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Tuberculosis (TB) is a common infectious disease caused byM. tuberculosis. The risk of the disease is dependent
on complex interactions between host genetics and environmental factors. Accumulated genomic data, along
with novel methodological approaches such as associative networks, facilitate studies into the inherited basis
of TB. In the current study, we carried out the reconstruction and analysis of an associative network representing
molecular interactions between proteins and genes associatedwith TB. The network predominantly comprises of
well-studied key proteins and geneswhich are able to govern the immune response againstM. tuberculosis. How-
ever, this approach also allowed us to reveal 12 proteins encoded by genes, the polymorphisms of which have
never been studied in relation to M. tuberculosis infection. These proteins include surface antigens (CD4, CD69,
CD79, CD80,MUC16) and other important components of the immune response, inflammation, pathogen recog-
nition, cell migration and activation (HCST, ADA, CP, SPP1, CXCR4, AGER, PACRG). Thus, the associative network ap-
proach enables the discovery of new candidate genes for TB susceptibility.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The study of the mechanisms of human susceptibility to infections
caused by pathogenic microorganisms such asM. tuberculosis is an im-
portant and productive field of human genetics. It aims to reveal genetic
variants predisposing to tuberculosis (TB) in order to facilitate the de-
velopment of new effective measures to combat the disease. For this
reason, both candidate genes and genome-wide association studies
are usually carried out. The results of these studies confirm the impor-
tance of host genetic components in the risk of contracting TB; however,
their reproducibility is poor and the convincing examples of causal
genes are solitary.

Contemporary technologies and tools for the analysis of the human
genome, allow for detailed estimations of the significance of genetic
variability in the development of infectious diseases (Meyer and Thye,
2014). However, the understanding of gene function is impossiblewith-
out systems biology, which, if applied to human pathology, offers a
unique approach for studying multifactorial diseases. Systems biology
allows revealingmolecular links between diseases and identifies shared
genes and pathways to achieve better understanding of the molecular
origin of different disease groups. For instance, such the integrative
ina).
analysis helped discover that leprosy susceptibility genes are also cru-
cially important for the development of autoimmune diseases (Zhang
et al., 2016). In systems biologymethodology, a network is a central ob-
ject that represents links between multiple objects (Koonin, 2011). In
gene networks, the nodes represent genes and the connections are
their interactions (Barabási and Oltvai, 2004). Thus, a gene network is
a group of genes functioning in a coordinated fashion, providing control
for vital functions in an organism (Kolchanov et al., 2000). Studying the
patterns of functioning of such networks may lead to the identification
of genes responsible for the development of diseases. For instance, a
number of studies using gene network methodologies have revealed
novel genes that are important for the development of breast cancer
(Pujana et al., 2007), inherited ataxia (Lim et al., 2006), asthma
(Hwang et al., 2008), diabetes mellitus (Kussmann et al., 2013; Liu et
al., 2007), neurodegenerative diseases (Parikshak et al., 2015), and car-
diovascular diseases (Shangguan et al., 2014). Moreover, it is apparent
that a breakthrough in the analysis of pathological processes and the
development of effective therapeutics for complex diseases (including
infectious disorders) is impossible without using the knowledge about
functioning of molecular networks.

The wealth of experimental data in molecular biology provides a
strong basis for the development of methods for the reconstruction of
gene networks based on the automatic analysis of scientific texts and
databases (Rzhetsky et al., 2004). One of the most popular softwares
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for such analysis is STRING (Szklarczyk et al., 2015) which uses
“text-mining” technology for the reconstruction of networks.
Another software, ANDSystem, was developed for automatic extraction
of knowledge about molecular genetic interactions between proteins,
genes, mRNA, metabolites, biological processes and diseases, from
the texts of scientific publications, and their presentation in the form
of associative semantic networks. Unlike STRING, ANDSystem provides
more detailed descriptions of interactions between objects (Ivanisenko
et al., 2015). The ANDSystem has been used to reconstruct associative
networks for myopia and glaucoma (Podkolodnaya et al., 2011) as
well as to describe molecular genetic interactions for co-morbid
(Glotov et al., 2015) and inverse co-morbid pathological conditions
(Bragina et al., 2014).

In this study, we set out to construct an associative network for TB
using the ANDSystem software to reveal key molecules driving the dis-
ease pathogenesis.

2. Material and methods

We used the ANDSystem software to reconstruct an associative net-
work for pulmonary TB. Extraction of the data by ANDSystem is carried
out by applying a text-mining algorithm to the ANDCell knowledge
base, followed by the visualisation of the results by the ANDVisio soft-
ware (Ivanisenko et al., 2015).

We used a “tuberculosis pulmonary” search query to build the net-
work, followed by a re-assessment through the expert review to remove
the network redundancy caused by the incomplete formalization of
the texts of research articles. The following parameters were taken
into account for the expert review: 1) participation of a protein in TB
pathogenesis; 2) correct protein/gene name recognition; 3) correct
Fig. 1. Molecular genetic network of functional interactions between hum
context (protein/gene mentioned in the abstract is really associated
with the disease); 4) nominal statistical significance (p b 0.05) for the
association between theprotein and TB. After the review, the associative
networkwas shrunk to contain only themost essential objects and their
interactions.

We used the public databases Ensembl (http://www.ensembl.org/
index.html), NCBI (http://www.ncbi.nlm.nih.gov/), and HuGE Naviga-
tor (https://phgkb.cdc.gov/HuGENavigator) to find out whether there
are known polymorphisms of the genes in the network associated
with TB or immune-mediated diseases.

Gene ontology-based overrepresentation analysis was conducted
using the BiNGO program with the following parameters:
hypergeometric test; Benjamini-Hochberg FDR-correction; significance
level = 0.05; ontology = go-basic.obo (data-version: releases/2016-
03-23); annotation = UniProt-GOA (Submission Date: 3/16/2016).

3. Results and discussion

Using the ANDSystem software we compiled a list of 131 different
proteins and genes associated with TB according to data published in
scientific literature. After the expert review, the list was reduced to the
40 genes/proteins most essential in TB pathogenesis (Supplementary
Table 1; Fig. 1).

In the associative network, genes and proteins are separate compo-
nents (Fig. 1). The network comprises 40 genes and their 45 protein
products. The links between genes and the proteins they encode are de-
fined by the type “expression”. This link type is assessed in case of the
presence of a Gene Id link in SwissProt card for the protein. The total
number of proteins exceeds the total number of genes in the network
because for HLA-A and HLA-DRB1 genes there were 7 proteins; MHC
an genes/proteins associated with tuberculosis (associative network).
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class I antigens A*1, A*2, A*3, and A*26 and MHC class II antigens
DRB1*15, DRB1*16, DRB1*3.

The network comprises of 274 interactions of many different types.
The most abundant interaction type is “expression regulation” (n =
60). This connection type describes activation (upregulation) or inacti-
vation (downregulation) of a geneunder the control of a regulatory pro-
tein. For instance, tumour necrosis factor (TNF) protein and MMP-1
gene are linked by “expression upregulation” connection type, while
TNF protein and COL1A1 and COL3A1 are linked by “expression down-
regulation”. The connections have been automatically extracted by the
ANDSystem from PubMed (Zeldich et al., 2010; Sato et al., 1998).

The secondmost abundant type of interaction in the network is pro-
tein-protein interaction (PPI) with a total of 54 links in the tuberculosis
associative network. For 46 of these interactions, ANDSystem specified
PubMed database alone as the source of information, while for the rest
HPRD, DIP and innatedb were additionally used.

“Transport/release regulation” connection type was also relatively
common in the network, with 45 protein pairs linked via this type.
This connection type is used by the ANDSystem for the description of
regulation of transport or release of a protein under the action of anoth-
er protein. For example, the connection established between TNF-α and
MCP-1 according to PubMed publications (Bouchelouche et al., 2006;
Kim et al., 2010).

In the network, there are 6 objects comprised of genes/proteinswith
no direct connection with other network participants. They include
HLA-A, CD79A, CYP2E1, CP, PACRG, and AGER genes. Despite such “isola-
tion” of these objects, they exhibit functional interactions with other
members of the network indirectly, via intermediates for which no
information about association with TB was known. For instance, the
IGA protein encoded by CD79A gene interacts with 36 intermediary
proteins which, in turn, interact with 23 proteins in the tuberculosis
associative network. According to the ANDSystem, IGA protein partici-
pates in a direct interaction between HS1 (hematopoietic cell–specific
Lyn substrate 1)which is involved in regulation of TNF-α and also inter-
acts with IL-2 protein. The total number of intermediary participants
connecting HLA-A, CD79A, CYP2E1, CP, PACRG, and AGER with the
associative network was comparable with the total number of the
main network members (N100). These mediators are hidden to
facilitate the visualisation of the network. Thus, we can assume that
all the participants of the tuberculosis associative network are function-
ally tightly inter-connected.

The vast majority of genes in the associative network have already
been studied in terms of associations with the risk of TB; however, for
12 genes, such studies have never been conducted according to the pub-
licly available data (Supplementary Table S1). These genes can therefore
be defined as novel candidate genes for tuberculosis susceptibility
studies.

Proteins and genes in the network can be classified into functional
categories such as immune response, regulation of transcription, xeno-
biotics metabolism/detoxification.

Immune response genes and proteins in the network are currently
the most well studied with regards to TB and other infectious diseases,
due to the predomination of the candidate genes approach in the
study of these disorders. Antigen recognition, macrophage activation,
granuloma formation, inflammation, and overall efficacy of immune
response against M. tuberculosis are crucially important in the patho-
genesis of TB, and are dependent on the genetic make-up of the host.
Numerous genes involved in the immune response to TB have been
studied, which is reflected in the obtained associative network.

Among the immune response genes presented in the network, genes
encodinghuman leukocyte antigens (HLA) are known tohave the stron-
gest association with TB. Another group of immune response genes en-
code cytokines and their corresponding receptors, such as IL1B, IL2, IL4,
IL6, IL8, IL10, IL12B, TNFA, IFNG, IFNGR1, IL12RB1, and TNFRSF1B, regulat-
ing many aspects of the immune response and inflammation, are
known to be associated with TB, too. Also in the associative network,
there are genes encoding pattern recognition receptors of macrophages
and dendritic cells, such as Toll-like receptors and NOD-receptors
(TIRAP andNOD2), which activate signals inducing cytokine production.

At the same time, some immune response genes/proteins in the as-
sociative network have never been studied in terms of their association
with TB, despite their obvious importance in the pathogenesis of the
disease. For instance, theHCST (DAP10) gene encodes a transmembrane
signalling adaptor containing the YxxMmotif in its cytoplasmic domain.
The DAP10-signal-subunit-deficientmice infected byM. tuberculosis ex-
hibit decreased cytotoxicity of CD8+ T-cells due to an impaired release
of cytotoxic granules (Hessmann et al., 2011). Thus, this gene is of inter-
est not only for the study of susceptibility to TB, but also for the study of
the mechanisms of the development of specific clinical features of the
disease.

Another understudied gene ADA encodes adenosine deaminase en-
zyme, which converts adenosine to inosine. Even though adenosine
does not influence TB pathogenesis directly, it is involved in the IL-6 sig-
nalling cascade important for TB pathogenesis (Law et al., 1996). High
levels of this enzyme were detected in the most severe TB patients
with remarkable destruction and infiltration (Balasaniants et al.,
2001). The genomic region in which the ADA gene resides (20q13.12)
was found to be associated with TB (Stein et al., 2008).

The CP gene encodes ceruloplasmin, a metalloprotein which binds
blood cuprum and participates in the oxidation of the Fe(II)-transferrin
to Fe(III)-transferrin. Possibly, antibacterial function of ceruloplasmin is
based on its participation in the homeostasis of iron and copper; impor-
tant elements of antibacterial defense (Neifakh et al., 1969; Karyadi et
al., 2000). Ceruloplasmin is an acute phase protein; its concentration,
along with copper ion levels is elevated in lung TB patients (Cernat et
al., 2011). CP gene expression is significantly different between TB pa-
tients with low and high content of iron and transferrin saturation
index in blood serum (Cowie, 2014). Similar to SLC11A1, a protein re-
sponsible for divalent metal cations transport (Cellier et al., 2001), de-
fects in the production or function of CP may result in impairment of
its binding and transport functions; thus leading to elevated sensitivity
to intracellular pathogens, such as mycobacteria. Binding of iron ions is
important for the suppression of replication of mycobacteria; therefore,
genes involved in this biological process are of interest as potential drug
targets for TB treatment. Again, no studies of association between this
gene variants and TB are available.

The CD69 gene encodes type II transmembrane glycoprotein. In
invariant NKT type I cells in TB patients andHIV-infected patients, an in-
creased expression of the CD69 gene is observed (Montoya et al., 2008).
To date, no studies of the polymorphisms of CD69 gene in relation to TB
have been published.

In the reconstructed associative network, the SFTPA2B gene is known
to be associated with TB in India (Madan et al., 2002) and Ethiopia
(Malik et al., 2006); however, there are no data so far on its association
with the disease and its clinical forms in Europeans. The studies of these
molecules are promising taking into account the wide spectrum of im-
mune-modulating effects of cell surface molecules.

The AGER gene product is a member of a superfamily of cell surface
immunoglobulin molecules, which acts as receptors for various
molecules participating in inflammation, development and homeosta-
sis. Enhanced expression of AGER was reported in lung TB patients
(Arce-Mendoza et al., 2008), but there are no studies to date which
have shown polymorphisms of the AGER gene to be associated with
TB and its clinic features.

Osteopontin encoded by the SPP1 gene is a pro-inflammatory
cytokine predominantly involved in Th1-type immune response. Differ-
ential expression of the SPP1 gene is found in cells infected by
Mycobacteria andnon-infected cells (Wang et al., 2003), thus suggesting
that SPP1 can be considered as a promising candidate gene for the devel-
opment of TB.

The analysis of the associative network revealed several clusters of
differentiation molecules such as CD4, CD79A, CD80, MUC16, involved



Table 1
Centrality and specificity parameters for candidate genes.

Gene/protein Centrality (p1) Global degree Specificity (p2)

CD80 6 312 1,92E-02
HCST 1 52 1,92E-02
CD69 5 285 1,75E-02
MUC16 1 228 4,39E-03
CD4 5 1333 3,75E-03
SPP1 1 722 1,39E-03
CXCR4 1 738 1,36E-03

ADA,AGER, CD79A, CP, and PACRG are not shownas they have 0 centrality due to the lack of
direct connections with the associative network members.
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in TB pathogenesis coded for by genes which have not previously been
studied in relation to the disease.

The CD4 gene encodes themembrane glycoprotein of T-lymphocytes
which interacts with HLA class II antigens and also serves as a receptor
for HIV. The gene is expressed in T- and B-lymphocytes, macrophages
and granulocytes and plays an important role in Тh-mediated immunity.
It is important for preventing the growth ofM. tuberculosis and in the de-
velopment of granulomatous inflammation in the lungs of infected
knockout mice (Saunders et al., 2002).

The CD79A gene encodes the Ig-α protein of the В-cell antigenic com-
plex and is associated with immune-deficient pathological conditions
(Wang et al., 2002). The protein is essential for immunopathogenesis of
TB and is an important marker of the course of TB, as its local levels in
the lungs are elevated in patients with active disease (Goyal et al., 1990).

B-lymphocyte activation antigen B7-1 encoded by the CD80 gene is
one of the co-stimulatory molecules which, when its expression is de-
creased, results in the impairment of immunological reactivity of T-lym-
phocytes. CD80 was shown to be important for anti-tuberculosis
immunity (Bhatt et al., 2009).

GlycoproteinMUC16 is a mucin specifically expressed in uterus epi-
thelia (Hattrup and Gendler, 2008). Its levels are significantly increased
in TB patients (Fortún et al., 2009).

In the associative network, there are also some genes that have been
tested for an association with TB only in a very limited number of pub-
lished studies. Among them, there is PTPN22 which encodes a tyrosine
phosphatase specific for immune cells. A polymorphism of Parkin Co-
Regulated Gene Protein (PACRG) is associated with the development
of leprosy, an infectious disease caused by M. leprae, another represen-
tative of Mycobacterium genus (Mira et al., 2004). The protein PACRG
also participates in ubiquitin-mediated protein degradation, a biochem-
ical pathway which so far has not been well studied with regard to in-
fectious disease.

Mutations in the gene encoding Chemokine (C-X-C Motif) Receptor
(CXCR4) are associated withWHIM syndrome (MIM #193670). The ex-
pression levels of CXCR4 in peripheral blood are significantly different in
TB patients and healthy individuals (Zhao et al., 2015).

Little is known about the impact of variants of the CTLA4 gene
encoding cytotoxic T-lymphocyte associated antigen on the predisposi-
tion to TB. The respective protein inhibits T-cells and leads to a bias of
the immune response towards Th1-type (Nasta et al., 2006). A haplotype
of three polymorphisms of the CTLA4 gene (+49ANG, +6230GNA, and
11430GNA) has been found to be associated with the severity of TB
(Wang et al., 2012); however, no further data have beenpublished so far.

Genes encoding xenobiotic-biotransformation enzymes, represent-
ed in the associative network, are of significant interest for studies
into the sensitivity and toxicity of anti-tuberculosis drugs (Sheng et
al., 2014). However, they are totally understudied in this capacity.
Meanwhile, for some of these genes, e.g. CYP2E1, an associationwith in-
filtrative TB has been shown (Bikmaeva et al., 2004).

For the purpose of ranking the understudied genes as candidates for
associative studies, we carried out an assessment of the level of their
functional connectionwith geneswith known polymorphisms associat-
ed with TB (called reference nodes). The levels of functional connection
were assessed using two statistics—centrality (p1) and specificity (p2).
Centrality parameter is estimated as the total number of edges in a net-
work between candidate and reference nodes. Specificity is estimated as
a ratio between centrality and the total number of edges between a can-
didate gene/protein and all protein/genes presented in global
ANDSystemnetwork (Table 1). In otherwords, the centrality parameter
characterises the quantity of connections with reference genes, while
the specificity parameter shows a proportion of these connections
among all links of the analysed candidate. We assume that the higher
p1 and p2, the greater the probability of discovering associations be-
tween polymorphisms of the candidate gene and TB.

Based on this analysis, according to p1 value, themost plausible can-
didate for subsequent investigationwas CD80. This gene was connected
with six reference proteins (IL-2, IL-4, IL-6, IL-10, IFN-γ, and TNF-α)
which can be involved in regulation of its expression, according to the
ANDSystem data. Moreover, the p2 value for these genes exceeded the
figures for all other candidates except for HCST.

Gene Ontology analysis was carried out for genes that have not yet
been studied for association with TB, using the BiNGO tool. Overall,
529 biological processes were detected (Supplementary Table S2).
Among these processes, the following groups could be revealed: adap-
tive immune response (ADA, CD4, AGER, CD80), response to nutrient
(ADA, CP, CD4, SPP1, AGER), respiratory system development (ADA, CP,
AGER), apoptosis and cell death (ADA, AGER, PACRG, CXCR4), regulation
of protein phosphorylation (CD4, AGER, CD80, CXCR4), and neurogenesis
(SPP1, AGER, CXCR4). Interestingly, in addition to the immune response
which has been actively studied, other specific processes were found. It
is known that not only chemotherapy but also therapeutic diets are
used for tuberculosis therapy, since poor nutrition leads to decreased
immunity and, consequently, to the development of tuberculosis
(Gupta et al., 2009). Identification of the “response to nutrient” group
of processes among the overrepresented ones seems to be associated
with diet therapy of patients with tuberculosis and is not directly relat-
ed to the disease itself. Overrepresentation of the development process
of the respiratory systemwas probably due to the active recovery of the
latter after damage byM. tuberculosis. Of particular note is the regulation
of apoptosis in various cell types. On the one hand, apoptosis can be an
attacking mechanism of the pathogen or a defense mechanism of the
host (Zychlinsky and Sansonetti, 1997); on the other hand, it serves
for selecting T-lymphocytes in the thymus (Starr et al., 2003). In addi-
tion to the positive regulation of apoptosis, its downregulation was
also found to be carried out byM. tuberculosis to prevent death of the in-
fected host cells (Velmurugan et al., 2007).

4. Conclusion

Themechanismswhich underlie the pathogenesis of TB are complex
and not fully understood, thus preventing and complicating the devel-
opment of effective strategies for treatment and prophylaxis of the dis-
ease. Normal functions of macrophages and Th1-immunity are
important to deter the mycobacterial infection, but are not enough to
eliminate the pathogen from the host organism. Mycobacteria can re-
main latent in granulomas for decades. Adaptive immunity induced by
BCG vaccination is not sufficient to prevent latent TB activation, and
the mechanisms of the activation are not fully understood (Lin and
Ottenhoff, 2008).

Using the reconstruction of the associative network allowed us, from
the body of available published data, to pick out proteins and genes
most significant for the development of the infectious process. Of note,
the reconstruction helps identify not only proteins which genes are
well studied regarding to the development of TB, but also proteins
which are important for the disease development and coded by genes
which have never been studied in terms of associations with TB. Thus,
the obtained results give the reference point for focused experimental
and associative studies of the molecular basis of the development of
TB and different clinical forms of the disease.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.10.030.
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