgG (25 μg) was added to each well. NK cells were isolated from whole blood 

from seronegative donors with RosetteSep (Stem Cell Technologies). NK cells (5×104 per 

well), anti-CD107a-phycoerythrin (PE)-Cy5 (BD), brefeldin A (10 mg/ml) (Sigma), and 

GolgiStop (BD) were added to each well, and the plates were incubated for 5 hrs at 37°C. 

Cells were then stained for surface markers using anti-CD16–allophycocyanin (APC)-Cy7 

(BD), anti-CD56-PE-Cy7 (BD), and anti-CD3-AlexaFluor 700 (BD), and then stained 

intracellularly with anti-IFNγ-APC (BD) and anti-MIP1β-PE (BD) using Fix and Perm A 

and B solutions (ThermoFisher). Fixed cells were analyzed by flow cytometry. NK cells 

were defined as CD3- and CD16/56+. Ab-dependent NK cell activation assays were 

performed in two independent experiments.

Ab-dependent Neutrophil activation

Whole healthy donor blood was mixed with an equal volume of 3% dextran-500 

(ThermoFisher) and incubated for 25 min at RT to pellet the red blood cells. Leukocytes 

were removed and washed in HBSS without calcium and magnesium (ThermoFisher). The 

leukocytes were further separated using Ficoll-Histopaque (Sigma-Aldrich) centrifugation, 

and the granulocyte pellet was harvested and washed with PBS. PPD conjugated beads, as 

described above, were incubated with IgG (100 μg/mL) for 2 hrs at 37°C. Isolated 

neutrophils (1×105 per well) were added and incubated for 16 hrs at 37°C. Bead uptake was 

measured by flow cytometry as described above. The purity of neutrophils was confirmed by 

staining with CD66b (BioLegend). Pooled IgG samples were tested in duplicate in three 

independent experiments

FcγR Surface Plasmon Resonance Analysis

Surface plasmon resonance (SPR) assays were performed on a Biacore 3000 (Chung et al., 

2014a). Research grade CM5 plasmon surface resonance chips (GE) were coated with 

recombinant FcγRIIa, IIb, IIIa (R&D Systems), or PBS control. Purified IgG (100 μg/ml) 

was used to assess the binding of Abs to the individual FcγRs based on the area under the 

curve quantified by the relative response units (RU) of signal following injection. Individual 

IgG samples were tested twice. After each assay cycle, the sensor chip surface was 

regenerated using 10 mM glycine pH 3.0. Binding response was recorded as RU 

continuously, with background binding automatically subtracted.

Antigen-specific IgG subclass quantitation

A customized Luminex subclass assay (Brown et al., 2012) was used to quantify the relative 

concentration of each Ab isotype among Mtb antigen-specific Abs. Carboxylated 

microspheres (Luminex) were coupled with Mtb protein antigens by covalent NHS-ester 
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linkages via EDC and NHS (Thermo Scientific) per the manufacturer's instructions. 

Antigen-coated microspheres (5000 per well) were added to a 96-well filter plate 

(Millipore). Each IgG sample (5 μg of bulk IgG) was added to five replicate wells of a 96-

well plate and incubated 16 hrs at 4°C. The microspheres were washed, and IgG1-, IgG2-, 

IgG3-, IgG4-, or bulk IgG-specific detection reagents (Southern Biotech) were added for 2 

hr at RT. The beads were then washed and read on a Bio-Plex 200 System. The background 

signal, defined as MFI of microspheres incubated with PBS, was subtracted. Each sample 

was tested twice.

Glycan profiling of IgG

Purified bulk (10 μg) or PPD-specific IgG was denatured and treated with PNGase enzyme 

(NEB) to release N-linked glycans (Mahan et al., 2015). Proteins were precipitated in ice-

cold ethanol, and the glycan-containing supernatants were dried using a CentriVap. The 

dried glycans were fluorescently labeled with a 1:1 ratio of 50 mM APTS (8-

aminoinopyrene-1,3,6-trisulfonic acid, ThermoFisher) in 1.2 M citric acid and 1 M sodium 

cyanoborohydride in tetrahydrofuran (Sigma-Aldrich) at 55°C for 2 hr. The labeled glycans 

were dissolved in water, and excess unbound APTS was removed using Bio-Gel P-2 (Bio-

rad) size exclusion resin. Samples were run with a LIZ 600 DNA ladder in Hi-Di formamide 

(ThermoFisher) on an ABI 3130XLl DNA sequencer. Data were analyzed using 

GeneMapper (Chatterji and Pachter, 2006) software, and peaks were assigned based on 

migration of known standards and glycan digests. Peak area was calculated, and the relative 

percentage of each glycan structure is graphed.

In vitro macrophage opsonophagocytosis

For Mtb and PPD-adsorbed bead uptake experiments, pooled IgG (100 μg/mL) and Mtb or 

PPD-adsorbed fluorescent beads described above were incubated 37°C for 1 hr prior to 

infection at an MOI of 1 for 4–6 hrs at 37°C. The cells were washed, fixed, and stained with 

DAPI (Sigma; 500 ng/mL) in 0.1% IGEPAL CA-630 (Sigma) for 10 min at RT. Images were 

obtained using an Operetta High-Content Imaging Fluorescence Microscope (Perkin-Elmer) 

with 20× NA objective. Mtb in macrophages was quantified based on Alexa-546+ pixels. 

Fluorescent PPD-adsorbed beads in macrophages were quantified based on Alexa-488+ 

pixels. Bacterial or PPD-bead uptake per macrophage as determined by DAPI was scored. 

The ratio of bacterial uptake in the presence of Ltb or Atb to bacterial uptake in the absence 

of an Ab was used to calculate the relative Mtb uptake (Ltb or Atb/No IgG). Between 

1.5×104 and 4×104 cells per condition over technical triplicates per donor were analyzed via 

CellProfiler (Carpenter et al., 2006; Martin et al., 2012). Mtb uptake was tested in triplicate 

in three healthy macrophage donors. Fluorescent PPD-adsorbed bead uptake was tested in 

triplicate in two healthy macrophage donors.

Mtb-phagolysosomal co-localization

For co-localization of Mtb in lysosomes, pooled IgG (100 μg/ml) samples were added to 

MDM infected with mCherry-expressing Mtb as described above for 96 hrs at 37°C. 

Lysotracker Deep Red (1 mM; ThermoFisher) was added to samples for 1 hr at 37°C prior to 

washing and fixation. Macrophage nuclei stained with DAPI (Sigma; 500 ng/mL) in 0.1% 

IGEPAL CA-630 (Sigma) for 10 min at RT, and the cells were washed. . Images were 
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obtained using a Zeiss LSM 510 Confocal Microscope fitted with a 20× objective. Between 

200 and 600 macrophages per condition over technical duplicates per donor (total two) were 

analyzed using CellProfiler (Martin et al., 2012). Single-cell data was extrapolated using a 

custom Python script and plotted as violin plots that show the distribution of co-localization 

rates (or “percent co-localization”) represented by kernel density estimations in 

macrophages under each condition. Each condition was tested in duplicate in two healthy 

macrophage donors.

Inflammasome activation in macrophages

Pooled IgG (100 μg/ml) samples were added to MDM infected with mCherry-expressing 

Mtb as described above for 96 hrs at 37°C. Culture supernatants were collected for analysis 

of IL1β levels by ELISA as described below. Cells were washed, fixed, and stained with 

DAPI. For ASC staining, after fixation, the samples were blocked in 0.1% saponin/0.2% 

BSA for 30 min at RT, washed, and incubated with anti-ASC (Adipogen; 1:200) for 1 hr at 

RT. The samples were washed again and stained with a AlexaFluor 647–conjugated goat 

anti-rabbit secondary antibody (ThermoFisher; 1:500) for 1 hr at RT. Images were obtained 

using a Zeiss LSM 510 Confocal Microscope fitted with a 20× objective. Between 200 and 

600 cells per condition over technical duplicates per donor (total two) were analyzed by 

ImageJ. ASC puncta per nuclei as determined by DAPI was scored. ASC puncta per nuclei 

in the presence of Ltb or Atb to control Sigma IgG (sIgG) was used to calculate the relative 

ASC speck per macrophage (Ltb or Atb/control sIgG). For ASC staining, each condition 

was tested in duplicate in two healthy macrophage donors. Human IL1β levels in the culture 

supernatants were determined using a Human IL1β Ultrasensitive ELISA kit (Novex Life 

Technologies). The level of IL1β in the presence of Ltb or Atb to the absence of Ab was 

used to calculate the relative IL1β level (Ltb or Atb/no IgG). Each condition was tested in 

triplicate in four healthy macrophage donors.

TUNEL assay

Pooled IgG (100 μg/ml) samples were added to MDM infected with mCherry-expressing 

Mtb as described above for 96 hrs at 37°C. TUNEL (Promega) staining was performed per 

manufacturer instructions. Images were obtained via Zeiss LSM 510 Confocal Microscope 

outfitted with a 20× objective. Between 200 and 600 cells per condition over technical 

duplicates per donor (total two) were analyzed using CellProfiler (Carpenter et al., 2006; 

Martin et al., 2012). Apoptosis was scored as cells possessing a TUNEL+ pyknotic nucleus. 

Each condition was tested in duplicate in two healthy macrophage donors.

in vitro macrophage Mtb survival

Pooled IgG (100 μg/ml) samples were added to MDM infected with mCherry-expressing 

Mtb as described above for 96 hrs at 37°C. Eighty hours post infection, 200 ng/mL 

anhydrotetracycline (Sigma) was added for the next 16 hours to induce GFP expression in 

live but not dead bacteria. The cells were washed, fixed, and stained with DAPI. Images 

were obtained via Operetta High-Content Imaging Fluorescence Microscope (Perkin-Elmer) 

outfitted with 20× NA objective. Total Mtb bacterial burden was determined based on 

mCherry+ pixels. Transcriptionally active Mtb bacterial burden was determined based on 

GFP+ pixels. Between 1.5×104 and 4×104 cells per condition over technical duplicates per 
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donor were analyzed using CellProfiler (Carpenter et al., 2006; Martin et al., 2012). 

Bacterial survival was calculated as a ratio of live to total bacteria (the number of GFP+ 

pixels (live) divided by the number of mCherry+ pixels (total burden). The ratio of bacterial 

survival in the presence of Ltb or Atb to the absence of an Ab was used to calculate the 

relative Mtb survival (Ltb or Atblive/total/No IgGlive/total). The relative difference in bacterial 

survival was calculated as (Ltblive/total -Atblive/total)/Atblive/total. Each condition was tested in 

duplicate or triplicate in eight healthy macrophage donors.

For endotoxin experiments, control IgG (100 μg/mL) (Sigma) and LPS (Sigma) at increasing 

concentrations were added (0, 0.5 pg/mL, 1 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/ml, 100 

pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL and 1 μg/mL) and co-cultured with Mtb infected 

cells for 96 hrs at 37°C. Cells were washed, fixed, and stained with DAPI (. Images were 

obtained using an Operetta High-Content Imaging Fluorescence Microscope (Perkin-Elmer) 

outfitted with 20× NA objective. Total Mtb bacterial burden was determined based on 

mCherry+ pixels, and the data is reported as the pixel area per macrophage as determined by 

DAPI. Between 1.5×104 and 4×104 cells per condition over technical triplicates per donor 

were analyzed using CellProfiler (Carpenter et al., 2006; Martin et al., 2012). Each condition 

was tested in triplicate in three healthy macrophage donors.

Colony forming units

Pooled IgG (100 μg/ml) samples were added to MDM infected with mCherry-expressing 

Mtb as described above for 96 hrs at 37°C. Supernatants were collected, and the cells were 

washed and lysed in 80 μL of 1% Triton-X for 10 minutes at RT. Experimental conditions 

were performed in duplicate. Each duplicate was serially diluted tenfold and 100 μL of the 

1:100, 1:1000 and 1:10,000 dilutions were plated on 7H10 (BD) plates in triplicate and 

incubated at 37°C for 21 days before counting. This experiment was performed using two 

healthy macrophage donors.

Quantification and Statistical Analysis

Statistical analysis and graphing were performed using GraphPad Prism 5.0, JMP Pro12, R, 

and Matlab. Data are summarized using descriptive measures such as mean, standard error, 

median, inter quartile range (IQR), frequency, and percent (%). Spearman's rank correlations 

were used to examine bivariate associations between variables. Mann-Whitney U tests were 

used to compare the study variables between individuals with Ltb and Atb infection (Figure 

2, Figure 3B-K, Supplemental Figure 2A-G, K, Supplemental Figure 3, Supplemental Figure 

4A-E) and Mtb/lysosomal co-localization of a population of macrophages treated with Ltb 

Abs and another with Atb Abs (Figure 4B). Kruskal-Wallis H tests with Dunn's multiple 

comparisons test were used to compare Ab pools with and without PPD-specific IgG 

fractions (Supplemental Figure 2H-J and Supplemental Figure 5A). Wilcoxon matched pair 

signed rank tests were used to compare Ltb and Atb matched to the same donor to the in 
vitro macrophage assays (Figure 4A, F and I) and treatment before or after PNGase 

(Supplemental Figure 4F). Two sample t tests were used for single comparisons of the 

impact of pools of Ltb or Atb Abs in assays with technical replicates in Figure 4D, E, and G 

and Supplemental Figure 5B. Multiple robust regression models were used to adjust for the 
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effect of age and sex when comparing the study variables between the two groups of 

individuals. Hierarchical cluster analysis using Pearson correlation was used to identify 

study subjects with similar features or outcome variables (Figure 3A). Principal component 

analysis (Jolliffe, 1986) and penalized regression using the least absolute shrinkage and 

selection operator (LASSO) (Tibshirani, 1997) method were used to reduce the dimension of 

the outcome variables (Figure 1 and Supplemental Figure 1). Cross-validation was used to 

find the optimal value of the regularization parameter. Sixty-nine of the seventy total Ab 

features were used in analysis as only these features had data available on a per individual 

basis for these analyses. All p values are two-sided, and p < 0.05 was considered significant. 

Where appropriate, correction for multiple comparisons was performed by using the Holm-

Bonferroni method (Holm, 1979). In figures, asterisks denote statistical significance (* 

p≤0.05; ** p≤0.01; *** p≤0.001; ns= not significant) with comparisons specified by 

connecting lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Individuals with latent and active TB infection have divergent humoral 

signatures.

• Antibodies in latent TB infection have enhanced Fc effector profiles.

• Antibody glycosylation patterns can discriminate between latent and active 

TB.

• Antibodies in latent TB infection drive macrophages to kill intracellular 

bacteria.

Lu et al. Page 24

Cell. Author manuscript; available in PMC 2017 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Individuals with Ltb and Atb exhibit divergent humoral profiles
A least absolute shrinkage and selection operator (LASSO) (Tibshirani, 1997) identified 

nine Ab features (^ in Table 2) from the original 69 that best discriminate Ltb from Atb 

humoral profiles. Principal component analysis (PCA) using these nine features alone 

demonstrates the (A) dot plot of nearly non-overlapping Ab profiles in Ltb (n=22, blue) 

compared to Atb (n=20, red) individuals. The nine Ab features are represented in the 

Loadings Plot (B), a mirror image of the PCA dot plot, where the location of the Ab features 

reflects the distribution of the individuals in the dot plot (A).
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Figure 2. Abs from Ltb and Atb individuals exhibit distinct Fc effector functional profiles
IgG purified from the serum of individuals with Ltb (n=22) and Atb (n=20) was assayed for 

its ability to mediate Fc effector functions including ADCC (A), Ab-dependent NK cell 

activation (B), Ab-dependent neutrophil phagocytosis (ADNP), (C) Ab-dependent cellular 

phagocytosis by THP1 monocytes (D), phagocytosis of uncoated beads by THP1 monocytes 

(E), and phagocytosis of influenza HA-coated beads (F) by THP1 monocytes. Functional 

differences were not due to endotoxin levels (Supplemental Figure 2L). Binding of 

polyclonal IgG to (G) FcγRIIa, (H) FcγRIIb, and (I) FcγRIIIa was evaluated by surface 

plasmon resonance. Integrated ratios of binding are plotted in (J) FcγRIIIa:FcγRIIb and (K) 

FcγRIIa:FcγRIIb. The error bars represent mean ± SEM of the individuals. p values were 

calculated using Mann Whitney tests and adjusted for age and sex. All experiments were run 

in triplicate. * p≤0.05; ** p≤0.01.
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Figure 3. Abs are differentially glycosylated in individuals with Ltb and Atb
The heatmap illustrates the unsupervised clustering using one minus Pearson correlation of 

the Ab glycan profiles of Ltb (n=20, blue) and Atb (n=16, red) individuals from South 

Africa (A). Glycan structures are represented on the y-axis as the percent of all glycoform 

variants (z-scored). Dot plots represent differences between Ltb and Atb with respect to the 

major glycan categories: bisecting N-acetylglycosamine (GlcNAC-B: all structures 

containing a bisecting GlcNAc) (B and G), fucose (F: all structures containing fucose) (C 

and H), agalactosylated structures (G0: all structures lacking galactose) (D and I), 
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digalactosylated structures (G2: all structures containing two galactose structures) (E and J), 

and sialylated structures (S: all structures with at least one sialic acid) (F and K). 

Corresponding diagrammatic representation of the common N-linked glycans quantified are 

shown. Dot plots in (B-F) derive from individuals from South Africa. Dot plots in (G-K) 

derive from individuals with Ltb (n=10) and Atb (n=10) from Texas/Mexico. Bars show 

mean of individuals ± SEM. p values were calculated using Mann Whitney tests, adjusted 

for age and sex, with a post-hoc Holms correction (Holm, 1979). & denotes the glycan 

features that remained significant following Holms correction. * p≤0.05; ** p≤0.01; *** 

p≤0.001.
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Figure 4. Ltb compared to Atb Abs enhance macrophage activation and intracellular Mtb 
restriction
The dot plot represents Mtb uptake following Ltb or Atb Ab treatment compared to the no 

Ab control, with lines linking results from the same macrophage donor (A). Violin plots 

show the distribution of percent co-localization of bacteria within lysosomes measured in 

200–600 macrophages per well (B). Representative ASC staining demonstrating the 

formation of perinuclear structure ASC specks (green) and Mtb (red) in the presence of Ltb 

Abs (C). ASC-speck numbers were quantified in 200–600 macrophages per well as a ratio to 

control non-specific pooled seronegative immunoglobulin (D). Inflammasome activity was 

further examined by IL1β release by ELISA following Mtb-infected macrophage treatment 

with Ltb or Atb Abs (E). Macrophage numbers were quantified by DAPI enumeration (F). 

Bacterial burden was ascertained by colony forming units in sextuplicate (G). Representative 

confocal microscopy panels show, following anhydrotetracycline induction of GFP 

expression in transcriptionally active bacteria, the constitutive mCherry fluorophore marking 

total bacterial burden and a GFP+ bacterial subpopulation within macrophages (DAPI) (H). 

Bacterial survival is plotted in the dot plot (liveGFP/totalMCH) in Mtb-infected macrophages 

derived from eight different macrophage donors. Lines depict comparison between same 

donor macrophages (I). Differences were not due to endotoxin levels (Supplemental Figure 

2L and 5D). Wilcoxon matched-pairs signed rank (A, F and I), student t (D, E and G) and 

Mann Whitney (B) tests were used to calculate p values. Bars represent the mean of 

technical replicates ± SEM. * p≤0.05; ** p≤0.01; *** p≤0.001; ns= not significant.
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Table 1

Demographic characteristics in cohorts from South Africa and Texas/Mexico.

South Africa Latent TB Active TB

Total number 22 20

Female 15 5

Male 7 15

Age 26 (21.75-35.50) 38 (30.00-51.75)

Sputum smear 0 2 (1-3)

Treatment days 0 5 (2-6)

Texas/Mexico

Total number 10 10

Female 5 5

Male 5 5

Age 35 (26.25-42.50) 24.50 (18.75-32.00)

Sputum smear n/a n/a

Treatment days 0 0

Median and interquartile ranges (IQR) are shown.

n/a marks data that are unavailable.
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Table 2
Ab features that differ between Ltb and Atb (South Africa).

The Ab features listed in this table are those that remained statistically significant (p<0.05) after adjustment 

for age and sex using a robust regression model on the 69 Ab features with individual measurements sufficient 

for regression analysis.

Antibody feature P value adjusted for age and sex

1& Total G2 0.0002

2 G0F 0.0003

3^ Total G0 0.0003

4^ G2F 0.0005

5^ PPD ADCP 0.001

6 Total DiSialic Acid 0.001

7 FcR3a binding 0.002

8^ Total Fucose 0.0041

9 G1FB 0.0053

10 G2S2 0.0081

11 G2S1F 0.0082

12 Cytosol protein ADCP 0.01

13^ Culture filtrate ADCP 0.01

14^ Cell membrane ADCP 0.01

15 G2S1 0.0145

16 FcR3a2b binding 0.0174

17^ Soluble protein ADCP 0.02

18^ G1S1F 0.0385

19^ Soluble protein IgG1 0.04

&
statistically significant after correction for multiple comparisons (Holm, 1979)

^
identified following parallel multivariate feature reduction analysis using LASSO (Tibshirani, 1997), used in principal component analysis 

(Jolliffe, 1986) (Figure 1).
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Table 3

Ab features that differ between Ltb and Atb (Texas).

Antibody feature P value adjusted for age and sex

1& Total G2 0.003

2& Total G0 0.004

3& Total sialic acid 0.009

4& Total fucose 0.025

5 Total bisecting GlcNAC 0.159

&
statistically significant after correction for multiple comparisons (Holm, 1979)
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