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Abstract 
Cellular metabolism can influence host immune responses to Mycobacterium tuberculosis (Mtb). 

Using a systems biology approach, differential expression of 292 metabolic genes involved in 

glycolysis, glutathione, pyrimidine and inositol phosphate pathways was evident at the site of a 

human tuberculin skin test challenge in patients with active tuberculosis infection. For 28 metabolic 

genes, we identified single nucleotide polymorphisms (SNPs) that were trans-acting for in vitro 

cytokine responses to Mtb stimulation, including glutathione and pyrimidine metabolism genes that 

alter production of Th1 and Th17 cytokines. Our findings identify novel therapeutic targets in host 

metabolism that may shape protective immunity to tuberculosis. 
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Background 
The activity of many cellular metabolic pathways can impact the host immune response to infections 

[1]. Individual metabolic pathways have been implicated in anti-mycobacterial responses: 

glutathione enhances IL-12 and IFN secretion following Mtb stimulation [2]; tryptophan catabolism 

is involved in Mtb-induced production of IL-1 and IL-23 [3] and control of Mtb growth [4]; and a 

shift towards aerobic glycolysis in Mtb infected macrophages regulates IL-1 production [5,6]. 

However, as metabolic reactions are intrinsically inter-dependent, the challenge lies in determining 

the relative roles of these and other pathways during in vivo Mtb infection. 

Our group has made use of the human tuberculin skin test (TST) challenge model to faithfully reflect 

the inflammatory changes that occur at the site of tuberculosis (TB) disease, characterising the tissue 

immunological pathways induced early after mycobacterial antigen exposure [7]. However, to date, 

no studies have explored the metabolic changes and their functional consequences on downstream 

cytokine responses in such a model. Quantitative cytokine production in response to mycobacterial 

stimulation has been associated with genetic polymorphisms [8]. These cytokine quantitative trait 

loci (cQTLs) provide a functional insight into how genetics influences an inflammatory response, and 

in turn identify critical pathways that may be amenable to host-directed therapy. In this study, we 

use the TST model to test the hypothesis that differential tissue expression of genes involved in 

regulating metabolic pathways can directly influence cytokine production following Mtb stimulation. 

In turn, our findings provide putative mechanistic links between the activity of cellular metabolic 

pathways and immune effector functions.  
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Methods 

Transcriptomic data analysis 

Transcriptomes were derived from TST and blood of patients with active TB, and human Mtb-

infected and healthy lymph nodes from a separate cohort (table S1). All patients were HIV 

seronegative and none had diabetes mellitus.    

We used the KEGG pathway database (http://www.genome.jp/kegg/pathway.html) to derive 33 

pathways associated with human metabolism, yielding a list of 1422 metabolic genes containing no 

duplicate genes and no annotation to the original pathways (Tables S2 & S3). Bioinformatic analyses 

were performed as previously described [7] (see Supplementary Methods). 

 

SNP extraction and cQTL mapping 

Single nucleotide polymorphisms (SNPs) within metabolic genes and cQTLs were identified as 

previously described [8] (see Supplementary Methods).  

 

Metabolite reporter analysis  

Reporter metabolite analysis [9] was performed in Matlab using the RAVEN Toolbox (http://biomet-

toolbox.org/index.php?page=downtools-raven) and the human genome-scale metabolic 

reconstruction network HMR 2.00 provided in Human Protein Atlas 

(http://www.metabolicatlas.org/downloads/hmr) (see Supplementary Methods). 

 

Metabolite depletion experiments 

Peripheral blood mononuclear cells (PBMC) were isolated from 9 healthy Dutch adult volunteers and 

stimulated with Mtb lysate in the presence or absence of pharmacological manipulators of the 

glutathione pathway (see Supplementary Methods).  

Results 
We have previously demonstrated that the transcriptional response at the site of TST is 

characterised by upregulation of 1725 genes that closely reflect changes seen in dissected human TB 

granuloma relative to healthy lung tissue [7]. We now show that the TST signature is also enriched 

within Mtb-infected relative to healthy lymph nodes (Figure 1A), confirming that the TST 

transcriptional responses mirrors pathology seen at established sites of human TB disease.  

Out of 1422 metabolic genes, 292 were differentially expressed at the site of TST versus saline 

injection in patients with active TB disease (Figure S1 and Table S4). Expression of these genes at 

tissue level showed a remarkable lack of concordance with the blood transcriptome of the same 

patients, as only 9 metabolic genes were differentially expressed in the blood (Figure 1B, Figure S2 & 

Table S5). This demonstrates that the TST challenge model provides greater molecular resolution to 

identify host differential metabolic gene expression to mycobacterial infection than the blood 

compartment [7]. 
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Given the interconnected relationship between multiple metabolic pathways, we generated a 

network depicting the ten most enriched KEGG annotated metabolic pathways based on the 292 

differentially expressed metabolic genes (Figure 1C). As expected, the TST induced changes in 

multiple inter-linked metabolic pathways. These included not only previously described pathways 

such as glycolysis and glutathione metabolism, but also others such as inositol phosphate 

metabolism and specific amino acid metabolic pathways not previously associated with TB [1,2]. 

Since differentially expressed genes within the same metabolic pathway were both up- or down-

regulated (Figure S3), we evaluated which metabolites in these pathways were most affected using 

Reporter Metabolite analysis. This identified metabolites in the human metabolic network around 

which the most transcriptional changes occur [10]. The model predicted changes in several key 

metabolites between TST and saline, including 1,3-bisphospho-D-glycerate (glycolysis), L-

formylkynurenine (tryptophan metabolism), 1-phosphatidyl-1D-myo-inositol-3,4-bisphosphate and 

glutathione (Figure 1D). Therefore, the model predicts that gene expression changes in the TST alter 

the concentration of several bioactive metabolites in multiple pathways, and that this has the 

potential to impact the nature of the host immune response to Mtb.  

Next, we sought to test the hypothesis that metabolic changes in the tissue environment influence 

Mtb-induced cytokine production. We used natural genetic variation to identify putative cis-acting 

SNPs for metabolic gene expression and tested whether they might be trans-acting SNPs for cytokine 

responses. We identified metabolic genes differentially expressed in the TST and assessed their 

impact on cytokine secretion following Mtb lysate-stimulation in a cohort of 500 healthy individuals 

[8]. First, we used genotypes extracted from the 1000 Genomes Project to identify 16061 SNPs from 

the 109 metabolic genes that comprised the 10 most enriched metabolic pathways in the TST (Figure 

1C). We then assessed which of these SNPs were associated with variable cytokine secretion, 

generating 2376 putative cQTLs. To reduce multiple testing false positives, we focused on SNPs in 

the mRNA coding region of the gene of interest that influence the same gene’s transcription (i.e. 

metabolic gene SNPs that were cis-expression QTLs [eQTLs]). 

This analysis generated 47 cQTL SNPs from 28 metabolic genes (Figures 2A-B & Tables S6 & S7). 

Based on these genes, the most over-represented metabolic pathways included the glutathione, 

glycolysis, inositol phosphate metabolism and pyrimidine pathways (Figure S4). Many amino acid 

metabolism pathways were also observed, and ALDH3A2, ALDH3A1, LDHA and IL4I1 were the most 

frequent constituent genes from these pathways (Figure S4). Glutathione and pyrimidine 

metabolism predominantly influenced the secretion of IFN and IL-17: 7 of 15 (47%) cQTLs that 

regulated IFN secretion and 4 of 7 (57%) cQTLs that regulated IL-17 secretion were derived from 

genes assigned to glutathione or pyrimidine metabolic pathways, whereas no cQTLs from these 

pathways influenced cytokine secretion by macrophages (Figure 2B). In contrast, genes involved in 

glycolysis, amino acid and inositol phosphate metabolism acted as cQTLs more ubiquitously, 

influencing the secretion of both T cell and myeloid cell derived cytokines (IL-1, IL-6, IL-22 and 

TNF) (Figure 2B).  

We validated some of the relationships between metabolic changes and cytokine secretion in vitro 

using buthionine sulfoximine (BSO), an inhibitor of glutathione synthesis, and diethylmaleate (DEM) 

that depletes cells of glutathione [11]. Both resulted in increased IL-6 and decreased IL-17 secretion 
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by Mtb stimulated PBMC (fig 2C), consistent with the cQTL data demonstrating that variable 

expression of glutathione genes impacted the secretion of both these cytokines (fig 2B).  

Finally, to explore the physiological relevance of the 28 metabolic genes that act as cQTLs, we 

showed that their expression in Mtb-infected lymph nodes strongly correlated with expression  in 

the TST (Figure 2D), indicating that these metabolic genes have the potential to exert cQTL activity at 

the site of human TB disease, thus shaping the local inflammatory response to Mtb. 
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Discussion 
Individual metabolic pathways have been shown to affect the host response to Mtb [2,3,5], but their 

relative contribution in a multicellular tissue infection setting has not been investigated. We took a 

systems approach using the human in vivo TST challenge model, revealing gene expression changes 

in multiple metabolic pathways that in turn predict enrichment of several bioactive metabolites. 

Genetic polymorphisms in these differentially expressed metabolic genes, as well as pharmacological 

inhibition, were found to control Mtb-induced cytokine production. Finally, expression of these same 

genes at the site of TB disease closely correlated that observed in the TST, underlying the functional 

relevance of our findings to the pathogenesis of human TB infection. 

The inflammatory response to TST challenge reflects the immunopathological changes in human TB 

disease [7]. Interestingly, in terms of metabolic gene expression the TST site also closely mirrors 

Mtb-infected lymph nodes, unlike the peripheral blood of TB patients, which showed quantitatively 

smaller changes. Although this may reflect the TST response occurring after acute antigenic 

challenge in contrast to steady state assessment in blood,  in these same patients the blood 

transcriptome shows significant deviation from health [7,12], illustrating that tissue may be the 

more appropriate context when studying changes in metabolism.  

We observed differential gene expression in the TST of multiple metabolic pathways, including 

glycolysis, glutathione, pyrimidine and inositol phosphate metabolism. The relevance of changes in 

the metabolic environment after Mtb infection was supported by the fact that we identified several 

SNPs in these genes that both act as cis-eQTLs and also impact Mtb-induced cytokine secretion by 

PBMC and macrophages [8], cells that are enriched at the site of TST [7]. For functional validation, 

we selected one of the pathways identified through gene expression and cQTL-analysis, the 

glutathione pathway, whereby pharmacological inhibition affected Mtb-induced production of IL-6 

and IL-17. Importantly, the 500FG cohort data demonstrated that variable expression of genes 

involved in glutathione metabolism (GSTM2, ANPEP, LAP3 and GSTA3) impacted the secretion of 

these same cytokines. Furthermore, we have previously demonstrated that inhibiting glycolysis using 

2-deoxyglucose impaired IL-22 secretion by Mtb-stimulated PBMC, in turn validating the observation 

from the 500FG data that SNPs in the glycolysis gene ADPGK are cQTLs for IL-22 secretion [6].   

Our analyses also identified new roles for pyrimidine metabolism, which has recently been 

associated with regulating inflammasome activity and cytokine secretion [13]. We demonstrate that 

pyrimidine and glutathione metabolism genes predominantly impact the secretion of T cell-derived 

cytokines IFN and IL-17. As such, therapeutic manipulation of pyrimidine and glutathione pathways 

may influence Th1 and Th17 polarisation, and thus the balance between protection and pathology in 

Mtb-infected tissues [14]. In contrast, genes involved in amino acid and inositol phosphate 

metabolism impact a wider array of cytokines, including those secreted from myeloid cells, which 

may in part relate to the central role of the metabolite phosphatidylinositol as the backbone of 

signal transduction components IP3 and Akt [6]. 

Our study has some limitations. Firstly, we restricted our cQTL analyses to SNPs that were also cis-

eQTLs to limit multiple testing errors, thus likely missing other functionally relevant cQTLs that may 

act in trans via other genes. Equally, identification of SNPs that were eQTLs was limited to databases 

that probed blood and tissues not infected with Mtb, possibly missing other functionally relevant 

Downloaded from https://academic.oup.com/jid/advance-article-abstract/doi/10.1093/infdis/jiy173/4959339
by Institute of Child Health/University College London user
on 12 April 2018



Acc
ep

te
d 

M
an

us
cr

ipt

 

9 

 

SNPs in the context of Mtb infection. Furthermore, the effector cytokines studied for cQTL analysis 

comprise only one facet of the host immune response to Mtb infection and were restricted to the 

manually selected panel available in the 500FG database, introducing bias into the breadth of 

immunological effector functions exerted by metabolic gene SNPs. Finally, although Reporter 

Metabolite analysis predicted computationally that the gene expression changes impacted on the 

concentration of several key metabolites, we were not able to assess this directly. The study was 

conceived retrospectively, and thus tissue samples had already been used wholly for transcriptomic 

analysis. The relationship between tissue gene expression changes and metabolite concentrations 

will need to be verified experimentally in future studies. 

In summary, this study made a comprehensive assessment of the human tissue metabolic 

transcriptional response to in vivo mycobacterial antigenic stimulation. A number of known and 

novel metabolic pathways were differentially expressed, and genetic variation in identified genes 

affected cytokine responses to Mtb. Therefore, our systems approach provided a novel list of 

putative metabolic gene cQTLs that are amenable to further experimental validation, and revealed a 

new layer of complexity to the host anti-mycobacterial response, supporting the use of host-directed 

strategies that target cellular metabolism, such as the regulation of glycolysis by metformin [15]. 

Furthermore, our approach combining transcriptomics and functional genomics illustrates a pipeline 

that can be used to identify novel and clinically relevant pathways in the context of other infectious 

diseases.   

Downloaded from https://academic.oup.com/jid/advance-article-abstract/doi/10.1093/infdis/jiy173/4959339
by Institute of Child Health/University College London user
on 12 April 2018



Acc
ep

te
d 

M
an

us
cr

ipt

 

10 

 

References 
1.  Lachmandas E, Boutens L, Ratter JM, et al. Microbial stimulation of different Toll-like 

receptor signalling pathways induces diverse metabolic programmes in human 

monocytes. Nat Microbiol. 2016; 2:16246.  

2.  Guerra C, Morris D, Sipin A, et al. Glutathione and Adaptive Immune Responses against 

Mycobacterium tuberculosis Infection in Healthy and HIV Infected Individuals. PLOS 

ONE. 2011; 6(12):e28378.  

3.  Memari B, Bouttier M, Dimitrov V, et al. Engagement of the Aryl Hydrocarbon Receptor 

in Mycobacterium tuberculosis–Infected Macrophages Has Pleiotropic Effects on Innate 

Immune Signaling. J Immunol. 2015; 195(9):4479–4491.  

4.  Zhang YJ, Reddy MC, Ioerger TR, et al. Tryptophan Biosynthesis Protects Mycobacteria 

from CD4 T-Cell-Mediated Killing. Cell. 2013; 155(6):1296–1308.  

5.  Gleeson LE, Sheedy FJ, Palsson-McDermott EM, et al. Cutting Edge: Mycobacterium 

tuberculosis Induces Aerobic Glycolysis in Human Alveolar Macrophages That Is 

Required for Control of Intracellular Bacillary Replication. J Immunol. 2016; 

196(6):2444–2449.  

6.  Lachmandas E, Beigier-Bompadre M, Cheng S-C, et al. Rewiring cellular metabolism via 

the AKT/mTOR pathway contributes to host defence against Mycobacterium tuberculosis 

in human and murine cells. Eur J Immunol. 2016; 46(11):2574–2586.  

7.  Bell LCK, Pollara G, Pascoe M, et al. In Vivo Molecular Dissection of the Effects of 

HIV-1 in Active Tuberculosis. PLOS Pathog. 2016; 12(3):e1005469.  

8.  Li Y, Oosting M, Smeekens SP, et al. A Functional Genomics Approach to Understand 

Variation in Cytokine Production in Humans. Cell. 2016; 167(4):1099–1110.e14.  

9.  Patil KR, Nielsen J. Uncovering transcriptional regulation of metabolism by using 

metabolic network topology. Proc Natl Acad Sci U S A. 2005; 102(8):2685–2689.  

10.  Agren R, Liu L, Shoaie S, Vongsangnak W, Nookaew I, Nielsen J. The RAVEN Toolbox 

and Its Use for Generating a Genome-scale Metabolic Model for Penicillium 

chrysogenum. Maranas CD, editor. PLoS Comput Biol. 2013; 9(3):e1002980.  

11.  Mitchell JB, Russo A, Biaglow JE, McPherson S. Cellular Glutathione Depletion by 

Diethyl Maleate or Buthionine Sulfoximine: No Effect of Glutathione Depletion on the 

Oxygen Enhancement Ratio. Radiat Res. 1983; 96(2):422–428.  

12.  Roe JK, Thomas N, Gil E, et al. Blood transcriptomic diagnosis of pulmonary and 

extrapulmonary tuberculosis. JCI Insight. 2016; 1(16):e87238.  

13.  Furman D, Chang J, Lartigue L, et al. Expression of specific inflammasome gene 

modules stratifies older individuals into two extreme clinical and immunological states. 

Nat Med. 2017; 23(2):174–184.  

Downloaded from https://academic.oup.com/jid/advance-article-abstract/doi/10.1093/infdis/jiy173/4959339
by Institute of Child Health/University College London user
on 12 April 2018



Acc
ep

te
d 

M
an

us
cr

ipt

 

11 

 

14.  Mourik BC, Lubberts E, Steenwinkel JEM de, Ottenhoff THM, Leenen PJM. Interactions 

between Type 1 Interferons and the Th17 Response in Tuberculosis: Lessons Learned 

from Autoimmune Diseases. Front Immunol [Internet]. 2017 [cited 2017 Jul 3]; 8. 

Available from: http://journal.frontiersin.org/article/10.3389/fimmu.2017.00294/full 

15.  Singhal A, Jie L, Kumar P, et al. Metformin as adjunct antituberculosis therapy. Sci 

Transl Med. 2014; 6(263):263ra159.  

 

 

  

Downloaded from https://academic.oup.com/jid/advance-article-abstract/doi/10.1093/infdis/jiy173/4959339
by Institute of Child Health/University College London user
on 12 April 2018



Acc
ep

te
d 

M
an

us
cr

ipt

 

12 

 

Figure legends 
Figure 1: Metabolic pathways enriched in TST responses relative to saline injection. 

(A) Expression of TST signature in Mtb infected lymph nodes (LN) relative to healthy LN. Each dot 

represents one sample.  Horizontal lines represent median value expression. * p<0.0001 by Mann-

Whitney test. (B) Pairwise comparison of 292 genes differentially expressed in TST relative to saline 

injection compared to the expression difference between the blood of patients with active TB and 

healthy volunteers (HV). r2 = Spearman’s rank correlation coefficient, CoV = covariance. (C) The top 

ten most statistically enriched KEGG metabolic pathways are represented in a network plot, in which 

the edges indicate associations between genes (yellow nodes) and named pathways (blue nodes), 

and the node size is proportional to the respective pathway -log10 p value enrichment statistic. (D) 

Reporter metabolites predicted to be differentially expressed in TST compared to saline injection. 

Metabolites selected for known association with metabolic pathways and ranked by increasing p 

value. 

 

Figure 2: Identification of cQTLs within metabolic genes differentially expressed in a TST. 

(A) Representative box plots of association between SNP genotypes and Mtb-induced cytokine 

levels. Length of the box is the interquartile range and whiskers indicate the range of 1.5 × the length 

of the box from either end of the box. P values were obtained using linear regression analysis of 

cytokine on genotype data. (B) Heatmap of all 47 cQTL SNPs and their relationship to cytokine 

secretion following PBMC or macrophage (Mfs) stimulation with Mtb lysate. (C) IL-6 & IL-17 

secretion from Mtb lysate-stimulated PBMC in the presence or absence of BSO or DEM. Horizontal 

lines represent median value expression. * p<0.01 Wilcoxon signed-rank test. (D) Gene expression of 

28 metabolic genes with cQTL SNPs in TST relative to saline compared to the expression in Mtb 

infected lymph nodes relative to healthy lymph nodes. r2 = Spearman’s rank correlation coefficient. 
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