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RETRACTED: In-depth systems
biological evaluation of bovine
alveolar macrophages suggests
novel insights into molecular
mechanisms underlying
Mycobacterium bovis infection
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" Bovine tuberculosis (bTB) is a chronic respiratory infectious disease
estic livestock caused by intracellular Mycobacterium bovis infection,
which causes ~$3 billion in annual losses to global agriculture. Providing
novel tools for bTB managements requires a comprehensive understanding
of the molecular regulatory mechanisms underlying the M. bovis infection.
Nevertheless, a combination of different bioinformatics and systems
biology methods was used in this study in order to clearly understand the
molecular regulatory mechanisms of bTB, especially the immunomodulatory
mechanisms of M. bovis infection.

Methods: RNA-seq data were retrieved and processed from 78 (39 non-
infected controlvs. 39M. bovis-infected samples) bovine alveolar macrophages
(bAMs). Next, weighted gene co-expression network analysis (WGCNA) was
performed to identify the co-expression modules in non-infected control
bAMs as reference set. The WGCNA module preservation approach was then
used to identify non-preserved modules between non-infected controls
and M. bovis-infected samples (test set). Additionally, functional enrichment
analysis was used to investigate the biological behavior of the non-preserved
modules and to identify bTB-specific non-preserved modules. Co-expressed
hub genes were identified based on module membership (MM) criteria of
WGCNA in the non-preserved modules and then integrated with protein—
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protein interaction (PPI) networks to identify co-expressed hub genes/
transcription factors (TFs) with the highest maximal clique centrality (MCC)
score (hub-central genes).

Results: As result, WGCNA analysis led to the identification of 21 modules in
the non-infected control bAMs (reference set), among which the topological
properties of 14 modules were altered in the M. bovis-infected bAMs (test
set). Interestingly, 7 of the 14 non-preserved modules were directly related
to the molecular mechanisms underlying the host immune response,
immunosuppressive mechanisms of M. bovis, and bTB development. Moreover,
among the co-expressed hub genes and TFs of the bTB-specific non-preserved
modules, 260 genes/TFs had double centrality in both co-expression and PPI
networks and played a crucial role in bAMs-M. bovis interactions. Some of
these hub-central genes/TFs, including PSMC4, SRC, BCL2L1, VPS11, MDM2,
IRF1, CDKN1A, NLRP3, TLR2, MMP9, ZAP70, LCK, TNF, CCL4, MMP1, CTLA4,
ITK,IL6,IL1A, IL1B, CCL20, CD3E, NFKB1, EDN1, STAT1, TIMP1, PTGS2, TNFAIP3,
BIRC3, MAPKS8, VEGFA, VPS18, ICAM1, TBK1, CTSS, IL10, ACAAL VPS33B, and

M. bovis to evade the host defense response.

Conclusion: The present study provides anin-d

development. Furthermore, sever
that were significant in determiai

strategies.
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beef and dairy cattle
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welfare, and public health

consequences. Despite fenting management strategies to

Abbreviations: bAMs, Bovine alveolar macrophages; bTB, Bovine tuberculosis;
CPM, Count per million; DEGs, Differentially expressed genes; GEO, Gene
expression omnibus; GO, Gene ontology; hpi, Hours post infection; IFN,
Interferon; KEGG, Kyoto encyclopedia of genes and genomes; MCC, Maximal
cligue centrality; MM, Module memberships; MTBC, Mycobacterium tuber-
culosis complex; NCBI, National center for biotechnology information; NO,
Nitric oxide; PAMPs, Pathogen associated molecular patterns; PPI, Protein—
protein interaction; PRRs, Pattern recognition receptors; RNA-seq, RNA
sequencing; ROS, Reactive oxygen species; STRING, Search tool for the
retrieval of interacting genes; TB, Tuberculosis; TFs, Transcription factors;
TOM, Topological overlap matrix; WGCNA, Weighted gene co-expression

network analysis.
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control and eradicate it, bTB is still a major global health threat
to animal populations (Vegh et al., 2015; Lu et al, 2021).
Econometric analysis has ranked bTB as the fourth most
important cattle disease, causing ~$3 billion in annual losses to
global agriculture (Garnier et al., 2003; McLoughlin et al., 2014).
bTB is caused by infection with Mycobacterium bovis, a
pathogenic intracellular mycobacterial species belonging to
Mycobacterium tuberculosis complex (MTBC; Smith et al., 2006;
Djelouadji et al., 2011). Previous studies have shown that at the
nucleotide level, M. bovis has a genome sequence 99.95%
identical to M. tuberculosis, the infectious agent of human
tuberculosis (TB; Garnier et al., 2003; Hall et al., 2020), and many
features of M. tuberculosis infection in human are also
characteristic of M. bovis infection in cattle (Pollock and Neill,
2002; Killick et al., 2014; Waters et al., 2014; Buddle et al., 2016).
Therefore, as a zoonotic agent, M. bovis has serious implications
for human health (Olea-Popelka et al., 2017; Vayr et al., 2018).
Considering the significant perturbation that occur in the
normal functioning of alveolar macrophages in response to
M. bovis infection, greater understanding the molecular
regulatory mechanisms of interactions between M. bovis and
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bovine alveolar macrophages (bAMs) as well as identification of network-based method is weighted gene co-expression network
transcriptional biomarkers could be a fundamental step in the analysis (WGCNA; Langfelder and Horvath, 2008). This method
development of next-generation diagnostics and therapeutic is based on expression similarities and considers differences in
strategies against bTB, thereby providing novel tools for disease the response of samples at different time points by measuring the
management (Walzl et al., 2011; Nalpas et al., 2015). connectivity among the genes based on gene expression
The main hypothesis is that the reprogramming of bAMs correlation patterns across samples and classifying highly
by M. bovis occurs through extensive changes in the expression correlated genes into specific clusters called modules (Zhang and
of the genes of these cells (Nalpas et al., 2015). In a previous Horvath, 2005; Langfelder and Horvath, 2008). Furthermore, the
study, Magee et al. (2014) used the RT-PCR protocol to WGCNA method can identify intramodular highly connected
investigate changes in gene expression in M. bovis-infected genes (hub genes) within the modules based on the intramodular
bAMs and reported a significant upregulation of several gene connectivity, which is centrally located in the module and
innate immune genes including TLR2, CCL4, IL1B, IL6, and have the most biological relationship with the relevant trait
TNF and a significant downregulation of PIK3IP1 and FOS compared to other genes in that module (Langfelder and
genes in infected samples (Magee et al., 2014). Moreover, the Horvath, 2008).
recent development of genome-scale high-throughput Systemic approaches for disease-based studies are based on
functional genomic technologies, such as gene expression the idea that disease-perturbed protein/gene regulatory networks

microarrays and RNA sequencing (RNA-seq), which can are different from their normal conditiogs .,2004). In
generate a deep and global gene expression profile (Quesnel- this regard, WGCNA has a specifi hch called
Vallieres et al., 2019), have enabled the whole-transcriptome i3 c aspects of
analysis in bovine and human cells (especially macrophages) i i 3 in network
in response to M. bovis (Magee et al., 2012; Nalpas et al., 2013; ons (healthy vs.
Vegh et al.,, 2015; Shukla et al., 2017; Malone et al., 2018; . words, the network
Wiarda et al., 2020; McLoughlin et al., 2021b; Abdelaal et al., i i e topological properties of
2022) and M. tuberculosis (Sharma et al., 2017; Papp et al., tivity patterns and network density
2018; Wang Z. et al., 2018) infection. It is worth mentioning i ditions), are preserved in a test set
that most of these transcriptome studies are based on i conditionf Langfelder et al, 2011). Therefore, the
differential gene expression analysis between different topological changes in some modules
conditions. This method focuses only on the individual effects modules) between normal and disease conditions
of genes rather than the effect of clusters ®systemic perturbation in the co-expression patterns of

associated proteins interact in complex ? on-preserved modules have been highlighted as key modules for

biological networks (Alm and Arkin, 2 i & : investigating complex molecular mechanisms in many diseases
systematic investigation at the net (Mukund and Subramaniam, 2015; Riquelme Medina and
more comprehensively explag i Lubovac-Pilav, 2016; Bakhtiarizadeh et al., 2018; Hasankhani

etal, 2021a).
In the present study, the main assumption was that the

diseases and identify new ¢
accurately (Vinayagagase

More recent i & non-preserved modules could be important candidates for a
approaches wif ; better understanding of the bTB immunomodulatory
perspective of systen dnderstand disease biology or mechanisms and may also contain genes that play key roles in the

other complex traits o ct al, 2011). Current systems M. bovis pathogenesis. For this purpose, for the first time, we used

biological approaches ap@ly network theories to multi-omics data a combination of RNA-seq data obtained from bAMs with the
that help advance the understanding of disease (Joshi et al., 2021). network preservation method of WGCNA and functional
Networks are computational models that organize complex enrichment analysis to identify non-preserved modules
biological information quantitatively (Barabasi et al., 2011). One biologically related to the molecular mechanisms behind the
of the influential network theories to infer system-level gene— interactions of alveolar macrophages and M. bovis. Moreover, for
disease associations from genome-wide gene expression is the deeper exploration, protein—protein interaction (PPI) networks
gene co-expression network approach (van Dam et al., 2017), derived from the co-expressed hub genes of candidate
which is based on correlation patterns among the expression of non-preserved modules were extracted to identify crucial genes
genes (Li J. et al, 2018). Gene co-expression network-based and transcription factors (TFs) that had a double centrality
methods have been widely used to process gene expression data (hub-central genes/TFs) in both co-expression and PPI networks.
obtained from microarray (Wei et al., 2015; Han, 2019; Jaime- This study can help us to better understand of the novel molecular
Lara et al., 2020) and RNA-seq (Wan et al., 2018; Franco et al., regulatory mechanisms underlying bTB and accelerate the
2020; Kong et al., 2020) techniques in various animal and human discovery of sensitive genes that lead to the immunopathogenesis
diseases. In this regard, a well-known and helpful co-expression of M. bovis infection.
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Materials and methods
Gene expression datasets

Raw RNA-seq data from alveolar macrophages of unrelated
and age-matched Holstein-Friesian male calves from a TB-free
herd that were challenged with M. bovis AF2122/97 strain in
vitro, were obtained from the Gene Expression Omnibus (GEO)
database at the National Center for Biotechnology Information
(NCBI) under the accession number of GSE62506. The data
included samples from 39 M. bovis-infected and 39 non-infected
control of 10 bAMs at 2, 6, and 24 hpi and 9 bAMs at 48 hpi. An
Ilumina® HiSeq™ 2000 was used for RNA sequencing, and a
total of 1.8 billion paired-end (2x90bp) reads were generated
from 78 libraries. More information of preparing data can
be found in the source paper (Nalpas et al., 2015).

RNA-seq data analysis and preprocessing

To ensure the quality of the RNA-seq data, FastQC' software
(version 0.11.9) was used to quality control of the raw reads.
Next, in order to obtain high-quality clean reads, low-quality raw
reads/bases (Q <20) and adapter contamination were trimmed
by Trimmomatic software (version 0.39; Bolger et al., 2014) with
the following parameters: ILLUMINACLIP:Adapter.fa:2:30:10,
SLIDINGWINDOW:6:20, TRAILING:20, and MINLEN:60.
FastQC was used again to check the quality of the clean reads and
confirm improvements. Next, the paired-end clean r

on of the limma R package
(version 3.46.0) was u gr normalization of the raw gene
expression matrix to log’Counts per million (log-CPM; Smyth,
2005; Law et al., 2014). This normalization method estimates the
mean-variance relationship of the log-counts. It generates a
precision weight for each observation, therefore, works better
than the RNA-seq count-based methods, opening access to the
RNA-seq gene expression data to computational methods (such
as WGCNA) initially developed for microarrays (Law et al.,
2014). Additionally, to prevent negative effects of sampling noise
and unreal correlations caused by low expressed and low variance

genes for the co-expression network construction, genes with

1 https://www.bioinformatics.babraham.ac.uk/projects/fastqc
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expression levels 21 CPM in at least five samples and standard
deviation >0.25 were selected for further analysis.

Weighted gene co-expression network
analysis

Based on the assumption that (1) M. bovis may cause systemic
perturbation in the topological structure between non-infected
control and M. bovis-infected bAMs, (2) non-preserved modules
can help to better understand the molecular mechanisms of bTB,
and (3) may contain important genes that lead to the develop-
ment of diagnostics strategies and therapeutic methods against
M. bovis pathogenesis, non-infected control samples (n =39)
were selected as a reference set for WGCNA analysis and module

detection. A weighted gene co-expressign network was

constructed in the non-infected con

re defined as an outlier and excluded from

analysis.  Afterward,  the

used to ensure the absence of samples and genes with
>50% missing entries and zero variance.

2. To construct a co-expression network with a scale-free
topology, f =13 was calculated wusing the
“pickSoftThreshold” function of the WGCNA R package
as an acceptable soft-thresholding power { value.

3. The weighted adjacency matrix at § =13 was constructed
using the bi-weight mid-correlation coefficient, which is
much more robust to the outliers than the Pearson
correlation (Song et al., 2012), and then transformed to
into the topological overlap matrix (TOM).

4. A signed weighted gene co-expression network was
constructed using average linkage hierarchical clustering
analysis based on the TOM dissimilarity (1-TOM), and
modules with different sizes were detected through a
dynamic hybrid tree cutting algorithm.

5. Finally, modules with highly similar expression profiles
were identified and then merged based on the correlation
between the module eigengenes (the first principal
component of the gene expression profile for a
given module).

All the above steps were performed using automatic, one-step
network construction and module detection function
“blockwiseModules” of the WGCNA R package with the
following ~ major

parameters:  networkType = “signed,”

frontiersin.org
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TOMType = “signed,” “bicor,”
maxBlockSize =16,000, reassignThreshold =0,

mergeCutHeight =0.25, and minModuleSize 30.

corType power=13,

Module preservation analysis

Network preservation analysis was performed using a permu-
tation test based on 200 random permutations via “moduleP-
reservation” function of the WGCNA R package. This network-
based approach examines whether the mean connection strength
among all genes in a module (known as network density) and the
sum of the connection strengths for a gene with other network
genes (known as connectivity) are preserved between non-
infected control bAMs (1 =39) as a reference set and M. bovis-
infected bAMs (n =39) as a test set through two composite
module preservation statics including Zmmary and medianRank
(Langfelder et al., 2011). To get an accurate result of testing the
preservation level between the respective conditions, especially
when modules are compared with different sizes, the Zmmary
statistic, which is highly dependent on the module size and
increases with increasing module size, should be combined with
the medianRank statistic, which is module-size independent
(Langfelder et al., 2011). Overall, higher Zmary, values and lower
medianRnak values indicates a high level of preservation between
different conditions, so modules with Z,may > 10 or median-
Rank <8 are considered highly-preserved (Langfelder et al.,
2011). Therefore, in the current study, modules with Zmary < 10
or medianRank >8 were defined as non-preserved bet

each non-preserved module
were analyzed using th&@ag#chr® online tool based on the Gene
ontology (GO) terms fo
pedia of Genes and Genomes (KEGG) pathway enrichment
(Chen et al., 2013). A significant threshold for functional terms

was defined as an adjusted p-value<0.05 (corrected by the

biological process and Kyoto Encyclo-

Benjamini-Hochberg method). Additionally, a set of bovine TFs
extracted from the AnimalTFDB3.0° database was used to
identify co-regulated TFs that played a crucial immunoregulatory
role in the non-preserved modules (Hu et al., 2018).

2 https://maayanlab.cloud/Enrichr

3 http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!
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Identification of hub-central genes in the
bTB-specific non-preserved modules

In the co-expression modules, highly connected intramod-
ular genes, also known as hub genes, which have the highest
degree of connection compared to other genes in that module,
are expected to play important roles in the complex biological
mechanisms of that module (Bi et al., 2015; Das et al., 2017). The
central role of intramodular hub genes in candidate modules has
led them to be used as potential novel biomarkers to accelerate
the development of the next-generation diagnostics and thera-
peutic strategies against various diseases (Li S. et al., 2017; Wang
L.-X.etal,, 2018; Miao et al., 2019). In this regard, multiple steps
were performed to identify genes with double centrality (hub-
central) in the candidate non-preserved modules associated with
M. bovis infection.

1. Module memberships
connectivity ky cri

relationship betwe

ons, the co-expressed hub genes of the

-specific non-preserved modules were subjected to

PPI network construction using Search Tool for the

Retrieval of Interacting Genes (STRING) database* with
medium stringency options (Szklarczyk et al., 2018).

3. Maximal clique centrality (MCC) is one of the novel local-
based topological algorithms for node centrality in a
network that has better performance than other
topological algorithms for identifying the PPI networks
hub genes (Chin et al., 2014) and has been proposed to
increase the sensitivity and specificity for discovering
featured nodes (Chin et al., 2014; Li and Xu, 2019). For
this purpose, co-expressed hub genes-based PPI networks
of each candidate non-preserved module were inputted
into Cytoscape’ software (version 3.7.1) and interpreted
with the cytoHubba plugin (version 0.1; Chin et al., 2014)
based on the MCC algorithm to identify co-expressed
intramodular hub genes with the highest MCC score
(hub-central genes).

4. Next, the top 50 genes in co-expressed hub genes-based
PPI networks of candidate non-preserved modules with a
size of 2350 and the top 20 genes in co-expressed hub
genes-based PPI networks of candidate non-preserved

4 https://string-db.org

5 https://cytoscape.org
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modules with a size of <200 in terms of MCC score were from RNA-seq data analysis were combined with WGCNA
considered as hub-central genes. Besides, co-expressed approaches. Based on the details obtained from the adjacency
hub genes-based PPI networks of the bTB-related matrices of samples, two samples, GSM1528042 and
non-preserved modules were visualized using Cytoscape GSM1528044, had a standardized connectivity score <—-2.5 and
software (version 3.7.1; Cline et al., 2007). were excluded as an outlier (Figure 2; Supplementary Table 54).

The weighted gene co-expression network was constructed based
on the TOM dissimilarity at p = 13, which represents a scale free

Validation of RNA-Seq results using topology ~ fitting  index  (R?)=0.80  (Figure  3;
quantitative real-time PCR Supplementary Table S5), and a total of 21 modules (excluding
576 uncorrelated genes in gray module) in different sizes were

To validate the reproducibility of RNA-seq data, five DEGs identified in the non-infected control samples as the reference set
including BCL2L1, MMPI1, EDNI, MAPKS8, and CTSS were through hierarchical clustering analysis and dynamic hybrid tree
selected for analysis by qRT-PCR. The same RNAs extracted from cutting algorithms, and each module was labeled with a specific
bovine alveolar at each non-infected control vs. Mycobacterium color by WGCNA method. The identified co-expression modules
bovis-infected animals were used for QRT-PCR validation. Quan- as branches of the gene hierarchical clustering dendrogram are
titative reverse-transcription-PCR was carried out according to shown in Figure 4. The average size of each module was 476 genes

the manufacturer specifications for reference to SYBR® Premix and turquoise module with a size of 2 ud darkred
Ex TagTM. SYBR Green PCR cycling was denatured using a module with a size of 40 genes were A rgest and
program of 95°C for 10s, 35 cycles of 95°C for 55, and 60°C for smallest module, respectively. i the iden-
405, and performed on an ABI 7500 instrument (United States). tified modules is presente .

The specificity of each PCR product was confirmed by melting
curve analysis. All qRT-PCR assays were performed in triplicate
reactions. The housekeeping genes RPL19 and GAPDH were used
as the internal control genes. The expression levels of target
mRNAs were obtained based on RNAs extracted from bovine ysis was performed to investigate
alveolar and were shown to be normalized to GAPDH. Forward i roperties between non-infected control
and reverse primer sequences and accession numbers of selected reference set and M. bovis-infected samples
genes are given in Supplementary Table S1. set. The results showed that among 21 modules
n non-infected control samples, the network density
nd cnnectivity patterns of 14 modules were altered in M. bovis-
Results ected samples, making them key candidates for studying the
biological mechanisms of bTB disease. Accordingly, the topo-
RNA- seq data summar logical structure of 7 modules, including lightyellow, midnight-

blue, gray60, greenyellow, royalblue, lightcyan, and black, was

Overall details of RNA:- ata aRalysi highly preserved between the respective conditions (Figure 5).
co-expression network Among the highly preserved modules, lightyellow and midnight-
presented in Figurg blue modules had the highest degree of topological preservation

39 non-infected co s 4 between non-infected control and M. bovis-infected samples. On

average of 23 million {ged-¢ iids per sample) were retrieved the other hand, in agreement with our primary assumption, 14

and processed. After q4@#control and trimming, a total of modules, including brown, purple, darkred, tan, yellow, salmon,

1,751,490,782 high quali#”clean reads were obtained. On average, green, cyan, magenta, pink, turquoise, lightgreen, red, and blue
85% of the clean reads were uniquely aligned to the bovine reference were systematically perturbed by M. bovis infection (Figure 5).
genome, and the overall mapping rate was 94%. complete details of Moreover, the blue module with a size of 1805 co-expressed genes
RNA-seq data and preprocessing are provided in had the most significant alteration in network characteristics in
Supplementary Table S2. In order to minimize the sampling noise, response to M. bovis infection. Further details of the module
different parameters were applied and a total of 10,563 genes were preservation analysis are provided in Supplementary Table S7.

kept for co-expression network analysis. The final normalized gene

expression profile is available in Supplementary Table S3.
Functional enrichment analysis of the
non-preserved modules

Weighted gene co-expression network

construction and module detection Functional enrichment analysis was performed to investigate
biological processes and KEGG pathways to detect the specific

To better understand the molecular mechanisms underlying molecular mechanisms of the non-preserved modules and the
bTB, the normalized and filtered gene expression matrix obtained functional differentiation between them. In total, 642 biological
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(1. RNA-seq data analysis\

P

Raw data| rna-seq data from 39 M. bovis-
infected and 39 non-infected
control bAMs were obtained from
the GEO database under the
accession number of GSE62506.

N

//A
9

(Network visualization)  Identification of )
by Cytoscape Hub-central genes
by Cytohubba

r

E<////‘/

Quality control of the raw
RNA-seq data

e

=2
b=}
@

tQC

{

In order to obtain high-quality
clean reads, low-quality raw reads
/bases (Q < 20) and adapter
contamination were trimmed by
Trimmomatic software.

Trimmomatic

{

Next, paired-end clean reads were

HIS AT2 aligned to the latest bovine reference

genome (ARS-UCDI1.2) using
Hisat2 software

§

ENSEMBL bovine GTF (release 106)
and Hisat2 SAM files were used as

HT S eq input for python script HTSeq-count

to count the uniquely mapped reads
to annotated genes using
intersection-strict mode.

. In the next step, the “voom”
Limma P

function of the limma R package
(version 3.46.0) was used for
normalization of the raw gene
expression matrix to log-counts
per million (log-CPM

{

G

(PPI network construction
based on the hub genes of
bTB-specific modules

analysis

Functional enrichmelm
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Vlodules with Zsummary < 10 and
MedianRank > § were considered as
non-preserved modules

FIGURE 1

Schematic pipeline of RNA-seq data analysis and weighted gene co-expression network construction steps.

processes were significantly enriched in 12 non-preserved
modules. No biological processes were significantly enriched in
the other two non-preserved modules, the darkred and lightgreen
modules. Furthermore, the KEGG pathway enrichment analysis
showed that 194 pathways were significantly enriched in 11 non-
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preserved modules, including blue, brown, green, red, pink,
purple, salmon, tan, turquoise, yellow, and magenta. Interestingly,
the most non-preserved module between non-infected control
and M. bovis-infected bAMs, the blue module, had the highest
enrichment rate in the KEGG pathways and biological processes
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Sample clustering to detect outliers in the non-infected con
samples, two samples including GSM1528042 and GSM
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module detection. Based on the adjacency matrices of
nnectivity score<—2.5 and were excluded as outlier.

directly related to the host
produlatory mechanisms of M. bovis

immune response, imm¥
infection, and bTB deve
and processes were included “Apoptosis,” “Ferroptosis,” “regula-

gpment. Some of these critical pathways

tion of cell cycle phase transition (GO:1901987),” “negative regu-
lation of mitotic cell cycle phase transition (GO:1901991),
“negative regulation of cell cycle G2/M phase transition
(G0O:1902750), “positive regulation of Wnt signaling pathway
(GO:0030177); “JAK-STAT signaling pathway, “PI3K-Akt

»

signaling pathway,” “negative regulation of programmed cell
death (G0O:0043069),” “negative regulation of apoptotic process
(GO:0043066),” “T cell receptor signaling pathway,” “regulation
of T cell activation (GO:0050863),” “Th17 cell differentiation,”
“Th1 and Th2 cell differentiation,” “Natural killer cell mediated
cytotoxicity, “gamma-delta T cell activation (GO:0046629),
“positive  regulation  of

interferon-gamma  production

Frontiers in Microbiology

08

(GO:0032729)7 “B  cell receptor signaling pathway

(G0O:0050853),” “Toll-like receptor signaling pathway;” “C-type

» <«

lectin receptor signaling pathway,” “NOD-like receptor signaling
Cytosolic

IL-17 signaling pathway,” “NF-kappa B

»

pathway;

» <«

RIG-I-like receptor signaling pathway;
DNA-sensing pathway,”
signaling pathway,” “MAPK signaling pathway,” “negative regula-
tion of type I interferon production (GO:0032480), “
tosis,” “Fatty acid degradation,” “fatty acid catabolic process
(GO:0009062),” “fatty acid beta-oxidation (GO:0006635),” “regu-
lation of lipid metabolic process (GO:0019216),” “fatty acid oxida-
tion (GO:0019395),
(GO:0008203),” “secondary alcohol biosynthetic process
(GO:1902653), “fatty acid beta-oxidation using acyl-CoA
oxidase (GO:0033540),” “regulation of cholesterol biosynthetic
process (GO:0045540),” “cellular amino acid catabolic process
(G0:0009063),” “Tryptophan metabolism,” “Valine, leucine and

» <«

isoleucine degradation,

Necrop-

“cholesterol  metabolic  process

Glycine, serine and threonine metabo-
“Autophagy;  “regulation of macroautophagy
(G0O:0016241),” and “regulation of autophagy (G0O:0010506).
Complete information from the results of the functional enrich-

lism,”

ment analysis of non-preserved modules is presented in
Supplementary Table S8.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1041314
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hasankhani et al.

RETRACTED ON 10 APRIL 2025

10.3389/fmicb.2022.1041314

A
Scale independence
151617181 2021222324252627252930
® . 9
o 12
10
Py s
x
©
=1
()
= 7
[T
o
T
$:1
>
(=)
o
2 5
i)
[«}]
o g i 4
T
2 2®
©
(5]
n
g4
T T T T T T T
0 5 10 15 20 25 30
Soft Threshold (power)
FIGURE 3
Network topology analysis. (A) Scale-free topology fitting index (R?) (y-ax
(B) (x-axis). The weighted gene co-expression network was ¢

B .
Mean connectivity
1
o
[ = .
(=]
w0
o
o _|
(=]
<
>
b~ =)
> o _|
— [=] 2
S
0 ™
Q
c
c
o
o
c 3
= |
o &
E 3
o
o _|
o
8192021 2223 24 25 26 27 28 29 30

T T T
20 25 30

Soft Threshold (power)

ectivity (y-axis) for different soft-threshold powers
resents a scale free topology fitting index (R?)>0.80.

Identification of TFs, hub
and hub-central genes i

¥1B pathogenesis. To identify
crucial intramodular h'§@8g#res that played a central role in the
biological function of #iese modules, the MM criterion was
calculated by the WGCNA R package. A total of 3,653
co-expressed hub genes were identified with k> 0.7 in all non-
preserved modules (Supplementary Table S9). Taken together, a
total of 725, 382, 170, 222, 140, 134, and 938 highly connected
hub genes were screened in the blue, brown, green, pink, salmon,
tan, and turquoise candidate non-preserved modules, respec-
tively. Additionally, important TFs that regulated the transcrip-
tion of co-expressed genes in the non-preserved modules were
extracted based on the bovine transcriptional regulatory factors
of AnimalTFDB3.0 database, and a total of 491 TFs were identi-
fied in all non-preserved modules (Supplementary Table S10).
Besides, among the co-expressed hub genes identified in the non-
preserved modules, a total of 22, 12, 8, 26, 6, 14, and 29 TFs (hub
TFs) were detected in the blue, brown, green, pink, salmon, tan,
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and turquoise bTB-specific non-preserved modules, respectively
(Supplementary Table S11). Intriguingly, the co-expressed intra-
modular hub genes of the 7 candidate non-preserved modules
were densely connected in the PPI networks based on the
STRING database information, indicating close biological rela-
tionships between proteins encoded by these genes. Eventually,
260 hub-central genes were identified in the bTB-specific non-
preserved modules, which have a double centrality in both PPI
and co-expression networks and could be key candidates for
better understanding the complex etiology of bTB, development
of diagnostics and potential therapeutic targets for M. bovis infec-
tion (Table 1; Supplementary Table S12). Moreover, the
co-expressed hub genes-based PPI networks of the bTB-specific
modules are displayed in Figure 8.

Analysis of expression based on gRT-PCR
data

To assess the accuracy and the reliability of differential
expression genes identified by RNA-seq, five DEGs from non-
infected control vs. Mycobacterium bovis-infected samples were
selected to perform qRT-PCR tests. The expression results for five
genes were assessed using RNA-seq and qRT-PCR and are shown
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bTB is a severe in disease caused by infection with

M. bovis and inflicts irregdrable economic losses on the dairy and
beef cattle industry (Middleton et al., 2021). However, an insuf-
ficient understanding of the molecular regulatory mechanisms
behind bTB has been one of the main reasons for the limitation
of various techniques to control or eradication this disorder in
recent decades (Schiller et al., 2010; Fang et al., 2020). Combining
high-throughput technologies with novel computational systems
biology approaches provide new opportunities to better under-
stand the molecular mechanisms underlying various diseases
(Sharifi et al., 2019). Therefore, in this study, a combination of
RNA-seq data with module preservation analysis (a network-
based method of WGCNA) was used to obtain a comprehensive
insight into the complex mechanisms involved in the interactions
of bovine host and M. bovis infection. Briefly, a signed weighted

Frontiers in Microbiology

gene co-expression network was constructed and a total of 21
modules were identified in the non-infected control bAM
samples as a reference set for network preservation analysis.
Generally, signed networks provide a better understanding of the
biological mechanisms behind traits/diseases at the systematic
level and differentiate the potential functions of the modules
better and more accurately (Mason et al., 2009). In agreement
with the main hypothesis of this study, M. bovis infection in
bAMs was able to change the network characteristics of 67% of
the identified modules (14 out of 21) compared to the non-
infected control bAMs. Then, functional enrichment analysis
based on the biological processes and KEGG pathways showed
that among the 14 non-preserved modules, 7 non-preserved
modules, including blue, brown, green, pink, salmon, tan, and
turquoise were directly involved in host-pathogen interactions
and could be important candidates for studying pathogenic
mechanisms of bTB as in previous similar studies, these candi-
date non-preserved modules were successfully used as key
modules to describe the complex etiology of several bovine
diseases, such as bovine mastitis (Bakhtiarizadeh et al., 2020),
bovine respiratory disease (BRD; Hasankhani et al., 2021b),

10 frontiersin.org
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: PVis-infected conditions, which
can be key factors in th opment of bTB. Therefore, several
steps were performed té1dentify these key dysregulated genes,
including identification of intramodular hub genes in the non-
preserved modules, integration of co-expressed hub genes with
PPI networks, and identification of the hub-central genes in the
bTB-specific co-expressed hub genes-based PPI networks
through MCC topological algorithm. Noteworthy, in parallel with
the current study, the MCC algorithm has been used as an objec-
tive criterion for measuring node centrality and identifying
important genes/proteins in candidate networks in disease-based
system biology studies (Bai et al., 2020; Yang et al., 2020; Ma et al.,
2021; Wang Y. et al., 2021). Finally, a total of 260 hub-central
genes were found in the 7 bTB-specific non-preserved modules
that these genes were hubs in their co-expression networks and

also played a central role in the respective co-expressed hub
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genes-based PPI networks (so-called double centrality) which
were as critical targets in related to the promotion of the
bTB establishment.

Co-expressed genes in the blue module showed high enrichment

> » «

in KEGG pathways such as “Apoptosis,” “Ferroptosis,” “Tuberculosis;”
and “Proteasome,” as well as biological processes including “regulation
of cell cycle phase transition (GO:1901987),” “negative regulation of
mitotic cell cycle phase transition (GO:1901991),” “negative regulation
of cell cycle G2/M phase transition (GO:1902750), “positive
regulation of Wnt signaling pathway (GO:0030177),” and “Fc-gamma
receptor signaling pathway involved in phagocytosis (GO:0038096).
Apoptosis is a programmed cell death that is one of the possible
consequences of host-pathogen interaction in mycobacterial
infections (Behar et al., 2011; Mohareer et al., 2018). Apoptosis is a
potential defense mechanism against intracellular pathogens. There
is growing evidence that apoptosis of infected macrophages can limit
the proliferation and growth of intracellular mycobacteria and
subsequently reduce mycobacterial viability (Allen et al., 2001;
Benitez-Guzman et al.,, 2018; Abdalla et al., 2020). Several previous

studies have shown that M. tuberculosis infection in humans (Keane
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Dot plot of functional enrichment analysis. The top 10 significant biological process GO terms of the non-preserved modules. The y-axis
represents significant enriched GO terms and the x-axis represents module name. Color and size of each point represent adjusted p-value and
number of genes for each term, respectively.

etal,, 1997; PLACIDO etal., 1997) and murine (Rojas et al., 1998) and correlation with the induction of apoptosis in infected macrophages
M. bovis infection in cattle (Gutiérrez-Pabello et al., 2002; Vega- (Denis etal,, 2007). Therefore, it has been suggested that the induction
Manriquez et al, 2007) induce apoptosis in macrophages. of apoptosis is closely linked to the emergence of macrophage
Additionally, it has been highlighted that the reduction of M. bovis resistance to M. bovis replication (Denis et al., 2005). On the other
growth in bovine macrophages has a positive and significant hand, apoptosis may act as a double-edged sword, so uncontrolled
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Dot plot of functional enrichment analysis. The top 10 significant KEGG pathway GO terms of the non-preserved modules. The y-axis represents
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genes for each term, respectively.
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TABLE 1 List of the hub-central genes/TFs identified in the bTB-specific non-preserved modules.

Module

Blue Brown Green Pink Salmon Tan Turquoise
PSMA3 SRC CD3E TNF SRSF3 NFKBI* EHHADH
PSMD14 MMP9 CD4 IL6 SRSF2 NFKB2* HADH
PSMC5 VCL ZAP70 ILIB TRA2B CD40 PCCA
PSMC1 ITGB1 CD247 GROI SNRPB2 IKBKE ALDH6AI
PSMD8 ITGB3 LCK ILIA PRPF38A TRAF2 PCCB
PSMD2 RHOC CD3D NFKBIA TRA2A LYN HIBADH
PSMA4 TENCI CD3G TNFAIP3 SRSF7 PRKCD ALDH7AI
PSMC4 YESI ITK TLR2 SNRPC CTNNBI ALDH2
PSMDI12 CCND1 PIK3CD PTGS2 MX1 MAP2K1 ABAT
PSMC3 FLT1 BOLA-DRA CCL4 MX2 STAT6* ALDHO9A1
PSMD6 STATT* LA-DQB CCL20 RNPS1 MAPK7 ECHDCI
PSMA2 LpPP BOLA-DRB3 ICAM1 DHX58 IL23R DBT
PSMB2 BCL2L1 PRKCQ CXCL3 USP18 BRD2*

PSMB7 CDKNIA IL2RB IRF1* IFIT2 PSEN1

PSMA1 CSF2 IL2RA NFKBIZ DDX46

PSMA5 HSPG2 CD2 VEGFA TRAFI

PSMD1 FLNA LOC100300510 TBK1 IL10

PSMA6 CCND2 MATK MAP3K8 RIPK2

PSMB3 EZR BLK IRAK2 CASP4

PSMD7 PLAUR CD52 CCL8

PSMB6 PDGFB - DUSPI1

PSMD13 CSF1 - ATF3*

PSMB4 MDM?2 - EDNI - ACADIO
PSMD4 SDCI - NLRP3 - SCpP2
vCpP ITGB8 - - CIQA
PSMD11 CTLA4 - - C1QC
ADRM1 VLDLR - CTSS
PSMD3 CDC25A - ACSF2
PSMA7 ITGAD - CIQB
PSMB10 CSF2RB - C3ARI
PSMB5 HBEGF TNFAIP6 - - CRYLI
PSME1 TIMP1 RNDI - - PECR
PSMD5 JUNB* - - LAP3
PSME2 FOSLI* - - LY86
USP14 1ER3 - - FCGR3A
COPS5 MEFV - - VSIG4
TXNLI FOSB* - - DERA
PSMG2 CD38 - PTX3 - - ADH5
CCT5 YWHAZ - UTPI5 - - BDH2
UFDIL IL7R - BRIX1 - - LY9
UBQLNI LIMK1 - RRPI12 - - FYB
EIF3I DSTN - KRR1I - - PEPD
PESI IDO1 - PAKI1IPI - - CTSD
EBNA1BP2 CCL22 - DDX5 - - LAPTM5
NOC2L IL13RAI - DDX59 - - VPS18
BYSL GPC1 - RSAD2 - - VPS11
PNO1I WEEI - UBA7 - - FCGRIA
RBM28 ENAH - SNAIT* - - STX10
PWPI ILIRN - EIF3CL - - VPS33B
DDX47 DCSTAMP - JAG1 - - TREM?2
*The asterisks represent the bovine hub-central TFs.
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FIGURE 8
PPI network derived from co-expressed hub genes of the (A) green, (B) turquoise, (C) blue, (D) salmon, (E) tan, (F) pink, and (G) brown modules.
Large circles and orange round rectangles represent hub-central genes and TFs, respectively.

apoptosis of macrophages and T cells during infection may play an During M. bovis infection, various types of cell death may
important role in the formation of tuberculous lesions (Fayyazi et al., be induced, among which apoptosis and autophagy restricts
2000; Cassidy, 2006). bacterial growth and facilitates host defense mechanisms,
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while ferroptosis and necroptosis are beneficial for pathogen
growth and transmission (Chai et al., 2020). Ferroptosis is a
new type of iron-dependent programmed necrotic cell death
caused by intracellular iron accumulation and lipid
peroxidation, leading to oxidative stress and cell death (Chen
et al., 2021b). Significantly, infections with MTBC agents
such as M. bovis and M. tuberculosis induce the appearance of
necrotic lesions (Cassidy, 2006; Harper et al., 2011; Roy et al.,
2019). Indeed, it has been hypothesized that ferroptosis plays
an essential role in the pathogenesis of MTBC infectious
agents through (1) iron accumulation which is an essential
component for successful infection of various infectious

Frontiers in Microbiology

16

bacilli causing TB, and (2) induction of necrosis (Meunier
and Neyrolles, 2019). Consistent with our results, these
findings suggest the importance of ferroptosis during
infection with infectious agents of MTBC, which could be a
promising target for the control and treatment of M. bovis
and M. tuberculosis infections.

Bacterial pathogens use a variety of strategies to manipulate
host cell function to their advantage, thereby evading the host’s
immune responses and prolonging infection (Nougayrede et al.,
2005). One of these immunomodulatory mechanisms for
escaping the immune responses is to induce the host cell cycle
arrest. In this regard, an in-depth transcriptomic effort showed

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1041314
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hasankhani et al.

that M. tuberculosis could arrest the cell cycle of macrophages in
mice, potentially modulating the host immune response and
2017).
Therefore, treatment strategies based on interference with

enhancing long-term persistence (Cumming et al,

pathogen-host cell cycle interactions can be effective approaches
for chemotherapeutic intervention to prevent long-term infection
of intracellular bacilli (Cumming et al., 2017).

The Wnt signaling pathway is an important ancient molecular
cascade that plays a key role in many developmental processes
and the maintenance of adult tissue homeostasis by interfering
with processes such as regulating cell proliferation, migration,
preservation of adult stem cells, differentiation, apoptosis, the
immune response (Blumenthal et al., 2006; Schaale et al., 2011),
and genetic stability (Kahn, 2014; Duan and Bonewald, 2016).
Additionally, it has recently been reported that dysregulation in
the Wnt signaling are linked to the pathogenesis of lung diseases,
especially lung cancer, pulmonary fibrosis, and pulmonary
arterial hypertension (Konigshoft and Eickelberg, 2010).

Interestingly, several hub-central genes of the blue module,
such as PSMB3, PSMA3, PSMA4, PSMB4 (Seto et al., 2020),
PSMA5 (Widdison et al., 2011), PSMD6, PSMB6, PSMD8 (Zhao
etal., 2022), PSME2 (Maji et al., 2015), PSMEI (Bell et al., 2017),
and PSMC4 (Shi et al., 2021) involved in the proteasome pathway,
played important roles in the pathogenesis of M. bovis and
M. tuberculosis. For instance, the PSMB3, PSMA3, PSMA4, and
PSMB4 hub-central genes are associated with mycobacterial
granulomatous lesions (Seto et al., 2020). Moreover, integrated
bioinformatic research identified the PSMC4 hub-central gene as
one of the important biomarkers for tuberculous pleyss

2015; Franco et al.,, 2017), that wer
immune responses, leading
growth/replication and clg
respectively.
ed that the brown
in several immune/
s “JAK-STAT signaling

»

it pathway,

Functional eg
module was Sig
pathogenic-related S
pathway,” “PI3K-Akt sig
programmed cell death @&0:0043069),” and “negative regulation
of apoptotic process (GO:0043066)” The Janus kinase/signal

negative regulation of

transducers and activators of transcription (JAK-STAT) pathway
is one of a handful of pleiotropic cascades that is the major signal
transducer for a wide range of cytokines and growth factors
The JAK-STAT
signaling pathway begins with the extracellular binding of

(Vainchenker and Constantinescu, 2013).

cytokines as well as IFNs to their respective receptors, which
leads to receptor oligomerization and then accelerates JAKs
trans-activation. Following the activation of JAKs, the
cytoplasmic tails of the receptors are phosphorylated, which puts
JAKs and STATs in spatial proximity. Then, JAKs mediate
tyrosine-phosphorylation (p-Tyr) of STATs, which results in
STAT dimerization, nuclear translocation, DNA binding and,
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finally, regulation of gene transcription (Villarino et al., 2017; Xin
et al., 2020). Pathogenic mycobacteria can interfere with the
JAK-STAT signaling pathway and attenuate the cytokine-induce
immune response. Previous studies have discovered one of the
immunosuppression and survival strategies of pathogenic
mycobacteria such as M. bovis (Imai et al., 2003; Fang et al.,
2020), M. tuberculosis (Manca et al., 2005), and Mycobacterium
avium subsp. paratuberculosis (MAP; Arsenault et al., 2014) in
macrophages is the blockade of the JAK-STAT signaling pathway
by inducing this pathway inhibitor’s expression.

It is well known that the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway plays a
vital role in cell growth, metabolism, differentiation,
apoptosis, and autophagy (Yu and Cui, 2016; Zhang et al,,
2017). As discussed in the blue module, apoptosis of

macrophages infected with intracellular_bacilli such as

onally, Hussain et al. (2019a) observed that
srupted autophagosome assembly by activating the
I3K7Akt signaling pathway, thereby modulating autophagy
d thus preventing intracellular pathogen degradation
(Hussain et al., 2019a). Furthermore, it has recently been
revealed that infectious agents of MTBC, through some of its
proteins, inhibits the production of proinflammatory
cytokines and reduces antigen-presenting cell (APC) function
in mouse macrophages via the activation of PI3K-Akt
2016). Nevertheless, these
results suggest that the PI3K-Akt signaling pathway plays

signaling pathway (Liu et al,

important roles in the pathogenesis of M. bovis and other
MTBC infectious agents and could be considered in future
research as a promising target for bTB control. Moreover, in
agreement with the biological performance of the brown
module, other immune/pathogenic-related processes of the
brown module including “Cytokine-cytokine receptor
interaction,”  “cytokine-mediated  signaling pathway
(G0:0019221),” and “Focal adhesion” have been observed in
similar network-based TB studies (Lin et al., 2019; Li L. et al.,
2020; Alam et al., 2022; Liang et al., 2022).

Additionally, in terms of the hub-central genes identified in
the brown module, several hub-central genes such as SRC
(Chandra et al., 2016), ITGB3 (Chen et al., 2021a), BCL2LI
(Sharma et al., 2016), CDKNI1A (Silva et al., 2021), MDM?2
(Shariq et al., 2021), and MMP1 (Villarreal-Ramos et al., 2018)
have been reported as key factors in the immunomodulatory
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mechanisms of MTBC agents such as M. bovis. It is well known
that phagocytosis is an effective immune response process in
killing intracellular mycobacteria, while mycobacteria prevent
phagocytosis by host cells to maintain survival within
macrophages (Fang et al, 2020). Interestingly, research has
reported that M. tuberculosis infection leads to upregulation of
the SRC hub-central gene, which directly inhibits phagosome-
lysosome fusion and plays an effective role in maintaining
mycobacterial survival within macrophages (Lechartier et al.,
2014). In this regard, it has been highlighted that inhibition of
SRC promotes phagosome acidification and xenophagy flux in
macrophages, and SRC inhibitors have a substantial potential for
developing anti-TB drugs (Chandra et al., 2016). Moreover,
another study showed that, unlike the SRC hub-central gene,
upregulation of the ITGB3 hub-central gene could overcome the
inhibition of phagosome maturation due to mycobacterial
infection, and activation of ITGB3 could facilitate M. tuberculosis
clearance in vivo (Chen et al., 2021a). The BCL2L1 hub-central
gene is an important anti-apoptotic factor that has shown a
significant upregulation in response to M. bovis and
M. tuberculosis infections, and it has been suggested that this
hub-central gene plays a central role in the pathogenic
mechanisms of infectious bacilli by inhibiting apoptosis (Xaus
et al., 1999; Nalpas et al., 2015; Silva et al., 2021). In addition to
BCL2L1, the CDKNIA hub-central gene encodes the p21 protein,
a member of the Cip/Kip family, whose high levels are associated
with pulmonary sarcoidosis and, as an inhibitor of apoptosis,
facilitate the formation and maturation of TB granulomas (Xaus
et al, 1999, 2003; Silva et al, 2021). Furthermg

expression in response tq
M. bovis (AF2122/97

(Jensen et al., 2018
whose gene products ard

s another hub-central gene
» collagen degradation and alveolar
1). Indeed, it has been reported that
M. tuberculosis, as well as M. bovis, selectively upregulated MMP1

destruction (Salgame, 2

gene expression, which leads to tissue destruction in TB and
immunopathology of the lungs (Elkington et al., 2011; Parasa
et al.,, 2017; Villarreal-Ramos et al., 2018).

Other hub-central gene of the brown module, including CSF1
(Chatterjee et al., 2021), PLAUR (McLoughlin et al., 2021b),
ITGBI (Yang et al., 2017), CCNDI (Koo et al., 2012; Looney et al.,
2021), CSF2 (Marsay et al., 2013; Shukla et al., 2017; Abdelaal
etal, 2022), CTLA4 (Zhang et al., 2021), FLNA (Xu et al., 2015),
CCND2 (Lavalett et al., 2017), WEEI (Jayaswal et al., 2010),
MMPS9 (Blanco et al.,, 2012; McLoughlin et al., 2014), CDC25A
(Shapira et al., 2020), CSF2RB (Benmerzoug et al., 2018), TIMP1
(Sun et al., 2020), CD69 (Li et al., 2011; Chen et al., 2020),
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PTPN22 (Boechat et al., 2013), CD38 (Silveira-Mattos et al.,
2019), IL7R (Jenum et al., 2016; Alsulaimany et al., 2022), ILIRN
(Alcaraz-Lépez et al., 2020), and IDOI (Weiner et al., 2012;
Gautam et al., 2018) were also involved in host-pathogen
interactions as well as suppression of host immune response. For
example, the CTLA4 hub-central gene encodes an inhibitor of T
cell-mediated response (Schneider et al, 2006), and the
upregulation of this gene in response to M. bovis infection may
reflect a mechanism of immunomodulation used by M. bovis to
subvert a host T-cell response (Killick et al., 2011). The WEEI
hub-central gene plays an important role in combating the
of
M. tuberculosis. It has been reported that knocking down the

progression of infection and intracellular survival

WEE]I gene leads to a significant increase in Mycobacterium
levels in host macrophages (Jayaswal et al., 2010). It has also been

reported that the MMP9 and TIMPI hub-central genes were

ppressing STATI expression and exacerbates its
is in the host cells (Chen J. et al., 2021). Studies in
patieilts with active TB have shown that STAT1 activation was
paired in host macrophages (Esquivel-Solis et al.,, 2009).
Additionally, it has been proved that M. tuberculosis EspB protein
suppresses IFN-y-induced autophagy in murine macrophages by
inhibiting IFN-y-activated STATI phosphorylation (Huang and
Bao, 2016). Most importantly, unphosphorylated STATI inhibits
apoptosis in M. tuberculosis-infected macrophages (Yao et al.,
2017). Surprisingly, STATI leads to the expression of inducible
nitric oxide (NO) synthase and subsequently releases NO at
sufficient concentrations for mycobactericidal. Thus, it can
be concluded that M. bovis inhibits the mycobactericidal
mechanism of NO by inhibiting STATI phosphorylation (Sharma
et al, 2007). Therefore, these findings demonstrate the
importance of STATI hub-central TF in the host immune
response during mycobacterial infection, which could be a key
target for counteracting M. bovis immunosuppressive strategies
and developing a treatment for bTB in the future.

Functional terms such as “T cell receptor signaling pathway,”
“regulation of T cell activation (GO:0050863), “Th17 cell
differentiation,” “Th1 and Th2 cell differentiation,” “Natural killer
cell mediated cytotoxicity, “gamma-delta T cell activation
(GO:0046629),” “positive regulation of interferon-gamma
production (GO:0032729), and “B cell receptor signaling
pathway (GO:0050853)” showed that the green module is closely
related to the cell-mediated and humoral immunity. There is

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1041314
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hasankhani et al.

considerable evidence from various in vitro and in vivo studies
that indicate the central role of T-cell subtypes (yd, CD4 and CD8
T-cells) in host defense against mycobacterial pathogens,
including M. bovis (POLLOCK et al., 1996; Cassidy et al., 2001),
as demonstrated in the absence of T-cells, TB susceptibility
increases (Mogues et al., 2001; Moguche et al, 2017).
Furthermore, progressive impairment of the M. tuberculosis-
specific T-cell responses with increasing mycobacterial load and
subsequent recovery of responses during the treatment period
indicates an inverse relationship between T-cell activation and
disease severity of TB (Day et al., 2011). The production of IFN-y
by CD4 T-cells to activate the bactericidal mechanisms of infected
macrophages is an essential process for host defense against bTB
and TB (Flynn et al., 1993; Vordermeier et al., 2002; Gallegos
etal,, 2011; Cooper and Torrado, 2012). It has also been reported
that y§ T-cells may significantly limit M. bovis infection by
producing IFN-y (Kennedy et al., 2002). On the other hand, it has
been observed that cytotoxic T-cells inhibit the growth of
intracellular mycobacteria by special lysis of M. bovis-infected
macrophages (Skinner et al., 2003). In particular, the design of
new vaccines and vaccination strategies based on CD8 T-cell
responses has been proposed (Kaufmann et al., 1999). According
to previous research, in agreement with the adaptive immune
response of the green module, following the initiation of a cell-
mediated immune response, the initiation of humoral immunity
specially B-cell-dependent signals, such as “B cell receptor
signaling pathway” during M. bovis infection, may be involved in
the mycobactericidal response in bTB (Pollock et al., 2006;
Aranday-Cortes et al., 2012).

crucial role in t
etal.,, 2019). Based on'
decrease in the expressio

vious research, an intense
CD3E in patients with active TB and
then an increase in the ression of this gene during the
treatment period exhibited that this gene has a negative
correlation with the progression of mycobacterial infection
(Jenum et al., 2016; Gebremicael et al., 2018). In addition to
CD3E, the ZAP70 and LCK hub-central genes are key components
of T-cell activation and signaling, and there is growing evidence
that intracellular mycobacteria such as M. bovis and
M. tuberculosis interfere with the function of host T-cells by
downregulating the phosphorylation of these genes (Mahon
et al., 2012; Sande et al., 2016). ITK is a tyrosine kinase that
regulates T-cells development and function. Indeed, ITK
deficiency and alternation in T-cell receptor/ITK signaling
impairs early protection against M. tuberculosis in human lungs
(Huang et al., 2020). Therefore, enhancing of ITK signaling has

Frontiers in Microbiology

RETRACTED ON 10 APRIL 2025

19

10.3389/fmicb.2022.1041314

been introduced as an alternative strategy to target infection with
highly virulent strains of M. tuberculosis (Huang et al., 2020).
Remarkably, several hub-central genes of the green module,
including ITK, CD2, CD247, ZAP70, CD3D, and CD3E, were
identified as potential therapeutic targets for pulmonary TB by a
computational drug-ability effort (Alsulaimany et al., 2022).

The results of the functional enrichment analysis suggested
that co-regulated genes of the pink module were highly enriched
in the host innate immune response and inflammatory
mechanisms such as “Toll-like receptor signaling pathway,”
“C-type lectin receptor signaling pathway,” “NOD-like receptor

» o«

signaling pathway,” “RIG-I-like receptor signaling pathway,”

»

“Cytosolic DNA-sensing pathway,” “IL-17 signaling pathway,’

» o«

“NF-kappa B signaling pathway, “MAPK signaling pathway,”
“negative regulation of type I
(G0O:0032480)”

molecular pattern molecules (PAMPs) are eg

interferon production

and “Necroptosis”  Pathogen-associated

gmponents

ing pathways leads to the host

through the production of

response, regulate subsequent adaptive immune
onse (Means et al., 2000; Mahla et al., 2013; Thakur et al.,
018). However, various reports suggest that M. tuberculosis and
M. bovis modulates proinflammatory cytokine production via the
NF-xB and MAPK signaling inhibition in favor of their survival
and thus suppresses the innate immune response (Pathak et al.,
2007; Wang et al., 2015; Liu et al., 2016; Ha et al., 2020; Lu et al,,
2020). On the other hand, activation of NF-kB and MAPK
signaling pathways can also play an important role in TB
immunopathology (Bai et al., 2013). Moreover, overactivity of the
NE-kB and IL-17 signaling pathways in response to mycobacterial
infection leads to the induction of pyroptosis which is a highly
inflammatory form of lytic programmed cell death, thereby
facilitating the spread of mycobacteria to neighboring cells
(Beckwith et al., 2020) as well as severe TB sepsis (Li L.-L. et al.,
2020). This finding indicates the importance of the inflammatory
pathways as key targets for inducing different immunosuppressive
strategies by MTBC pathogens.

Overall, PRRs are divided into two main categories: (1)
membrane-bound PRRs including Toll-like receptors (TLRs) and
C-type lectin receptors (CLRs); and (2) cytoplasmic PRRs
including NOD-like receptors (NLRs) and RIG-I-like receptors
(RLRs; Killick et al., 2013). Several previous transcriptomic
studies have highlighted that M. bovis infection induces the toll-
like receptor signaling pathway in bovine macrophages (Lin et al.,
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2015; Ma et al., 2016; Shukla et al., 2018). Nevertheless, in
addition to the important role that TLRs play in initiating an
innate immune response and enhancing adaptive immunity,
mycobacterial activation of TLR signaling may act as an escape
mechanism from host defense (Netea et al., 2004). Therefore, it
has been recommended that modulation of TLR signaling could
affect ability of invading mycobacteria such as M. bovis to destroy
and escape the host response (Krutzik and Modlin, 2004).
Other factors, including NLRs and RLRs, interact with the
activation of inflammatory responses and thus help induce an
innate immune response (Zitvogel et al., 2012). The NLR family
is a group of cytoplasmic receptors involved in inflammation and
immunity by interfering with the secretion of several cytokines
and playing a considerable role in mycobacterial-host interactions
(Pahari et al., 2017). Based on the results of time series studies,
activation of the NOD-like receptor signaling pathway in the
early stages of infection with virulent strains of M. bovis in bovine
macrophages indicates a key role of these pathways to induce a
robust macrophage response to infection with mycobacterial
pathogens (Jensen et al., 2018). Additionally, several studies have
highlighted the central role of NLRs in various aspects of the host
immunity, including resistance to M. tuberculosis infection
(Divangahi et al, 2008) and restriction of intracellular
M. tuberculosis growth by inducing autophagy in infected human
alveolar macrophages (Judrez et al., 2012), optimal production of
proinflammatory cytokines (Brooks et al., 2011), and enhancing
NO production (Landes et al., 2015). RLRs are a group of RNA
helicases that play an important role in the detection of viral RNA
in the host cytoplasm (Killick et al., 2013). Gener;
signaling is involved in the production of
antiviral proteins by activating downstream t

challenge in vitro, sugges
signaling pathway
infections (Magcg

‘ 92480)” of the pink module,
we hypothesized that M may modulate the production of
type I IFNs. This pothesis is supported by previous
transcriptomic studies that reported that M. bovis and
M. tuberculosis actively reduced the production of type I TFNs in
bovine, human, and murine macrophages and dendritic cells to
increase their survival and immune evasion (Simmons et al.,
2010; Nalpas et al., 2015; Banks et al., 2019).

As mentioned, mycobacterial pathogens such as M. bovis and
M. tuberculosis kills infected macrophages by inhibiting apoptosis
and autophagy and promoting necrosis. However, the induction
of necrosis is associated with the formation of granuloma, which
is the hallmark of TB infection (Butler et al., 2012). Necroptosis
is a prototype of programmed necrosis death, also known as
inflammatory programmed cell death, and is considered as the
link between cell death and inflammation (Mohareer et al., 2018).
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In other words, necroptosis exacerbates the host inflammatory
response to infection and therefore contributes significantly to
tissue damage (Tripathi et al., 2018). Besides, previous reports
have shown that intracellular M. tuberculosis induces necroptosis
in myeloid lineage cells such as monocytes and macrophages,
leading to (1) exacerbation of necrosis and (2) impaired trained
immunity, thereby facilitates mycobacterial escape and
dissemination (Khan et al., 2020). Interestingly, a recent study
suggested that inhibition of necroptosis may improve the health
status of TB patients and enhance antibacterial TB chemotherapy
(Pajuelo et al., 2020).

Several inflammation-related genes, including TLR2 (Meade
etal., 2007), NLRP3 (Malone et al., 2018), CCL4 (Widdison et al.,
2008), IL1A, IL1B, TNF (Salgame, 2005), and IL6 (Magee et al.,
2012) had double centrality in both co-expression network and

co-expressed hub gene-based PPI network ofthe pink module

sarcia et al., 2020). Conversely, suppression TNF
e expression to counteract the host immune response
is a k& feature of late-stage of M. bovis infection (MacHugh et al.,
09). Interestingly, various reports have demonstrated that the
use of TNF antagonists and inhibitors increases (1) TB
susceptibility, (2) reactivation of M. bovis and M. tuberculosis, (3)
and risk of TB mortality in humans and cattle (Ehlers, 2003;
Nager et al., 2009; Xie et al., 2014; Arbués et al., 2020). Moreover,
blocking or inactivating the TNF hub-central gene leads to
M. bovis escaping from the TNF-induced apoptosis of host
macrophages (Piercy et al., 2007). These findings indicate a key
role of TNF hub-central gene in preventing TB or bTB
reactivation and limiting the pathogenic response of the host.
Another study showed that in addition to TNF,
polymorphisms of another cytokine genes such as IL1B and IL6
were associated with latent TB infection and pulmonary TB (Wu
et al., 2018, 2019). Besides, the use of an additional readout
system, such as ILIB, has been suggested to increase the
sensitivity of IFN-y release assay (IGRA) test for the detection of
M. bovis infection in cattle (Jones et al., 2010). Additionally, TNF
and ILIA hub-central genes have been identified as promising
biomarkers for the development of bTB diagnosis strategies
(Sdnchez-Soto et al., 2017; Palmer et al., 2020). TLR2 hub-central
gene is a major component of the TLR family and plays an
important role in recognizing mycobacterial PAMPs and
activating the innate immune response (Nalpas et al., 2015).
TLR2 signaling acts as a potential defense system against M. bovis

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1041314
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hasankhani et al.

infection because the host innate immune response to MTBC
infectious agents is mainly mediated by TLR2 in macrophages
and leads to the activation of macrophages in the early stage of
infection (Krutzik and Modlin, 2004). Moreover, activation of
TLR2 also induces apoptosis as a direct bactericidal effect in
infected macrophages and suppresses the proliferation of
intracellular mycobacteria (Gerold et al., 2007). Interestingly, as
a survival strategy and subversion mechanism of the host
immune response, M. tuberculosis suppresses TLR2 through
several of its components, such as LprE lipoprotein and PPE51
protein, and subsequently inhibits TLR2-dependent autophagy
and cathelicidin (Padhi et al., 2019; Strong et al., 2022). The use
of TLR2 agonists has also been highlighted as an effective tool for
optimizing vaccination strategies to protect cows against bTB
(Wedlock et al., 2008).

However, in addition to the key role that these inflammation-
related hub-central genes play in the host-pathogen interactions,
they can act as a double-edged sword and play an effective
immunopathological role during M. tuberculosis and M. bovis
infection. For instance, overexpression of the IL6 in
M. tuberculosis or M. bovis-infected macrophages can inhibit the
macrophage response to IFN-y (Nagabhushanam et al., 2003) and
suppress the T-cell response (Magee et al., 2012). Significantly,
pathogenic mycobacteria can interfere with host defense
mechanisms through TLRs. As mentioned earlier, long-term
stimulation of TLR2 in M. tuberculosis-infected macrophages
suppresses the IFN-y response (Gehring et al.,, 2003) and inhibits
antigen presentation in infected macrophages (Noss et al., 2001).
NLRP3 inflammasome is an important member of the

the host cells (Beckwg
Additionally, NLd

death triggered by
CCL4 is a proinflammatd d chemotactic beta chemokine that
has been shown to play
syncytial virus (RSV), bovine immune deficiency virus, and

M. bovis infections (Widdison and Coffey, 2011). Previous reports

important role in the respiratory

indicate an increase in the CCL4 expression levels in response to
M. bovis (Nalpas et al., 2013), and growing evidence suggests a
direct positive correlation between CCL4 plasma levels and
bTB-induced lung lesions (Widdison et al., 2009).

Other hub-central genes of the pink module were included
CCL8 (Rusk et al., 2017), CCL20 (Malone et al., 2018), CXCL3
(Zhang et al., 2019), DUSP1 (Abo-Kadoum et al.,, 2021), EDNI
(Lin et al., 2015), ICAM1 (Li P. et al., 2017), IER3 (Widdison
etal., 2011), ISGI5 (Kimmey et al., 2017), MAP3K8 (Naeem et al.,
2021), NFKBIA (Tsai et al., 2009), NFKBIZ (Dong et al., 2022),
PTGS2 (Xiong et al., 2018), PTX3 (Wang et al.,, 2013), RSAD2
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(Andreu et al., 2017), TBKI (Wang J. et al.,, 2018), MAPK8
(Gautam et al., 2014), BIRC3 (MacHugh et al., 2012), TNFAIP3
(Hall et al., 2020), TNFAIP6 (Lin et al., 2015), and VEDFA
(Ndlovu and Marakalala, 2016), and the intracellular pathogen of
MTBC such as M. bovis, could induce various strategies to escape
the host immune response by activating or suppressing these
genes. According to the literature reports on models of
M. tuberculosis and M. bovis infection, some of these molecular
mechanisms that contribute to the TB pathogenesis include
the following:

1. Overexpression of CCL20 in response to M. tuberculosis
infection reduces ROS production and subsequently
inhibits ROS-dependent apoptosis (Rivero-Lezcano
et al., 2010).

2. A 700-fold increase in expression of the EDNI hub-central

gene has been reported in M. bovi

nd IL6 hub-central genes
ip with the development of

dy using in vitro and ex vivo approaches
that miR-199a
Pnificantly in response to M. bovis

expression increased

infection.
Subsequently, miR-199a suppresses cellular autophagy,
apoptosis and modulates the production of type I IFNs by
directly targeting the TBKI hub-central gene (a major
regulator of autophagy), thereby accelerating intracellular
growth and survival of M. bovis (Wang J. et al., 2018).

. Mycobacterium bovis and M. tuberculosis inhibit host cell
apoptosis by increasing expression in anti-apoptotic
factors such as BIRC3 (Killick et al., 2014) and decreasing
expression in pro-apoptotic factors such as MAPKS8
(Gautam et al., 2014). Moreover, interventional methods
to activate MAPKS8 have been proposed as a potential
therapeutic strategy to increase apoptosis of infected cells
and destruction of intracellular mycobacteria (Alam
etal., 2021).

7. Increased expression of VEGFA in patients with active TB
leads to the development of TB granuloma associated
angiogenesis (Ndlovu and Marakalala, 2016).

8. The TNFAIP3 hub-central gene is a central regulator of
immunopathology because it is a key player in the negative
feedback regulation of the NF-kB signaling pathway
(Vereecke et al, 2009), and increased of TNFAIP3
expression levels in M. bovis-infected animals modulates
the host immune response and decreases proinflammatory
cytokines (especially TNF) by inhibition NF-kB signaling,
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thereby leads to progression of M. bovis infection (Kumar
et al., 2015).

Several hub-central TFs, including ATF3 (Chen Y. et al,
2021), FOSB (Green et al., 2010), HIFIA (Li F. et al., 2020), and
IRFI (Pathak et al., 2007) were also identified that played a key
immunoregulatory role in the biological behavior of the pink
module. For example, HIFIA hub-central TF is a master
transcriptional regulator and an important factors in regulating
gene expression in response to hypoxia (Cimmino et al., 2019).
HIF1A TF plays a key role in combating M. bovis infection, as
previous studies have shown that interfering HIFIA with siRNA
defected the capacity of phagocytosis, ROS generation, and
glucose metabolism (Li E. et al., 2020). On the other hand, HIFIA
is also effective in host-directed anti-TB immunometabolism
processes (Shi et al., 2015). IRFI hub-central TF is the first
member of the interferon-regulatory transcription factor (IRF)
family to be initially introduced as an IFN-beta (a type I IFN)
transcription activator (Yarilina et al., 2008). In this regard, as
mentioned earlier, M. tuberculosis through some of its proteins,
inhibits the activation of IFN-associated TFs, such as IRFI, and
modulates the production of type I IFNs (Pathak et al., 2007).

In addition to the pink module, we identified several critical
functional terms related to inflammation and immune response,
such as “NF-kappa B signaling pathway, “INF signaling
pathway;” and “B cell receptor signaling pathway” in the tan
module, as well as terms such as “cytokine-mediated signaling
pathway (GO:0019221),” “negative regulation of programmed cell
death (GO:0043069),” “toll-like receptor 2 signaling S

DHX58 (Nalpas et al ) Wang etal., 2011), MX1, MX2,
IFIT2 (Yietal., 2021), A ‘Widdison et al., 2011), TRAFI (Li
H. et al.,, 2017), and U$P18 (Carranza et al., 2020), have been
reported to be involved in the host immunity and M. bovis
pathogenesis. The NFKBI hub-central TF is a major mediator of
the proinflammatory immune response that stimulates the
transcription of proinflammatory cytokines and chemokines and
has shown a significant reduction in the response to M. bovis
infection (Meade et al., 2007). Interestingly, several previous
studies have highlighted that a decrease in NFKBI expression in
response to M. tuberculosis and M. bovis infection is directly
related to suppression of the host innate immune signaling as well
as prevention of phagosome maturation in the chronic stages of
bTB and TB (MacHugh et al, 2009; Alam et al, 2019).
Furthermore, IL10 is an anti-inflammatory cytokine that has
been upregulated in response to M. bovis infected bovine
macrophages (Wang et al, 2011). Indeed, several previous
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researches suggests that M. bovis, as well as M. tuberculosis
induces various immunomodulatory mechanisms, including
inhibition of phagosome-lysosome fusion and, thus prevention
of phagosome maturation (O'Leary et al., 2011), suppression of
the production of IFN-y, NO, and proinflammatory cytokines
such as TNF, IL6 and ILIB (Jensen et al., 2019), in infected
macrophages by upregulating IL10 expression levels (Sheridan
et al., 2017). Therefore, direct gene repression of IL10 during
M. tuberculosis infection has been proposed as a novel solution to
improve macrophage bactericidal functions and M. tuberculosis
clearance (Chandra et al., 2013).

Significant functional terms such as “Fatty acid degradation,”
“fatty acid catabolic process (GO:0009062),” “fatty acid beta-
oxidation (GO:0006635),” “regulation of lipid metabolic process
(GO:0019216),” “fatty acid oxidation (GO:0019395),” “cholesterol
metabolic  process (G0:0008203)
biosynthetic process (GO:1902653),”

alcohol

s, especially fatty acids and cholesterol (preferably)
ival and viability of mycobacteria is essential for all
pathoBenic activities by these pathogens (Lee et al., 2013). Several
gtudies using M. tuberculosis infection models have been reported
that this pathogen has a unique ability to assimilate and utilize
host-derived lipids, especially fatty acids and cholesterol, which
catabolized as important carbon sources to fuel central metabolic
pathways to facilitate the mycobacterial growth and persistence
(Cole et al., 1998; Russell et al., 2009; Wilburn et al., 2018). In
addition to carbon sources, mycobacterial pathogens can provide
the required nitrogen sources through the metabolism of amino
acids in the host (Gouzy et al., 2014). For example, host serine
(Ser) biosynthesis is one of the most important processes to
provide the nitrogen sources needed for M. tuberculosis survival
(Borah et al,, 2019). Additionally, tryptophan (Trp) metabolism
plays a vital role in the growth and activation of MTBC infectious
agents (Qualls and Murray, 2016), so there is growing evidence
that during M. tuberculosis infection, activated macrophages try
to limit growth of intracellular pathogen through Trp starvation.
However, in return, M. tuberculosis induces Trp biosynthesis in
the host to counteract this auxotroph threat (Wang X. et al., 2021).

Important hub-central genes of the turquoise module were
included ACAAI (Behera et al., 2022), ACADI10 (Nalpas et al.,
2015), ACSS2 (Koo et al., 2012), ALDH2 (Park et al., 2014),
ALDHOYAI (Aiyaz et al.,, 2014), CIQA, CIQB, CIQC (Cai et al.,
2014), C3ARI (Zhang et al., 2019), ECHSI (Bell et al., 2017),
EHHADH (Aiyaz et al., 2014), FCGRA1 (Jenum et al., 2016),
LAPTM5 (Kang et al,, 2011), PCCA, PCCB (Katiyar et al,,
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2018), PEPD (White et al., 2010), TREM2 (lizasa et al., 2021),
VPS11, VPS18 (Chandra et al., 2015), and VPS33B (Mascarello
etal, 2010), which were involved in the host immune response
and bAMs-M. bovis interactions. For instance, ACAAI is one
of the core component of fatty acid metabolic process which
encodes a hallmark enzyme of fatty acid p-oxidation, and it has
been reported that M. tuberculosis increases the rate of fatty
acid B-oxidation for its survival by enhancing the expression
of this gene (Behera et al., 2022). Besides, ALDH2 has a
protective effect on TB by interfering with alcohol metabolism
(Park et al., 2014). Cl1q is a 460 kDa protein consisting of 18
polypeptide chains (6A, 6B, and 6C) whose main function is
to initiate complement activation. It has been observed that
high levels of C1q subtype proteins such as CIQA, C1QB, and
CIQC are strongly associated with active TB and disease
severity (Lubbers et al., 2018). In addition, CIQC has been
introduced as a potential biomarker for active TB diagnosis
(Cai et al., 2014). Moreover, the PEPD hub-central gene is
essential in facilitating mycobacterial adaptation (White et al.,
2010) and is directly associated with cavity formation in
patients with pulmonary TB (Wang et al., 2014). VPS33B is a
subset of the class C vacuolar protein sorting complex (Vps-C)
that acts as the core of membrane fusion and protein sorting
(HOPS) and regulates membrane trafficking throughout the
endocytic pathway (Wong et al, 2013). Intriguingly,
M. tuberculosis protein tyrosine phosphatase A (PtpA)
dephosphorylates and inactivates VPS33B, thereby shutting
down the membrane fusion machinery in the host
macrophages (Wong et al., 2011). As a result, inactizes

Chen, 2015).
We also identified autophagy

» <«

“Autophagy;” “regulation of mac
“regulation of autophagy,
module. During the a
damaged organg
pathogens, are’e
autophagosome and 3 alysosome (autophagosome
maturation), an autoly? e is formed which decomposes its
contents (Hasankhani €0 al., 2021a). Numerous studies have
reported that autophagy is a direct mechanism for killing
intracellular M. tuberculosis and M. bovis, and protecting the host
against TB (Ni Cheallaigh et al., 2011; Castillo et al., 2012;
Songane et al.,, 2012; Hussain et al., 2019b). Conversely, as
discussed, intracellular tubercle bacilli escape autophagy using
this
we identified several hub-central genes, including CTSS, VPSI1,
VPS18, and VPS33B in the turquoise module, that were potential

targets for M. bovis to modulate host autophagy. The CTSS

specific immunosuppressive strategies. In regard,

hub-central gene encodes the proteolytic enzyme cathepsin S,
which acts primarily on lysosomes (Gonzilez-Ruiz et al., 2019).
Surprisingly, research has shown that pathogens such as
M. tuberculosis and M. bovis prevent lysosome-autophagosome
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fusion (autophagosome maturation; Pawar et al., 2016) and
lysosome-phagosome fusion (phagosome maturation; Pires et al.,
2017) by suppressing CTSS gene expression, and prevent
autophagy and phagocytosis, respectively. In addition to VPS33B,
VPSII and VPSI18 are key mediators for autophagosome-
their
M. tuberculosis infection prevents autophagosome maturation
(Rohde et al., 2007; Chandra et al., 2015). Therefore, developing
anti-TB therapies based on autophagy targeting can be a key

lysosome fusion, and dephosphorylation during

strategy for controlling the intracellular growth and proliferation
of pathogenic mycobacteria (Paik et al., 2019).

In conclusion, in the current study, we use a systems
biology approach for a deep investigation of the interactions of
bAMs and M. bovis in order to better understand the molecular
regulatory mechanisms underlying bTB and to identify novel
insights into immunomodulatory mechanj

and replication. Combining RN
module preservation analysi@® W

(2) they were directly
. bovis interactions such as

bovis immune subversion

modules with PPI networks led to the
on of 260 genes that had double centrality in their
espeltive networks (co-expression modules and downstream
0-expressed hub genes-based PPI networks). Additionally, our
results provided evidence that these hub-central genes played
a key role in the fate of M. bovis infection and maybe act as the
core of several immunosuppressive mechanisms of the
M. bovis, such as prevention of macrophage phagosome-
lysosome fusion, induction of necrosis, inhibition of apoptosis
and autophagy, suppression of antigen presentation,
modulation of type I IFNs, modulation of IFN-y production
and signaling, modulation of macrophage signaling
mechanisms, manipulation of host macrophage metabolism,
recruitment of cell surface receptors on the host macrophage,
cytosolic escape from the phagosome, and inhibition of ROS
the host

Notwithstanding this, further research is needed to deep

production, to escape immune response.
explore the key role of hub-central genes reported in this study
to develop novel and more effective therapeutic and diagnostic

approaches to control or eradication bTB.
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