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ARTICLE INFO ABSTRACT

Keywords: Background: Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis (Mtb).
Macrophage Granuloma is a pathological feature of tuberculosis and is a tight immune cell aggregation caused by Mtb. The
Granuloma main constituent cells are macrophages and their derivative cells including epithelioid macrophages. However,
ESAT6 the molecular mechanism of the transition has not been reported. The purpose of this study was to investigate
ITI]E)RZ whether early secreted antigenic target of 6-kDa (ESAT6) can induce the transition of bone marrow-derived
H3K27me3 macrophages (BMDMs) into epithelioid macrophages and its possible molecular mechanism.
Methods: The recombinant ESAT6 protein was obtained from E.coli carrying esat6 gene after isopropyl B-p-
thiogalactopyranoside (IPTG) induction. BMDMs were isolated from bone marrow of mice hind legs. Cells
viability was detected by Cell Counting Kit 8 (CCK8) assays. The expression levels of mRNA and proteins were
detected by qPCR and Western blot, or evaluated by flow cytometry. The expression level of nitric oxide (NO)
was measured with a nitric oxide indicator.
Results: ESAT6 could significantly induce mRNA and protein expression levels of a group of epithelioid mac-
rophages marker molecules (EMMMs), including E-cadherin, junction plakoglobin, ZO1, desmoplakin, desmo-
glein3 and catenin porteins, in BMDMs. These events could be abrogated in macrophage from TLR2 deficiency
mice. ESAT6 could also markedly induce iNOS/NO production that could significantly inhibit trimethylation of
H3K27 in the cells. ESAT6-induced expressions of epithelioid macrophages marker molecules were significantly
inhibited in the presence of H3K27 histone demethylase inhibitor GSK J1. Furthermore, ROS scavenging agent
N,N'-Dimethylthiourea (DMTU) could markedly inhibit the transition induced by ESAT6 in macrophages.
Conclusion: This study demonstrates that ESAT6 bound with TLR2 can activate iNOS/NO and ROS signalings to
reduce the trimethylation of H3K27 resulting in the increment of EMMMs expression that is beneficial to the
transition of macrophages into epithelioid macrophages. However, hypoxia can inhibit this transition event. This
study has provided new evidence of pathogenesis of granuloma caused by Mtb and also proposed new ideas for
the treatment of TB.

1. Introduction (about 85 % of cases) (Van Zyl et al., 2015). In addition, tuberculosis is
a complex disease and more than 90 % of people infected could spon-

Tuberculosis (TB) is a chronic infectious disease caused by myco- taneously control. There is a certain correlation between the develop-
bacterium tuberculosis (Mtb), usually the bacillus invades human lungs ment of tuberculosis and the individual immunity status, and people
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with low immunity are more susceptible to Mtb (Cambier et al., 2014).
Macrophages, as an important effector in immune response, are the
main cell type found in the tuberculous granuloma and have high
plasticity. It has been reported that macrophages can transdifferentiate
into various cells such as epithelioid macrophages, foam cells and
multinuclear giant cells (Silva Miranda et al., 2012; Russell et al.,
2009). With adaptive immunity to disease onset, granulomas become
more solid, in which infected macrophages are surrounded by layers of
immune cells including dendritic cells, natural killer cells, and T and B
lymphocytes (Eum et al., 2010).

The formation of granuloma is mainly caused by complex me-
chanisms including the epithelial reprogramming in granuloma for-
mation and the migration of macrophages within the lesion. The me-
chanism of this event during Mtb infection has not been fully reported.
It has been reported ESAT6 of Mtb can stimulate epithelial cells to
express MMP9 that can degrade all components of extracellular matrix,
which may enable macrophage migration to infected site forming
granuloma (Volkman et al., 2010). A study of zebrafish infection model
proved that the epithelioid macrophages that make up the granuloma
are derived from infected macrophages (Cronan et al., 2016). From
images of zebrafish's embryos acquired through its optical transpar-
ency, it can be seen clearly that only macrophages are aggregated
around M. marinum infection region since the embryo does not have
lymphocytes (Volkman et al., 2004). More than 12 specific molecules of
epithelioid macrophages have been identified in the zebrafish infection
model. However, the molecular mechanism of the transition has not
been reported.

Mycobacillus-macrophage interactions can trigger granulomatous
formation only in the context of innate immunity. Bacille Calmette-
Guérin (BCG) is an attenuated strain of mycobacterium bovis that is
used as a vaccine against tuberculosis for many years. Genetic studies
have identified the differences in Mtb DNA region between H37Rv
strain and BCG. It has been reported that both RD1 (region of difference
1) and RD9 (region of difference 9) have been deleted in BCG compared
with that in H37Rv strain (Teo et al., 2013). More studies showed both
H37Rv-ARD1 and BCG present low-virulence, revealing the RD1 gene
encoding protein helps to enhance virulence Mtb infection in mice in-
fection model (Brosch et al., 2002; Sherman et al., 2004). In im-
munodeficient mice, both BCG :: RD1 and M. microti :: RD1 knock-in
increased the number of bacteria compared with the control group, and
induced extensive splenomegaly and granuloma formation, indicating
that RD1 is conducive to the formation of granuloma (Pym et al., 2002).
Recent studies in zebrafish model, compared with wild-type bacteria,
M. marinum-ARD1 infection showed fewer granuloma formation,
mainly produced a necrosis, loose macrophage aggregates (Volkman
et al., 2004). Taken together, those studies indicate that RD1 con-
tributes to the formation of granuloma and the virulence of Mtb.

RD1 is considered to be of a vital important region that encodes nine
proteins in Mtb (Rv3871 to Rv3879c), and contains the secretory
system named type VII secretory system. Some or all the products en-
coded by RD1 gene may be involved in virulence and pathogenesis.
Among them, the hot research area is Rv3874 encoding culture filtrate
protein-10 (CFP10), and Rv3875 encoding ESAT6. Both of them can
induce strong innate and adaptive immunity in laboratory animals and
human. The two proteins are transported out of the bacteria in a 1:1
dimer structure and disintegrated in the external environment. The role
of CFP10 has not been fully reported, and ESAT6, as the virulence
protein of Mtb, regulates the immune balance through the interaction
with immune cells to promote the infection of Mtb. It has been reported
that ESAT®6 is involved in the establishment of early infection of en-
dobacterium macrophage and plays an important role in the virulence
of Mtb (Brodin et al., 2004).

Nitric oxide (NO) and Reactive nitrogen intermediate (RNI) not only
are effective bacteriostatic molecules but also act as signal transducers.
The Mtb infection model of NOS2 deficient mice showed that RNI could
regulate Mtb gene expression in vivo (Ohno et al., 2003). It has been
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reported that iNOS/NO is an important signaling molecule of epithe-
lioid cells (Gharun et al., 2018). In tuberculous granuloma, epithelioid
cells co-locate with inducible nitric oxide synthase (iNOS), and the
formation of NO induces the differentiation of macrophages in a non-
viral methodology to transdifferentiate fibroblasts to induced epithelial
cells (Meng et al., 2016). More importantly, trimethylated lysine 27 on
histone H3 (H3K27me3) is a key factor that maintains the plasticity of
macrophages. A study reported that the expression of H3K27me3 is
closely related to the status of epithelial cells (Yang et al., 2009). More
and more evidence shows that the epithelial-mesenchymal transdiffer-
entiation of tumor cells depends on the upregulation of H3K27me3 (Ke
et al, 2010). These findings suggest that the downregulation of
H3K27me3 could control the expression of epithelial cells-related pro-
teins.

To understand how ESATS is related to the macrophage transition,
this study investigated the role of ESAT6 in inducing the expression of
EMMMs that may be involved in macrophage epithelial reprogram-
ming. ESAT6-mediated transition signal pathways are explored.
Meanwhile, the hypoxia effects on the transition are also studied.

2. Materials and methods
2.1. Reagents

Commercial standard ESAT6 was purchased from ProSpec-Tany
Technogene Ltd (Ness Ziona, Israel). E-Toxate kit for LPS detection and
the endotoxin removal kit were purchased from Bioendo (Xiamen,
China). FITC-tagged mAbs against mouse F4/80 and Alexa Fluor® 488
were obtained from Jackson (West Grove, PA, USA). Sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE gel) kit was purchased from
EpiZyme (Shanghai, China). SYBR Premix Ex TaqTMIland
PrimeScriptTM RT Master Mix were purchased from Takara (Shiga,
Japan). Rabbit anti-mouse E-Cadherin, ZO1, H3K27me3, iNOS and
GADPH antibodies were obtained from Abcam (Cambridge, UK). The
Griess Reaction kit was purchased from Beyotime (Shanghai, China).
H3K27 histone demethylase inhibitor GSK J1 and iNOS inhibitor (S)-
Methylisothiourea sulfate (SMT) were purchased from Selleck
(Houston, TX, USA). NO inhibitor Carboxy-PTIO potassium salt PTIO
and general laboratory chemicals were obtained from Sangon
(Shanghai, China)

2.2. Preparation of recombinant ESAT6

Recombinant ESAT6 was expressed and purified from the pET21a/
BL21 system as described previously (Liu et al., 2014). Briefly, BL21
cells, containing the plasmid pET21la/esat6 with polyhistidine-tagged
recombinant ESAT6 expressed as a soluble protein in E. coli, were
grown in Luria-Bertani medium and induced with a final concentration
of 1 mM IPTG for 3h. After ultrasonication, the production of the re-
combinant ESAT6 was purified through a Nickel-nitrilotriacetic (Ni-
NTA) purification system according to the manufacturer's re-
commendations (Sangon, Shanghai, China). The purity of the re-
combinant ESAT6 in the eluted fractions was determined by SDS-PAGE
(12.5 % gel). The contaminated endotoxin in the recombinant ESAT6
was removed by endotoxin removal kit and LPS in the protein was less
than 20 pg/mg that has no effect on E-cadherin and ZO1 expression.
The biological activity of the recombinant ESAT6 was compared with
commercial standard ESAT6. The stock solution of the recombinant
ESAT6 was aliquoted and stored at —80 °C for further studies.

2.3. Isolation and culture of bone marrow derived macrophage (BMDM)

C57BL/6 mice (6-8 weeks, male) were purchased from the Animal
Center of Tongji University (Shanghai, China). The mice were sacrificed
by cervical dislocation. BMDMs were isolated by flushing the bone
marrow of hind legs with RPMI 1640 medium after sterilizing the hind
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legs with 75 % ethanol and PBS. The cells were washed with PBS after
contaminated red blood cells were lysed. Then cells were resuspended
with concentration 2 x 10° cells/ml in complete culture medium con-
taining RPMI 1640 with 10 % FBS, 20 % 1929 conditional medium, 100
U/ml penicillin, 0.1 mg/ml streptomycin. The cells were cultured in a
humidified incubator with 5 % CO, at 37 °C and allowed to fully dif-
ferentiate for 6 days before being used for experiments. This project
involving mice has been approved by the Institutional Ethics Committee
of Animal Experimentation of Tongji University. All protocols complied
with the National Institutes of Health Guide for the care and use of
laboratory animals, and conformed to directive 2010/63/EU and NIH
guidelines.

2.4. Cell counting kit 8 assays

Detection of ESAT6 protein cytotoxicity followed the manu-
facturer’s instructions of Cell Counting Kit 8 (CCK8). Briefly, cells were
cultured in 96-well culture plates with 100 pl culture medium and sti-
mulated with ESAT6 in a concentration range indicated for 24 h, then
10 pl of CCK 8 test solution was added and further incubated for 4 h.
The absorbance of each well was measured at 450 nm using a micro-
plate reader. The OD data were obtained and analyzed. The IC50 value
of the cell was calculated.

2.5. Immunofluorescence staining

Slider-cultured cells were fixed with 4 % paraformaldehyde for
15min followed by permeabilization with 0.2 % Triton X-100 in
1 X PBS for 5min at room temperature. Then cells were washed in ice-
cold PBS and blocked with 5 % donkey serum in PBS for 60 min before
the slides were immune-stained with the primary antibody and the
fluorescent-labeled secondary antibody. Composites of images were
assembled and labeled using Photoshop software.

2.6. Cell transwell assays

Cell migration assays were performed using multi-well chambers
with 8 um pores (Millipore, Massachusetts, MA, USA). According to
experiment design, the cells were pre-incubated with or without 3 pl/ml
ESAT6 for 24 h before passaging into the upper chamber with a con-
centration 1.5 X 10° cells/well. The upper wells contain 5 % FBS in
basal medium while bottom wells with 10 % FBS in basal medium. The
cells were incubated for 3 h before scrapping off none-migrate cells on
the surface of the upper chamber membrane. The migrated cells were
stained with crystal violet and subsequently counted under three ran-
domly chosen high power fields (400 X ).

2.7. Flow cytometry

Cells were grown to 80 % confluence in 60 mm? dishes and treated
with ESAT6 according to experiment design. Then cells were incubated
with blocking solution containing 2 % mouse serum for 15min and
washed with PBS once before being resuspended with FACS buffer (5 %
FBS in PBS). The cells were then incubated with fluorescent-labeled
primary antibodies. The flow cytometry analysis was performed using
FACScan. A minimum of 10000-gated cells was collected per sample.
The fluorescent intensity per sample was analyzed using Flow Jo soft-
ware.

2.8. SDS-PAGE and Western blot

Cells were cultured in 60 mm? dishes and grown to 80 % confluence
before experiments. At the end of each experiment, the total proteins
were harvested in RIPA lysis buffer on ice. Protein levels were de-
termined using BCA protein assay kit. Equal amount of extracted pro-
tein (40 mg/lane) were separated in SDS-PAGE gels. For Coomassie
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Table 1
A list of sense and antisense primers for qPCR.

Abbreviation Genes Primer sequence
cdhl E-Cadherin F 5-TGCCATAGTGGGATATGTTG-3’
R 5-TGAAAGAAACGCCAAGAAAC-3’
jup Junction Plakoglobin F 5-TTGTTCGGTTACTGAGTTGC-3"
R 5-GGCTGCTCAATAAGGTTCAT-3"
tip ZO1 (tight junction F 5"-TATTATGGCACATCAGCACG-3’
protein) R 5-AGAAATCCTTTCACACCTACTG-3’
dsp Desmoplakin F 5-TCCTAGAGCCTGAAGCAA-3’
R 5-CGAAGCCTGAGCAGAGT-3"
dsg3 Desmoglein-3 F 5-GTACAAACGTGAATGGGTGA-3’
R 5-AATTCCCACTCCAGAAATGC-3’
ctnndl Catenin F 5’-GTCTTTCTCAGCACATTGGT-3"
R 5-TGTTAAGAGAAGGCCCGTAA-3’
gadph GADPH F: 5-CAATACGACCAAATCCGTTG-3’

R: 5-CGCATCTTCTTTTGCGTC-3’

blue staining, the gel was stained with Commassie Blue Fast Staining
Solution. For Western blot, the proteins were transferred to poly-
vinylidene difluoride membrane. The membranes were blocked with 5
% bovine serum albumin (BSA) before being probed with primary and
secondary antibodies in 5 % BSA in TBST. The protein levels were de-
tected using Clarity Western ECL Substrate (Millipore, Billerica, MA,
USA). Quantification of each band was performed by measuring the
gray value using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

2.9. qPCR analysis

Total RNA was extracted from BMDMs as previously described (Liu
et al., 2014). The RNA was reversed to cDNA by using PrimeScript RT
Master Mix. RT products (cDNA) were amplified by Applied Biosystems
7500 Real-Time PCR systems with Power SYBR green Master Mix. The
mRNA transcription levels were detected by PCR amplification of cDNA
using the following sense and antisense primers in Table 1. At the end of
the amplification, cycle threshold values were normalized to those
obtained for GAPDH, and 2™4°T was used to calculate change in re-
lative mRNA expression between groups, which were calculated from
the equations as follow : 27 AACt — 9-ACt (Sample) - ACt (Control) (yhile a5
A\Ct (Sample) = Ct(Sample, Genes)- Ct(Sample, GADPH), /\Ct (Con-
trol) = Ct(Control, Genes)- Ct(Control, GADPH).

2.10. Nitric oxide detection

Cells were cultured in 6-well plates and stimulated with 3 pg/ml
ESAT®6 for the indicated time periods. Nitric oxide (NO) was measured
in cell supernatants using Criess Reaction Kkit. Briefly, in the 96-well
plate, 50 ul standard substance and supernatant were added to each
well, then 50 pl Griess Reagent I was added followed by 50 ul Griess
Reagent II into each well. The absorbance was immediately determined
at 540 nm using a microplate reader. The OD data were obtained and
analyzed.

2.11. Reactive oxygen species detection

Reactive oxygen species (ROS) production were directly measured
using ROS Assay Kit (KeyGen BioTECH, Nanjing, China). The cells were
incubated with 3 pug/ml ESAT6 for indicated time period. After in-
cubation, the cells were harvested and suspended in PBS containing
10 uM DCFH-DA, and stained at 37 °C for 30 min. Washed with cold
PBS, the cells were the analyzed by flow cytometry. Data were analyzed
with Flow Jo software.
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Fig. 1. Purified Recombined ESAT6 has the biological activity.

A. Recombinant ESAT-6 protein was purified from E. coli containing east6 gene after IPTG induction. Samples were separated by 12.5 % SDS-PAGE, and the bands of
proteins were visualized after Coomassie blue staining. Line 1: E. coli transformed with the plasmid pET21a-esat6; Line 2: transformed E. coli were induced by IPTG
for 3h; Line 3: supernatant collection after ultrasonic treatment of induced E. coli. Line 4: N-His tagged ESAT6 was purified by a Ni**-affinity column. B. The
biological activity of purified ESAT6 was tested for cell viability. BMDMs were treated with the indicated concentrations of ESAT6 for 24 h. The cell viability was
detected by CCK8 assay (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated group. C. The biological activity of purified ESAT6 was compared with
commercial standard ESAT6. BMDMs were stimulated with 3 pg/ml ESAT6 (E6) or Std-ESAT6 (Std) for 24 h, followed by triple staining of the cells with E-cadherin
(red), ZO1 (green) and DAPI (blue). A representative group images of stained cells was observed under inverted fluorescence microscope. Bar = 50 ym. Similar
results were observed in three separate experiments. The data of quantitative immunofluorescence ratio were showed (n = 3). D. The comparison of the efficacy
between the purified ESAT6 or MPT64 proteins in inducing E-cadherin expression in BMDMs. BMDMs were incubated with 3 pg/ml purified ESAT6 or MPT64 for
24 h, then the expression levels of E-cadherin were detected by Flow cytometry. A typical E-cadherin expression on the surface of the cells were analyzed. Similar
results were observed in three separate experiments from three individual mice.

2.12. Data and statistical analysis compared with that of the untreated cells (Fig.2A). It has been reported
that the expression of E-cadherin is not only regulated by a variety of

Cell samples were from more than three individual mice and each factors but also affects many cell functions, and is often used as a
samples were in triplicate in all experiments. Data were analyzed by marker protein for epithelialization (Gheldof and Berx, 2013). To
using GraphPad Prism 6.0. All data were reported as mean identify whether E-cadherin and ZO1 molecules was involved in this
value = SEM. In order to assess the statistical significance of inter event, ESAT6-induced both molecules expression were analyzed. The
group differences, the unpaired two-tailed t-test were applied for sta- results showed that the E-cadherin and ZO1 expression on the surface of
tistical analysis. Differences with p value < 0.05 were considered to be ESAT6-treated BMDMs were markedly increased (Fig.2B). The western
statistically significant while ns indicates there is no significate differ- blot analysis further showed that ESAT6 could induce a dose- and time-
ence. dependent pattern to upregulate E-cadherin expression in ESAT6-
treated BMDMs (Fig.2C). Furthermore, by using the fluorescent-labeled

3. Result antibody for tracing ZO1 expression in ESAT6-treated BMDMs, the re-

sults also showed the same time-dependent expression manner after
3.1. ESAT6 could induce the expression of E-cadherin and ZO1 molecules in quantitative florescence analyzing (Fig.2D). A previous study has
BMDMs identified more than 12 molecules as markers of macrophage epithe-
lialization (Marakalala et al., 2016). To expose these related molecules,
the transcriptional levels of a group of EMMM genes in ESAT6-treated
BMDMs were detected by qPCR. As shown in Fig.2E, the expressed
relative mRNA levels of the EMMM genes, including cdhl, jup, tjp, dsp,

To obtain the recombinant ESAT6 protein, E.coli carrying pET21a/
esat6 gene plasmid was induced with IPTG and the target protein ESAT6
was expressed successfully. After purification ESAT6 protein was ana-
lyzed in SDS-PAGE gel stained with Coomassie Blue Staining, the pro- dsg3, ctnnd1, were significantly up-regulated in the BMDMs treated with
tein was observed to have a relative molecular weight about 12kDa ESAT6. These data indicate that ESAT6 has the ability to induce the
(with 6xhistidine tag) (Fig.1A). The biological activity of the re- transition of macrophages into epithelioid macrophages.
combinant ESAT6 was tested for cells viability after LPS has been re-
moved. BMDMs were incubated with the ESAT6 in a different con- 3.2. ESAT6-induced transition of macrophage depends on TLR2 molecule
centration range indicated for 24 h. The results showed that BMDM

viability was markedly dropped when the concentration of the ESAT6 A previous study has shown that ESAT6 bound to TLR2 can induce
was greater than 5pg/ml (Fig.1B), and LDs, for BMDM was about production of monocyte chemoattractant protein-1 and TNFa in mac-
14 pg/ml. In order to keep BMDMs growing normally, 3 ug/ml of the rophages and TLR2 is an initial molecule to pass ESAT6 signal into the
recombinant ESAT6 was chosen for further studies. Expressions of E- cells for these events (Liu et al., 2014; Pathak et al., 2007). However, it

cadherin and ZO1 molecules in BMDMs were observed after BMDMs has also been reported that ESAT6-induced IL-6 production in macro-
were treated with the recombinant ESAT6 or commercial standard phage is not via TLR2 signal (Jung et al., 2017). To identify whether
ESAT6 (Std ESAT6) respectively. As shown in Fig.1C, the expression ESAT6-induced epithelioid macrophage changes are dependent on

levels of E-cadherin and ZO1 were significantly increased in the re- TLR2, it is necessary to examine TLR2’s effect on the expression of
combinant ESAT6 treated group as well as in commercial standard EMMMs in the ESAT6-treated macrophages. BMDMs from WT and
ESAT6 treated group. It is expected that the increasing rates were al- TLR2™/~ mice were stimulated with or without ESAT6, and the ex-
most unanimous for the different source of ESAT6, which indicates that pression of E-cadherin on the surface of BMDMs was observed after
the recombinant ESAT6 has the same quality as Std-ESAT6 to induce E- using fluorescent-labeled antibody staining. As shown in Fig. 3A-B, the
cadherin and ZO1 expression. There maybe trace of LPS in the re- E-cadherin positive cells were markedly increased in the cells from WT
combinant ESAT6 but no biological effect was observed in this study mice but not in the cells from TLR2™/~ mice. This phenomenon was
(data not shown). Furthermore, the mock experiment showed MPT64, a further confirmed by detecting mRNA expression levels of the group of
23kDa protein derived from Mtb, did not stimulate E-cadherin ex- EMMMs genes using qPCR (Fig.3C). Nevertheless, Pam3CSK4, a
pression on the surface of BMDM although the recombinant MPT64 was common TLR2 activator, can only induce low level of E-cadherin ex-
expressed and purified in the same method as the recombinant ESAT6 pression (data not shown). These results suggest that the induction of
(Fig.1D), which indicates that the increment of E-cadherin expression is the high levels of EMMMs expression in ESAT6-treated macrophage
specific to the recombinant ESAT6. requires the attendance of TLR2 on the surface of the cells.

The classical granulomatous of TB tend to aggregate macrophages
that then evolve into epithelioid macrophages (Ramakrishnan, 2012). 3.3. ESAT6 induces the transition of macrophage via activation of iNOS/
The molecular transition mechanism of macrophages into epithelioid NO-H3K27me3
macrophages in granuloma has not been reported. EMMMs expressed
on macrophage may affect cell migration. In order to examine whether In order to understand the signal mechanism of ESAT6-induced
ESAT®6 affects macrophage migration, BMDMs were treated with ESAT6 transition of macrophage, further study is needed. It has been reported
and the cells migration rate was detected. The results showed that the that NO acts as a signal molecule to regulate the plasticity of macro-
migration rate of ESAT6-treated cells was significantly reduced phages (Gharun et al., 2018). To examine the potential involvement of
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Fig. 2. ESAT6 induces the transition of BMDMs into epithelioid macrophage.

A. The effect of ESAT6 on cell mobility. BMDMs were treated with or without 3 pg/ml ESAT6 for 24 h, then the cells migration status was observed under microscope
after cells were stained with crystal violet in the transwell plate. The number of migrated cells was randomly counted in three high power fields under microscope.
Bar = 50 pm. Data are represented as the mean = SEM of three separate experiments from three individual mice. B. The expression of E-cadherin on the surface of
BMDMs was induced by ESAT6. The cells were incubated with or without 3 pg/ml ESAT6 for 24 h. The cells were stained with FITC labeled E-cadherin antibody or
Z01 antibody before being analyzed by flow cytometry. The percentage of E-cadherin or ZO1 positive cells was calculated using Flow Jo software. Data are
represented as the mean = SEM of three separate experiments from three individual mice. C. ESAT6 stimulated E-cadherin protein expression from BMDMs in a
dose- and time-dependent manner. BMDMs were treated with ESAT6 in a concentration range indicated for 24 h or in a time period indicated with 3 pg/ml ESAT6
treatment. Total proteins of the cells were extracted and analyzed by Western blots. GAPDH served as an internal control. A representative set of WB results was
shown. Similar results were observed in three separate experiments from three individual mice. D. The time curve of ZO1 expression on the surface of BMDMs after
the cells were stimulated with ESAT6. BMDMs were stimulated with 3 pg/ml ESAT6 for a time period indicated, then double stained with ZO1 (green) and DAPI
(blue) before the cells were observed under fluorescence microscope. Bar = 50 um. Similar results were obtained from three separate experiments from three
individual mice. The immunofluorescence image was analyzed and the data of quantitative immunofluorescence ratio of ZO1/DAPI were shown in the time period. E.
The mRNA expression levels of EMMM genes cdhl, jup, tjp, dsp, dsg3, ctnnd1 in ESAT6-treated BMDMs. BMDMs were treated with or without 3 ug/ml ESAT6 for 24 h.
then total RNA were extracted from the cells and the relative mRNA levels of the EMMMs genes were analyzed by gPCR. The gene expression levels were calculated
by the double delta CT method (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.

iNOS/NO in this study, the expression level of iNOS and NO production or NO production in the ESAT6-treated BMDMs. The results demon-
in the ESAT6-stimulated macrophages were investigated. An increasing strate that the inhibition of NO production did not affect iNOS ex-
of iNOS expression and NO production can be seen in a time-dependent pression (Fig.4D) but iNOS inhibitor could significantly downregulate
manner after BMDMs from WT mice was treated with ESAT6 in the time NO generation in ESAT6-treated BMDMs (Fig.4E). Furthermore, NO
periods indicated (Fig.4A-B). It is worth mentioning that compared with inhibitor PTIO could significantly downregulate the expression of E-
the BMDMs from WT mice, NO was not detected in the culture super- cadherin on the surface of the cells (Fig.4F). These results clearly in-
natant of BMDMs from TLR2 ™/~ mice under the same condition of dicate that ESAT6-induced increment of iNOS is responsible for NO
treatment (Fig.4C). These results also reveal that ESAT6-induced NO generation. Interestingly, both iNOS and NO inhibitors could also ab-
production requires TLR2 existence on the surface of macrophages. rogate ESAT6-induced upregulation of the mRNA expression of the
Next, BMDMs were then pretreated with SMT (an iNOS inhibitor) or group of EMMMs genes in the BMDMs (Fig.4G-H). These findings in-
PTIO (an NO inhibitor) respectively before detecting iNOS expression dicate that ESAT6 can induce iNOS/NO production and the inhibitors of
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A-B. TLR2 knock-out could impact the expression of E-cadherin in ESAT6-treated BMDMs. BMDMs from WT and TLR2 ™/~ mice were stimulated with 3 ug/ml ESAT6
for 24 h, then the cells were stained with E-cadherin (red) and DAPI (blue). The staining results were observed by inverted fluorescence microscope. Similar results
were obtained from three separate experiments from three individual mice. The immunofluorescence image was analyzed and the data of quantitative immuno-
fluorescence ratio of E-cadherin/DAPI were shown in Fig.3B. C. Evaluation of TLR2 effect on the mRNA transcription of EMMM genes cdhl, jup, tjp, dsp, dsg3, ctnndl
in ESAT6-treated BMDMs. BMDMs from WT and TLR2 ™/~ mice were stimulated with or without 3 pg/ml ESAT6 for 24 h. The relative genes mRNA expression levels
were analyzed by gPCR. The gene expression levels were calculated by the double delta CT method (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.
#pP < 0.05, **P < 0.01, **#P < 0.001 compared between WT and TLR2™/~ groups.

iNOS or NO could markedly inhibit the expression of EMMMs induced
by ESATS.

It has been reported that polycomb repressive complex 2 (PCR2)
proteins act as evolutionary conserved epigenetic mediators of cell
identity (Schuettengruber and Cavalli, 2009). A hallmark of PRC2 ac-
tivity is trimethylated lysine 27 on histone H3 (H3K27me3) that in-
hibits mRNA transcription. EZH2, one component of PCR2, is an im-
portant regulator of macrophage activation and inflammation inducer.
EZH2 could mediate the expression of multiple genes in macrophages
(Zhang et al., 2018). It has been also reported that H3K27me3 has the
function of downregulating epithelial cells marker protein expression
(Cao et al., 2008). To identify whether H3K27me3 controls the ex-
pression of EMMMs in this study, ESAT6 induction of H3K27me3 was
explored. As expected, Fig.5A shows that ESAT6 could inhibit
H3K27me3 activation in BMDMs after 24 h stimulation. Interestingly,
this inhibition can be blocked by the inhibitors of SMT or PTIO re-
spectively. These results indicate that the activation of iNOS/NO is the
signal for downregulating H3K27me3 in ESAT6-treated BMDMs. Fur-
thermore, ESAT6-induced E-cadherin positive cells significantly re-
duced in the presence of H3K27 histone demethylase inhibitor (GSK J1)
(Fig.5B). The expression mRNA levels of the group of EMMMs genes
also dramatically dropped in the presence of inhibitor GSK J1 (Fig.5C).
These results suggest H3K27me3 is a main factor in controlling the
induction of EMMMs expression in this study.

3.4. Hypoxia inhibits transition induced by ESAT6 in macrophages

An interesting phenomenon has been observed that, in general,
epithelioid cells are located around the center of a granuloma in a ty-
pical clinical granuloma sample (Beham et al., 2011). A study in Mtb
infected zebrafish also shows that the formation of early epithelioid
macrophages was observed around the lesion with the development of
the disease. The epithelioid cells were distributed in the periphery of
granuloma in a centripetal state (Cronan et al., 2016). Surprisingly,

epithelioid macrophages were not observed in the center of granuloma
while the above results showed that ESAT6 could induce macrophage
transition into epithelioid macrophages with uniform distribution, the
mechanism of this phenomenon needs to be explored. It has been as-
sumed that epithelioid macrophages are formed at lesion center in-
itially in the early stage of TB infection. As known, the development of
TB disease is associated with the generation of iNOS/NO, which may
lead the center of the tuberculous granuloma in hypoxic condition
(Galagan et al., 2013; Briine et al., 2013). This study speculated that the
hypoxia in the center of granuloma may affect the transition. To con-
firm this hypothesis, ROS production in the ESAT6-stimulated macro-
phages were investigated. The production of ROS in BMDMs increased
significantly after 12 h stimulation, but there was no significant change
with 6 h stimulation (Fig.6A). The study further investigated the effect
of hypoxic state on ESAT6-induced macrophage transition into epi-
thelioid macrophages. After BMDMs were pretreated with ROS
scavenging agent DMTU, then the cells were further stimulated with
ESAT6, and the mRNA expression levels of the group of EMMMs genes
were detected by qPCR. As shown in Fig.6B, the mRNA transcription
levels of the group of EMMMs genes were significantly down-regulated
after the cells were pre-treated with DMTU. These results positively
reveal that the expression of these EMMMs in ESAT6-treated macro-
phage are free oxygen ion dependent, which may partially explain why
epithelioid macrophages were located around the center of the granu-
loma since the center is insufficient of free radical.

4. Discussion

Tuberculosis is a chronic infectious disease caused by the Mtb. The
granuloma is the pathological diagnosis characteristic marker that is
made up of macrophages and macrophage derivative cells. The ESAT6
encoding gene is located in the virulence coding region RD1 of Mtb, and
the animal model of Mtb-ARD1 infection cannot form well-organized
granuloma (Volkman et al., 2004), indicating that the protein encoded
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Fig. 4. ESAT6-mediated BMDMs transition is involved in iNOS/NO signaling.

A. The time curve of iNOS expression induced by ESAT6 in BMDMs. BMDMs were treated with 3 pg/ml ESAT6 for the time period indicated. Total proteins of the cells
were extracted and the protein expression levels of iNOS was detected by Western blots. GAPDH served as an internal control. A representative set of WB results was
shown. Similar results were observed in three separate experiments from three individual mice. B-C. The time curve of NO production induced by ESAT6 in BMDMs.
BMDMs from WT and TLR2 ™/~ mice were stimulated with 3 pg/ml ESAT6 for the time period indicated. The levels of synthetized NO were measured in the
supernatants and quantified by image J software. A typical stimulation time (12 h) for NO production was represented in Fig.4C (n = 4). D. The inhibitors of iNOS
and NO disturb the activation of iNOS in ESAT6-stimulated BMDMs. BMDMs were pretreated with SMT (25 mM iNOS inhibitor) or PTIO (20 mM NO inhibitor) for
1 h, then the cells were further incubated with 3 ug/ml ESAT6 for 8 h. Total proteins of the cells were extracted and iNOS expression levels were analyzed by Western
blots. A representative set of WB results was shown. Similar results were observed in three separate experiments from three individual mice. E. The iNOS inhibitor
affects NO production in ESAT6-treated cells. BMDMs were pretreated with SMT (25 mM iNOS inhibitor) for 1 h, then the cells were further incubated with 3 pg/ml
ESAT6 for 12 h. NO production levels were measured and the data are represented (n = 4). F. NO inhibitor influences the expression of E-cadherin molecule on the
surface of ESAT6-stimulated BMDMs. BMDMs were pretreated with PTIO (20 mM) for 1 h before incubating with 3 pg/ml ESAT6 for 24 h. The cells were stained with
FITC labeled E-cadherin antibody before being analyzed by flow cytometry. A typical E-cadherin expression on the surface of ESAT6-stimulated cells was shown and
the percentage of E-cadherin positive cells was calculated using Flow Jo software (n = 4). G-H. The effect of inhibitors of iNOS or NO on the mRNA transcription of
EMMM genes cdhl, jup, tjp, dsp, dsg3, ctnndl in ESAT6-stimulated MBDMs. BMDMs were pretreated with or without SMT (25 mM iNOS inhibitor) or PTIO (20 mM NO
inhibitor) for 1 h, and further incubated with 3 ug/ml ESAT6 for an additional 24 h. Total RNA were extracted and the mRNA transcription levels were analyzed by
gPCR. The gene expression levels were calculated by the double delta CT method (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group. *P < 0.05,
##p < 0.01, *##P < 0.001 compared between two groups.

in RD1 region determines the formation of granuloma. Granulomas are such as cdhl, jup, tjp, dsp, dsg3, ctnnd1. These effects are dependent on
aggregates of macrophages, including epithelioid macrophages, multi- ESAT6 bound with TLR2 to activate the iNOS/NO signal pathway. High
cellular giant cells, and foam cells. The molecular mechanism of foam levels of iNOS/NO can down-regulate the methylation of H3K27me3,
cells or multinucleate giant cells has been reported (Ahluwalia et al., which increases mRNA transcription of EMMMs genes and enhances
2017; Lay et al., 2007; Shrivastava and Bagchi, 2013). But epithelioid EMMMs protein expression in the macrophages. Interestingly, ROS
macrophage polarization during tuberculous granuloma formation and production can also elevate expression of these molecules.

development has rarely been reported. In recent years, it has been re- Early studies have found that interference to E-cadherin expression,
ported that epithelioid macrophages are derived from macrophages a tight junction protein between epithelioid macrophages, leads to the
(Cronan et al., 2016), However, the molecular basis and signal pathway formation of poorly organized granuloma, which results in unrestricted
of epithelioid macrophages formation have not been fully studied. It is Mtb motion and causes Mtb proliferation and spread in the body. It has
also unclear whether ESAT6 encoded in RD1 regulates the formation of been reported that 12 molecules of epithelial cell protein markers are
epithelioid macrophages. This study has demonstrated that ESAT6 can expressed on the epithelioid macrophages derived from the Mtb in-
markedly upregulate the molecules expression of E-cadherin and ZO1 fected macrophages (Cronan et al., 2016). ESAT6 can increase integrin
proteins, and increase a group of EMMMs genes expression in BMDMs, expression to enhance the adhesion function of macrophages and
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Fig. 5. The trimethylation of histone
H3K27 regulates ESAT6-induced transi-
tion in macrophage.

A. The effect of iNOS or NO on the tri-
methylation of histone H3K27 in
BMDMs stimulated by ESAT6. BMDMs
were treated with 3 pug/ml ESAT6 for the
time period indicated (left), or pre-
treated with SMT (10uM) or PTIO
(1mM) for 1h, then incubating with
3ug/ml ESAT6 for an additional 24h
(right). Total proteins of cells were ex-
tracted and the protein levels of tri-
methylation status of H3K27 was de-
tected by western blot analysis. GAPDH
served as an internal control. A re-
presentative set of WB results was
shown. Similar results were observed in
three separate experiments from three
individual mice. B. Inhibition of the
methylation of H3K27 impacts the ex-
pression of E-cadherin molecule on the
surface of ESAT6-stimulated BMDMs.
BMDMs were preincubated with GSK J1
(40nM) for 1h, and then treated with
3ug/ml ESAT6 for an additional 24 h.
The cells were then stained with FITC
labeled E-cadherin antibody before
being analyzed by flow cytometry. A
typical E-cadherin expression on the
surface of ESAT6-stimulated BMDMs
was shown and the percentage of E-
cadherin positive cells was calculated
using Flow Jo software (n = 4). C. The
inhibition of ESAT6-induced H3K27me3
in BMDMs affects the EMMM gens
mRNA expression. BMDMs were pre-
treated with GSK J1 (40nM) for 1h,
then the cells were incubated with 3 pg/
ml ESAT6 for an additional 24h. The
relative mRNA expression levels of
EMMM genes cdhl, jup, tjp, dsp, dsg3,
ctnndl in the cells were analyzed by
qPCR. The gene expression levels were
calculated by the double delta CT
method (n=6). *P < 0.05, **P <
0.01, ***P < 0.001 vs. control group.
P < 0.05 P < 001, 7P <
0.001 compared between two groups.

further inhibit the migration ability of macrophages (Hemmati et al., macrophage and affect the cell migration, which suggests that ESAT6
2016). This study has showed ESAT6 alone can also upregulate the can induce macrophage to transdifferentiate into epithelioid macro-
expression of a group of EMMM including E-cadherin, junction pla- phages.

koglobin, ZO1, desmoplakin, desmoglein3 and catenin proteins in It is believed that NO and ROS can adjust the immune balance inside
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Fig. 6. The inhibitor of ROS attenuates ESAT6-induced macrophage transition.
A. The time curve of ROS production induced by ESAT6 in BMDMs. BMDMs
were treated with 3 pg/ml ESAT6 for the time period indicated, then cells were
probed with ROS indicator DCFH-DA for 30 min. The ROS production in the
cells were measured by flow cytometry (n = 6). B. Effects of ROS inhibitor on
ESAT6-induced EMMM genes expression. BMDMs were pretreated with ROS
inhibitor DMTU (15uM) for 1h, then the cells were further incubated with
3 ug/ml ESAT for an additional 24 h. The mRNA expression levels of EMMM
genes cdhl, jup, tjip, dsp, dsg3, ctnnd1 in the cells were analyzed by qPCR. The
gene expression levels were calculated by the double delta CT method (n = 6).
*P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. #*p < 0.05,
##p < 0.01, #*#P < 0.001 compared between two groups.

the granuloma (Ehrt et al., 2001). ROS mediates the activation of PI3K,
JNK, ERK pathway promoting the production of cytokines from mac-
rophages to activate immune cells and control the inflammatory re-
sponse. It has been confirmed that ESAT6 can directly bind to TLR2
receptor through its C terminal and induces ROS production in mac-
rophages (Jung et al., 2017; Liu et al., 2014). This study confirms that
ESAT6 has the specific plasticity of transdifferentiating macrophage
into epithelioid macrophages via TLR2 although Pam3CSK4, a common
TLR2 activator, can also induce low level of E-cadherin expression (data
not shown). These results speculate that ESAT6 bound with TLR2 does
not function as Pam3CSK4, and it may activate different signaling or
other “cross-talk” to induce EMMMs expression.

An increasing body of evidence has shown that Mtb successfully
evades immune clearance through limiting ROS and NO produced in
macrophages, suggesting that the generation of ROS and NO plays a
decisive role in the anti-Mtb infection (Ehrt et al., 2001). When mac-
rophages are activated by LPS and IFN, they use r-arginine to synthesize
NO by the activation of iNOS to play the toxic role against micro-
organisms (Wang et al., 2017). Interestingly, a recent study has found
that NO can be used as signaling molecules regulating cell signaling
pathway and biological functions (Weigert et al., 2018). A recent study
has reported that the distribution of iNOS in granuloma is consistent
with the localization of epithelioid cells, which suggests that iNOS is
accompanied by the formation of epithelioid macrophages and the
production of iNOS is crucial to the progression of TB (Landes et al.,
2015). This study has found that ESAT6 could induce macrophages to
express iNOS and produce NO that further regulates the expression of
the group of EMMMs in epithelioid macrophages. However, a
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controversial result has been reported that ESAT6 could only induce the
expression of NO in IFNy-stimulated macrophages but not in untreated
macrophages (Xie et al., 2016). The reason for this difference may be
due to different source of macrophages used in the experiment, which is
commonly observed in many other studies (Andreu et al., 2017; Feng
et al., 2008).

Methylation or acetylation of histone modification is a molecular
regulation mechanism of cellular plasticity. Many studies showed that
the trimethylation of H3K27 regulates epithelial cells expressing the
marker proteins in Epithelial-Mesenchymal Transition (Oikawa et al.,
2018). It has also been reported that NO can regulate the transition of
fibroblasts into endothelial cells (Meng et al., 2016). This study con-
firms that the mechanism of macrophage transition into epithelioid
macrophages is due to ESAT6 regulating the trimethylation state of
H3K27 by NO production. From clinical aspect, epithelioid macro-
phages appear with the Mtb infection lesion, and the distribution was
mainly located in the margin of the granuloma (Cronan et al., 2016).
Mtb secretes ESAT6 mainly in the infection center and the concentra-
tion of ESAT6 should be reduced progressively from the center to the
margin of the granuloma. According to the results of this study, the
epithelioid macrophages should be accumulated in the infection center,
which is contrary to the clinical pathological observation. Recently,
more and more studies have been carried out and discovered the re-
lationship between free oxygen ion and hypoxia in granuloma forma-
tion. It has been reported that the center of granuloma is hypoxic (Lay
et al., 2007). The formation of oxygen ion is an indispensable factor in
maintaining the production of NO, and hypoxia can inhibit the pro-
duction of NO (Briine et al., 2013). Interestingly, ESAT6 can induce
macrophage generating ROS through TLR2 (Liu et al., 2014). This study
demonstrates that the inhibition of ROS generation can successfully
suppress the transition of macrophage into epithelioid macrophages
induced by ESAT6. This finding may explain the pathological phe-
nomenon that the distribution of epithelioid macrophages in the zeb-
rafish model of Mtb infection. It has been found the distribution of
epithelioid macrophages are reduced from the outside to the center of
granuloma, and the epithelioid cells accumulates around the lesion
(Wang et al., 2017). The production of ROS has been reported to be
conducive to the aggregation of macrophages (Deffert et al., 2014),
which is beneficial to the development of dense granuloma. These
findings reveal an important role of ROS in the maintenance and re-
inforcement of granuloma structure. In other words, the transition of
macrophages may also be regulated by ROS production during the
formation of granuloma, which provides convincing evidence sup-
porting this study. Meanwhile, other studies have reported that hypoxia
can inhibit H3K27me3 demethylation (Chang et al., 2016). This study
has also confirmed that hypoxia inhibits macrophage transition via the
downregulation of a group of EMMMs expression. Taken together, these
results are consistent with the presumption that hypoxia inhibits the
demethylation of H3K27me3. The findings from this study reveal that
ESAT6-induced transition of BMDMs into epithelioid macrophages is
regulated by NO production, and the transition can be interrupted in
the hypoxic environment.

5. Conclusion

The current study explored the molecular mechanism of macro-
phage transition into epithelioid macrophages. A model of ESAT6 via
TLR2 causing the epithelial reprogramming response is summarized in
Fig. 7, which describes the proposed mechanism of ESAT6 inducing
macrophage transition. As can be seen from the model, ESAT6 bound
with TLR2 receptor activates iNOS/NO-H3K27me3 signaling pathway
to upregulate the group of EMMMs (such as, E-cadherin, junction pla-
koglobin, ZO1, desmoplakin, desmoglein3 and catenin) expression and
induces the transition of macrophage into epithelioid macrophages.
However, hypoxia can inhibit this transition. These results reveal the
molecular mechanism of epithelioid macrophages formation in
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EMMMs:

granuloma after Mtb infection, which provides new evidence of the
pathogenesis of granuloma caused by Mtb and also proposes new ideas
for the treatment of TB.
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