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MAFB, v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog 

B, has been identified as a candidate gene for early tuberculosis (TB) onset 

in Thai and Japanese populations. Here, we  investigated the genome-wide 

transcriptional profiles of MAFB-knockdown (KD) macrophages infected with 

Mycobacterium tuberculosis (Mtb) to highlight the potential role of MAFB in 

host immunity against TB. Gene expression analysis revealed impaired type 

I and type II interferon (IFN) responses and enhanced oxidative phosphorylation 

in MAFB-KD macrophages infected with Mtb. The expression of inflammatory 

chemokines, including IFN-γ-inducible genes, was confirmed to be significantly 

reduced by knockdown of MAFB during Mtb infection. A similar effect of MAFB 

knockdown on type I and type II IFN responses and oxidative phosphorylation 

was also observed when Mtb-infected macrophages were activated by IFN-γ. 

Taken together, our results demonstrate that MAFB is involved in the immune 

response and metabolism in Mtb-infected macrophages, providing new 

insight into MAFB as a candidate gene to guide further study to control TB.
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Introduction

Tuberculosis (TB) was the leading cause of death from a single infectious agent, 
Mycobacterium tuberculosis (Mtb), until coronavirus disease 2019 (COVID-19) emerged. 
Reduced access to TB services, including early diagnosis and treatment, has resulted  
in an increased number of TB deaths (Dheda et al., 2022), an estimated 1.5 million in 2020 
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(WHO, 2021). To further accelerate the progression of global TB 
control toward the end of the TB epidemic, the development of 
new TB diagnostics, drugs and vaccines, along with basic TB 
research, is required.

Host genetic factors are important for susceptibility to TB, 
together with environmental and bacterial factors (Abel et al., 
2018). Genome-wide association studies (GWASs) allow unbiased 
identification of numerous genetic variants associated with TB 
susceptibility and provide insights into the molecular mechanisms 
of host immunity against TB (Dallmann-Sauer et  al., 2018). 
Among more than 10 GWASs reporting TB-associated loci to 
date, Mahasirimongkol et  al. demonstrated that v-maf avian 
musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) 
was located in the neighborhood of a single nucleotide 
polymorphism associated with TB onset younger than 45 years old 
in Thai and Japanese populations (Mahasirimongkol et al., 2012). 
Further study demonstrated that MAFB was differentially 
expressed in active TB patients compared with healthy controls 
(Satproedprai et al., 2015), suggesting that MAFB has a role in 
TB pathogenesis.

MAFB is a transcription factor and a member of the large Maf 
family that is selectively expressed by monocytes and macrophages 
to induce monocyte–macrophage differentiation (Kataoka et al., 
1994; Kelly et al., 2000). This gene is involved in differentiation or 
development in various cells, tissues and organs, and its function 
is related to macrophages (Hamada et  al., 2020). Regarding 
infection, MAFB has been associated with infectious diseases, 
including chronic hepatitis C, Zika virus infection and leprosy 
(Orlova et al., 2013; Moni and Lio, 2017; Liu et al., 2019). MAFB 
has also been reported to be involved in type I interferon (IFN) 
regulation, which drives host vulnerability to viral infection (Kim 
and Seed, 2010).

In this study, we investigated the involvement of MAFB in gene 
regulation in Mtb-infected macrophages. We  knocked down 
MAFB in Mtb-infected macrophages and surveyed genome-wide 
transcriptional profiles by messenger RNA sequencing (mRNA-
seq). In Mtb-infected macrophages, knockdown of MAFB 
impaired the expression of genes related to type I  and II IFN 
responses along with the expression of inflammatory chemokine 
genes, including IFN-γ-inducible genes, while knockdown induced 
the expression of genes related to oxidative phosphorylation. These 
trends were also observed when macrophages were activated by 
IFN-γ. Taken together, we suggest that MAFB is associated with 
the immune response and metabolism of Mtb-infected  
macrophages.

Materials and methods

Cells

Human THP-1 cells were obtained from RIKEN BRC and 
cultured in RPMI-1640 medium (Sigma–Aldrich) supplemented 
with 10% fetal bovine serum (Nichirei Bioscience), 100 U/ml 

penicillin and 100 μg/ml streptomycin (complete medium). 
For activation, THP-1 cells (2 × 105 cells/ml) were seeded in 
complete medium containing 10 ng/ml phorbol myristate 
acetate (PMA; Sigma) in six-well collagen-coated tissue 
culture plates (AGC Techno Glass) and incubated for 24 h. 
Adherent THP-1 cells were washed twice with complete 
medium and then incubated in complete medium without 
antibiotics for an additional 48 h. For stimulation with IFN-γ, 
macrophages were subsequently treated with IFN-γ at 10 ng/
ml (Biolegend).

RNA interference

Small interfering RNAs (siRNAs) targeting MAFB gene were 
synthesized by Sigma–Aldrich. The siRNA sequences were as 
follows: mafb1, sense 5´-CUGUCUGUCAGAGUUCGGATT-3′, 
antisense 5´-UCCGAACUCUGACAGACAGTT-3′; mafb2, sense 
5´-CUGCUUUGCUGCCCGGAGATT-3′, antisense 5′- UCU 
CCGGGCAGCAAAGCAGTT-3′; Mission siRNA Universal 
Negative Control (Sigma–Aldrich) was used as the control. 
Transfection of macrophages with siRNA duplexes was performed 
using Lipofectamine RNAiMAX (Invitrogen) according to the 
manufacturer’s instructions. Lipid-RNA complexes were added at 
the wash step of PMA activation. After transfection for 48 h, the 
medium was replaced with complete medium without antibiotics, 
prior to subsequent experiments.

Quantitative real-time reverse 
transcriptase-polymerase chain reaction

Total RNA was extracted using an RNeasy Mini Kit (Qiagen) 
and reverse transcribed into cDNA using Prime Script Reverse 
Transcriptase (Takara). qRT–PCR was performed by using 
TaqMan Universal Master Mix (Thermo Fisher). The primers and 
probes used in this study are listed in Supplementary Table S1. The 
minus threshold cycle (Ct) value of target genes normalized to that 
of GAPDH was calculated and compared to that of the control  
group.

Immunoblot analysis and ELISA

MAFB-KD or control macrophages were washed with ice-cold 
PBS and lysed with lysis buffer containing 50 mM HEPES (pH 
7.2), 150 mM NaCl, 1% Triton X-100 and Roche Complete EDTA 
Free Protease Inhibitor Cocktail. Cell lysates were separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and then subjected to immunoblot analysis using an anti-
MAFB (1:1000 v/v; Proteintech, #20189-1-AP) or anti-GAPDH 
(1:6000 v/v; Medical and Biological Laboratories, #M171-3) 
antibody. Band intensities were quantified using Image Lab 
Software version 6.0 (Bio-Rad).
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The concentrations of secreted MCP-1 and IP-10 from 
MAFB-KD and control macrophages infected with Mtb were 
measured by a Human CCL2/MCP-1 Quantikine ELISA Kit 
and a Human CXCL10/IP-10 Quantikine ELISA Kit (R&D 
Systems), respectively. The culture media from Mtb-infected 
macrophages were collected at 4 and 24 h postinfection (p.i.), 
followed by filtration with a 0.45-μm pore size filter (Toyo 
Roshi Kaisha).

Mtb infection

Mtb strain Erdman was grown to midlogarithmic phase in 
7H9 medium supplemented with 10% Middlebrook ADC (BD 
Biosciences), 0.5% glycerol and 0.05% Tween 80 
(Mycobacterium medium) at 37°C (Seto et al., 2012). DsRed-
expressing Mtb was grown in Mycobacterium medium 
containing kanamycin at 50 μg/ml as described previously 
(Seto et  al., 2012). For preparation of the single cell 
suspension, growing bacterial cultures were filtered through 
a 5-μm pore size filter (Pall Corporation) as described 
previously (Yamada et  al., 2001; Furuuchi et  al., 2022). 
Aliquots of the filtrated bacterial solutions were  
stored at-80°C until use. The number of bacteria was 
determined by a colony-forming-unit (CFU) assay using 
plates with 7H10 agar base medium supplemented with 10% 
Middlebrook OADC (BD Biosciences) and 0.5% glycerol. 
PMA-treated THP-1 cells were infected with Mtb at a 
multiplicity of infection of 1  in complete medium without 
antibiotics for 24 h and simultaneously stimulated with  
10 ng/ml IFN-γ.

Phagocytosis and CFU analyses

For phagocytosis analysis, Mtb-infected MAFB-KD and 
control macrophages grown on coverslips in 12-well plates 
were fixed with 3% paraformaldehyde in PBS at 4°C for 24 h, 
washed with PBS three times, and mounted on microscope 
slides using Vectashield Antifade Mounting Medium with 
DAPI (Vector Laboratories). Florescence microscopy was 
performed with an Olympus IX81 microscope equipped with 
a DP74 camera (Olympus). The phagocytic index was 
determined as a ratio of Mtb-infected macrophages to all 
macrophages per field and expressed. Fields with fewer than 
five macrophages were removed.

For CFU analysis, the culture medium was removed from 
Mtb-infected macrophages at 24 or 48 h p.i., and the cells were 
collected and lysed with 1% SDS in PBS. Samples were serially 
diluted with Mycobacterium complete medium (7H9) and 
inoculated in duplicate onto plates with 7H10 agar base medium 
supplemented with 10% Middlebrook OADC and 0.5% glycerol. 
CFU values were calculated as the means of the two plates at 
each dilution.

mRNA-seq

The quality and quantity of isolated RNA from macrophages 
were assessed using a Nanodrop  1,000 Spectrophotometer or 
Qubit 3.0 Fluorometer (Thermo Fisher Scientific) and an RNA 
6000 Nano Kit on an Agilent 2,100 Bioanalyzer (Agilent 
Technologies). Two micrograms of total RNA with an RNA 
integrity number (RIN) greater than 7 was used to construct 
cDNA libraries using a TruSeq Stranded mRNA library kit 
(Illumina). All cDNA libraries were checked for quality using a 
DNA 1000 Kit on an Agilent 2,100 Bioanalyzer and quantified 
with a Qubit 3.0 Fluorometer and a GenNext NGS Library 
Quantification Kit (Toyobo). The libraries were sequenced on an 
Illumina NextSeq 500 to generate more than 25 million 75 base-
long paired-end reads per library. Raw sequence data have been 
deposited in the DRA database under the accession 
number DRA014120.

Data processing

RNA-seq data were processed as described previously (Seto 
et al., 2022). Briefly, raw reads were processed with Trim Galore 
v0.6.6 for read-quality trimming.1 The processed reads were then 
aligned with HISAT2 v2.2.1 (Kim et al., 2019) against the human 
genome hg38. Gene abundance estimation was performed with 
featureCounts v2.0.1 (Liao et al., 2014). More than 25 million 
high-quality clean reads were mapped to the human reference 
genome, and the mapping rate of each sample was greater than 
98% as determined by the Picard toolkit.2

Differential gene expression analysis was performed with 
edgeR v3.32.1 (Robinson et al., 2010) using generalized linear 
models and quasi-likelihood tests (Chen et al., 2016). Differentially 
expressed genes (DEGs) were identified using the cutoff p values 
with a false discovery rate (FDR) of 0.01 provided by edgeR 
(Supplementary Table S2). The DEGs were further utilized for 
Gene Ontology (GO) enrichment analysis using clusterProfiler 
v3.18.1 to visualize enriched biological process (BP) terms (GOBP; 
Yu et al., 2012).

To assess whether a genetically defined genome was 
significantly different between the two phenotypes, gene set 
enrichment analysis (GSEA; Subramanian et  al., 2005) was 
performed with the fgsea package v1.16.0 (Korotkevich et  al., 
2021) with hallmark gene sets obtained from the Molecular 
Signatures Database (MSigDB). An adjusted p value of less than 
0.25 was considered significant. Z-score was calculated to test the 
clustering among selected DEGs, and the data were visualized 
with the pheatmap package v1.0.12.3

1 https://github.com/FelixKrueger/TrimGalore

2 https://github.com/broadinstitute/picard

3 https://cran.r-project.org/web/packages/pheatmap/index.html

https://doi.org/10.3389/fmicb.2022.962306
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://github.com/FelixKrueger/TrimGalore
http://github.com/broadinstitute/picard
https://cran.r-project.org/web/packages/pheatmap/index.html


Hikichi et al. 10.3389/fmicb.2022.962306

Frontiers in Microbiology 04 frontiersin.org

A

C

B

D

FIGURE 1

MAFB expression in THP-1 cells. (A) The mRNA expression level of MAFB was examined by qRT–PCR in untreated (floating), PMA-treated 
(adherent), or PMA- and IFN-γ-treated (IFN-γ) THP-1 cells. The minus CT values of MAFB normalized to GAPDH (-dCT) are shown. * p < 10−4 using 
ANOVA with Tukey’s multiple comparison test. (B) Immunoblot analysis of MAFB and GAPDH. MAFB was detected in floating, adherent, and IFN-γ 
THP-1 cells. Whole-cell lysates were subjected to SDS–PAGE, followed by immunoblot analysis using the indicated antibodies. (C) The mRNA 
expression level of MAFB in control (cont), IFN-γ-treated (IFN-γ), Mtb-infected (Mtb), or Mtb-infected and IFN-γ-treated (Mtb_IFN-γ) THP-1 
macrophages. * p < 10−4, ns, not significant using ANOVA with Tukey’s multiple comparison test. (D) Immunoblot analysis of MAFB and GAPDH in 
control (cont), IFN-γ-treated (IFN-γ), Mtb-infected (Mtb), or Mtb-infected and IFN-γ-treated (Mtb_IFN-γ) THP-1 macrophages.

Results

MAFB expression in THP-1 cells

THP-1 cells, a human monocytic leukemia cell line, are widely 
accepted as an in vitro infection model to study the immune 
response against intracellular bacteria, including Mtb (Chanput 
et al., 2014). In this study, we employed THP-1 cells to assess the 
function of MAFB in monocyte/macrophage lineage cells infected 
with Mtb. We examined the expression of MAFB in THP-1 cells by 
qRT–PCR and immunoblot analyses. In unstimulated cells, MAFB 
was detected at low levels. MAFB was greatly induced when cells 

were differentiated into macrophages by treatment with PMA or 
stimulation with IFN-γ after PMA treatment (Figures 1A,B). In 
PMA-stimulated THP-1 cells, the expression level of MAFB was not 
changed after Mtb infection, even under IFN-γ stimulation 
(Figures 1C,D). To decrease gene expression, we designed two sets 
of siRNAs targeting MAFB and transfected THP-1-derived 
macrophages with the siRNA duplexes. We verified the knockdown 
efficiency by qRT–PCR and immunoblot analyses and confirmed 
that MAFB mRNA and protein expression was markedly decreased 
(approximately 70–90%) by the MAFB-targeting siRNA duplexes 
(Figures 2A,B). We also examined the knockdown efficiency in 
Mtb-infected macrophages and confirmed that both siRNAs 
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significantly silenced MAFB expression in both the presence and 
absence of IFN-γ (Figure 2C). These results confirmed the stability 
of MAFB knockdown in our experimental model.

We evaluated the effect of MAFB depletion on 
phagocytosis and survival of intracellular bacilli in THP-1 
macrophages. The phagocytosis ability of Mtb was not changed 
between MAFB-KD and control macrophages at 4 h p.i. (p = 
0.34), while it was impaired in MAFB-KD macrophages at 24 h 
p.i. (p = 0.01; Figure 3A), suggesting that MAFB regulates the 
phagocytosis of Mtb into macrophages. The CFU assay 
demonstrated that the survival of intracellular bacilli exhibited 
no significant difference between MAFB-KD and control 
macrophages (p = 0.877 at 24 h p.i., p = 0.777 at 48 h p.i.; 
Figure  3B), implying that Mtb proliferation was enhanced 
within MAFB-KD macrophages even though phagocytosis was 

impaired. We counted bacterial numbers within MAFB-KD or 
control macrophages and found that the proportion of 
MAFB-KD macrophages containing two or more bacilli 
among Mtb-containing macrophages was greater than that of 
control macrophages (p = 0.004, Fisher’s exact test; Figure 3C). 
Taken together, these results suggest that MAFB regulates the 
various intracellular pathways involved in the response to Mtb 
infection in human macrophages.

Genome-wide transcriptional profiling in 
THP-1 macrophages infected with Mtb

To assess the function of MAFB in regulating the 
intracellular pathways in Mtb-infected THP-1 macrophages, 

A B

C

FIGURE 2

Knockdown of MAFB in THP-1 macrophages. (A,B) MAFB knockdown by siRNA. PMA-treated THP-1 cells were transfected with a MAFB-targeting 
(mafb1, mafb2) or nontargeting control siRNA (cont). The expression levels of MAFB mRNA and protein were examined by qRT–PCR (A) and 
immunoblot analysis (B), respectively. These expression levels were also examined in IFN-γ-stimulated macrophages. For qRT–PCR data, the-dCT 
values are shown. *p < 0.05 using ANOVA with Dunnett’s test. (C) MAFB expression upon Mtb infection. PMA-treated THP-1 cells transfected with 
mafb1, mafb2 or control siRNAs were infected with Mtb for 24 h. The MAFB mRNA level was examined by qRT–PCR. Gene expression was also 
examined in IFN-γ-stimulated cells. The-dCT values are shown. *p <  0.05 using one-way ANOVA with Dunnett’s test.
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we  conducted transcriptomic analysis. To explore the 
transcriptomic features of macrophages after Mtb infection, 
we first compared the gene expression profiles between Mtb-
infected macrophages and noninfected control macrophages. In 
total, 2048 DEGs were identified in Mtb-infected macrophages, 
among which 1,271 were upregulated and 777 were 
downregulated (FDR < 0.01; Figure 4A; Supplementary Table S2). 
GO analysis is widely used to capture biological information 
from large quantities of data generated by genome-wide 
expression studies, including mRNA-seq. By grouping genes 
based on the annotated GO terms, GO analysis provides us with 
predominant biological themes in a collection of genes 
(Ashburner et  al., 2000). GOBP enrichment analysis of the 
DEGs showed that 1,127 GO terms related to the immune 
response, including response to interferon gamma 
(GO:0034341), response to virus (GO:0009615), defense 
response to virus (GO:0051607) and response to molecule of 
bacterial origin (GO:0002237), were enriched in upregulated 
DEGs, as previously reported (Wu et al., 2012; Pu et al., 2021; 
Figure  4B). Moreover, 355 GO terms, such as chromosome 
segregation (GO:0007059), sister chromatid segregation 
(GO:0000819), mitotic sister chromatid segregation (GO: 
0000070), mitotic nuclear division (GO:0140014), and nuclear 
division (GO:0000280), were enriched in downregulated DEGs 
(Figure 4B). To identify the general features of all expressed 
genes, we performed GSEA using the GSEA hallmark pathway 
database. As shown in Figure 4C, genes related to type I and 
type II IFN responses and tumor necrosis factor (TNF) 
signaling pathways were upregulated, on the other hand, those 
related to cell proliferation were downregulated in Mtb-infected 
macrophages compared with uninfected control macrophages. 
These results agreed with those of GOBP enrichment analysis 
of the DEGs.

Genome-wide transcriptional profiling in 
MAFB-KD macrophages infected with 
Mtb

To investigate the roles of MAFB in the context of Mtb 
infection, we  compared the gene expression profiles of 
MAFB-KD macrophages to those of control macrophages upon 
Mtb infection. In Mtb-infected MAFB-KD macrophages 
transfected with MAFB siRNA mafb1, 6,768 DEGs (FDR < 0.01) 
were identified relative to Mtb-infected control macrophages 
(Figure 5A; Supplementary Table S2). GSEA revealed that genes 
related to type I  and type II IFN responses, E2F targets and  
the G2/M checkpoint were downregulated, but those related  
to oxidative phosphorylation, xenobiotic metabolism, and 
mTORC1 signaling were upregulated in MAFB-KD macrophages 
compared to control macrophages (Figure  5C). GOBP 
enrichment analysis showed results corresponding to those of 
GSEA; Response to virus (GO:0009615), defense response to 
virus (GO:0051607), and response to type 1 interferon 
(GO:0034340) were enriched in downregulated DEGs. Oxidative 
phosphorylation (GO:0006119) and cellular respiration 
(GO:0045333) were enriched in upregulated DEGs (Figure 5B). 
We confirmed that transfection of control siRNA did not affect 
the expression of type I or type II IFN-related genes (data not 
shown). To further explore the role of MAFB when macrophages 
are activated by IFN-γ, we  examined the gene expression 
profiles of Mtb-infected macrophages stimulated with IFN-γ 
and compared them to those of Mtb-infected control 
macrophages stimulated with IFN-γ. A total of 6,374 DEGs 
were identified in this comparison (Supplementary Figure S1; 
Supplementary Table S2). Similar trends were observed in GOBP 
enrichment analysis and GSEA in Mtb-infected MAFB-KD 
macrophages stimulated with IFN-γ: the genes related to type 

A B C

FIGURE 3

Phagocytosis and intracellular proliferation of Mtb within THP-1 macrophages. PMA-treated THP-1 cells transfected with mafb1 (mafb1) or control 
siRNA (cont) were infected with Mtb. (A) The phagocytic index represents the frequency of Mtb-infected macrophages per field observed by 
florescence microscopy at 4 h and 24 h p.i. * p = 0.01, ns, not significant using Wilcoxon rank sum test. (B) Colony-forming unit (CFU) values were 
determined at 24 and 48 h p.i. The dots indicate the log 10-fold CFU values from seven independent experiments. The mean CFU for each 
condition is shown as a red bar. ns, not significant using Student’s t test. (C) Number of the intracellular bacilli within phagocytosed macrophages. 
The number of DsRed-expressing Mtb bacilli within macrophages at 24 h p.i. was counted. The numbers of macrophages containing one bacillus 
(yellow) and two or more bacilli (orange) are indicated.
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I and II IFN responses were downregulated, and those related to 
oxidative phosphorylation were upregulated. To further analyze 
the impact of MAFB knockdown on genes related to type I and 
type II IFN signaling pathways and oxidative phosphorylation, 
the 20 most significant genes were extracted for hierarchical 
clustering. For the hallmark IFN-gamma and the hallmark 
IFN-alpha, significant genes shared by the gene sets of both 
hallmarks were obtained. Of the genes, 19 were clustered, 
showing strong upregulation in Mtb-infected IFN-γ-activated 

macrophages and downregulation in Mtb-infected MAFB-KD 
macrophages. IFN-γ activation did not reverse the effect of 
MAFB knockdown (Figure 6A). For oxidative phosphorylation, 
genes were induced by MAFB knockdown independent of IFN-γ 
stimulation (Figure 6B).

As MAFB is a transcription factor that binds to Maf 
recognition elements (MAREs), we investigated whether DEGs 
in MAFB-KD macrophages infected with Mtb in our study are 
direct target genes bound by MAFB. Compared with the data 

A

B

C

FIGURE 4

Transcriptomic analysis of THP-1 macrophages infected with Mtb. (A) Impact of Mtb infection on global gene expression in macrophages. PMA-
treated THP-1 cells transfected with control siRNA were infected with Mtb for 24 h. RNA was extracted and subjected to messenger RNA 
sequencing (mRNA-seq). MA plot showing the upregulated differentially expressed genes (DEGs, DEG_up) and downregulated DEGs (DEG_down) 
of Mtb-infected macrophages compared with uninfected control macrophages marked in red (FDR < 0.01). (B) Enrichment analyses of Gene 
Ontology related to biological process (GOBP) terms for Mtb-infected macrophages. The 10 most significant GOBP terms for DEG_up and DEG_
down are shown. Count, gene count. Padj, adjusted p value. (C) Gene set enrichment analysis (GSEA) of Mtb-infected macrophages. The 10 most 
significantly enriched hallmarks are shown. The color scale indicates the adjusted p value, and the bar size in the histogram indicates the 
normalized enrichment score (NES). FC, fold change. CPM, counts per million. NES, normalized enrichment score. Padj, adjusted p value.
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from chromatin immunoprecipitation sequencing (ChIP-seq) of 
MafB for mouse macrophages (Dieterich et al., 2015), of 6,768 
DEGs, 2,726 genes (40.3%) were considered direct targets of 
MAFB (Supplementary Figure S2A), including genes related to 
IFN responses and metabolism. GOBP analysis showed that these 
direct target genes for MAFB in DEGs are enriched cellular 
responses, such as actin filament organization, regulation of 
protein-containing complex assembly, and response to molecules 
of bacterial origin (Supplementary Figure S2B), suggesting that 
these processes including the sensing and phagocytosis of Mtb 

are the most upstream events mediated by MAFB in the course 
of Mtb infection.

Validation of mRNA-seq results by  
qRT–PCR

To validate the mRNA-seq results, we selected nine of the most 
significant genes that are generally known for their function in 
macrophages and evaluated their mRNA expression by 

A C

B

FIGURE 5

Transcriptomic analysis of MAFB-KD macrophages infected with Mtb. (A) Impact of MAFB depletion during Mtb infection on global gene 
expression in macrophages. PMA-treated THP-1 cells transfected with mafb1, or control siRNA were infected with Mtb for 24 h. RNA was extracted 
and subjected to mRNA-seq. MA plot showing the upregulated DEGs (DEG_up) and downregulated DEGs (DEG_down) in Mtb-infected MAFB-KD 
compared with control macrophages marked in red (FDR < 0.01). (B) GOBP enrichment analyses of DEG_up and DEG_down in Mtb-infected 
MAFB-KD macrophages. The 10 most significant GOBP terms are shown. Count, gene count. Padj, adjusted p value. (C) GSEA of Mtb-infected 
MAFB-KD macrophages. Enriched hallmarks are shown (FDR < 0.25). The color scale indicates the adjusted p value, and the bar size in the 
histogram indicates the normalized enrichment score (NES). FC, fold change. CPM, counts per million. NES, normalized enrichment score. Padj, 
adjusted p value.
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qRT–PCR. As upregulated genes upon MAFB knockdown, 
C10orf10, CPA4, IL36RN, IGFN, and IL36B were examined. As 
downregulated genes upon MAFB knockdown, CHODL, CCL8, 
CD163, and MMP8 were examined. The expression of these key 
genes was significantly induced or reduced in both IFN-γ-stimulated 
MAFB-KD macrophages and unstimulated MAFB-KD macrophages 
(Figure 7). These results support the mRNA-seq results.

MAFB knockdown downregulates IFN-γ-
inducible inflammatory genes

To analyze the detailed effect of MAFB knockdown on IFN-γ 
activation, we  examined the activities of IFN-γ-inducible 
chemokines. Hierarchical clustering of the differentially expressed 
IFN-γ-inducible chemokines (CXCL9, CXCL10, CXCL11, CCL2, 
and CCL7) showed that their gene expression was highly 
upregulated in Mtb-infected IFN-γ-activated macrophages and 
downregulated in MAFB-KD macrophages (Figure 8A). To verify 

the mRNA-seq results, we quantified the mRNA expression of 
these genes by qRT–PCR. All of these genes were significantly 
downregulated in MAFB-KD macrophages infected with Mtb 
compared to control macrophages. Furthermore, CCL2, CCL7, 
and CXCL12 were also significantly downregulated upon IFN-γ 
stimulation (Figure 8B). We also verified the mRNA-seq results by 
ELISA for CCL2 and CXCL10. The secretion levels of both MCP-1 
(CCL2) and IP-10 (CXCL10) were significantly reduced in 
MAFB-KD macrophages infected with Mtb (Figure  8C), 
confirming that reduced IFN-γ related gene expression by MAFB 
knockdown consequently leads to decreased chemokine secretion.

Response to Mtb infection in MAFB-KD 
macrophages at the different time points 
for MAFB gene depletion

In this study, we conducted MAFB gene depletion during 
the resting period following PMA stimulation (Figure 9A). 

A B

FIGURE 6

Heatmap visualization of the expression of the key leading edge genes. The leading edge genes were obtained from the enriched GSEA hallmark 
gene sets. From these genes, the 20 genes with the highest FDRs were selected and subjected to hierarchical clustering to compare gene 
expression between the conditions. The heatmap shows the z score-ranked mRNA expression patterns of leading edge genes of the hallmark 
IFN-alpha and IFN-gamma response (A) or the hallmark oxidative phosphorylation (B).
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FIGURE 7

qRT–PCR validation of DEGs characterized by mRNA-seq. Nine genes with the lowest FDRs were selected from DEG_up and DEG_down in Mtb-
infected MAFB-KD macrophages and the mRNA expression was validated by qRT–PCR. PMA-treated THP-1 cells were transfected with mafb1, 
mafb2 siRNAs or control siRNA, followed by Mtb infection for 24 h in the presence and absence of IFN- γ. RNA was extracted and subjected to 
qRT–PCR. The-dCT values of the indicated genes are shown. The data represent the results from five biological replicates. ns, not significant.  
*p < 0.05 using one-way ANOVA with Dunnett’s test.

Because MAFB is involved in macrophage differentiation 
(Sieweke et al., 1996; Sarrazin et al., 2009), it is possible that 
the variability of gene expression profiles by MAFB depletion 
is caused by inhibition of macrophage differentiation. To rule 

this possibility out, we performed siRNA transfection after 
resting cells (Figure 9B) and compared the gene expression 
related to IFN responses and metabolism between the two 
conditions. We  confirmed successful MAFB knockdown 
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under both conditions (Figure  9C). We  found that the 
expression profiles of these genes under both conditions 
exhibited similar trends; MAFB depletion depressed the 
expression of genes related to IFN responses and enhanced the 
expression of genes related to metabolism in Mtb-infected 
macrophages (Figures 9D,E). These results suggest that MAFB 
regulates several important pathways in response to Mtb  
infection.

Discussion

MAFB plays a key role in regulating macrophage 
differentiation (Sieweke et al., 1996; Sarrazin et al., 2009) and has 
been implicated in various macrophage-related diseases (Hamada 
et al., 2020). In Mtb infection, one report of a GWAS suggested 
the association of MAFB with TB onset (Mahasirimongkol et al., 
2012); however, the detailed function of MAFB in TB immunity 

A B

C

FIGURE 8

Chemokine activity in MAFB-KD macrophages. (A) Heatmap showing the z score-ranked mRNA expression patterns of five inflammatory 
chemokines. (B) qRT–PCR validation of inflammatory chemokines. MAFB-KD (mafb1, mafb2) and control (cont) macrophages were infected with 
Mtb for 24 h in the presence or absence of IFN-γ. RNA was extracted for qRT–PCR. The-dCT values are shown. *p < 0.05 using one-way ANOVA 
with Dunnett’s test. ns, not significant. (C) ELISA for secreted chemokines in Mtb-infected MAFB-KD macrophages. MAFB-KD (mafb1) and control 
(cont) macrophages were infected with Mtb for 4 and 24 h. MCP-1 and IP-10 levels were measured by ELISA. * p < 0.05 using Student’s t test.
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has not been elucidated. First, we investigated the level of MAFB 
expression in different states of macrophages. As previous reports 
demonstrated in mice (Aziz et al., 2006; Lavin et al., 2014), MAFB 
was highly and specifically expressed in macrophages (Figure 1). 
In the present study, we compared genome-wide transcriptional 

profiles between MAFB-KD and control macrophages upon Mtb 
infection (Figure 5). Generally, IFN-γ secreted by natural killer 
cells and T cells activates macrophages and promotes bactericidal 
activities (Korbel et al., 2008). Therefore, we also compared upon 
Mtb infection when macrophages were activated by IFN-γ 

A C

B

D

FIGURE 9

The effect of siRNA treatment on gene expression related to IFN responses and metabolism. (A,B) Transfection of siRNA was carried out during the 
resting period following PMA stimulation (A) or after the completion of the resting period (B). (C–E) mRNA levels of MAFB (C), IFN-γ related genes 
(D), and metabolism related genes (E) in MAFB-KD (mafb1) or control (cont) macrophages with Mtb infection under both conditions were 
examined by qRT–PCR. The-dCT values of the indicated gene are shown. p values calculated using Student’s t test are also shown.
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(Supplementary Figure S1). To investigate the effect of MAFB 
knockdown on IFN-γ stimulation, we focused on the activity of 
IFN-γ-inducible genes (Figure 8).

The role of cytokines, especially IFN-γ, in host defense against 
Mtb infection has been well studied (Zhang et al., 2008). Cooper 
et  al. demonstrated that IFN-γ-deficient mice show high 
susceptibility to Mtb infection (Cooper et al., 1993). The association 
of type I IFNs in Mtb infection has been discussed as well as IFN-γ. 
Type I  IFNs are thought to have beneficial effects during viral 
infection, but this is not always the case in Mtb infection (Moreira-
Teixeira et al., 2018). Some studies have suggested dual pro- and 
anti-inflammatory properties of type I IFNs during Mtb infection 
in a time-dependent manner or in relation to type II IFNs (Adler 
and Adler, 2021). Desvignes et al. showed that mice lacking both the 
type I and type II IFN receptor genes, Ifnar and Ifngr, respectively, 
developed widespread granulomatous lesions, leading to early 
death, indicating a detrimental outcome of Mtb infection caused by 
disruption of both type I and type II IFNs (Desvignes et al., 2012). 
Herein, we found that the activity of both type I and type II IFNs 
was suppressed by MAFB knockdown during Mtb infection. Mtb 
infection and IFN-γ activation synergistically induced genes that are 
responsible for both type I  and type II IFN responses but the 
induction was impaired by MAFB knockdown (Figure  6A), 
suggesting that MAFB mediates the IFN signaling pathway.

Regarding the involvement of MAFB in type I  IFN 
expression, Kim and Seed showed that MAFB exhibits both 
stimulatory and inhibitory activities on type I IFN induction 
(Kim and Seed, 2010). Saiga et  al. demonstrated MafB as a 
negative regulator of the type I IFN response in plasmacytoid 
dendritic cells (Saiga et  al., 2022). However, Vega et  al. 
demonstrated the repressed expression of type I IFN response-
related genes in MAFB-KD human monocyte-derived 
macrophages (Vega et al., 2020), which is consistent with our 
result where similar repression was observed in MAFB-KD 
THP-1-derived macrophages infected with Mtb. Combined 
with the evidence that MAFB is specifically expressed in 
macrophages within the hematopoietic lineage (Lavin et al., 
2014), the different cell types and types of stimulation used in 
previous studies explain the human macrophage specific role 
of MAFB in the type I IFN response in our data.

Chemokines play major important roles in limiting bacterial 
spread in Mtb-infected mice and humans; e.g., CCL2 and CCL7 are 
essential for recruiting macrophages and T lymphocytes to form 
granulomas in the lungs (Chensue et al., 1996; Warmington et al., 
1999; Shang et al., 2000; Qiu et al., 2001). Due to a delay or a lack of 
immune cell recruitment, CCR2-deficient mice developed loosely 
formed granulomas; however, the bacterial burden was not greatly 
impacted (Scott and Flynn, 2002). CXCL10 and CXCL11 bind to 
CXCR3, which is primarily expressed by activated CD4+ and CD8+ 
T cells (Tannenbaum et  al., 1998). Effector T cells expressing 
CXCR3 are found within granulomas and are associated with 
granuloma formation through neutrophil recruitment via CXCR3 
signaling (Seiler et al., 2003). Not only the gene expression of these 
chemokines but also secreted chemokine levels were decreased in 

Mtb-infected MAFB-KD macrophages (Figure 8). These studies 
show that impaired chemokine activity makes a host vulnerable to 
Mtb infection. Thus, we expected that MAFB-KD macrophages 
would show a higher bacterial burden; however, no significant 
differences in CFU were observed in our experimental model 
(Figure 3). Considering the impairment of phagocytic activity and 
the same numbers of viable bacilli, MAFB-KD macrophages 
represent a more permissive niche for bacterial growth. 
Furthermore, decreased chemokine activities and phagocytosis of 
Mtb in macrophages is thought to reduce the recruitment of 
monocytes and macrophages to the infected loci and the 
containment activity of infected Mtb. Our findings suggest that 
knockdown of MAFB has an unfavorable effect on Mtb control 
in macrophages.

In addition to the effect of MAFB knockdown on the  
immune response, we  found that genes related to oxidative 
phosphorylation were upregulated in Mtb-infected MAFB-KD 
macrophages (Figure 6B). In Mtb-infected alveolar macrophages, 
oxidative phosphorylation, mitochondrial functions and lipid 
uptake are enhanced, supporting Mtb growth with lipid-rich 
nutrients (Pisu et al., 2020). Foamy macrophages are the key 
feature of TB granulomas and are also the niche for Mtb, which 
utilizes cytosolic lipids for energy synthesis (Shim et al., 2020). 
Thus, controlling metabolic changes in macrophages is a 
potential strategy for host-directed therapy. MAFB has been 
reported to promote atherosclerosis by inhibiting apoptosis of 
foam-cells in a mouse model (Hamada et  al., 2014). The 
upregulation of oxidative phosphorylation and adipogenesis 
gene sets showed the engagement of MAFB in macrophage 
metabolism, suggesting that MAFB is a potential host-directed 
therapeutic target for TB.

In conclusion, the data presented here demonstrated the 
involvement of MAFB in the immune responses of human 
macrophages to Mtb infection, including type I  and II IFN 
activity, and the activity of inflammatory chemokines, which are 
important in controlling TB. Our findings suggest that 
understanding MAFB and its related pathways can provide a 
breakthrough in understanding the complexity of host TB 
immunity and in the search for potential targets for the diagnosis 
or host-directed therapy of TB.
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SUPPLEMENTARY FIGURE S1

Transcriptomic analysis of MAFB-KD macrophages infected with Mtb in 
the presence of IFN-γ. (A) mRNA-seq was performed to show the impact 
of MAFB knockdown under conditions of Mtb infection with IFN-γ 
activation. PMA-stimulated THP-1 cells transfected with mafb or control 
siRNA and then activated with IFN-γ were infected with Mtb for 24 h. MA 
plot showing the DEGs in Mtb-infected IFN-γ-activated MAFB-KD 
macrophages compared with control macrophages marked in red  
(FDR < 0.01). (B) GOBP enrichment analyses of upregulated (DEG_up) 
and downregulated DEGs (DEG_down) in Mtb-infected IFN-γ-activated 
MAFB-KD macrophages. The 10 most significant GOBP terms are shown. 
(C) GSEA of Mtb-infected IFN-γ-activated MAFB-KD cells. Enriched 
hallmarks are shown (FDR < 0.25). The color scale indicates the adjusted 
P value, and the bar size in the histogram size indicates the NES. Count, 
gene count. FC, fold change. CPM, counts per million. NES, normalized 
enrichment score. padj, adjusted P value.

SUPPLEMENTARY FIGURE S2

Comparison of MAFB targeted genes obtained from mRNA-seq in our 
study and ChIP-seq. (A) Venn diagram comparing the numbers of 
genes for DEGs in MAFB-KD THP-1 macrophages infected with Mtb 
(Figure 5) and genes bound by MafB in mouse macrophages 
(Dieterich et al., 2015). Of 6768 DEGs, 2726 genes (40.3%) were 
considered as direct targets of MAFB. (B) GOBP enrichment analysis 
of direct target genes for MAFB in DEGs. The 10 most significant 
GOBP terms are shown (P value < 0.1). Gene Ratio: gene ratio, Count: 
gene count, padjust; adjusted P value.
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