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Background: Tuberculosis (TB) is one of the most infectious diseases caused by Mycobacterium tuberculosis (M. tb), and the
diagnosis of active tuberculosis (TB) and latent TB infection (LTBI) remains challenging.

Methods: Gene expression files were downloaded from the GEO database to identify the differentially expressed genes (DEGs). The
ssGSEA algorithm was applied to assess the immunological characteristics of patients with LTBI and TB. Weighted gene co-
expression network analysis, protein-protein interaction network, and the cytoHubba plug-in of Cytoscape were used to identify the
real hub genes. Finally, a diagnostic model was constructed using real hub genes and validated using a validation set.

Results: Macrophages and natural killer cells were identified as important immune cells strongly associated with TB. In total, 726
mRNAs were identified as DEGs. MX1, STAT1, IFIH1, DDXS58, and IRF7 were identified as real hub immune-related genes. The
diagnostic model generated by the five real hub genes could distinguish active TB from healthy controls or patients with LTBI.
Conclusion: Our study may provide implications for the diagnosis and drug development of M. tb infections.
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Introduction

Tuberculosis (TB), a chronic disease caused by Mycobacterium tuberculosis (M. tb), is the leading cause of death from
a single infectious agent (ranking above HIV/AIDS)."! Globally, there were 6.4 million newly diagnosed TB cases and
1.4 million deaths caused by TB in 2021.% The disease typically affects the lungs (pulmonary TB) but can also affect
other sites (extrapulmonary TB). Indeed, approximately 90% of infected people do not display clinical symptoms and not
contagious, and are in a state known as “latent TB infection” (LTBI).? The fine line between TB and LTBI is the presence
or absence of clinical symptoms, imaging changes, and bacteriological evidence of active TB. LTBI is the reservoir of the
TB epidemic.* Of those infected with TB, approximately 5-10% will develop TB during their lifetime.’ The World
Health Organization (WHO) “End Tuberculosis Strategy” recommended that early diagnosis and treatment of LTBI
patients at a higher risk of infection was essential to effectively control TB globally.® The tuberculin skin test fails to
distinguish patients with LTBI from those with TB and people who have received Bacillus Calmette-Guérin vaccination.’
The lack of biomarkers to distinguish active TB from LTBI limited the progress in TB control. The latest data indicated
that lack of differential diagnosis of LTBI and TB may be a potential reason for the high morbidity and mortality in
countries with a high TB burden.® Therefore, the development of rapid, simple, and cost-effective diagnostic tests is
imperative for TB control.”
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Innate immunity plays an essential role in mediating the initial host response to M. tb infections. The course of infection
and disease development largely depends on the early interactions between M. tb and the host innate immune system.'’
Innate immune cells are the first to encounter M. tb, such as macrophages, dendritic cells, neutrophils, and natural killer
cells."! Macrophages are the first immune cells to encounter M. b and are the dominant cellular niche for M. ¢b during both
early and chronic infection.'> Dendritic cells are critical in bridging innate and adaptive immunity by presenting M. tb
antigens to initiate adaptive immunity."? Neutrophils are the first cells to infiltrate the lungs after M. tb infection and are the
most abundant cell type found in the bronchoalveolar lavage and sputum of the active pulmonary TB patients.'* Natural
killer cells act early during M. tb infection and are not major histocompatibility complex-restricted.'> CD153, derived from
CD4 T cells, is a major immune mediator of host protection against pulmonary M. b infection.'® TREM2 specifically binds
to M. tb, disabling the macrophage antibacterial response and promoting mycobacterial immune evasion in macrophage.'’
SP110b plays a crucial role in shaping the inflammatory milieu that supports host protection during M. tb infection.®

Here, gene expression files of healthy controls, LTBI, and active TB were downloaded from the GEO database to
identify differentially expressed genes (DEGs) between patients with M. tb infection (LTBI + TB group) and healthy
controls. We aimed to screen for potential immune-related biomarkers to construct a diagnostic model that can
distinguish LTBI from active TB, thus providing implications for the diagnosis and drug development for M. b infection.

Materials and Methods

Data Preparation
All gene expression data were from public databases, and data processing was carried out by R (version: 3.5.3) software
(https://www.r-project.org/). Using “tuberculosis” as the keyword and limiting the sample type to whole blood, three

datasets were gathered from the GEO database after excluding cell line/animal level studies and single sample studies
(Table 1). The probe level data was converted into gene expression values. For probes corresponding to multiple genes,
the average expression value is used as the gene expression value. The batch effect was removed using the combat
function in R package “sva”. We further paired GSE42826 and GSE79362-264 as a training set, including 52 healthy
controls, 168 patients with LTBI, and 109 patients with active TB, and paired GSE42825 and GSE79362-91 as
a validation set, including 23 healthy controls, 79 patients with LTBI, and 20 patients with active TB. The characteristics
of the patients involved in three datasets were displayed in Table S1.

Characteristic of Immune Infiltration

The ssGSEA algorithm was applied to comprehensively assess the immunological characteristics of all samples included in
the study. The enrichment scores calculated by ssGSEA analysis were utilized to represent the relative abundance of each
infiltrating cell in each sample. Differences in immune cell infiltration among different groups were compared. In addition,
a machine learning algorithm, was used to screen important immune cell types. Using the LASSO algorithm, with glmnet
(version 2.0-18) package in R, the candidate important immune cell types of the first group were obtained. Then the
importance of each immune cell type was ranked according to the mean decrease in accuracy using the random forest
algorithm, with randomForest (version 4.6—14) package in R, and the first 25% were selected as important immune cell types
of the second group. Finally, the important immune cell types were obtained by intersecting the immune cells identified by
LASSO regression analysis, the immune cells identified by the random forest algorithm, and different immune cells.

Table | Datasets Included in This Study

GEO ID Samples Platform | Year Type Source
GSE42825 Control: TB = 23:8 GPL10558 | 2013 mRNA | blood
GSE42826 Control: TB = 52:11 | GPLI0558 | 2013 mRNA | blood
GSE79362-91 LTBI: TB = 79:12 GPLI1154 | 2016 mRNA | blood
GSE79362-264 | LTBI: TB = 166:98 GPLII154 | 2016 mRNA | blood

Abbreviations: TB, tuberculosis; LTBI, latent tuberculosis infection; PBMC, peripheral blood mono-
nuclear cells.
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Differentially Expressed Analysis and Weighted Gene Co-Expression Network
Analysis (WGCNA)

DEGs between patients with M. tb infection (LTBI+TB group) and healthy controls in the training set were identified
using limma (version 3.36.5) in the R package with p-value <0.05. The first 25% of genes with large variations according
to their variance were selected for WGCNA analysis. Hierarchical clustering analysis was performed using the Hclust
function in R language to exclude outlier samples. Then, the “pickSoftThreshold” function is used to select an
appropriate soft power B to build the scale-free topology. The height was set to 0.90 and the soft power B was set to
5. The adjacency matrix was then transformed into a topological overlap matrix (TOM) and the corresponding
dissimilarity (1-TOM). Genes with similar expression patterns were grouped together, and modules were divided
according to the “cutreeDynamic” function using the default parameters. The minimal gene module size was set to 50
to obtain the appropriate number of modules and the threshold to merge similar modules was set to 0.25. Intersections
between DEGs and genes in the WGCNA modules were identified as hub genes.

Identification of Real Hub Genes
A protein-protein interaction (PPI) network was constructed using the STRING database (https://cn.string-db.org/). Then,

the real hub genes were identified using the CytoHubba plug-in in Cytoscape (version 3.9.0). Six different calculation
methods, namely, degree, Maximum Neighborhood Component (MNC), Maximal Clique Centrality (MCC), Edge
Percolated Component (EPC), stress, and closeness, were used to evaluate the importance of each node, and the top
20 nodes were selected using “UpSet”(version 1.4.0) package in R. The real hub genes were the common nodes.

Construction and Validation of Diagnostic Model

A diagnostic model was constructed based on real hub gene expression and logistic regression in the training set.
Receiver operating characteristic curve (ROC) analysis was performed using the R package “pROC” (version 1.15.0),
then the area under the curve (AUC) was calculated to determine the accuracy of the diagnostic model. The diagnostic
model was validated using a validation set.

Real Time qPCR (RT-gPCR) Validation of Real Hub Genes

Blood samples from nine patients with TB/LTBI and 12 controls were subjected to perform RT-qPCR. Total RNA from
the blood samples was extracted using the MagZol LS Reagent according to the manufacturer’s protocol. The research
protocol was in accordance with the tenets of the Declaration of Helsinki. All participating individuals provided written
informed consent. The study was approved by the Ethics Committee of Hebei Chest Hospital (2,022,084). RT-qPCR was
performed using an ABI 7300 Real-time PCR Detection System with SuperReal PreMix Plus (SYBR Green)
(TIANGEN, Beijing, China). Relative gene expression was analyzed by 2 T method. GAPDH was used as an
endogenous control. The characteristics of the individuals are presented in Table 2.

Results

Identification of Important Immune Cells

Immunological features were evaluated according to immune cell infiltration. Using the ssGSEA algorithm, eight
significantly different immune cell types were identified between LTBI+TB group and control group: MDSC, neutrophil,
regulatory T cell, activated dendritic cell, monocyte, natural killer cell, type 17 T helper cell, and macrophage
(Figure 1A). LASSO regression analysis, based on 23 immune cell types, screened four immune cell types (macrophage,
natural killer cell, regulatory T cell, and type 17 T helper cell) (Figure 1B and C). The importance value of each immune
cell type was ranked according to the mean decrease in accuracy using the random forest algorithm, and the first 25%
were selected: T follicular helper cell, MDSC, macrophage, plasmacytoid dendritic cell, monocyte, and natural killer cell
(Figure 1D). By overlapping the immune cells identified by LASSO regression analysis, the immune cells identified by
the random forest algorithm, and different immune cells identified between LTBI+TB group and control group,
macrophages and natural killer cells were determined as important immune cells. Figure 1E shows that compared with
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Table 2 Demographic Characteristics of Participants in This Study

Group Gender | Age (years) | BMI (kg/m?) | Diabetes HBV HCV HIV TST IGRA
Normal | Male 22 29.3 No - - - - -
2 Female 23 23.2 No - - - - -
3 Male 20 23.7 No - - - - -
4 Male 35 27.8 No - - - - -
5 Male 20 328 No - - - - -
6 Male 20 243 No - - - - -
7 Male 20 30.2 No - - - - -
8 Male 19 28.8 No - - - - -
9 Male 43 24.8 No - - - - -
10 Male 21 26.5 No - - - - -
I Male 23 21.7 No - - - - -
12 Male 21 253 No - - - - -
TB/LTBI | Female 6l 248 No No No No Positive | Positive
2 Male 72 24.2 No No No No Positive | Positive
3 Female 19 17.5 No No No No Positive | Positive
4 Female 43 22 No No No No Positive | Positive
5 Female 35 18.7 No No No No Positive | Positive
6 Male 22 20.1 No No No No Positive | Positive
7 Male 42 243 No No No No Positive | Positive
8 Female 25 18.4 No No No No Positive | Positive
9 Female 30 16.9 No No No No Positive | Positive

Abbreviations: BMI, Body Mass Index; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, Human immunodeficiency virus; TST, Tuberculosis Skin Test; IGRA,
Interferon-y Release Assay; TB, Tuberculosis; LTBI, latent TB infection.

the LTBI group, the TB group showed higher infiltration levels of macrophage and natural killer cell. Additionally, the
correlation between macrophage and natural killer cell was evaluated in the control, LTBI, and TB groups. The results
indicated no significant correlation between macrophage and natural killer cell in the control group and a significant
positive correlation in the LTBI (0.49) and TB (0.6) groups (Figure 1F—H). Immune infiltration levels of macrophage and
natural killer cell were also evaluated in the validation set. Compared to the control group, the LTBI+TB group showed
higher infiltration levels of macrophage and natural killer cell (Figure 2A). Compared to the LTBI group, the TB group
also showed higher infiltration levels of macrophage and natural killer cell (Figure 2B).

WGCNA and Identification of Hub Genes

A total of 726 mRNAs, including 389 up-regulated and 373 down-regulated mRNAs, were identified as DEGs (p-value <0.05)
(Figure S1). The first 25% of 726 DEGs were subjected for WGCNA. Immune cell scores in each sample were calculated using
ssGSEA based on gene expression data. The scores of macrophage and natural killer cell were extracted as phenotypic data, and
their association with the WGCNA module was analyzed. Then, 9 models were obtained. Among the nine modules, the
turquoise module was highly correlated with macrophages (r = 0.73, p = 5e-56), and the yellow module was highly correlated
with natural killer cell (r = 0.59, p = 1e-32) (Figure 3A). Thus, the turquoise and yellow modules were selected for further
analysis. With |GS| >0.2 and [MM]| >0.4, 504 genes were identified as macrophage/natural killer cell-associated genes (Figure 3B
and C). A total of 202 hub genes were identified by overlapping macrophage/natural killer cell-associated genes and DEGs.

|dentification of Real Hub Genes

The PPI network of the hub genes was constructed using Cytoscape, which contained 150 nodes and 1105 interaction pairs
(Figure 4A). Based on six topological analysis methods, MX1, STAT1, IFIH1, DDXS58, and IRF7 were identified as real hub
genes and were up-regulated (Figure 4B). Correlation analysis of these five genes suggested a strong positive correlation
among them (Figure S2A). DDX58 showed the strongest correlation with IFIH1 (0.94), whereas STAT1 showed the smallest
correlation with MX1 (0.65). Furthermore, correlation analysis of these five genes and two important immune cells
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Figure | Identification of important immune cells. (A) The abundance of each immune infiltrating cell in LTBI+TB group and control group. (B and C) The LASSO
regression analysis. (D) The importance value of each immune cell type ranked according to the mean decrease in accuracy. (E) The abundance of each immune infiltrating
cell in LTBI group and TB group. (F-H) The correlation analysis of macrophage and natural killer cell in control group (F), LTBI group (G) and TB group (H). *Indicated
p <0.05, **Indicated p <0.01, **Indicated p <0.001, ¥***Indicated p <0.0001.
Abbreviations: LTBI, latent TB infection; TB, tuberculosis.
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Figure 2 The immune infiltrate levels of macrophage and natural killer cell in validation set. (A) Control group versus LTBI+TB group. (B) LTBI group versus TB group.
*Indicated p <0.05, **Indicated p <0.01, ***Indicated p <0.001, ****|Indicated p <0.0001.
Abbreviations: LTBI, latent TB infection; TB, tuberculosis.

(macrophage and natural killer cell) was performed (Figure S2B). These results indicated that all five genes had strong positive
correlations with the two immune cells. Among these, STAT1 had the strongest positive correlation with natural killer cell.

Construction and Validation of Diagnostic Model

The diagnostic models were constructed based on different groups in the training set: control group vs LTBI group, control
group vs TB group, and LTBI group vs TB group. In the control group vs the LTBI group, the diagnostic efficacy of the model
constructed using a combination of five real hub genes was not ideal, and the AUC was only 0.591 (Figure 5A). The AUC was
0.834 in the control group vs the TB group (Figure 5B), and 0.784 in the LTBI group vs the TB group (Figure 5C). In addition,
all five genes were highly expressed in the LTBI+TB group compared with the control group (Figure 5D). Similarly, all five
genes were highly expressed in the TB group compared with those in the LTBI group (Figure 5E). The same analysis was
performed for the validation set to validate of the diagnostic performance of the models. The AUC of the model was 0.742 for
the control group vs the LTBI group (Figure 6A), 0.961 for the control group vs the TB group (Figure 6B), and 0.853 for the
LTBI group vs the TB group (Figure 6C). Compared with the control group, DDX58, IFIH1, IRF7, and STAT1 were highly
expressed in the LTBI+TB group (Figure 6D). Compared with the LTBI group, DDX58, IFIH1, IRF7, and STAT1 were highly
expressed in the TB group (Figure 6E). In general, the diagnostic model performed well at distinguishing active TB from
healthy controls or distinguishing active TB from LTBI.
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RT-gPCR Validation of Five Real Hub Genes

The expression levels of the five real hub genes were validated in human subjects by RT-qPCR. Compared with the
control group, all five genes (MX1, STAT1, IFIH1, DDX58, and IRF7) were significantly up-regulated in the LTBI+TB
group, which was in agreement with the integration analysis results (Figure 7).

Discussion

TB remains a major global threat, and the use of existing immunological methods, such as the tuberculin skin test and
interferon-gamma release assays, has some limitations in guiding the clinical prevention and treatment of TB.'
Therefore, it is crucial to develop potential biomarkers for effective diagnosis and treatment of TB.

In this study, after a series of analyses including ssGSEA, LASSO analysis, and random forest algorithms, macro-
phage and natural killer cell were determined as important immune cell types. Macrophages, as the cornerstone of the
immune system, play crucial roles in maintaining tissue integrity, homeostasis, regulating inflammatory processes, and
control of bacterial infections.”’ Macrophages are initially divided into M1 and M2 types, with the former having pro-
inflammatory properties and the latter having anti-inflammatory properties.”' Evidence indicates that early clearance of
M. tb infection is associated with robust innate immune responses in resident macrophages.> Paradoxically, macro-
phages are the primary host cells for M. b in the host.>* M. tb subverts the macrophage’s mechanisms of intracellular
killing and antigen presentation, ultimately leading to TB.** Necrosis of infected macrophages constitutes a critical
pathogenic event in TB by releasing M. b into the growth-permissive extracellular environment.>> Type I interferon
signaling mediates M. th-induced macrophage death.”® Natural killer cells are lymphocytes of the innate immune system
that participate in the initial defense against a wide variety of pathogens, including viruses and intracellular bacteria, by
producing high levels of pro-inflammatory cytokines.?’ Natural killer cells are involved in cavity formation in patients
with pulmonary TB patients.”® Cai et al observed that natural killer cell subsets (CD3-CD7+GZMB+) gradually deplete
from healthy controls to LTBI and TB, and three subsets of macrophage CD14+ cells (M1, M4, and M6) were
specifically enriched in TB.?’

Here, we constructed a diagnostic model generated using five real hub genes (MX1, STAT1, IFIH1, DDX58, and IRF7)
to distinguish active TB from healthy controls or distinguish active TB from LTBI. MX1 encodes a guanosine triphosphate
(GTP)-metabolizing protein that participates in the cellular anti-viral response and antagonizes the replication process of

multiple different viruses. The rare variant in the MX1 alleles increase human susceptibility to the zoonotic H7N9 influenza
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virus.*®* MX1 in hematopoietic cells contributes to protection against Thogoto virus infection.*' MX1 can enhance anti-viral
resistance against mucosal influenza viral infection.® In addition, overexpression of MX1 was identified in human
peripheral blood mononuclear cells stimulated with M. b PPE57.%® IFIHI is a novel regulator for promoting Ml
macrophage polarization.>* STAT1 is a member of the STAT protein family and a key component that mediates interferon
signaling.*® This protein plays an important role in the immune response to viral, fungal, and mycobacterial pathogens.
A case report identified a STAT1 mutation in a patient with cutaneous TB.>® STAT1 acts as a crucial part in the immune
defense against TB infection and is associated with the interferon signaling pathway.*” Unphosphorylated STAT1 represses
apoptosis in macrophages to promote immune evasion during M. b infection.*® Liang et al indicated that STAT1 is involved
in the M1-macrophage polarization and is correlated with the pathogenesis of extrapulmonary TB.*

DDX58, also known as RIG-I, is involved in viral double-stranded RNA recognition and the regulation of the anti-viral
innate immune response. Common variants in DDX58 are related to susceptibility to severe influenza virus infection in
children and adolescents.*” Wang et al indicated that DDX58 and IRF7 are associated with the response mechanism of the
host to M. tb.*' Mycobacterial infection induces IFN-B production through the host RIG-I/MAVS/IRF7 RNA-sensing
pathway.** It has been demonstrated that extracellular vesicles released by M. rb-infected macrophages stimulate RIG-I/
MAVS-dependent type I interferon production in macrophages to promote host immunity and bacterial killing.*> Zhang et al
demonstrated that IRF7-mediated miRNA-31 is a protective immune component against M. tb infection.** In a Brazilian
cohort, polymorphisms in IRF7 rs11246213 were associated with altered susceptibility to M. b infection.** Similar to MX1,
overexpressed IRF7 was also detected in human peripheral blood mononuclear cells stimulated by M. th PPE57.%

Even though this study evidenced several promising results based on data mining and bioinformatics analysis, there
are some limitations to the study that require consideration. The gene expression files were derived from the GEO
database, and diagnostic model establishment and validation were performed based on the GEO database as well. The
protein expression levels of the real hub genes were not detected. Due to the lack of in vivo and in vitro confirmatory
experiments, molecular experiments as well as follow-up of larger clinical samples should be performed to investigate
the molecular mechanisms of these real hub genes in the pathogenesis and progression of TB.

In conclusion, our study identified two important immune cells that were strongly associated with TB and DEGs
between patients with M. ¢b infection (LTBI + TB group) and healthy controls. Five real hub genes were identified to
construct the diagnostic model that could distinguish TB from LTBI or healthy controls. Further experiments are
advocated to validate the diagnostic model and to study the biological functions of real hub genes in TB.
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