Genes & Genomics (2024) 46:37-47 Online ISSN 2092-9293
https://doi.org/10.1007/513258-023-01469-4 Print ISSN 1976-9571

RESEARCH ARTICLE ——

®

Check for
updates

Mycobacterium tuberculosis virulence protein ESAT-6 influences M1/
M2 polarization and macrophage apoptosis to regulate tuberculosis
progression

Feng Sun'2. Jiangbo Li3 - Ling Cao* - Cunzi Yan?

Received: 21 February 2023 / Accepted: 15 October 2023 / Published online: 16 November 2023
© The Author(s) under exclusive licence to The Genetics Society of Korea 2023

Abstract

Background Tuberculosis (TB) is an infectious disease caused by infection with Mycobacterium tuberculosis (Mtb), and it
remains one of the major threats to human health worldwide. To our knowledge, the polarization of M1/M2 macrophages
were critical innate immune cells which play important roles in regulating the immune response during TB progression.
Objective We aimed to explore the potential mechanisms of M1/M2 macrophage polarization in TB development.
Methods THP-1 macrophages were treated with early secreted antigenic target of 6 kDa (ESAT-6) protein for an increasing
time. The polarization profiles, apoptosis levels of M1 and M2 macrophages were detected by RT-qPCR, immunofluores-
cence, Western blot and flow cytometry.

Results ESAT-6 initially promoted the generation of pro-inflammatory M1-polarized macrophages in THP-1 cells within
24 h, which were suppressed by further ESAT-6 treatment at 3042 h. Interestingly, ESAT-6 continuously promoted M2
polarization of THP-1 cells, thereby maintaining the anti-inflammatory response in a time-dependent manner. In addition,
ESAT-6 promoted apoptotic cell death in M1-polarized macrophages, which had little effects on apoptosis of M2-phenotype
of macrophages. Then, the potential underlying mechanisms were uncovered, and we verified that ESAT-6 increased the pro-
tein levels of TLR4, MyD88 and NF-«B to activate the TLR4/MyD88/NF-kB pathway within 24 h, and this signal pathway
was significantly inactivated at 36 h post-treatment. Interestingly, the following experiments confirmed that ESAT-6 TLR4/
MyD88/NF-kB pathway-dependently regulated M1/M2 polarization and apoptosis of macrophage in THP-1 cells.
Conclusion Our study investigated the detailed effects and mechanisms of M1/M2 macrophages in regulating innate
responses during TB development, which provided a new perspective on the development of treatment strategies for this
disease.
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Introduction

Tuberculosis (TB) is one of the oldest known human infec-
tious diseases in the world that primarily affects the lungs
(Gopalaswamy et al. 2020). TB, caused by infection with
Mycobacterium tuberculosis (Mtb), results in millions of
deaths annually (Bussi and Gutierrez 2019; Coppola et al.
2017). TB is one of the top ten causes of death worldwide,
caused more deaths than any other single infectious diseases
(Bussi and Gutierrez 2019). Many TB patients have chroni-
cally infected and usually exhibit decreased lung function
and respiratory failure (Powers et al. 2020; Shneerson
2004). Despite having effective treatment options, the cure
rate remains low, so the treatment of this disease still faces
a huge challenge (Chai et al. 2020). Macrophages, as the
main host cells against Mtb, play a crucial role in the fight
against TB infection (Zhang et al. 2021). Infection of mac-
rophages by Mtb induces macrophage differentiation into
different phenotypes (Mily et al. 2020). In addition, macro-
phages also play an irreplaceable role as antigen-presenting
cells in the innate and acquired immune response (C et al.
2021; Zhang et al. 2021). Therefore, it is important to under-
stand the specific mechanisms by which Mtb infection leads
to macrophage polarization in order to completely cure this
disease.

Early secreted antigenic target of 6 kDa protein (ESAT-
6), the main virulence factor of Mbt, is mainly secreted in
the blood and sputum of TB, and has been identified as a
biomarker for the rapid diagnosis of TB (Araujo et al. 2021;
Omar et al. 2021; Poulakis et al. 2016). Recombinant BCG
vaccine secreting ESAT-6 enhances the defense against
TB in mice (Khanna et al. 2021). And the N-terminally
formylated ESAT-6 protein alone or in combination with
anti-TB drugs improve moderate therapeutic effect against
experimental TB (Mir and Sharma 2022). Besides, ESAT-6
has been reported to be involved in the immune responses
(Saba et al. 2020; Zhao et al. 2021), T cell differentiation
(Clemmensen et al. 2020), Antigen presentation (Sreejit et
al. 2014), iron uptake (Jha et al. 2020), autophagy (Yabaji
et al. 2020; Zhang et al. 2012), apoptosis (Grover and 1zzo
2012; Yang et al. 2015), and necrosis (Welin et al. 2011).
Here, we explored potential changes in the functional state
of macrophages infection with the Mycobacterium tubercu-
losis virulent protein ESAT-6.

Toll-like receptors (TLRs) belong to the class of pattern
recognition receptors (PRRs), an important class of protein
molecules involved in the innate immune system (Satoh and
Akira 2016; Wang et al. 2021). The TLRs expressed in mac-
rophages include TLR1/2, TLR3, TLR4, TLR7 and TLR9
(Hsieh et al. 2020). TLR2 and TLR4 are involved in inflam-
matory responses (Korbecki and Bajdak-Rusinek 2019;
Swanson et al. 2020), and Mtb infection (Faridgohar and
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Nikoueinejad 2017). For example, TLR2-mediated inflam-
mation of macrophages promoted the progression of hepatic
fibrosis (Xie et al. 2021). Inhibition of TLR4 can allevi-
ate inflammation in human hepatocellular carcinoma cells
(Sawai et al. 2022). Several specialized intracellular pro-
teins including myeloid differentiation factor 88 (MyD88),
tumor necrosis factor (TNF) receptor-associated factor and
interleukin-1 receptor-associated kinase can deliver TLR4
signaling, and a cellular response network that triggers acti-
vation of the NF-«kB cascade and induction of inflammatory
factor secretion (Chen et al. 2021; Wang et al. 2018). Previ-
ous researches have demonstrated that blocking the TLR4/
MyD88/NF-«B signaling pathway reduces inflammation and
apoptosis, which then alleviates the LPS-induced acute lung
injury (Ju et al. 2018). Suppression of inflammation-related
cognitive deficits through inhibition of the TLR4/MyD88/
NF-«B signaling pathway while ameliorating experimental
vascular dementia (Wang et al. 2020a). Therefore, it is nec-
essary to investigate the role of the TLR4/MyD88/NF-«kB
signaling pathway in the function of macrophages.

In our study, we explored the effects of ESAT-6 on
macrophage function, and we indicated that ESAT-6 regu-
lated macrophage polarization and promoted apoptosis in
MI-type macrophages. Mechanically, the TLR4/MyD88/
NF-kB signaling pathway participated in M1/M2 mac-
rophage switch and macrophage apoptosis. Our findings
suggested that understanding the role of ESAT-6 in macro-
phages would help elucidate the mechanisms of chronic TB
and provide new insight for optimal treatment.

Materials and methods
Cell culture and differentiation

Human monocyte cell line THP-1 was cultured in Roswell
Park Memorial Institute-1640 (RPMI-1640, Invitrogen)
medium supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin solution (100 U/mL) (Sigma, St.
Louis, MO, USA). The THP-1 cells were incubated with
phorbol 12-myristate 13-acetate (PMA) (100 ng/mL) for
24 h to obtain macrophage-like THP-1 cells. Transfection
was performed using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer’s instructions.

MTT assays

THP-1 macrophages were seeded in 96 well plates with
various concentrations of ESAT-6 (abcam, Cambridge,
UK). After incubation for 24 h, THP-1 macrophages were
cultured with 10 pL MTT solution (5 mg/mL) in culture
media for 4 h. Then, 100 pL of dimethyl sulfoxide (DMSO)
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was added to fully dissolve the crystals. The optical density
(OD) value of each well was detected at 570 nm. Cytotoxic-
ity was calculated as a percentage of cellular viability using
the following formula:

abs sample/abs control x 100

RT-qPCR analysis

Total RNA was isolated from the macrophages and the
mRNA was converted to cDNA using Prime Taq Premix
(Genet Bio, Daejeon, South Korea). Real-time qPCR for all
gene mRNA levels were performed using the SYBR Green
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Fig. 1 The regulating effects of ESAT-6 on M1/M2 polarization in
macrophages are dependent on treatment duration. (A): THP-1 mac-
rophage cells were incubated with ESAT-6 at range from 0 to 40 pg/
mL for 24 h. Cell viability was determined by MTT assay. (B-E): The
effect of ESAT-6 treatment for different time on the expression of IL-6,
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iNOS, IL-4 and Argl in THP-1 cells. (F-G): Immunofluorescence
detection of M1 macrophages (CD86) and M2 macrophages (CD163)
in THP-1 cells after 12, 24, and 36 h of ESAT-6 treatment. (H) The
ratio of M1/M2 macrophages in THP-1 macrophages. *P <0.05;
**P<0.01; ¥**P<0.001

36 h
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Master Mix (QIAGEN, Venlo, The Netherlands). The rela-
tive gene expression was calculated using the comparative
2~(AACY method and was normalized to GAPDH. The primer
sequences used in our study were as follows: IL-6 forward:
GCC AGA GCT GTG CAG ATG AGT and reverse: TGG
CAT TTG TGG TTG GGT CAG; iINOS forward: TGA
CCA TCA TGG ACC ACC AC and reverse: ACC AGC
CAA ATC CAG TCT GC; IL-4 forward: CAA GCA GCT
GAT CCG ATT CC and reverse: GGAATT CAA GCC CGC
CA; Arg-1 forward: GTG GAA ACT TGC ATG GAC AAC
and reverse: AAT CCT GGC ACA TCG GGA ATC; TLR4
forward: AAG CCG AAA GGT GAT TGT TG and reverse:
CTG AGC AGG GTC TTC TCC AC.

Immunofluorescence staining assays

After treatment, THP-1 macrophages were washed three
times with PBS, fixed with 4% formaldehyde at room tem-
perature, permeabilized with 0.2% Triton X-100, then incu-
bated with monoclonal antibodies against CD86 and CD163
(Cell Signaling) overnight at 4 °C, washed twice with PBS,
incubated with fluorescent secondary antibodies, mounted
in 95% glycerol, and pictures were acquired using a fluores-
cent microscopy.

Apoptosis assays

As previously described, IFN-y/LPS and IL-4/IL-13 induced
M1 and M2 macrophages, respectively (Refai et al. 2018;
Zhu et al. 2014). Subsequently, M1 and M2 macrophages
were grouped and treated accordingly, and the cells were
collected and washed, then harvested with trypsin /EDTA
and stained using the Apoptosis Detection Kit (BD com-
pany, Massachusetts, USA). Apoptotic cells were analyzed
by flow cytometry (FACSCalibur, BD).

Western blot analysis

Cells were lysed with radioimmunoprecipitation assay
(RIPA) lysis buffer. Protein content was measured by the BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Equal amounts of protein extracts were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and
the proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane. Then PVDF membranes were blocked
with 5% skim milk and incubated with primary and second-
ary antibodies according to the manufacturer’s instructions,
followed by chemiluminescence detection. The antibod-
ies used in our study were: Caspase-3, Bax, Bcl-2, TLR4,
MyD88, NF-«xB p65 and GAPDH (Cell Signaling). All anti-
bodies were diluted at a concentration of 1:1000.
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Statistical analysis

All data statistical analysis was performed using GraphPad
Prism 8 software for t-test and one-way analysis of variance
(ANOVA). Data are presented as mean+SD. P values of
0.05 or less are considered significant.

Results

The regulating effects of ESAT-6 on M1/M2
polarization in macrophages are dependent on
treatment duration

To study the effect of ESAT-6 on the cell viability of THP-1
macrophages, we pretreated THP-1 cells with ESAT-6 at
concentrations ranging from 0 to 40 pg/mL. The results
showed that the viability of THP-1 cells was unchanged in
the presence of low-dose ESAT-6 protein (0—10 pg/mL),
however, high-concentrations of ESAT-6 (20 and 40 ng/
mL) exerted its cytotoxic effects to significantly suppressed
the viability of THP-1 cells (Fig. 1A). Given that 10 pg/
mL of ESAT-6 did not alter cell viability of THP-1 cells,
we selected this concentration for subsequent experiments.
Next, we considered the regulating effect of ESAT-6 on
MI1/M2 polarization in THP-1 macrophages by applying
ESAT-6 (10 pg/mL) to THP-1 cells for 42 h with 6 h-inter-
vals. Interestingly, the Real-Time qPCR analysis results
showed that ESAT-6 protein increased the expression levels
of IL-6 and iNOS to promote the enrichment of pro-inflam-
matory M1-polarized macrophages in THP-1 cells from 0 to
24 h, but the expression levels of M1-associated biomark-
ers were gradually decreased in 24-42 h post-treatments
(Fig. 1B, C). In addition, we noticed that ESAT-6 continu-
ously increased the expression levels of IL-4 and Arg-1 to
facilitate the generation of M2-polarized THP-1 cells from
0 to 42 h (Fig. 1D, E). Moreover, the expression status of
M1 macrophage marker CD86 and M2 macrophage marker
CD163 were analyzed by the following immunofluores-
cence staining assay. As shown in Fig. IF, the expression
levels of CD86 protein were increased by ESAT-6 treatment
within 24 h, which were apparently suppressed by further
ESAT-6 treatment at 36 h. Also, we confirmed that ESAT-6
time-dependently increased the expression levels of CD163
protein to promote M2-polarzied macrophages (Fig. 1G).
These results indicated that ESAT-6 initially promoted M1
polarization of macrophages triggering pro-inflammatory
reaction in the host immune system. However, long period
of ESAT-6 treatment caused enrichment of M2-polarized
macrophages to restrain further immune reactions.
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Fig. 2 Continuous ESAT-6 treatment particularly promotes apoptotic
cell death in M1 macrophages. (A-B): Flow cytometric analysis of
apoptosis in THP-1 M1/M2 type macrophages treated with ESAT-6.
(C): The effect of EAST-6 on the protein expression of caspase-3,

Continuous ESAT-6 treatment particularly promotes
apoptotic cell death in M1 macrophages

To investigate the effect of ESAT-6 on macrophage

Bax and Bcl-2 in M1 macrophages. (D): The effect of EAST-6 on the
protein expression of caspase-3, Bax and Bcl-2 in M2 macrophages.
*P<0.05; **P<0.01; ***P<0.001

apoptosis, the THP-1 cells were respectively treated with
IFN-y/LPS and IL-4/IL-13 to induce the M1 and M2-polar-
ized macrophages, and the following Real-Time qPCR
analysis confirmed that the M1/M2 type of macrophages
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Fig. 3 The TLR4/MyD88/NF-kB pathway is regulated by ESAT-6 in
macrophages. (A): The level of TLR4 mRNA in macrophages was
detected by RT-gPCR. (B-C): The levels of TLR4/MYD88/NF-xB

pathway related proteins in macrophages were detected by Western
blot. *P<0.05; **P<0.01; ***P<0.001
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were successfully obtained (Figure S1A, B). Then, M1 and
M2-polarized macrophages were subjected to ESAT-6 pro-
tein treatment for 42 h with 6 h-intervals, and the apoptosis
ratio of the cells were examined by flow cytometry. Interest-
ingly, the results showed that ESAT-6 protein did not influ-
ence cell apoptosis of M1-macrophages at 0—24 h, which
were significantly promoted at 30—42 h post-treatment
(Fig. 2A, B). However, the apoptosis ratio of M2-polarzied
macrophages was not altered by ESAT-6 treatment from 0
to 42 h (Fig. 2A, B). The above results were supported by
the following Western Blot analysis, which showed that the
expression levels of cleaved Caspase-3 and Bax were sig-
nificantly increased and Bcl-2 was suppressed in M1 polar-
ized macrophages after 36 h of ESAT-6 treatment, thereby
triggering apoptosis (Fig. 2C), but there was no change in
the expression levels of the above apoptosis-related pro-
teins in M2 polarized macrophages after ESAT-6 treatment.
(Fig. 2D). Those data suggested that ESAT-6 specifically
induced apoptotic cell death in the M1-polarized macro-
phages instead of the M2-phenotypes.

The TLR4/MyD88/NF-kB pathway is regulated by
ESAT-6 in macrophages

We next investigated the underlying mechanisms by which
ESAT-6 exerts its biological functions in THP-1 cells.
According to recent publications, the TLR/MyD88/NF-«xB
signaling pathway plays an important role in a variety of life
activities and is widely present in various tissues and cells,
and is involved in the development and regulation of many
diseases (Ju et al. 2018; Li et al. 2021a). Hence, we consid-
ered whether ESAT-6 exerts its biological functions through
this signal pathway. To achieve this goal, the THP-1 cells
were subjected to ESAT-6 treatment for 42 h, and the Real-
Time qPCR analysis results showed that ESAT-6 increased
the mRNA expression of TLR4 at 0—18 h post-treatments.
However, the expression levels of TLR4 were significantly
attenuated at 2442 h post-treatment (Fig. 3A). Consistent
with the above findings, our Western Blot analysis con-
firmed that ESAT-6 initially increased the protein levels
of TLR4, MyD88 and NF-kB, which activated the TLR4/
MyD88/NK-kB pathway at 0—18 h post-treatment, whereas
this signaling pathway was suppressed at 24-36 h post-
treatment (Fig. 3B, C). Therefore, these results highlighted
that ESAT-6 regulated the activation of the TLR4/MyD88/
NF-kB pathway in a time-dependent manner.
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Fig. 4 ESAT-6 protein regulated M1 polarization of the THP-1 mac- }
rophages via regulating the TLR4/MyD88/NF-«kB pathway. (A): The
effect of knockdown of TLR4 on the expression of IL-6 and iNOS in
THP-1 cells induced by ESAT-6 for 12 h. (B): The effect of overex-
pression of TLR4 on the expression of IL-6 and iNOS in THP-1 cells
induced by ESAT-6 for 36 h. (C): Immunofluorescence detection of
the effect of TLR4 on M1 macrophages (CD86) by ESAT-6 treatment
for 12 h. (D): Quantification analyses of M1 macrophages in THP-1
cells in Figure C. (E): Immunofluorescence detection of the effect of
TLR4 on M1 macrophages (CD86) by ESAT-6 treatment for 36 h. (F):
Quantification analyses of M1 macrophages in THP-1 cells in Figure
E. *P<0.05; **P<0.01; ***P <0.001

ESAT-6 protein regulated M1 polarization of the
THP-1 macrophages via regulating the TLR4/MyD88/
NF-kB pathway

Based on the fact that the TLR4/MyD88/NF-kB pathway
could be modulated by ESAT-6 in a time-dependent manner,
and the time points for ESAT-6 to regulate this pathway were
in accordance with its biological functions in regulating M1
polarization of THP-1 cells. We next considered whether
ESAT-6 regulates M1 phenotype of macrophages through
regulating the TLR4/MyD88/NF-kB signaling pathway. As
shown in Fig. 4A, our data suggested that ESAT-6 increased
the expression of M1-associated genes (IL-6 and iNOS) at
12 h, which were all abrogated by silencing TLR4. In con-
sistent with the above findings, it was shown that ESAT-6
suppressed the enrichment of M1-polarized macrophages
by repressing the expression levels of IL-6 and iNOS at
36 h, while overexpressing of TLR4 observably rescued
the effect of ESAT-6 (Fig. 4B). Coherently, immunofluo-
rescence staining indicated that the promotion of the M1
macrophages marker CD86 by ESAT-6 treatment within
12 h could be neutralized by the downregulation of TLR4
(Fig. 4C, D). Likewise, the inhibitory effect of ESAT-6 treat-
ment for 36 h on CD86 also could be rescued by overexpres-
sion of TLR4 (Fig. 4E, F). Collectively, these data suggested
that ESAT-6 regulated M1 polarization though the TLR4/
MyD88/NF-«kB pathway in a time-dependent manner.

Targeting the TLR4/MyD88/NF-kB pathway restrains
ESAT-6-induced cell apoptosis in M1 macrophages

We finally explored whether ESAT-6 regulates apoptotic
cell death in M1 macrophages through the TLR4/MyD88/
NF-«B signaling pathway. Since ESAT-6 treatment did not
alter apoptosis within 24 h, we chose ESAT-6 treatment
for 36 h to detect this biological function. The apoptotic
levels of M1 macrophages were analyzed by flow cytom-
etry, and the results were shown in Fig. 5A and B, ESAT-6
treated with 36 h significantly boosted cell apoptosis in
M1 macrophages, while overexpression of TLR4 reversed
the promotion of cell apoptosis of ESAT-6. Similarly, the
apoptosis-associated protein was detected by Western blot
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Fig. 5 Targeting the TLR4/MyD88/NF-kB pathway restrains ESAT-
6-induced cell apoptosis in M1 macrophages. (A-B) Flow cytometric
assay detects the apoptosis of M1 macrophages. (C-D): Western blot

analysis, and the data uncovered that ESAT-6 promoted the
expression of cleaved Caspase-3 and Bax, and inhibited the
Bcl-2 expression, but the effect of ESAT-6 on the apopto-
sis-associated protein could be rescued by upregulation of
TLR4 (Fig. 5C, D). Taken together, these findings indicated
that ESAT-6 regulated M1 macrophages apoptosis through
the TLR4/MyD88/NF-«kB pathway.

Discussion

TB, infected by Mtb, is one of the oldest known chronic
inflammatory diseases (Lam et al. 2017). Mtb infection
provokes an immune response in the body, and the ultimate
healing of the body depends on the virulence of Mtb and the
function of immune cells (Bade et al. 2021; de Martino et al.
2019). Macrophages, as a type of immune cell, play nonneg-
ligible roles in the initiation and progression of TB (Weiss
and Schaible 2015). Macrophages could differentiate into
the pro-inflammatory M1 macrophages and the anti-inflam-
matory M2 macrophages (Huang et al. 2018). The pro-
inflammatory cytokines including TNF-a, IL-6, IL-1 and
iNOS, while the anti-inflammatory cytokines IL-4, IL-10,
TGF-B and Arg-1 (Zhan et al. 2022). Furthermore, ESAT-6
has been shown to be involved in macrophages polariza-
tion. For example, Refai et al. disclosed that ESAT-6 driven
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detects the protein expression of caspase-3, Bax and Bcl-2. *P <0.05;
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macrophage differentiation to M1 phenotype and subse-
quent conversion to M2 phenotype (Refai et al. 2018). Buka
et al. suggested that ESAT-6 effected the pro-inflammatory
responses (Samten et al. 2011). The results in our studies
figured out that ESAT-6 firstly promoted the differentiation
of macrophages to M1 phenotype, then switching from the
M1 phenotype to the M2 phenotype resulted in a decreased
in the M1 phenotype and an increased in the M2 phenotype.
This change may be due to the fact that at the beginning
of the infection M1-type macrophages achieve pathogen
killing by promoting an inflammatory response, and when
the infection is finished the macrophages transform into
M2-type or undergo apoptosis to protect the organism from
excessive damage. Our study may provide a theoretical
basis for the pathogenesis of tuberculosis.

It is reported that the secreted and immunogenic proteins
of Mtb play an irreplaceable role in the pathogenesis of Mtb,
including PPE44, HSPX, CFP-10 and ESAT-6 (Liu et al.
2021; Omar et al. 2021; Poulakis et al. 2016; Valizadeh et al.
2022). The cooperation of ESAT-6 and HSPX improved the
effectiveness of BCG vaccination by inducing T-lympho-
cyte and NK-cell-mediated immune responses (Marongiu et
al. 2013). Besides, it has been demonstrated that ESAT-6
promoted macrophage apoptosis by targeting downstream
signaling pathways (Grover and Izzo 2012; Yang et al.
2015). And Shivraj et al. uncovered that ESAT-6 elevated
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expression of mitochondrial SOD and repressed autoph-
agy (Yabaji et al. 2020). In our research, ESAT-6 initially
induced macrophage conversion to the pro-inflammatory
M1 phenotype but did not alter apoptosis, and subsequently
promoted apoptosis in M1 macrophages, and increased
the proportion of macrophages of the anti-inflammatory
M2 phenotype, favoring Mtb immune escape and leading
to chronic TB development. Therefore, ESAT-6 may be an
effective therapeutic target for TB against Mtb infection, but
the exact mechanism remains unclear.

Increasing evidence indicated that the TLR4/MyD88/
NF-kB signaling pathway participates in many biological
activities. For example, inhibition of the TLR4/MyD88/
NF-kB signaling pathway alleviated ISE-induced cornea
inflammation (Wu et al. 2021). Silencing TLR4/MyD88/
NF-xB signaling pathway reduced the inflammatory
response of the myocardium and improved cardiac function
after CME (Su et al. 2018). Blocking the TLR4/MyD88/
NF-kB signaling pathway ameliorated asthma pathology
processes by hampering peribronchial and perivascular
inflammation (Ma et al. 2021). Furthermore, TLRs-medi-
ated signaling also plays an essential role in Mtb-induced
macrophage (Sanchez et al. 2010). Li et al. indicated that
inhibition of the TLR4/MyD88/NF-kB pathway depleted
the progression of atherosclerosis by regulating lipid metab-
olism and macrophage-mediated inflammation (Li et al.
2021b). And Wang et al. showed that omentin-1 alleviated
LPS-induced macrophage activation by blocking TLR4/
MyD88/NF-kB pathway (Wang et al. 2020b). TLR2 was
involved in the immune response of ESAT-6-stimulated cell
in TB (Mandala et al. 2020). ESAT6 interacts with TLR2
to inhibit TLR signaling in TB (Pathak et al. 2007). Here,
TLR4 mRNA levels and the protein expression levels of
TLR4, MyD88 and NF-kB were remarkably improved by
ESAT-6 treatment within 18 h, but its expression levels were
visibly downregulated after 18 h. In addition, the effects of
ESAT-6 on macrophage polarization and apoptosis could be
regulated by the TLR4/MyD88/NF-kB pathway. However,
whether TLR2 is involved in ESAT-6-mediated macrophage
polarization and apoptosis remains to be further investi-
gated. The present study revealed the different directions of
polarization performed by macrophages in response to dif-
ferent periods of Mtb infection to participate in the immune
response.

In conclusion, our data proposed that ESAT-6 primar-
ily promoted M1 polarization in macrophages and then
MI transition to M2 or M1 apoptosis in macrophages via
the TLR4/MyD88/NF-«B signaling pathway. Blocking the
TLR4/MyD88/NF-kB pathway in early stages or activat-
ing it in late stages to inhibit apoptosis of M1 macrophages
and the ratio of M2 macrophages facilitates the clearance of

Mtb, inhibits the progression of TB chronicity, and improves
disease prognosis.
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