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s u m m m a r y

Objectives: Glycosylation motifs shape antibody structure, stability and antigen affinity and play an im-
portant role in antibody localization and function. Serum IgG glycosylation profiles are significantly altered 
in infectious diseases, including tuberculosis (TB), but have not been studied in the context of progression 
from latent to active TB.
Methods: We performed a longitudinal study of paired bulk IgG glycosylation and transcriptomic profiling 
in blood from individuals with active TB (ATB) or latent TB infection (LTBI) before and after treatment.
Results: We identified that a combination of two IgG1 glycosylation traits were sufficient to distinguish ATB 
from LTBI with high specificity and sensitivity, prior to, and after treatment. Importantly, these two features 
positively correlated with previously defined cellular and RNA signatures of ATB risk in LTBI, namely 
monocyte to lymphocyte ratio and the expression of interferon (IFN)-associated gene signature of pro-
gression (IFN-risk signature) in blood prior to treatment. Additional glycosylation features at higher pre-
valence in LTBI individuals with high expression of the IFN-risk signature prior to treatment included 
fucosylation on IgG1, IgG2 and IgG3.
Conclusions: Together, our results demonstrate that bulk IgG glycosylation features could be useful in 
stratifying the risk of LTBI reactivation and progression to ATB.

© 2024 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association. This is an 
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glycosylation is a post-translational modification naturally oc-
curring on the majority of human proteins, including im-
munoglobulins (Ig). IgG is the most abundant Ig class in human 
blood and plays a central role in protective immunity against in-
fectious diseases. On IgG, glycosylation occurs predominantly at one 
specific residue on the fragment crystallizable (Fc) domain 
(Asparagine 297), commonly referred to as Fc N-glycosylation.1 Since 
the Fc region interacts with various key components of the immune 
system such as Ig receptors and complement molecules,1 Fc N- 

glycosylation impacts not only the structure and stability of IgG 
antibodies, but also their effector functions.2,3

IgG Fc N-glycosylation profiles can vary with age and in-
flammation, for example, galactosylation of IgG is decreased in the 
elderly.4 Low levels of sialylation and galactosylation, combined with 
high levels of fucosylation, are associated with auto-immunity, in-
flammation, and poor metabolic health.5,6 The absence of fucosyla-
tion on IgG Fc N-glycans results in increased affinity for Fc gamma 
receptor III and enhanced antibody-mediated cellular cytotoxicity.7

More generally, low levels of IgG1 Fc N-galactosylation may serve as 
a predictor of immune cell activation.8 Additionally, IgG N-glycosy-
lation can be reshaped within an individual in response to changes 
in the environment, for instance vaccine administration,9 or the 
presence of a pathogen, such as Mycobacterium tuberculosis (Mtb) 
infection.10–13

Following infection with Mtb, most individuals control the bacilli 
through innate and adaptive immune mechanisms and remain in an 
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asymptomatic state of latent tuberculosis infection (LTBI).14 In some 
cases, Mtb escapes containment which leads to the development of 
symptomatic disease, termed active tuberculosis (ATB).15 The World 
Health Organization (WHO) guidelines for managing LTBI estimates 
that the average risk of individuals with LTBI progressing to ATB is 
5–10% over their lifetime, and is increased with immunodeficiency.16

A current challenge for global tuberculosis (TB) control strategies is 
to identify individuals within the LTBI pool at greatest risk of de-
veloping ATB (i.e., LTBI progressors).

There are no diagnostic tests at present that can formally identify 
LTBI progressors, although multiple groups have identified blood 
leukocyte and gene expression profiles that are associated with 
progression from LTBI to ATB. The monocyte to lymphocyte ratio has 
been repeatedly proposed as a biomarker for diagnosis, but also 
prognosis of ATB.17,18 The seminal transcriptomic signature of ATB 
prognosis was reported by Zak et al., comprising 16-genes specifi-
cally expressed in the blood of LTBI individuals prior progression to 
ATB, and associated with interferon (IFN) signaling.19 More recently, 
we have identified a blood transcriptomic signature following anti- 
TB therapy shared between ATB patients and a subset of LTBI in-
dividuals, also enriched for IFN signaling genes.20

Previous studies have shown differences in IgG glycosylation 
profiles between individuals with ATB and LTBI, including galacto-
sylation of both total and Mtb-specific IgG.11,12 Distinct IgG glyco-
sylation profiles have also been reported in ATB before and after 
treatment.11 Among asymptomatic individuals, resisters (those with 
prolonged exposure to Mtb but no evidence for immunological 
memory or infection) show distinct glycosylation motifs in antigen- 
specific IgG compared to LTBI individuals.10,13 Taken together, these 
findings suggest that IgG glycosylation may have utility in the clin-
ical management of Mtb infection. However, no study has in-
vestigated these molecular features considering LTBI as an 
heterogenous cohort, and specifically study LTBI individuals with a 
higher risk of developing ATB.

Here, we undertook extensive IgG glycosylation profiling in 
longitudinal samples from patients with ATB and LTBI before and 
after treatment, combined with matched full blood cell counts and 
transcriptomic signatures. Full blood counts (FBCs) and tran-
scriptome were used to identify previously defined markers of risk of 
progression in ATB, and thus identify LTBI individuals with higher 
likelihood of progression to ATB (LTBI-Risk (LTBI-R)). Blood IgG 
glycosylation profiles were compared across cohorts and correlated 
with risk progression signatures.

Methods

Subjects and samples

Participants were enrolled at one of three clinical sites in 
Birmingham, Oxford or Catterick, UK. Enrollment of all participant 
groups was done simultaneously at the three clinical sites. ATB was 
defined as either a suspected (based on clinical suspicion and radi-
ological and/or histological evidence) or microbiologically confirmed 
(by microscopy or Mtb culture) new diagnosis of pulmonary or ex-
trapulmonary TB disease, in the absence of any other significant co- 
morbidity. LTBI status was confirmed in participants with a positive 
Interferon gamma release assays (IGRA; QuantiFERON-TB Gold In- 
Tube, Qiagen, Sunnyvale, California, or T-SPOT.TB, Oxford 
Immunotec) and the absence of clinical and radiographic signs of 
ATB or other significant co-morbidity. Uninfected control partici-
pants (TBneg cohort) were recruited as healthy controls at the same 
three clinical sites in whom ATB and LTBI were excluded and had no 
past medical history of ATB or evidence of previous exposure to Mtb, 
as confirmed by a negative IGRA test. All participants were HIV- 
negative adults (≥18 years). Anti-TB treatment was based on UK 
standard regimens of combination drug therapy (https://www.nice. 

org.uk/guidance/cg117). For the LTBI cohort, treatment was 3 months 
of daily rifampicin and isoniazid. For the ATB cohort, treatment 
consisted of 2 months of daily rifampicin, isoniazid, pyrazinamide, 
and ethambutol, followed by 4 months of daily rifampicin and iso-
niazid. All ATB participants had drug sensitive TB and successfully 
completed the 6 months treatment course, based on resolution of 
clinical symptoms and sputum conversion to negativity (where ap-
plicable). There was no occurrence of relapse or recurrence. Because 
all three clinical sites have a low Mtb incidence setting, it was pre-
sumed that the risk of re-infection was negligible for both LTBI and 
ATB participants. For the LTBI cohort, a post-treatment sample was 
obtained 4–10 months after the pre-treatment sample (corre-
sponding to at least 1–7 months after completion of treatment). For 
the ATB cohort, a post-treatment sample were obtained 
7–13 months after the pre-treatment sample (corresponding to at 
least 1–7 months after completion of treatment). For all samples, 
2.5 mL of blood was collected directly into a PAXgene tube (BD 
Biosciences), mixed, and stored at −80 °C until processing. An ad-
ditional 6 mL sample of clotted blood was collected from each par-
ticipant and following centrifugation, serum was aliquoted and 
stored at −20 °C.

Total IgG glycosylation profiling

Total IgG glycosylation profiling was performed blinded, where 
each sample was only associated with an arbitrary ID number, and 
the unblinding was performed at the analysis step. Total IgG was 
affinity-purified from 1 µL of serum using Protein G Sepharose Fast 
Flow beads (GE Healthcare, Uppsala, Sweden), followed by tryptic 
digestion to generate IgG Fc glycopeptides.21 Aliquots of tryptic di-
gests were separated by liquid chromatography (LC) using the Ulti-
Mate 3000 RSLCnano System (Thermo Scientific) equipped with a 
PepMap 100 trap column and a nanoEase M/Z peptide column using 
a gradient from solvent-A (0.02% trifluoroacetic acid in water) to 50% 
solvent-B (95% acetonitrile) at 0.6 µL/min. The LC was coupled by 
electrospray ionization to a quadrupole time-of-flight mass spec-
trometer (Impact HD; Bruker Daltonics, Bremen, Germany) equipped 
with a nanoBooster. Ionization was enhanced by applying acetoni-
trile-doped nebulizing nitrogen gas at 0.2 bar. Profile spectra were 
recorded in an m/z range from 550 to 1800 with a frequency of 1 Hz. 
IgG Fc glycopeptides were identified on the basis of accurate mass 
and retention time. Relative quantification of IgG glycopeptide sig-
nals was performed using LaCyTools,22 and the glycosylation 
traits—galactosylation, sialylation, fucosylation and bisection—were 
calculated.23 A frozen pool of normal plasma from a minimum of 20 
healthy controls (VisuConF, Affinity Biologicals) was used as a posi-
tive quality control for the assay. For all paired subjects (i.e., for 
which a sample was collected both prior to, and after completion of 
anti-TB treatment), changes over treatment were calculated by di-
viding pre-treatment values to post-treatment values for each IgG 
glycosylation trait (and referred to as post/pre-treatment).

Full blood count

FBC was performed on whole blood in United Kingdom 
Accredited Service-accredited clinical laboratories using standard 
procedures. Each feature is expressed in its standard reference unit.

Whole blood transcriptomic analysis

Whole blood transcriptomic analysis was performed as pre-
viously described.20 Total intracellular RNA was extracted from 
PAXgene samples using the Blood RNA Kit (Qiagen) according to the 
manufacturer’s instructions. Globin mRNA was depleted from total 
RNA extractions using a biotin/streptavidin/magnetic bead-based 
assay, according to the manufacturer’s instructions (GLOBINclear Kit, 
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Ambion). The depleted RNA was then amplified and biotin-labeled 
using the TotalPrep RNA Amplification Kit (Illumina), followed by 
hybridization onto Illumina HumanHT-12 (v4.0) expression bead-
chips according to the manufacturer’s instructions. Arrays were 
scanned with an Illumina bead array reader confocal scanner. The 
idat Illumina HumanHT12-V4 microarray files were converted to raw 
expression data using the Bioconductor package beadarray v2.3824

in R. The raw data was quantile normalized and log2 transformed 
using the Bioconductor package lumi v2.4025 in R. A comprehensive 
annotation was performed using annotations provided by biomaRt 
v2.40.5, the Gene Expression Omnibus (GEO), and platform specific 
annotation obtained from Illumina. If there was not a consensus 
among annotations, biomaRt was given preference given its regular 
updates, followed by GEO, and lastly the platform specific annota-
tion. For non-specific filtering median, coefficient of variation and 
inter-quartile range for all probes across all samples were calculated. 
The probes accounting for the bottom 50% in each measurement 
were overlapped, and those probes that fell in the bottom 50% of all 
measurements (n = 20,147) were removed from further analysis, 
leaving a final set of 27,960 probes of the initial 48,107 probes. Batch 
effect was removed and normalization performed using the Combat 
function from the Bioconductor package sva v3.36.26

Bioinformatic analysis

Heatmaps and principal component analyses were constructed 
using raw IgG glycosylation prevalence values or combat normalized 
gene expression values with the bioinformatic software analysis 
Qlucore omics explorer, after centralized normalization (mean = 0, 
standard deviation = 1 for each variable). All scores were calculated 
using standard z-score formulas. The antibody glycosylation 
(AbGlyc) score was calculated by subtracting IgG1-galactosylation 
values to IgG1-H3N4F1 values (glycan composition given in terms of 
hexose (H), N-acetylhexosamine (N) and fucose (F)). The fucosylation 
score was calculated by tallying IgG1 and IgG2/3 fucosylation values. 
The Zak16 gene signature score was calculated by tallying the nor-
malized expression values for all probes mapping to one of the 16 
genes included in the signature.19

Gene Ontology Biological processes enrichment analysis was 
performed with the online platform enrichR.27 Expression of gene 
signatures in immune blood cell types were calculated with the 
CellTypeScore tool in DICE (database of immune cell expression) 
database (http://dice-database.org/). The DICE database contains 
gene expression data generated from 13 immune cell types (and 2 
activation conditions) isolated from peripheral blood mononuclear 
cells of 91 healthy individuals.28 For a given gene list, the CellTy-
peScore tool sum the normalized expression values of each in-
dividual gene constituting the list for each of the cell types/ 
stimulation conditions.

A K nearest neighbor (KNN) classifier analysis was performed 
using Qlucore omics explorer software and default parameters.

Statistics

All cross-sectional comparisons were performed using non- 
parametric unpaired Mann-Whitney tests. Statistical comparisons 
for individual glycosylation features or scores between cohorts were 
performed using Prism (version 9.4.1), using non-parametric Mann- 
Whitney tests, and considering p  <  0.05 as significant. Linear re-
gression and receiver operating characteristics (ROC) curve analyses 
were performed using Prism (version 9.4.1). Correlations were per-
formed using Spearman’s rank correlation tests in Prism (version 
9.4.1). Statistical significance of overlap between gene lists was 
calculated using the hypergeometric distribution test and con-
sidering all total genes present in the microarray dataset. 
Differentially expressed genes between high and low score groups 
were identified using the two-comparison test statistic function 
from the bioinformatic software Qlucore omics explorer.

Ethics approval

Participants recruited for this study were enrolled under ethical 
approval granted by the National Research Ethics Service, Heart of 
England NHS Foundation Trust (2012107RM), Committee South 
Central - Oxford C (12/SC/0299) and the Ministry of Defence 
Research Ethics Committee (MoDREC 237/PPE/11), respectively. All 
samples were obtained for specific use in this study. All clinical in-
vestigations were conducted according to the principles of the 
Declaration of Helsinki, and all participants provided written in-
formed consent prior to participation.

Results

Individuals with ATB and LTBI show distinct IgG glycosylation profiles 
prior to, but not after completion of anti-TB therapy

To investigate changes in AbGlyc in the context of Mtb infection 
and treatment, we measured the prevalence of 73 glycosylation 
features in total IgG from the sera of ATB patients and LTBI in-
dividuals collected prior to, and after completion of anti-TB therapy 
(n = 19 ATB and n = 56 LTBI pre-treatment; n = 10 ATB and n = 42 LTBI 
post-treatment; including n = 10 ATB and n = 29 LTBI with paired 
pre- and post-treatment samples). Details regarding anti-TB therapy 
regimens, timeline and sample collection for both ATB and LTBI 
cohorts are available in the methods, subjects and samples section. A 
TBneg control group (n = 23) was also included in the study, with 
only one time point collection. Demographics for all disease groups 
and treatment cohorts are reported in Table 1. The relative abun-
dance of all 73 IgG glycosylation features that were measured for 
each sample is available in Table S1, along with their proposed 
structure. Various combinations of 23 specific glycan structures (e.g., 
H3N4F1) were measured in IgG1, IgG2/3 and IgG4 subtypes. For each 
structure, the labeling refers to the glycan composition given in 

Table 1 
Cohorts composition and demographics. 

Age Gender Race

Disease group Treatment cohort N Range Mean % F/ %M % EU % AFR % AS % Other

LTBI Pre 56 [18–56] 29 46/54 13 30 53 4
Post 42 [18–40] 25 31/69 7 20 71 2
Paired pre/post 29 [18–40] 27 45/55 11 29 57 4

ATB Pre 19 [18–60] 33# 21/79 11 22 67 0
Paired pre/post 10 [18–60] 33$ 20/80 10 20 70 0

TBneg - 15* [18–46] 25 33/67 33 0 67 0

F: Female; M: Male; EU: European; AFR: African; AS: Asian.
* Demographics available for 15/23 control subjects.

# Significantly older than TBneg (p = 0.029).
$ Significantly older than LTBI-Post (p = 0.026).
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terms of hexoses (H), N-acetylhexosamines (N) and fucoses (F). In 
addition, total galactosylation, fucosylation, bisection, sialylation, 
and the ratio of sialylation/galactosylation were determined for IgG1, 
combined IgG2/3 and IgG4 subtypes. Unsupervised analysis of all 
features showed a clear separation between ATB and LTBI/TBneg 
cohorts prior to initiation of anti-TB therapy (Fig. 1A), with many 
features downregulated in ATB (Fig. 1B). In contrast, no distinction 
between cohorts was found in samples collected after anti-TB 
therapy (Fig. 1C, D). For paired samples, calculation of fold changes 
upon treatment (post/pre-treatment) for all features also revealed a 
complete segregation between ATB and LTBI cohorts (Fig. 1E), with 
most features showing upregulation upon treatment (Fig. 1F). There 
were no differences in IgG glycosylation profiles in ATB suspected vs 
confirmed cases (Fig. S1A, B), and between paired (i.e., those with 
both pre- and post-treatment samples) vs unpaired (i.e., those with 
only one sampling timepoint) participants for both LTBI and ATB 
cohorts pre-treatment (Fig. S1C) and post-treatment (Fig. S1D). 
Whereas our dataset was not powered to systematically assess the 
impact of age, gender and race on IgG glycosylation profiles pre- and 
post-TB treatment, we nevertheless explored whether any of the 
above reported differences could be impacted by these demographic 
parameters. For the TBneg cohort, IgG glycosylation profiles were 
significantly different between male and female, and similarly be-
tween Asian and European (Fig. S2A, B). These two observations 
were interlinked (all 5 female were also the only 5 participants of 
European race). No differences were found within LTBI or ATB co-
horts split by gender or race (Fig. S2A,B). Age was not significantly 
correlated with IgG glycosylation profiles in all 3 cohorts (Fig. S2C). 
Thus, there was no obvious effect of age, gender or race in IgG gly-
cosylation profiles within LTBI and ATB. In conclusion, individuals 
with ATB and LTBI show distinct IgG glycosylation profiles prior to 
the initiation of anti-TB therapy, and these differences were not 
apparent anymore upon completion of treatment.

Two IgG1 glycosylation features can distinguish ATB from LTBI cohorts 
with high accuracy

Next, we aimed to reduce the dimensionality of the dataset and 
identify IgG glycosylation features that were responsible for the 
most differences between ATB and LTBI cohorts. We performed a 
KNN classifier analysis, to identify the minimum number of features 
necessary to achieve the highest accuracy of discrimination between 
ATB and LTBI cohorts using pre, post or post/pre-treatment values. 
The highest accuracy was achieved using post/pre-treatment values, 
and three features (Accuracy = 0.92) (Fig. 2A, B). Pre-treatment va-
lues were associated with the second highest accuracy, using four 
features (Accuracy = 0.73), (Fig. 2A, B). Post-treatment values were 
associated with the lowest accuracy of discrimination between ATB 
and LTBI (Accuracy = 0.59), and the highest number of features 
(n = 17, Table S2). When included along the IgG glycosylation fea-
tures, age was not selected as a significant variable by any of the 
classifiers. Two features were present in both pre and post/pre- 
treatment classifiers: IgG1-H3N4F1 (i.e., motif containing 4N-acet-
ylhexosamines, 3 mannoses, and 1 fucose, see proposed structure in 
Table S1) and IgG1-galactosylation (Fig. 2B). The prevalence of the 
IgG1-H3N4F1 motif was significantly higher in ATB compared to LTBI 
and TBneg cohorts prior to treatment, and to a lesser degree post- 
treatment (Fig. 2C); and its fold change upon treatment was sig-
nificantly reduced in ATB compared to LTBI (Fig. 2C). In contrast, the 
prevalence of IgG1-galactosylation was significantly lower in ATB 
compared to LTBI and TBneg cohorts prior to treatment, and to a 
lesser degree post-treatment (Fig. 2D); and its fold change upon 
treatment was significantly increased in ATB compared to LTBI 
(Fig. 2D). We combined these two features into one single metric by 
calculating an AbGlyc score, by subtracting the prevalence of IgG1- 
galactosylation (downregulated feature) to the prevalence of IgG1- 
H3N4F1 (upregulated feature) for each sample and time-point (pre, 

Fig. 1. ATB and LTBI hold distinct IgG glycosylation profiles prior to, but not after completion of anti-TB therapy. Relative abundance of 73 distinct IgG glycosylation features pre- 
treatment (A, B), post-treatment (C, D) and post/pre-treatment (E, F) in ATB, LTBI and TBneg individuals, using PCA analysis (A, C, E) or heatmap representation (B, D, F). For the 
heatmap representation, individuals were sorted by decreasing PC1, and variables by hierarchical clustering. Data was derived from 19 ATB pre-treatment, 10 ATB post-treatment 
and 10 ATB paired post/pre-treatment samples; 56 LTBI pre-treatment, 42 LTBI post-treatment and 29 paired post/pre-treatment samples; and 23 TBneg samples. Acronyms: PCA, 
principal component analysis.
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post, post/pre-treatment). The AbGlyc score was significantly higher 
in ATB compared to LTBI and TBneg cohorts prior to treatment, and 
to a lesser degree post-treatment (Fig. 2E); and its fold change post/ 
pre-treatment was significantly higher in ATB compared to LTBI 

(Fig. 2E). The AbGlyc score was highly efficient at distinguishing ATB 
from LTBI and ATB from TBneg cohorts prior to treatment (area 
under the curve (AUC) = 0.90, p  <  0.0001; and AUC = 0.92, 
p  <  0.0001, respectively), but performed poorly for TBneg vs LTBI 

Fig. 2. Two IgG1 glycosylation features are sufficient to distinguish ATB from LTBI and TBneg controls cohorts with high accuracy. (A) Summary of results and (B) individual 
features from the KNN classifier analysis to identify the minimum number of IgG glycosylation features with the highest classification accuracy across ATB, LTBI and TBneg cohorts 
using pre-treatment, post-treatment or post/pre-treatment values. (C) Prevalence of H3N4F1 motif on total IgG1 pre-treatment, post-treatment and post/pre-treatment in ATB, 
LTBI and TBneg cohorts. (D) Prevalence of galactosylation on total IgG1 pre-treatment, post-treatment and post/pre-treatment in ATB, LTBI and TBneg cohorts. (E) AbGlyc score 
pre-treatment, post-treatment and post/pre-treatment in ATB, LTBI and TBneg cohorts. The AbGlyc score was calculated by subtracting IgG1-galactosylation prevalence values to 
IgG1-H3H4F1 values and using a z-score standard formula. ROC curves quantifying the ability of the AbGlyc score to distinguish pairwise comparisons between ATB, LTBI and 
TBneg cohorts pre-treatment (F), post-treatment (G), and post/pre-treatment (H). Data was derived from 19 ATB pre-treatment, 10 ATB post-treatment and 10 ATB paired post/ 
pre-treatment samples; 56 LTBI pre-treatment, 42 LTBI post-treatment and 29 paired post/pre-treatment samples; and 23 TBneg samples. **p  <  0.01; ***p  <  0.001; 
****p  <  0.0001.
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comparison (AUC of 0.61, p = 0.15) (Fig. 2F). The accuracy of the 
AbGlyc score for distinguishing cohorts was also reduced post- 
treatment, with AUCs of 0.82, 0.80 and 0.55 (p values of 0.002, 0.006 
and 0.55, respectively) for ATB vs LTBI, ATB vs TBneg and TBneg vs 
LTBI comparisons, respectively (Fig. 2G). The highest accuracy of 
classification between ATB and LTBI was obtained with the AbGlyc 
score calculated with fold changes post/pre-treatment values, with a 
near perfect AUC of 0.99 (p  <  0.0001, Fig. 2H). The AbGlyc score was 
not correlated with age, nor associated with gender or race in the 
LTBI and ATB cohort (Fig. S3). Thus, the combination of two bulk 
IgG1 glycosylation features, namely IgG1-H3N4F1 and IgG1-ga-
lactosylation, can discriminate ATB from LTBI with high accuracy. 
The highest accuracy was achieved using post/pre-treatment values, 
but a good efficacy (i.e., AUC  >  0.9) was also obtained solely using 
pre-treatment values.

The AbGlyc score correlates with blood cellular and transcriptomic 
signatures of ATB risk

Individuals with LTBI exist on a spectrum, ranging from recent 
exposure and high risk of progressing to ATB, as well as those that 
have resolved Mtb infection but have retained immune memory.14,15

LTBI individuals at risk of developing ATB express a blood tran-
scriptomic signature similar to those with ATB, and distinct from 
LTBI non-progressors.19 Assessing IgG glycosylation features using 
either unsupervised analysis (Fig. 1), or individual features (Fig. 2), 
we observed a large spread for the LTBI cohort, with some in-
dividuals holding values similar to ATB. We selected all LTBI samples 
which had both pre-treatment AbGlyc score and paired historic 
blood transcriptomic data available20 (n = 56). We sorted all LTBI pre- 
treatment samples based on their AbGlyc score, and identified the 
top 10 (AbGlyc score high) and bottom 10 (AbGlyc score low) in-
dividuals (Fig. 3A). We then looked for transcriptomic differences 
between AbGlyc score high and low groups. The top 100 differen-
tially expressed genes (corresponding to a p value < 0.005) contained 
a majority of genes upregulated in the AbGlyc score high group (81 
genes, Fig. 3B). These 81 genes were significantly enriched for genes 
associated with type I and type II IFN signaling (Fig. 3C). Additionally, 
this gene signature significantly overlapped with the previously 
published 16-gene IFN-risk signature expressed by LTBI progressors 
(also referred to as Zak1619) with 5 genes in common (Fig. 3D), and 
the AbGlyc score positively correlated with the Zak16 gene signature 
score (Fig. 3E). Another prospective marker of risk of progression to 
ATB is the monocyte to lymphocyte ratio (M/L ratio) in blood.17,18

The AbGlyc score was positively correlated with the M/L ratio 
(Fig. 3F), and to a lesser extent with monocyte, neutrophil and pla-
telet counts (Fig. S4). Thus, the two IgG glycosylation features with 
the highest classification accuracy to distinguish ATB from LTBI and 
TBNeg were also positively associated with previously published 
markers of risk of progression to ATB.

The pre-treatment AbGlyc score is highly expressed in LTBI-Risk 
individuals

We have recently reported the distinction between LTBI-R and 
LTBI-Other (LTBI-O) individuals based on the expression of the IFN- 
risk (or Zak16) gene signature19 prior to treatment.20 We showed 
that LTBI-R individuals (i.e, LTBI individuals with high expression of 
the Zak16 signature pre-treatment) have blood transcriptomic 
changes after treatment distinct from the LTBI cohort at large (i.e., 
LTBI-O), and similar to ATB, suggesting a subclinical TB disease 
phenotype.20 Thus, we investigated whether the AbGlyc score could 
distinguish between LTBI-R and LTBI-O individuals. The AbGlyc score 
was significantly upregulated in LTBI-R compared to LTBI-O or TBneg 
cohorts, and further upregulated in ATB compared to LTBI-R, LTBI-O 
and TBneg cohorts (Fig. 3G). Using the AbGlyc score on this new 

classification, LTBI-R individuals were significantly distinguishable 
from all three cohorts (AUC = 0.82, p = 0.005; AUC 0.71, p = 0.036; and 
AUC = 0.73, p = 0.038 for ATB, LTBI-O and TBneg comparisons against 
LTBI-R, respectively) (Fig. 3H). Thus, the AbGlyc score could not only 
distinguish ATB from LTBI, but also within LTBI individuals, identify 
those who may be at higher risk of progressing to ATB.

Pre-treatment IgG fucosylation levels are elevated in LTBI-Risk 
individuals and associate with NK-cell gene signatures

Next, we investigated whether additional IgG glycosylation fea-
tures could specifically distinguish LTBI-R individuals from the re-
maining LTBI cohort. When revisiting the unsupervised principal 
component analysis (PCA) presented in Fig. 1A, but this time dividing 
the LTBI cohort into LTBI-R and LTBI-O individuals, we observed that 
whereas PC1 was clearly associated with ATB, PC2 was associated 
with LTBI-R, with all LTBI-R individuals presenting negative PC2 
values (Fig. 4A). Of the top 10 variables associated with PC2, the 
highest two were fucosylation traits (IgG1 and IgG2/3 fucosylation), 
and were negatively weighting with the PC2 value (and thus ex-
pected to be at higher prevalence in LTBI-R group compared to other 
cohorts) (Fig. 4B). Both features showed a significantly higher pre-
valence in LTBI-R compared to LTBI-O cohorts, and IgG1 fucosylation 
was additionally significantly higher in LTBI-R compared to the 
TBneg cohort (Fig. 4C). Interestingly, the prevalence of IgG4 fuco-
sylation was unchanged across cohorts (Fig. S5). Similar to the Ab-
Glyc score, we calculated a fucosylation score, by tallying the relative 
abundance values for IgG1 and IgG2/3 fucosylation for each sample. 
The fucosylation score was significantly higher in LTBI-R compared 
to LTBI-O and TBneg cohorts, and slightly higher in LTBI-R compared 
to ATB individuals, but not significantly (Fig. 4D). In order to define 
transcriptomic signatures associated with fucosylation in LTBI, we 
sorted all LTBI pre-treatment samples based on their fucosylation 
score, and identified the top 10 (fucosylation score high) and the 
bottom 10 (fucosylation score low) individuals (Fig. 4E). We then 
looked for transcriptomic differences between fucosylation score 
high and low groups. Almost half of the top 200 differentially ex-
pressed genes (corresponding to a p value < 0.016) were upregulated 
in the fucosylation high group (n = 95, 47%), compared to the fuco-
sylation low group (n = 105, 53%) (Fig. 4F). None of the upregulated 
or downregulated genes in the fucosylation high group showed 
significant enrichment for GO biological processes. Downregulated 
genes in the fucosylation high group were strongly associated with 
natural killer (NK) cells, including genes highly specific to cytotoxi-
city (e.g., PRF1 and NKG7) (Fig. 4G). In contrast, genes upregulated in 
the fucosylation high group were similarly expressed across immune 
cell types (Fig. 4H). Thus, fucosylation on IgG1 and IgG2/3 is elevated 
in LTBI-R individuals and negatively correlates with transcriptomic 
signatures associated with NK cells.

Discussion

In this study, we undertook comprehensive glycosylation pro-
filing of total IgG in individuals with ATB and LTBI before and after 
anti-TB treatment, in combination with matched blood cellular and 
transcriptomic signatures. We found that glycosylation features on 
total IgG varied greatly between ATB compared to LTBI and unin-
fected controls, and also upon treatment. After treatment, the IgG 
glycosylation profile in ATB was more similar to the control cohorts. 
Dimensionality reduction analysis identified that the prevalence of 
two bulk IgG1 glycosylation features, namely IgG1-H3N4F1 and 
IgG1-galactosylation, could distinguish ATB from the other two co-
horts with high accuracy when assessing changes upon treatment, 
but also using pre-treatment samples only. The H3N4F1 motif was at 
increased prevalence, whereas galactosylation was reduced in IgG1 
from individuals with ATB.

J.G. Burel, W. Wang, M. Wuhrer et al. Journal of Infection 88 (2024) 106115

6



IgG1 is the most common Ig circulating in blood, and is the most 
well-characterized and understood subclass of IgG, especially in the 
context of infection.29 Antigen-specific IgG1 against a variety of Mtb 
antigens have been shown to be at elevated levels in ATB, and to a 
lower extent in LTBI.30,31 Reduced levels of galactosylation on total 
IgG is commonly found in acute inflammation and with aging,4–6

whereas pregnancy has the opposite effect.32 In Mtb, digalactosy-
lated total IgG were at lower prevalence in ATB compared to LTBI, 
and compared to treated ATB,11,12 consistent with results presented 
here. Increased galactosylation enhances IgG1-mediated comple-
ment activation.33 Thus, the reduction in galactosylation motifs in 
IgG1 in ATB may be a hallmark of uncontained infection, possibly 
due to lower complement activation.

Our finding that only two bulk IgG1 features were sufficient to 
distinguish between ATB and LTBI prior treatment with high accu-
racy (AUC = 0.90, p  <  0.0001, Fig. 2F) was striking. The fact that such 
a discriminatory power was obtained using pre-treatment samples 
hold significant potential for improving the molecular diagnosis for 
ATB. According to WHO’s guidelines, formal diagnosis of ATB should 
be achieved using a sputum sample, with either detection of Mtb 
nucleic acid or bacilli directly ex vivo or after in vitro culture. This 
method is fastidious, and some individuals remain sputum negative, 

while displaying radiographic and clinical symptoms consistent with 
ATB. An IgG glycosylation plasma-based assay could have utility as 
an additional diagnostic tool in such individuals and holds greater 
logistical advantages, as blood is safer and easier to access than 
sputum, and the measurement of IgG glycosylation features is a 
robust and standardizable assay. The assay may also even work on 
saliva, as glycosignatures of bulk IgG from blood and saliva are highly 
similar.34 Furthermore, such a test may be able to detect ATB cases 
that are both sputum positive and negative. Indeed, as shown in Fig. 
S1, both confirmed and suspicious cases of ATB showed similar 
glycosylation profiles, distinct from LTBI and uninfected controls.

More importantly, the two total IgG1 glycosylation features cor-
related with the expression of IFN-associated genes and M/L ratio 
(two prospective blood markers of ATB), and could identify within 
LTBI, individuals with a blood transcriptomic signature associated 
with a higher risk of progression to ATB (LTBI-R). Interrupting TB 
transmission by prompt diagnosis and treatment of ATB is key to 
reducing disease prevalence and mortality. However, managing in-
dividuals with LTBI is also needed to achieve the WHO’s TB elim-
ination goals.35,36 A significant limitation to this is the current 
inability to identify LTBI individuals at high risk of progressing to 
ATB. The historic binary classification of patients as either 

Fig. 3. IgG1 glycosylation features at higher prevalence in ATB are also associated with molecular markers of progression to ATB in LTBI. (A) Identification of the top 10 (high) and 
bottom 10 (low) LTBI individuals ranked based on their AbGlyc score pre-treatment. The AbGlyc score was calculated by subtracting IgG1-galactosylation prevalence values to 
IgG1-H3H4F1 values and using a z-score standard formula. (B) Top 100 genes differentially expressed pre-treatment between AbGlyc score high and low groups defined by whole 
blood microarray analysis. (C) Gene ontology (GO) biological processes enrichment analysis in the upregulated genes in the AbGlyc score high group (as shown in B). The 
downregulated genes showed no significant enrichment for GO biological processes. (D) Overlap between upregulated genes in the AbGlyc score high group (as shown in B) and 
the Zak16 gene signature.19 Linear regression (solid line) and 95% confidence intervals of the regression (dotted lines) between the AbGlyc score and (E) the Zak16 score, and (F) 
the M/L ratio. All values were derived from pre-treatment samples. (G) The AbGlyc score pre-treatment in ATB, LTBI-Risk (LTBI-R), LTBI-Other (LTBI-O) and TBneg cohorts. Division 
of the LTBI cohort into LTBI-R and LTBI-O groups was based on the expression of the Zak16 signature in whole blood pre-treatment, as defined in.20 (H) ROC curves quantifying the 
ability of the AbGlyc score pre-treatment to distinguish pairwise comparisons between ATB, LTBI-R, LTBI-O, and TBneg cohorts. Data was derived from 19 ATB, 56 LTBI, and 23 
TBneg samples. *p  <  0.05; **p  <  0.01; ****p  <  0.0001.
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Fig. 4. Increased prevalence of IgG fucosylation in LTBI-R individuals associates with NK-cell and B-cell gene signatures. (A) PCA analysis of all 73 IgG glycosylation features pre-treatment in 
ATB, LTBI-R, LTBI-O and TBneg cohorts. Division of the LTBI cohort into LTBI-R and LTBI-O group was based on the expression of the Zak16 signature19 in whole blood pre-treatment, as 
defined in.20 (B) Top 10 variables weighting for PC2, ranked by decreasing absolute value. The top two features were negatively weighted and highlighted in yellow. (C) Prevalence of 
fucosylation on IgG1 (left panel) and IgG2/3 (right panel) pre-treatment in ATB, LTBI-R, LTBI-O and TBneg cohorts. (D) Fucosylation score pre-treatment in ATB, LTBI-R, LTBI-O and TBneg 
cohorts. The fucosylation score was calculated by tallying IgG1 and IgG2/3 fucosylation prevalence values and using a z-score standard formula. (E) Identification of the top 10 (high) and 
bottom 10 (low) LTBI individuals ranked based on their fucosylation score pre-treatment. (F) Top 200 genes differentially expressed pre-treatment between fucosylation score high and low 
groups defined by whole blood microarray analysis. (G) Immune cell type-specific expression of the (G) top downregulated genes, and (H) top downregulated genes in the fucosylation high 
group. Each bar consists of stacked sub-bars showing the TPM normalized expression of every gene in corresponding cell type, extracted from the DICE database28 (http://dice-database.org/
). Data was derived from 19 ATB, 56 LTBI, and 23 TBneg samples. *p  <  0.05; **p  <  0.01. Acronyms: PCA, principal component analysis; TPM, transcript per million.
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asymptomatic LTBI or symptomatic ATB does not capture the full 
heterogeneity and overlap between TB infection states. There is in-
creasing recognition that LTBI is a spectrum, ranging from those who 
have eliminated the pathogen to individuals with subclinical active 
disease.37–39 The control of TB requires understanding the full 
spectrum of infection to allow the development of new diagnostic 
approaches for identifying individuals with LTBI at risk of ATB and 
who would most benefit from preventative treatment.40 Recent 
work has shown that resisters (individuals with prolonged exposure 
to Mtb but no evidence for immunological memory or infection) 
have a different IgG glycosylation profile compared to LTBI.10,13 Here, 
we identified that IgG glycosylation features such as IgG1-H3N4F1 
and IgG1-galactosylation may be valuable biomarkers to further 
characterize the TB spectrum, by monitoring the risk of ATB disease 
progression in the LTBI pool.

Additional changes specific to the LTBI-R group included increased 
prevalence of fucosylation on IgG1, IgG2/3, but not IgG4. The degree of 
fucosylation on IgG Fc regulates effector functions of humoral immunity, 
by impacting the antibody’s ability to interact with Fc gamma re-
ceptors.41 Circulating IgG are typically highly fucosylated, while afuco-
sylated antigen-specific IgG are produced against pathogens whose 
antigens are localized on the host cell membrane, such as enveloped 
viruses (e.g., HIV, SARS-CoV242) or intracellular pathogens (e.g., Plas-
modium falciparum43). In Mtb infection, high levels of fucosylation on 
total IgG have been reported in ATB compared to LTBI.44 Thus, IgG fu-
cosylation may be an additional functional biomarker to identify within 
LTBI, those at risk of progression to ATB.

A high fucosylation prevalence prior to treatment was associated 
with transcriptomic changes related to NK cells (negative correla-
tion). The frequency of NK cells is decreased in ATB compared to 
LTBI, and during progression from LTBI to ATB,45 and we have shown 
downregulation of NK cell genes upon treatment in ATB.20 In addi-
tion, IgG in LTBI have superior NK-mediated cytotoxicity compared 
to ATB, likely mediated by distinct glycosylation features such as 
lower levels of fucosylation.44 Collectively, these previous studies 
and our observations suggest that NK cells, which have a significant 
protective role against Mtb, may play a direct or indirect role in the 
regulation of IgG glycosylation processes, in particular fucosylation.

There were limitations associated with our study design. First, this 
was an exploratory study and to determine whether IgG glycosylation 
traits could be used as test for TB diagnosis or prognosis, validation in a 
larger and more diverse cohort (i.e., geographic location, Mtb prevalence, 
immunodeficiency status, etc.) is necessary. Second, to identify whether 
our newly identified IgG glycosylation signature is specific to Mtb, or 
simply indicative of an active respiratory disease, the ATB cohort should 
be compared to a no TB disease group (such as patients with bacterial 
pneumonia, non-tuberculous mycobacteria, or granulomatous lung dis-
eases such as sarcoidosis). Third, our small sample size in the ATB group 
precluded investigating the association between treatment success and 
IgG glycosylation. The striking difference in IgG glycosylation profiles 
between pre- and post-treatment visits in ATB suggest that treatment 
failures may be associated with a distinct IgG glycosylation profile post- 
treatment compared to successful treatment, with failures resembling 
ATB prior to treatment. Additional sampling closer to the start of treat-
ment will help determine when changes in IgG glycosylation mostly 
occur, and may allow for prediction of treatment failure. Fourth, our 
analysis focused on total IgG features, rather than antigen-specific IgG. 
Whether Mtb-specific IgG show similar glycosylation differences across 
TB cohorts remains to be determined.

There is currently no single biomarker that can predict progres-
sion from LTBI to ATB with high accuracy across studies, and using a 
combination of parameters may be a superior approach. While large 
prospective studies in both high and low endemic settings are 
needed, our findings provide the first evidence that measurement of 
glycosylation features of total IgG1 could be used in combination 

with already available blood cellular and RNA biomarkers to identify 
individuals with LTBI at risk of progression to ATB. We suggest that 
future studies of LTBI prognosis include the measurement of IgG 
glycosylation features.
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