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Tuberculosis (TB) is a major public health problem. One-third of the
world’s population is estimated to be infected with Mycobacterium tuberculosis (MTB), the etiological agent causing TB, and active disease kills nearly 2 million individuals worldwide every year.
Several lines of evidence indicate that interindividual variation in
susceptibility to TB has a heritable component, yet we still know
little about the underlying genetic architecture. To address this,
we performed a genome-wide mapping study of loci that are associated with functional variation in immune response to MTB.
Speciﬁcally, we characterized transcript and protein expression
levels and mapped expression quantitative trait loci (eQTL) in primary dendritic cells (DCs) from 65 individuals, before and after
infection with MTB. We found 198 response eQTL, namely loci that
were associated with variation in gene expression levels in either
untreated or MTB-infected DCs, but not both. These response eQTL
are associated with natural regulatory variation that likely affects
(directly or indirectly) host interaction with MTB. Indeed, when we
integrated our data with results from a genome-wide association
study (GWAS) for pulmonary TB, we found that the response eQTL
were more likely to be genetically associated with the disease. We
thus identiﬁed a number of candidate loci, including the MAPK
phosphatase DUSP14 in particular, that are promising susceptibility genes to pulmonary TB.

Downloaded at Institut Pasteur - CeRIS on January 14, 2022

T

uberculosis (TB) is among the oldest diseases recorded to
affect humans. Skeletal remains show that prehistoric
humans (7000 BC) had already suffered from TB (1) and tubercular decay has been found in the spines of mummies from
3000 to 2400 BC (2). Today, despite considerable efforts to ﬁght
the disease, TB remains a major public health problem, with 1.7
million deaths occurring annually worldwide and up to one-third
of the global population estimated to be carrying latent Mycobacterium tuberculosis (MTB) infection (3). A striking feature of
TB is that only 10% of individuals infected with MTB develop
the disease (4, 5). Although a signiﬁcant proportion of interindividual variation in susceptibility to TB can be attributed to
environmental factors such as malnutrition or poor hygienic
conditions, a substantial portion is thought to be due to host
genetic factors (6–8). The strongest evidence for this probably
comes from twin studies showing that the rate of TB in monozygotic twins is more than twice that observed among dizygotic
twins (8). In addition, studies on Mendelian susceptibility to
mycobacterial disease (MSMD) have identiﬁed multiple rare
single-gene mutations linked with susceptibility to mycobacteria
(7, 9, 10). Although studies on MSMD have played a key role in
identifying important pathways involved in protective immunity
against TB, such as the IL12/23- and IFN-γ pathways (7, 9–14),
the mutations identiﬁed are too rare to have a signiﬁcant impact
on the overall variation in susceptibility to TB in the wider
population.
The quest of the genetic determinants of susceptibility to TB
at the population level has so far been primarily driven by case
control studies of candidate genes. Studies based on such approaches identiﬁed over 20 genes associated with susceptibility
1204–1209 | PNAS | January 24, 2012 | vol. 109 | no. 4

to TB (reviewed in refs. 6, 7). However, limited samples sizes and
difﬁculties in validating the majority of these ﬁndings across
populations raised doubts about many of these associations (15).
Recently, Thye et al. (16), reported the ﬁrst genome-wide association study (GWAS) for host susceptibility to pulmonary TB
(using 2,237 cases and 3,122 controls from West Africa). Despite
the relatively large sample size, only a single locus in a gene desert
region was associated with a signiﬁcant genome-wide modest
effect size (odds ratio = 1.2). Thus, to date, little is known about
the underlying genetic determinants or mechanisms contributing
to differences in susceptibility to TB at the population level.
In the context of an infectious disease such as TB, the most
important molecular networks affecting disease susceptibility are
probably those involved in mechanisms of immune defense. We
thus reasoned that genetic variants that are associated with
variation in immune response to MTB infection would be highly
promising genetic candidates for susceptibility to TB. To identify
such variants, we characterized genome-wide gene expression
levels and mapped expression quantitative trait loci (eQTL) in
untreated and MTB-infected monocyte-derived dendritic cells
(DCs), from a panel of 65 healthy individuals of European descent. We chose to work with DCs because they play a central
role in bridging innate and adaptive immunity. Upon MTB infection, DCs migrate from the lungs to the draining lymph nodes
where they present antigens to naive T cells, orchestrating antimycobacterial immunity and ultimately determining disease
outcome (17). We thus provide a comprehensive view of regulatory mechanisms underlying variation in immune response to
MTB infection.
Results
Transcriptional Response of DCs to MTB Infection. We infected DCs

from 65 healthy individuals with a virulent strain of MTB. Following infection, we extracted RNA from the untreated and
infected DCs at the same time, 18 h after the infection. We then
characterized genome-wide gene expression proﬁles in all samples using the Illumina HT-12 expression arrays. After excluding
data from poorly annotated array probes and from genes that
were classiﬁed as not expressed, we normalized the expression
data for the remaining 12,958 genes (details in Materials and
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Methods). We then analyzed the gene expression data using
a linear model with a ﬁxed effect for the treatment (infection
with MTB; Materials and Methods). Using a moderated t test
(18), we classiﬁed 2,948 and 4,055 genes as up- or down-regulated postinfection, respectively (P < 10−6, false discovery rate
(FDR) < 10−4). The difference in expression level between the
untreated and infected DCs was greater than 0.5-fold for 3,040
(43%) of these genes (Fig. 1A and Dataset S1).
Changes in the transcriptome following MTB infection are
expected to reﬂect the transition of DCs from antigen-capturing
cells to potent antigen-presenting cells and T-cell activators (19,
20). Consistent with this notion, we found that the maturation of
DCs after MTB infection was accompanied by the strong upregulation of genes involved in immune responses (FDR < 10−26),
including cytokine signaling, T-cell activation, and antigen presentation (FDR < 0.006; Fig. 1B and Dataset S2). Conversely,
down-regulated genes were signiﬁcantly enriched for genes involved in metabolic pathways (FDR < 10−6) and in the reorganization of the cytoplasmic membrane (FDR < 10−6, Fig. 1B
and Dataset S2). This observation probably reﬂects a reduced
capacity of mature DCs to endocytose/phagocytose and the
expected reduction in trafﬁcking between the mycobacterial
phagosome and the host cell recycling and biosynthetic pathways (20, 21).

Mapping Cytokine and Chemokine Secretion Levels. In addition to
characterizing transcriptional proﬁles following MTB infection,
we measured the levels of 19 cytokines in the supernatants of
untreated and infected DCs (Fig. 3 and Fig. S2; Materials and
Methods for details). With the exception of IL-17, the protein
measurements of all cytokines/chemokines showed a signiﬁcant
correlation with estimates of the corresponding transcript expression levels (P < 0.01; median Spearman correlations = 0.6;
Fig. 3A). As expected, the expression levels of all tested proteins
were signiﬁcantly elevated after MTB infection (Wilcoxon
signed-rank test, FDR < 0.01, Fig. S2), and we observed strong
induction of all of the cytokines presently known to play a critical
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Identiﬁcation of Immune Response eQTL. We next aimed to identify
eQTL in both infected and noninfected DCs. To do so, we
genotyped each individual at 970,287 single nucleotide polymorphisms (SNPs) using the Illumina Omni1-Quad BeadChip.
Genotypes for 873,973 SNPs passed our quality checks (Materials
and Methods). We used a linear regression model to test for an
association between the expression levels of 11,996 autosomal
genes and genotype at all SNPs with a minor allele frequency
greater than 10% (SI Materials and Methods includes speciﬁc
details on data processing and modeling). We mapped eQTL
separately in infected and noninfected DCs. In agreement with
previous studies (e.g., refs. 22, 23), we found that most SNPs
strongly associated with gene expression levels lie near the corresponding gene (putatively acting in cis; Fig. S1). Thus, we focused our analysis on putative cis-regulatory variants deﬁned as
SNPs located in a 200-kb window centered on a gene’s transcription starting site (TSS). At an FDR of 1% (at least one SNP
with P < 1.4 × 10−5; more details in Materials and Methods) we
found 720 and 756 genes with cis-eQTL in the infected and noninfected DCs, respectively (Fig. 2A and Dataset S3). Interestingly,

genes whose expression levels were altered following MTB infection were 1.6 times more likely to be associated with cis-eQTL
than the genome-wide average (14% compared with the 9% that
are expected by chance alone; P = 1.6 × 10−16; Fig. 2B). Our
results thus suggest that genes involved in immune response to
MTB have increased levels of functional diversity in the population. Such functional variation is likely to underlie interindividual
differences in susceptibility to infectious diseases in general and
MTB infection in particular.
As expected, there is a large overlap of eQTL identiﬁed independently in the noninfected and infected DCs (Pearson
correlation of eQTL association P values in the two classes of
DCs is 0.68; P < 10−15). In the context of susceptibility to TB,
however, the most interesting eQTL are arguably those with
a different effect on gene expression levels before and after infection with MTB, which we term “response eQTL.” Response
eQTL likely interact with MTB (directly or indirectly) and thus
may account for interindividual variation in immune response to
MTB infection. We classiﬁed response eQTL by using highly
conservative criteria to minimize the probability of false positives
(e.g., when true eQTL in both untreated and infected DCs are
only classiﬁed as such in one class because of incomplete power).
Speciﬁcally, we deﬁned response eQTL when we found strong
evidence for a cis-eQTL for a gene in either untreated or
infected DCs at an FDR of 1% (P < 1.4 × 10−5) and no statistical
evidence supporting a cis-eQTL for the same gene (in the entire
tested 200-kb region) in the other condition at a very relaxed
FDR threshold of 50% (more details in Materials and Methods).
Using this approach, we identiﬁed 198 genes with strong evidence of being associated with at least one response eQTL (102
and 96 eQTL in untreated and infected DCs, respectively; Fig. 2
A, C, and D and Dataset S3).

Fig. 1. Functional characterization of immune responses to MTB infection. (A) Volcano plot showing differentially expressed genes after infection of DCs
with MTB for 18 h. The negative log10 transformed P values test the null hypothesis of no difference in expression levels between untreated and infected DCs
(y axis) and are plotted against the average log2 fold changes in expression (x axis). Data for genes that were not classiﬁed as differentially expressed are
plotted in black. In gray and blue, we plotted data for genes that are differentially expressed after infection with MTB (P value <7.7 × 10−7; Bonferroni
corrected P value <0.01) with an absolute log2 fold change (|FC|) less than or equal to 0.5 or greater than 0.5, respectively. (B) Gene ontology (GO) enrichment
analysis for genes that were classiﬁed as up- (red) or down- (blue) regulated following infection of DCs with MTB. Only signiﬁcant enrichments at an FDR <1%
are plotted (complete results in Dataset S2).
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Fig. 2. Deciphering the genetic basis of interindividual variation in immune response to MTB infection. (A) Plot contrasting the evidence for cis-eQTL in the untreated and
infected DCs. For every gene we plotted the additive model
P values (−log10 transformed) for the most strongly associated
cis-SNP (deﬁned as SNPs located in 200-kb window centered on
the TSS of a proximal gene) with gene expression levels in the
untreated (x axis) or infected (y axis) DCs, respectively. The red
dashed lines specify the P values corresponding to an FDR of
1%. The blue dashed lines specify the second, more relaxed,
cutoff (∼50% FDR) used to conﬁdently classify response eQTL.
Only genes with strong evidence of a cis-eQTL in at least one of
the conditions (FDR of 1%) are plotted. (B) Proportion of ciseQTL (y axis) observed among all tested genes and among
genes that were classiﬁed as differentially expressed (DEG)
following infection with MTB. (C) Example of a response eQTL
found only in the untreated samples. (D) Example of a response eQTL found only in the infected samples.
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role in protective immunity against TB (24–26) (Fig. 3B), including TNF-α (460-fold induction), IFN-γ (24-fold induction),
and IL-12 (8-fold induction).
Using the protein secretion data we also looked for protein
QTL (pQTL), namely loci that are associated with cytokines/
chemokines’ secretion levels measured after infection of the

DCs. We did not ﬁnd any signiﬁcant association, either genomewide or when we restricted the analysis to SNPs within 200 kb of
the TSSs of the genes encoding the measured proteins. However,
when we only considered the SNPs that were previously identiﬁed as cis-eQTL (in the analysis of transcript levels above) we
found a clear enrichment in the association of genotypes with

Fig. 3. Association between cis-eQTL and protein
secretion levels. (A) Boxplot of Spearman correlations between mRNA and protein expression levels.
(B) Examples of data from TNF-α, IFN-γ, and IL-12
(from Left to Right). Protein level measurements
from untreated (green) and infected (red) DCs from
each of the 65 individuals are plotted. Results for
the remaining proteins can be found in Fig. S2.
P values were obtained using a nonparametric
Wilcoxon test, which takes into account the paired
nature of our data. (C) Manhattan plot showing the
negative log10 transformed P values (y axis) for the
association between all SNPs classiﬁed as cis-eQTL
and the secretion levels of IL-1Ra measured in the
supernatant of infected DCs. (D) Correlation between genotypes at rs11960575 and the relative
secretion levels of IL-1Ra. In addition to the association between rs11960575 and IL-1Ra secretion
levels, we also found a signiﬁcant association
(Bonferroni P < 1.7 × 10−6) between rs854100 and
the secretion levels of IL-15, although the secretion
levels of IL-15 after infection were very low (Figs. S2
and S3).
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protein levels (Fig. S3). This observation is tentative and requires
further validation and replication, but it suggests that the secretion of a subset of these cytokines is regulated in trans by
proteins whose expression levels are, in turn, regulated in cis by
the eQTL we found. In particular, in two cases (of the 19 tested),
the association was signiﬁcant even after the conservative Bonferroni correction for multiple testing. Speciﬁcally, rs854100 and
rs11960575 are associated with the secretion levels of IL15 and
IL-1Ra, respectively (Bonferroni P < 1.7 × 10−6; Fig. 3 C and D
and Fig. S3). The genetic variation at rs11960575 may be of
particular interest: This locus was classiﬁed as a cis-eQTL for the
gene ﬁbrillin 2 (FBN2; Pnoninfected DCs = 8.3 × 10−9; PMTB-infected
−3
DCs = 2 × 10 ), and a trans-pQTL for IL-1Ra (Bonferroni P <
−6
1.7 × 10 ; Fig. 3 C and D). This observation may reﬂect a regulatory interaction between FBN2 and IL-1Ra. Consistent with
this inference, the members of the ﬁbrillin gene family are
known to be involved in the storage and activation of TGF-β (27,
28), which in turn has been shown to regulate the production of
IL-1Ra (29, 30). Because genetic variation in IL1Ra has previously been associated with susceptibility to TB (31, 32),
rs11960575 (or another SNP in linkage disequilibrium with it)
represents a strong candidate locus for impacting susceptibility
to TB.
Immune Response eQTL Are Enriched for Susceptibility Genes for TB.

Discussion
We studied variation in the regulatory response to MTB infection of DCs. We chose to focus on DCs because they have
been shown to play an essential, nonredundant role in protective
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The immune response eQTL as a class are strong candidates for
affecting susceptibility to TB. To test this possibility, we integrated our data with results from the only GWAS for host
susceptibility to pulmonary TB published to date, which included
2,237 cases and 3,122 controls from Ghana and Gambia (16). In
the original GWAS analysis, only a single locus, in a gene desert
region on chromosome 18q11, reached genome-wide signiﬁcance
(16). When we focused on the response eQTL identiﬁed in this
study, however, we found that these loci were more likely to be
associated with TB than expected by chance (Fig. 4). Speciﬁcally,
we observed more than 1.4-fold enrichment of SNPs with a nominal GWAS P value <0.05 among response eQTL, compared with
genome-wide expectations (Fig. 4B, χ 2 test, P = 0.012). Impor-

tantly, we did not observe a similar enrichment when we considered eQTL that are common to untreated and infected DCs (Fig.
4B; this observation serves as a control for a possible bias in the
power to detect an association in the GWAS when only eQTL
are considered).
We note that our observations are robust to the particular
method used to identify response eQTL. Indeed, an alternative
approach used to identify cis-interactions (i.e., response-eQTL)
is to consider variation in the magnitude of the shifts in gene
expression after a treatment, in our case MTB infection, as the
quantitative trait to be mapped (33, 34). Supporting our previous
ﬁndings, MTB-response eQTL identiﬁed using this approach
(Dataset S3) were also signiﬁcantly enriched for GWAS P values
<0.05 (1.8-fold enrichment, χ 2 test, P = 0.01; Fig. S4).
Taken together, our results indicate that response eQTL are
likely enriched for susceptibility alleles for TB. In particular, our
data strongly support the notion that dual-speciﬁcity phosphatase 14 (DUSP14) is a new susceptibility gene for TB. Indeed, we
found strong evidence that rs712039 is an immune response
eQTL associated with variation in the expression levels of
DUSP14 exclusively in noninfected DCs (Pnoninfected DCs = 9.6 ×
10−6 (FDR = 6 × 10−3); PMTB-infected DCs = 0.09 (FDR = 0.9);
Fig. 5A). In addition, in our focused GWAS analysis, which was
restricted to the set of SNPs we classiﬁed as immune response
eQTL (as the set of most likely candidates), the strength of the
association between rs712039 and pulmonary TB is signiﬁcant
even after a conservative Bonferroni correction (Fig. 4D). This
SNP was not discussed in the original GWAS paper, probably
because it was not signiﬁcant at a genome-wide threshold, yet it
shows one of the strongest genetic associations with pulmonary
TB, in both the Ghana cohort (P = 9.8 × 10−4) and the Gambia
replication cohort (P = 2.3 × 10−3, combined P = 3.3 × 10−6;
Table S1).

Fig. 4. MTB-response eQTL are strong candidates to impact susceptibility to pulmonary TB. (A) The median GWAS P value for an expanding window of genes
is plotted. We used the GWAS P values obtained when combining the Ghana and Gambia cohorts (16). Genes are ordered by the strength of evidence
supporting an association with an eQTL only in the untreated (Left) or the infected (Right) DCs, respectively. To avoid positional biases, we restricted our
analyses to the set of cis-SNPs that was tested in our study (i.e., SNPs located in 200-kb window centered on the TSS of proximal genes). (B) Histogram of the
proportion of GWAS SNPs with nominal P values <0.05 among all GWAS SNPs (gray), among SNPs that were classiﬁed as eQTL in both untreated and infected
DCs (blue), and among response eQTL (red). (C) Manhattan plot showing the negative log10 transformed P values (y axis) for the association between the
response eQTL identiﬁed in this study and susceptibility to pulmonary TB. The dashed line corresponds to the genome-wide signiﬁcance cutoff after
a conservative Bonferroni correction.
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immunity to TB (35). DCs exhibit the unique ability to migrate to
secondary lymphoid organs where they present mycobacteriaderived antigens to naive T cells (17). In the absence of DCs, the
response induced by CD4+ T cells is impaired and bacterial load
uncontrolled (36–38). Accordingly, individuals with a deﬁciency
of DCs, monocytes, and B and natural killer (NK) cells (DCML
deﬁciency) show increased susceptibility to poorly virulent
strains of Mycobaterium spp (39). Similarly, mutations in the IFN
regulatory factor 8, which have recently been shown to be

Fig. 5. Genes with response eQTL likely to impact susceptibility to pulmonary TB. (A) Response eQTL identiﬁed for DUSP14. (B) Response eQTL
identiﬁed for RIPK2. (C) Response eQTL identiﬁed for ATP6V0A2.

1208 | www.pnas.org/cgi/doi/10.1073/pnas.1115761109

associated with a selective loss of CD11c+ CD1c+ myeloid DCs,
result in a remarkable increased susceptibility to disseminated
bacillus Calmette–Guérin-osis, arguing for a speciﬁc role for
DCs in resistance to mycobacteria (40).
It is well established that macrophages (Mϕ) also play a central role in TB pathogenesis (25–26). They are one of the primary cell targets of MTB, which have developed different
strategies to survive and to multiply inside the Mϕ phagosome
such as prevention of phagosome acidiﬁcation (41) and inhibition of phagolysosomal fusion (42). In addition, macrophages
play an important role in determining the outcome of infection
by orchestrating the formation of granulomas and by killing the
bacillus upon IFN-γ activation. Thus, it would be of great interest
to also study the transcriptional response and map response
eQTL to MTB infection of Mϕ. Extending this approach to
additional relevant cell types, such as Mϕ, should greatly increase our understanding of the genetic architecture of TB response, with the ultimate aim of deciphering the genetic factors
controlling human susceptibility to this ancient disease.
Our results indicate that variation in the regulatory immune
response to MTB infection of DCs is often associated with genetic
factors. Indeed, at least 14% of differentially expressed genes
following infection with MTB are associated with an eQTL (Fig.
2B). This observation strongly supports the hypothesis that genetic susceptibility to TB is likely to be accounted for by the
combination of many genetic variants with small effects. Under
this model, classical GWAS approaches alone may be insufﬁcient
for fully characterizing the multitude of genetic associations with
TB susceptibility (a challenge that is shared with a large number
of other complex phenotypes, including many other infectious
diseases). Our ﬁndings indicate that in vitro experimental studies
of the eQTL response to infection represent a powerful approach
that can help overcome this challenge, as well as point to the likely
regulatory mechanisms that affect disease susceptibility.
Our data revealed DUSP14 as a susceptibility gene to pulmonary TB. The DUSP14 gene is a member of a large family of
phosphatases that speciﬁcally dephosporylate threonine and tyrosine residues on mitogen-activated protein kinases (MAPKs),
rendering them inactive (43). These phosphatases therefore ultimately control the levels of proinﬂammatory cytokines released
after infection (43). Accordingly, and further supporting a potential role of DUSP14 in susceptibility to TB, we found that the response eQTL we identiﬁed for DUSP14, rs712039, is also associated
with the secretion levels of TNF-α (P = 0.02) and IFN-γ (P = 0.03).
These proteins are probably the two most important cytokines
known to be involved in immune protection against TB. These genes
participate in the formation and maintenance of the granulomes
(25) and activate the bactericidal activity of phagocytes (26).
Other novel strong candidates to affect susceptibility to pulmonary TB include ATP6V0A2 and RIPK2. Both genes are associated with response eQTL in MTB-infected DCs (Fig. 5 B and
C), and the same genetic variants are nominally associated with
pulmonary TB in the GWAS data (Table S1). RIPK2 encodes an
adapter protein of the NOD2-dependent signaling pathway, which
is a key pathway involved in the regulation of host responses to
MTB infection (44–46). ATP6V0A2 encodes a subunit of the vesicular proton-ATPase (v-ATPase) (47). Interestingly, one major
virulence feature of the tubercle bacillus is its ability to parasitize
macrophages through the exclusion of v-ATPase from phagosomes, preventing them from maturing (41, 48). Interindividual
variation in the levels of ATP6V0A2 is therefore likely to impact
the ability of the bacillus to grow and survive inside phagocytic
cells, ultimately impacting susceptibility to TB.
It is important to note that our approach does not allow us to
distinguish between response eQTL that are speciﬁc to MTB
infection and those shared with other infectious diseases. Because we show that the response eQTL we identiﬁed are enriched for genetic variants associated with susceptibility to TB,
it is reasonable that at least a subset of these eQTL have speciﬁc
roles in the immune response to MTB infection. We expect that
our ﬁndings will stimulate future work aimed at characterizing
Barreiro et al.
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Details of the experimental and statistical procedures can be found in SI
Materials and Methods. Blood samples from 68 healthy donors were
obtained from Research Blood Components. All samples were collected
with informed consent under the company’s independent ethics committee approval. All individuals recruited in this study were healthy Caucasian
males between the ages of 21 and 55 y old. Genotyping of all individuals
was performed using the Illumina’s Omni1-Quad BeadChip array. After
a series of quality checks (SI Materials and Methods), genotyping data
from 65 samples were kept for downstream analyses. Blood mononuclear
cells from each donor were isolated by Ficoll-Paque centrifugation and
blood monocytes were puriﬁed from peripheral blood mononuclear cells
(PBMCs) by positive selection with magnetic CD14 MicroBeads (Miltenyi
Biotec). Monocytes were then derived into DCs as previously described (20)
and subsequently infected with MTB for 18 h at a multiplicity of infection
of 1-to-1. Genome-wide gene expression proﬁles of untreated and infected
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response eQTL associated with other infectious diseases, and
that such work will allow us to further classify speciﬁc MTBresponse eQTL on the one hand and genetic variation that is
associated with more general variation in the response to infectious agents on the other hand.

