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by LC3B gene promoter DNA methylation
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Abstract

Background This study aims to explore the role of autophagy-associated genes (ATG) and their epigenetic markers
in the progression of mycobacterium tuberculosis (M. tb) infection, and to test the effects of de-methylation agents on
macrophage functions against TB.

Methods ATG expressions and their gene promoter DNA methylation levels of blood immune cells were measured
in 60 patients with active pulmonary TB disease, 31 subjects with latent TB infection (LTBI), and 15 non-infected
healthy subjects (NIHS). An in vitro monocytic THP-1 cell culture model under M. tb-specific antigen stimuli was
applied.

Results LC3B protein expression of blood M1/M2a monocyte, ATG5 protein expression of M2a, and mean DNA
methylation levels of the LC3B gene promoter region of peripheral blood mononuclear cells were all increased in
active TB patients versus either LTBI or NIHS group. The LC3B methylation levels were negatively correlated with its
protein expressions. The discrimination of active TB disease from LTBI or NIHS was optimally captured by prediction
scores, which combined LC3B (+) percentage of blood M1/M2a monocyte, LC3B gene promoter DNA methylation
level, male gender, and body mass index. LC3B and ATG5 expressions of both blood M2a and neutrophil were
decreased after 6-month anti-TB therapy, but hypermethylated LC3B gene promoter persisted. In vitro 5-Aza-
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2'-deoxycytidine treatment improved bactericidal, apoptosis and phagocytosis functions through augmenting
autophagy flux via mechanisms other than demethylation of the LC3B gene promoter in THP-1 cells.

Conclusions Increased LC3B expression and LC3B gene promoter hypermethylation may serve as biomarkers for
progression of M. tb infection, while use of de-methylation agent may be a potential approach to host-directed

immunotherapy in active TB disease.

Keywords Pulmonary tuberculosis, Latent TB infection, Autophagy, LC3B, ATG5, p62, DNA methylation

Background

Tuberculosis (TB) remains the leading cause of death
from a single infectious agent, causing almost twice as
many deaths as acquired immune deficiency syndrome
[1]. Worldwide, an estimated 10.6 million people devel-
oped TB and an estimated 410,000 people developed
multidrug-resistant or rifampicin-resistant TB in 2022,
while the total number of deaths caused by TB was
1.3 million [2, 3]. Current challenges in TB include low
disease detection rate, lack of robust markers indicat-
ing progression from latent TB infection (LTBI) to active
TB, and increasing number of ‘treatment-refractory’ TB
cases. Innovative insights into targeted immune modula-
tion could drive new diagnostic or treatment strategies
for ending the global TB epidemic [4].

Autophagy is a process in which cytosol and organelles
are sequestered within double-membrane vesicles that
deliver the contents to the lysosome/vacuole for degrada-
tion and recycling. Autophagy activation is critical for the
regulation of innate immunity, inflammation, and anti-
bacterial defenses [5]. Non-canonical autophagy includes
selective autophagy targeting macromolecules and intra-
cellular microbes (xenophagy), and microtubule associ-
ated protein 1 light chain 3 (MAP1LC3; LC3)-associated
phagocytosis [6]. During mycobacterium tuberculosis (M.
tb) infection, xenophagy is triggered via a reactive oxygen
species (ROS)-dependent pathway. Then, the recogni-
tion of mycobacteria allows for forming ubiquitin chains,
which recruit autophagy adaptors, such as SQSTM1
(p62), and link to LC3 of the autophagosomal mem-
branes [7]. M.tb-triggered phagocytosis is a lipidated
LC3B-conjugation process onto the single-membrane
phagosome, during which autophagy related genes (ATG)
3/5/7/12/16L are recruited [7, 8]. M. th-induced epigen-
etic modifications, such as DNA methylation, play an
essential role in altering autophagy defense machanism
[9] [10]. In the mammalian genome, DNA methylation
mostly occurs on 5-position of cytosine in the context
of Cytosine-phosphate-Guanine (CpG) sequence, while
DNA hypermethylation in gene promoters can cause
decreased transcription of the downstream genes. Pro-
moter regions of the ATGS5 and LC3B genes have been to
shown to be hypermethylated accompanied by decreased
gene expressions in macrophages from aged mice, while
high-fat and high-fructose diet supplementation-induced

autophagy impairment and M1 polarization can be
reversed by reducing hypermethylation at the promotor
regions of the LC3B, ATGS, and ATG?7 genes [11, 12]. It
has yet been determined whether ATG expressions and
their gene promoter DNA methylation statuses are asso-
ciated with active TB disease [9].

In this study, we hypothesized that autophagy flux and
DNA methylation levels of three core ATG gene promot-
ers (LC3B, ATGS, p62) of blood immune cells may be
different between active pulmonary TB patients, LTBI
subjects, and non-infected healthy subjects (NIHS).
Additionally, autophagy flux and epigenetic change of
human monocytic THP-1 cells may be responsible for
bactericidal and phagocytosis functions of macrophage,
which may be improved with epigenetic drugs.

Methods

Study subjects

This study was conducted at Kaohsiung Chang-Gung
Memorial Hospital in Taiwan from August 2020 to July
2023 in accordance with the Declaration of Helsinki. The
Chang Gung memorial hospital’s institutional review
board approved the study protocol (certificate num-
ber: 201901817B0), and all subjects provided informed
written consents before blood sampling. Gender of the
participants was defined based on self-report. The spe-
cific criteria of enrollment for active TB were symptoms
suggestive of active TB, and sputum collected for smear
microscopy and mycobacterial culture showed at least
one positive M. tb yielding on three separate occasions.
All patients with active TB received standard anti-TB
microbial agent treatment in a direct observed short-
course manner. LTBI and NIHS groups included sub-
jects with normal chest radiographic results and a lack of
clinical symptoms suggestive of active TB, and classified
based on blood interferon-y releasing assay (IGRA) test
positive and negative at 3rd month after close contact
with the index open TB case, respectively. Patients with
acquired immune deficiency syndrome, immunosuppres-
sive disease, uncontrolled cancer with metastasis, and
other active infections were excluded.
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Processing of sputum samples for smear grading and
mycobacterial culture

Sputum smears were done for acid fast bacilli (AFB),
using both the Ziel-Nielsen stain and auramine-rhoda-
mine stain. Smear grading was assessed by the World
Health Organization scale. Sputum culture was done
using both solid (L]) and liquid (MGIT) media following
standard procedures.

CXR grading of active pulmonary TB disease

The extent of radiographic lesion was graded based on
the U.S. National Tuberculosis and Respiratory Disease
Association scheme that classified disease into mini-
mal, moderately advanced, and far-advanced disease. A
far-advanced lesion was defined as slight-to-moderate
density that extended more than the total volume of one
lung or an equivalent in both lungs; total diameter of
cavitation >4 cm.

IGRA test by QuantiFERON-TB gold

The QFT-G assay (Cellestis Limited, Carnegie, Victoria,
Australia) was used to assess interferon-gamma (IFN-
y) concentration on early secretory antigenic target-6
(ESAT-6), 10-kDa culture filtrate protein, mitogen (phy-
tohemagglutinin, as a positive control), and a nil tube (as
a negative control) by ELISA. The results were reported
based on a borderline range recommended by the man-
ufacturer, where a difference of 20.35 IU/ml between
the level of IFN-y measured in the TB antigen-exposed
sample minus the level in the nil tube was considered
positive.

Measurements of autophagy flux in peripheral blood
immune cells (CD16+pneutrophil, CD14+CD209-M1
monocyte, CD14+CD209+M2a monocyte, CD3+CD4+
helperT cell, CD3+CD8+ cytotoxic T cell) by flowcytometry
Twenty milliliters venous blood was withdrawn from
all study participants. To characterize the immune cell
architecture, a panel consisting of unstained cells, isotype
control (mouse IgG conjugated to (fluorescein isothiocy-
anate (FITC) and phycoerythrin (PE)), monocyte marker
(CD14-PE-CyTM?7), M2a marker (CD209-PerCP-Cy5.5),
neutrophil marker (CD16-PC5), and helper/cytotoxic
T cells marker (CD3- PE-CyTM5; CD4-PC7; CD8-PE-
CyTM7; BD Pharmingen, USA) were chosen. To measure
ATG5, LC3B, and p62 protein expressions separately,
Alexa Fluor®488 anti-ATG5, anti-LC3B, and biotin anti-
p62 plus PE streptavidin (eBioscience, USA) were used.
For each test to be performed, 2 mL of fresh heparinized
whole blood was lysed with OptiLyse C Lysis solution
(Beckman Coulter, France), then incubated with indi-
cated antibodies for 15 min, and subsequently detected
for autophagy flux expressions with 1x 10° events gated
in a side scatter versus frontal scatter plot by using
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CytomicsTM FC500 flow cytometer (Beckman Coulter,
USA). Data were presented as mean fluorescence inten-
sity (MFI), corrected for background fluorescence with
the corresponding isotype controls, or percentage of pos-
itivity. Representative histograms of LC3B, ATG5, and
p62 protein expressions in vivo and in vitro are presented
in supplementary Fig. S1.

Measuring CpG-site-specific DNA methylation levels by
bisulfite pyro-sequencing method

Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized blood by using a two-layer
Ficoll-Histopaque density gradient centrifugation (His-
topaque 1.077 and 1.119; Sigma Diagnostics, USA)
method. Genomic DNAs were extracted from PBMCs
using a DNA extraction kit (Zymo Research, USA). Spe-
cific CpG sites in eight promoter regions of the LC3B,
ATGS, and p62 genes were assessed by bisulfite-pyrose-
quencing based on reference sequence information from
NCBI (LC3B: NM_022818.5; ATG5: NM_004849.4; p62:
NM_003933.5). Polymerase chain reaction (PCR) ampli-
fication primers and sequencing primers were designed
by PyroMark Assay Design Software 2.0, and are listed
in supplementary Table S1. Bisulfite treatment and PCR
amplification were performed by means of the EpiTect
96 Bisulfite Kit (Qiagen, Hilden, Germany) and the Pyro-
Mark PCR kit (Qiagen), respectively, following the manu-
facturer recommendations. The PCR conditions were 45
cycles of 95 °C for 20 s, 50 °C for 20 s, and 72 °C for 20 s,
followed by 72 °C for 5 min. Pyrosequencing reactions
and cytosine methylation quantification were performed
in a PyroMark Q24 system (Qiagen). Representative
pyrograms of CpG di-nucleotides assayed of the LC3B,
ATGS5, and p62 genes in vivo and in vitro are presented in
supplementary Fig. S2, S3, S4, and S5.

In vitro monocyte cell lines culture under TB antigen
stimuli

THP-1 monocytes were cultured (1-4x 10° cells/mL) in
RPMI 1640 medium, and stimulated with pre-specified
concentrations of the recombinant proteins for 1, 3, or
9 days: 1 pg /mL for ESAT6, antigen 85 A (Ag85A), or
whole y-irradiated M.tb dead cell (H37Rv) (all from BEI
Resources, Manassas, USA; Biosafety Level I). For epi-
genetic drug experiments, cells were pre-treated with
various concentrations of compounds (5-aza-2'-de-oxy-
cytidine, 5-AZA, 1 or 10 uM; rapamycin, Rap, 100 nM or
500 nM) for 24 h, followed by 1 pg/ml ESAT6 stimuli for
24 h. All experiments were performed in triplicate, inde-
pendently. Autophagy flux (LC3B, ATG5, p62) was ana-
lyzed using the flow cytometer as mentioned above.
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Measurement of THP-1 intracellular ROS production for
bactericidal activity

For observing intracellular ROS production, 3x10°
THP-1 cells were treated with 10 mM 2,7’-dichlorodihy-
drofluorescein diacetate (H2DCFDA; catalog no. D6883,
Sigma Aldrich). Staining was quantified by using a FAC-
Scan flow cytometry system (Becton Dickinson, USA),
with the 488 nm laser for excitation and 535 nm for
detection.

Measurement of cell apoptosis by flow cytometry analysis
Apoptosis was detected by flow cytometry with an
Annexin V/Propidium iodide (PI) apoptosis detection kit
(BD Biosciences, USA). THP-1 cells and dyes were incu-
bated in the dark for 15 min. The cells were then assessed
by flow cytometry FACScan (Becton Dickinson, USA).

Measurement of THP-1 cell viability by WST-1

WST-1 reagent (Roche, Mannheim, Germany) diluted
1:10 in growth medium was added into THP-1 cells
grown in a 96-well plate (10* cells / well). The amount of
viable cells was determined via optical density measure-
ment using a microplate reader at 450 nm, with 600 nm
as a reference wavelength.

Measuring phagocytosis index of macrophage by
flowcytometry

THP-1 cells were differentiated into macrophages by
treatment with 30 ng/mL phorbol-12-myristate 13-ace-
tate (PMA, Sigma-Aldrich, Saint Luis, MO, USA) for
3 days. THP-1 macrophage (1x10° cells/mL) was then
treated with 5-AZA (10uM) or Rap 100nM/500 nM for
24 h, followed by phosphate-buffered saline or ESAT6
(1 ug/ml) for 72 h. EAST-6 (1ug/ml) was incubated with
specific antibody (EAST-6, Abcam, Cambridge, USA) for
15 min, followed by dye (CF488A, Sigma-Aldrich, Saint
Luis, MO, USA) for 15 min. Then, the mix compounds
(ESAT6-antibody-CF488A) were incubated with THP-1
macrophage (1 x 10° cells/ml) for 30 min, and assessed by
using the CytomicsTM FC500 (Beckman Coulter; Cali-
fornia, USA). Phagocytosis index was calculated using
the percentage of ESAT6-CF488A (+) macrophages for
three independent experiments.

Statistical analysis

Continuous variables were presented as the mean + stan-
dard deviation. ANOVA, Kruskal-Wallis H, chi-square,
and paired t tests were used to assess the differences
between groups where appropriate. Linear regression
analysis with age, sex, body mass index (BMI), history
of smoking/alcoholism, and co-morbidities entered in a
single step was used to adjust p values in the comparisons
of continuous values. Independent factors associated
with active TB disease were combined in a mathematical
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formula based on binary logistic regression analysis, cre-
ating a prediction score. To assess diagnostic accuracy,
the candidate biomarker was analyzed by area under the
receiver operating characteristic (ROC) curves (AUC).
Pearson correlation coefficient was used to measure the
linear correlation between two continuous variables. All
tests are two tailed and the null hypothesis is rejected
at p<0.05. A statistical software package (SPSS, version
22.0, SPSS Inc., Chicago, IL) was used for all analyses.

Results

Demographics of the study participants

A total of 106 subjects were enrolled and divided into
three groups: 60 active TB patients, 31 LTBI subjects,
and 15 NIHS. Baseline characteristics are presented in
Table 1. Gender, comorbidities, alcoholism, and smoking
history of the study participants were not significantly
different between the three groups. Patients with active
pulmonary TB disease had a lower BMI and a higher pro-
portion of male gender compared with either NIHS or
LTBI group.

Increased LC3B and ATG5 protein expressions of M1/M2a
monocytes in active TB patients vs. either LTBI or NIHS
group

LC3B (+) percentage of blood CD14*CD209 M1 mono-
cyte was increased in active TB (51.98% + 35.97%) ver-
sus NIHS group (15.8% + 24.8%, p=0.001) or LTBI
group (25.6% + 28.6%, p=0.003, Fig. 1A). Similarly,
LC3B (+) percentage of blood CD14"CD209"M2a mono-
cyte was increased in active TB patients (69.6 +42.4%)
versus NIHS (16.5+29.1%, p<0.001) or LTBI subjects
(31.5+40.9%, p<0.001, Fig. 1B). Additionally, ATG5
(+) percentage of blood M2a monocyte was increased
in active TB (63.0+41.2%) versus NIHS (30.7 +36.3%,
p=0.026) or LTBI group (43.8 +42.4%, p=0.038, Fig. 1C).

Increased LC3B, ATG5, and p62 protein expressions in
active TB patients with high bacterial burden or far-
advanced lesion on CXR versus those without specific
characteristic or NIHS plus LTBI group

LC3B (+) percentage of blood CD3*CD8"cytotoxic T
cell was increased in active TB patients with high bac-
terial burden (AFB 3 +or 4+; n=13; 40.2 +40.3%) versus
those with low bacterial burden (AFB 0, 1+ or 2+; n=47;
13.1+20.1%, p<0.001) or NIHS plus LTBI group (n=46;
13.0+17.3%, p=0.005, Fig. 1D). ATG5 (+) percentage
of cytotoxic T cell was increased in active TB patients
with high bacterial burden (41.3+43.6%) versus those
with low bacterial burden (13.1+20.3%, p<0.001) or
NIHS plus LTBI group (16.8+20.1%, p=0.009, Fig. 1E).
P62 protein expression of M2a monocyte was increased
in active TB patients with far-advanced lesion on CXR
(n=25; 4.7+7.8 MFI) versus either those with minimal
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Table 1 Demographic and baseline characteristics of all the 106 study participants

Non-infected healthy Subjects with latent TB Patients with active pulmo- P
subjects infection nary TB disease value
N=15 N=31 N=60
Age, years 528+17.1 56.3+16.7 59.8+143 0.243
Male sex, n (%) 5(33.3) 11 (35.5) 36 (60) 0.036
BMI, kg/m2 249454 249+4.2 223+3.7 0.01
Co-morbidity, n (%)
Hypertension 2(133) 7(22.6) 12 (20) 0.761
Diabetes mellitus 2(13.3) 9 (29) 11(18.3) 0.366
Chronic obstructive pulmonary disease 0(0) 132 4(6.7) 0.496
Chronic hepatitis 4(26.7) 3(9.7) 6(10) 0.185
Chronic kidney disease 2(13.3) 13.2) 5(8.3) 0.449
Heart disease 0(0) 3(9.7) 1(1.7) 0117
Alcoholism, n (%) 2(13.3) 2(6.5) 9(15) 0.54
Smoking 0.16
Current smoker, n (%) 1(6.7) 8(25.8) 16 (26.7)
Former smoker, n (%) 2(13.3) 3(9.7) 14 (23.3)
IGRA (+), n (%) 0(0) 31(100) NA
Acid fast bacilli 3+ or 4+, 13(21.7)
n (%)
Drug-resistant TB, n (%) 8(13.3)
Systemic symptoms, n (%) 35(58.3)
Far advanced lesion on CXR, 25 (41.7)

n (%)

or moderately advanced lesion on CXR (n=35; 1.6£1.5
MEFI, p=0.016) or NIHS plus LTBI group (n=46;2.4+2.3
MEI, p=0.031, Fig. 1F).

Reduced LC3B/ATG5 expressions of blood
CD14+CD209+M2a monocyte and LC3B/ATG5 expressions
of blood CD16+ neutrophil after anti-TB treatment

In 30 active TB patients whose blood samples were
obtained again after 6-month anti-TB therapy, both
LC3B (+) percentage of M2a monocyte (41.1+48.3%
vs. 71.2+41.1%, p=0.015, Fig. 2A) and ATG5 (+) per-
centage of M2a monocyte (33.9+46.4% vs. 68.0+40.1%,
p=0.006, Fig. 2B) were reduced to near normal range
(NIHS plus LTBI group; M2a LC3B: 41.1+48.3% vs.
27.1+38.1%, p=0.474; M2a ATG5: 33.9+46.4% vs.
42.2 £41.5%, p=0.253) after treatment as compared with
that at diagnosis, while both LC3B (+) percentage of neu-
trophil (22.1+23.4% vs. 39.2+31.1%, p=0.005; Fig. 2C)
and ATG5 (+) percentage of neutrophil (13.1+19.2 vs.
38.8+37.2, p<0.001, Fig. 2D) were decreased significantly
as compared with either that at diagnosis or with that in
NIHS plus LTBI group (neutrophil LC3B: 22.1 +23.4% vs.
35.9+38.1%, p =0.042; neutrophil ATG5: 34.6 +39.1% vs.
38.8+37.2, p=0.006).

Hypermethylated LC3B gene promoter region in active TB
patients versus LTBI subjects or NIHS

Mean DNA methylation levels over -172, - 157, - 153,
- 141, - 134, and -118 CpG sites of the LC3B gene

promoter region were increased in active TB patients
(5.42+2.34%) versus either LTBI subjects (3.98 +1.23%,
p=0.005) or NIHS group (4.08 £ 1.29%, p = 0.039, Fig. 3A),
and negatively correlated with LC3B protein expres-
sions of both blood M2a (R=-0.267, p=0.004, Fig. 3B)
and M1 (R=-0.193, p=0.04) monocytes. In the 30 active
TB patients whose blood samples were obtained again
after 6-month anti-TB treatment, the LC3B promoter
DNA methylation status showed no significant differ-
ence after treatment as compared with that at diagno-
sis (5.18+2.35% versus 5.3 +2.4%, p=0.774, Fig. 2E) and
remained elevated as compared with that in NIHS plus
LTBI group (5.18+2.35% versus 4.09+1.35%, p=0.023).
DNA methylation levels of the ATGS5, and p62 gene pro-
moters were not different between the three groups.

An optimal discrimination of active pulmonary TB

disease from LTBI and NIHS by prediction score 1 and 2,
respectively

Stepwise multivariate logistic regression analysis using
all the parameters at diagnosis that showed statisti-
cal difference between active TB and LTBI groups
revealed that LC3B (+) percentage of M2a (OR 1.029,
95% CI1.013-1.044, p<0.001), mean DNA methyla-
tion level of the LCB3 gene promoter region (OR 1.998,
95% CI 1.295-3.082, p=0.002), BMI (OR 0.649, 95% CI
0.511-0.824, p<0.001) and male gender (OR 6.437, 95%
CI 1.11-37.318, p=0.038) were independent factors for
discrimination between active TB and LTBI. To increase



Chen et al. Respiratory Research

A
g g 18 801
707 |
:-'_}e\" Ox 85 A p=0.026*  p=0.038**
og 5g ‘54 607
oS 50 :[ = I 5
=59 p=0.004"* %8 60 p<0.001** %3
5 el £6 p<0.001" £5 40f
oE 30 8E 35 8 E
<
3= 2 ag
== | = == 207
OF 10 O~ 10] o
£ £ £
n=15 n=31 n=60 Iy n=15 n=31 n=60 n=15 n=31 n=60
@ 0] @ 15 @ o
NIHS LTBI  active TB NIHS LTBI  active TB NIHS LTBI  active TB
D E
o |
9 6 751 i
5 '& ES c=
= 551 = D -
k] 5o 58 6]
P 0 © 597 %E
o o —
.g.; 351 g.:_(’ %g 4 p=0.031#
gg p=0.005¢  p<0.001## §§ 35 P=0.009# . oot 59 p=0.016##
° o ) ] I
5 S 15 I I = S s I I 2t 7] RS
=+ =< H n=46 n=35 n=25
o n=46 n=47 n=13 2 n=46 n=47 n=13 07 . . .
T T T T T T NIHS+LTBI  active TB active TB
NIHS+LTBI active TB active TB NIHS+LTBI active TB active TB without far-  with far-
with low with high with low with high advanced advanced
bacterial bacterial bacterial bacterial lesion on lesion on
burden burden burden burden CXR CXR

(2025) 26:86

Page 6 of 15

Fig.1 Increased autophagy flux of blood immune cells in patients with active pulmonary TB disease. By using flowcytometry method, 1 x 10° events were
collected with blood immune cells gated in a side scatter versus frontal scatter plot to identify monocytes. Monocytes were then analyzed for expressions
of CD14 and CD209 in the FL1 and FI2 channels, respectively, using a dual staining protocol to identify M1 (CD14*CD2097) and M2a (CD14*CD209%).
These two groups of monocytes were further analyzed for protein expressions of ATG5, LC3B, and p62. (A) LC3B (+) percentage of blood CD147CD209~
M1 monocyte was increased in active TB versus either latent TB infection (LTBI) or non-infected healthy subject (NIHS) group. (B) LC3B (+) percentage of
blood CD147CD209" M2a monocyte was also increased in active TB versus either LTBI or NIHS group. (C) ATG5 (+) percentage of blood CD14*CD209*
M2a monocyte was increased in active TB versus either NIHS or LTBI group. (D) LC3B (+) percentage, and (E) ATG5 (+) percentage of blood CD3*CD8" cy-
totoxic T cells were both increased in active TB patients with high bacterial burden versus either those with low bacterial burden or NIHS plus LTBI group.
(F) P62 protein expression of blood M2a monocyte was increased in active TB patients with far-advanced lesion on CXR versus either those with mild to

moderate lesion on CXR or NIHS plus LTBI group

*compared between active TB and NIHS group, and adjusted by linear regression
**compared between active TB and LTBI group, and adjusted by linear regression
#compared between active TB patients with a specific phenotype and NIHS plus LTBI group
##tcompared between active TB patients with and without a specific phenotype

diagnostic accuracy, the four factors were combined
in the model formula (Fig. 3C). The discrimination of
active TB from LTBI was optimally captured by Predic-
tion Score 1 (AUC =0.883, 95% CI 0.812-0.955, p<0.001)
(Fig. 3D). Probability at a cutoff value of 0.663 displayed a
sensitivity of 80.9% and specificity of 76.7%, dividing the
patient population into high-risk and low-risk groups for
progression from LTBI to active TB disease.

Stepwise multivariate logistic regression analysis
using all the parameters that showed statistical differ-
ence between active TB and NIHS revealed that LC3B
(+) percentage of M2a (OR 1.026, 95% CI 1.002-1.051,
p=0.033), LC3B (+) percentage of M1 (OR 1.049, 95%
CI 1.004-1.095, p=0.033), mean DNA methylation
level of the LCB3 gene promoter region (OR 2.305, 95%
CI 1.218-4.364, p=0.01), and BMI (OR 0.736, 95% CI
0.573-0.946, p=0.017) were independent factors for dis-
crimination between active TB and NIHS. To increase
diagnostic accuracy, the four factors were combined

in the model formula (Fig. 3E). The discrimination of
active TB from NIHS was optimally captured by Predic-
tion Score 2 (AUC=0.929, 95% CI 0.852-1, p<0.001)
(Fig. 3F). Probability at a cutoff value of 0.609 displayed a
sensitivity of 96.7% and specificity of 86.7%, dividing the
patient population into high-risk and low-risk groups for
progression from NIHS to active TB disease.

Increased DNA methylation levels of the LC3B and ATG5
gene promoter regions in active TB patients with systemic
symptoms

Subgroup analysis showed that DNA methylation level
over —63 CpG site of the LC3B gene was increased in
active TB patients with systemic symptom (fever or body
weight loss, n=35; 4.37+3.51%, Fig. 4A) as compared
with that in those without systemic symptom (n=25;
2.86+2.17%, p=0.03) or NIHS plus LTBI group (n=46;
3.14+2.2, p=0.003), and negatively correlated with LC3B
protein expression of blood M2a monocyte (R=-0.199,
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Fig. 2 Reduced autophagy flux and change in DNA methylation levels of blood immune cells in active TB patients after 6-month anti-TB treatment. In 30
active TB patients whose blood samples were collected again after 6-month anti-TB therapy, both (A) LC3B (+) percentage and (B) ATG5 (+) percentage
of blood CD14*CD209" M2a monocyte were reduced versus at diagnosis and not different from that in NIHS + LTBI group, while (C) LC3B (+) percentage
and (D) ATG5 (+) percentage of blood CD16" neutrophil were reduced after treatment versus either at diagnosis or NIHS+LTBI group. (E) Mean DNA
methylation levels over — 172, — 157, — 153, — 141, — 134, and — 118 CpG sites of the LC3B gene promoter region in active TB patients after treatment did
not change significantly versus at diagnosis, and remained elevated versus NIHS+LTBI group. (F) Mean DNA methylation level over —32,-25,-18,-11, -1,
+5,+14,+18,and + 21 CpG sites of the ATG5 gene in active TB patients after treatment were increased versus either at diagnosis or NIHS + LTBI group
@compared between active TB patients after and before 6-month anti-TB treatment

*compared active TB patients after 6-month anti-TB treatment with non-infected healthy subjects (NIHS) plus latent TB infection (LTBI) group

p=0.034, Fig. 4B). Similarly, DNA methylation level over
-30 CpG site of the LC3B gene was increased in active
TB patients with systemic symptom (n=35; 6.25 +3.76%,
Fig. 4C) as compared with that in those without systemic
symptom (n=25; 4.64+2.06%, p=0.043) or NIHS plus
LTBI group (n=46; 4.2+2.3%, p<0.001), and negatively
correlated with LC3B protein expressions of helper T cell
(R=-0.195, p=0.038, Fig. 4D). Additionally, mean DNA
methylation level over -32, -25, -18, -11, -1, +5, +14,
+18, and + 21 CpQG sites of the ATGS5 gene was increased
in active TB patients with (1.69+0.37%, p<0.001) and
without systemic symptom (1.72+0.34%, p=0.016)
as compared with that in NIHS plus LTBI group
(1.52+0.32%, Fig. 4E), and negatively correlated with
ATGS5 (+) percentage of helper T cell (R=-0.218, p<0.05,
Fig. 4F). In the 30 active TB patients whose blood sam-
ples were obtained again, DNA methylation levels of the
three core ATG genes did not showed significant changes
after 6-month anti-TB treatment, except that mean DNA
methylation level over -32, -25, -18, -11, -1, +5, +14,
+18, and +21 CpG sites of the ATGS5 gene was further
increased after treatment (1.87 +0.57 versus 1.67 +0.33%,
p=0.043, Fig. 2F) and remains elevated as compared with

that in NIHS + LTBI group (1.87 +5.7 versus 1.51 +0.32%,
p<0.001).

Enhanced autophagy flux in response to various
TB-specific antigen stimuli in vitro

In THP-1 cells, both LC3B (+) and ATG5 (+) percent-
ages were increased in response to ESAT-6, Ag85A and
ESAT-6+ Ag85A co-stimuli versus for 24 h versus nor-
mal culture medium control (NC) (Fig. 5A and B). ROS
production was increased in response to ESAT-6, Ag85A,
and ESAT-6 plus Ag85A co-stimuli versus NC (Fig. 5C),
and positively correlated with LC3B (+) percentage
(R=0.762, R square=0.623, p=0.004). Early apoptosis
marker was increased in response to ESAT-6, Ag85A
and ESAT-6 + Ag85A co-stimuli versus NC (Fig. 5D), and
positively correlated with LC3B (+) percentage (R=0.822,
R square =0.679, p=0.001).

To determine midterm and long-term effects of differ-
ent TB-specific antigens on autophagy flux and epigen-
etic change, we extended the incubation period to 3 and
9 days, respectively. In THP-1 cells, LC3B (+) percent-
age, ATG5 (+) percentage, and p62 (+) percentage were
all increased in response to ESAT-6 after either 3-day or
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Fig. 3 Predictive accuracy of the LC3B gene promoter DNA methylation levels and Prediction Score 1/2 for active pulmonary TB. (A) Mean DNA methyla-
tion levels over —172,-157,-153,-141,-134,and — 118 CpG sites of the LC3B gene promoter region were increased in active TB patients versus either NIHS
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captured by the PS2

*compared between active TB and NIHS group, and adjusted by linear regression
**compared between active TB and LTBI group, and adjusted by linear regression

9-day stimuli versus NC. LC3B (+), ATG5 (+), and p62
(+) percentages were all increased in response to H37Rv
after 3-day stimuli, but decreased after 9-day stimuli ver-
sus NC (Fig. 5E and G). Additionally, LC3B gene expres-
sion was increased with ESAT6 stimuli in the presence or
absence of 5-AZA treatment (Fig. 5H).

De-methylation agent, 5-AZA, treatment resulted in
improved autophagy flux, ROS production, late apoptosis,
and phagocytosis in THP-1 cells stimulated with ESAT-6

To determine the effects of de-methylation agent and
autophagy enhancer on bactericidal, apoptosis, phagocy-
tosis, and autophagy functions, THP-1 cells were treated
with either 5-AZA or Rap, followed by ESAT-6 stimuli for
3 days. 5-AZA treatment resulted in increased autophagy
flux (percent of LC3B (+) cells, Fig. 6A; percent of ATG5
(+) cells, Fig. 6B; percent of p62 (+) cells, Fig. 6C; supple-
mentary Fig. S1), increased ROS production (percent of
H2DCEFEDA (+) cells, Fig. 6D), and increased late apopto-
sis (percent of PI (+) and annexin V (+) cells, Fig. 6E) in
the presence or absence of ESAT-6 stimuli as compared
with that in ESAT-6 alone or NC condition. On the other

hand, high dose Rap treatment resulted in mild increase
in autophagy flux only in the absence of ESAT-6 stim-
uli, while it increased late apoptosis but decreased ROS
production in the presence of ESAT-6 stimuli. Finally,
phagocytosis index of THP-1 macrophage (CF488A (+)
percentage) at 30 min was increased with ESAT-6 stim-
uli, and further increased with either 5-AZA or low dose
Rap treatment (Fig. 6F). Cell viability (WST-1 (+) THP-1
cell relative to normal control (NC)) was decreased to
less than 70% with ESAT-6 alone stimuli, and increased
to around 80% with either 5-AZA or Rap co-treatment
(Fig. 6G). Mean DNA methylation level over -172/-
157/-153/-141/-134/-118 CpG sites of the LC3B gene
was decreased with 5-AZA alone treatment vs. NC, but
did not show significant change with either Rap alone,
ESAT-6 alone, ESAT6+5-AZA, or ESAT6+Rap treat-
ment (Fig. 6H). Figure 7 depicts the proposed interplay
between ROS-mediated autophagy-related genes and
hypermethylated LC3B gene promoter epigenotype in
the model of host-directed immunotherapy for M. tb
infection.
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Discussion

Blood immune biomarkers that can early distinguish
active TB disease from both LTBI and NIHS are still
lacking. This study was undertaken to explore the roles
of autophagy associated molecules and epigenetic mark-
ers in the progression from NIHS through LTBI to active
pulmonary TB disease. Through measuring autophagy
flux and epigenetic changes in blood immune cells, we
found that increased LC3B protein expressions and
LC3B gene promoter DNA methylation levels of blood
immune cells independently distinguished active pul-
monary TB disease from either LTBI or NIHS. Further-
more, we demonstrated that the de-methylation agent,
5-AZA, improved bactericidal, autophagy, apoptosis, and
phagocytosis functions of macrophage in vitro through
mechanisms other than demethylation of the LC3B gene
promoter region.

Autophagy is often hijacked or manipulated by many
pathogens [13-15]. M. tb can exploit virulence factors
to effectively dampen host-directed autophagy utilizing
diverse mechanisms, while host autophagy activation
plays an essential role in the enhancement of antimi-
crobial immune responses and controlling pathological

inflammation against M. tb [16]. Moreover, autophagy-
regulated initiation of trained immunity contributes to
the prevention of M. tb infection [17]. However, the roles
of autophagy remain largely uncharacterized in the con-
text of clinical biomarkers for early identification of pro-
gression from NIHS or LTBI to active TB disease. For the
first time, we found that LC3B and ATG5 were both up-
regulated in active TB patients, and further up-regulated
in those with high bacterial burden or far-advanced dis-
ease, while reversed with anti-TB therapy. These find-
ings suggest that autophagy flux may be used to develop
monitoring tools for disease progression of TB re-acti-
vation. In line with our findings, it has been reported
that M1-polarized macrophages show nitric oxide and
autophagy-dependent degradation of M. tb in vitro, lead-
ing to increased antigen presentation to T cells through
an ATG-RAB7-cathepsin pathway, while M2-polar-
ized macrophages are permissive for M. tb prolifera-
tion through histone deacetylation-mediated autophagy
impairment [18].

Another important finding in the current study was
increased DNA methylation levels of the LC3B gene
promoter region in active TB patients. Previous studies
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have shown that M. tb triggers epigenetic modifications
to manipulate autophagy for its survival benefits. For
instance, host microRNA (miR)-30a, miR-155, and miR-
1303 can inhibit M. tb-induced autophagy through tar-
geting ATG3 and ATG2b [19]. It has been shown that
M. tb provokes its survival in host cells through blocking
autophagy by triggering hyper-methylation of histone
H3 lysine 9 at the Atg5 and Atg”7 gene promoter regions
through activation of p38-MAPK- and EHMT2 methyl-
transferase-dependent signalling pathways [20]. Inherited
DNA methylation patterns (epigenotype) may affect the
susceptibility to specific infection, while chronic infec-
tion may suppress host immunity through DNA methyla-
tion changes. Our previous epigenome-wide study found
that altered DNA methylation of the miR-505, RPTOR,
and WIPI2 genes may underlie autophagy-mediated
immune responses to M. th, and contribute to disease
susceptibility [21]. Moreover, the promoter regions of
the ATG12 gene in cystic fibrosis macrophages are more
methylated than in the wild-type immune cells, accom-
panied by low autophagy activity [22]. In the current
study, we found increased DNA methylation levels of the
LC3B promoter region in active TB patients as compared

to that in either LTBI or NIHS, but were not reduced
after anti-TB treatment. The in vitro experiments showed
that neither LC3B or ATGS gene promoter methylation
was altered with ESAT-6 stimuli, suggesting that hyper-
methylated LC3B gene promoter may be an epigenotype
for susceptibility to active TB disease rather than an
acquired change with chronic M. tb infection. Our find-
ing provides a novel epigenetic mechanism underlying
autophagy dysfunction in M. tb infection and re-activa-
tion. In line with our findings, a unique DNA methylation
signature with no peripheral immune response to M. tb
antigen has been demonstrated in individuals who later
developed LTBI [23]. Moreover, global DNA methyla-
tion perturbations in active TB patients has been shown
to persist 6 months after successful anti-TB treatment
[24]. DNA methylation can also orchestrate other infec-
tious circumstances through affecting autophagy flux.
For instance, Helicobacter pylori-induced DNA hyper-
methylation has been reported to modulate LC3Av1sup-
pression and autophagy flux impairment, resulting in
elevated tumorigenicity of gastric epithelial cells [25].
Additionally, Legionella effector Lpg2936-induced 6 mA
RNA hyper-methylation in the promoter region of the
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Fig. 6 Effects of 5-Aza-2-deoxycytidine (5-AZA) treatment on autophagy flux, bactericidal, apoptosis, and phagocytosis functions in THP-1 cells. 5-AZA
treatment resulted in further increase in autophagy flux, including (A) LC3B (+) percentage, (B) ATG5 (+) percentage, and (C) p62 (+) percentage in THP-1
cell stimulated with ESAT-6 as compared with that in ESAT-6 stimuli alone condition, while high dose rapamycin (Rap, an autophagy enhancer) treatment
resulted in mild increase in autophagy flux only in the absence of ESAT-6 stimuli. 5-AZA treatment resulted in further increase in (D) reactive oxygen
species (ROS; H2DCFDC (+) percentage) production and (E) late apoptosis (Pl (+) and annexin V (+) percentage) in THP-1 cells stimulated with ESAT-6 as
compared with that of ESAT-6 stimuli alone condition. (F) Both 5-AZA and low dose Rap treatment improved phagocytosis index (CF488A (+) percentage)
of THP-1 macrophage measured at 30 min after co-culture with the ESAT-6-antibody-CF488A dye complex in the presence or absence of ESAT-6 stimuli.
(G) Cell viability (WST-1 (+) percentage relative to normal control (NC)) was decreased with ESAT-6 stimuli, and increased to around 80% with either 5-AZA
or Rap co-treatment. (H) Mean DNA methylation level over —172/-157/-153/-141/-134/-118 CpG sites of the LC3B gene was decreased with 5-AZA alone

treatment vs. NC, but did not show significant change in other conditions
*p <0.05, compared with normal culture medium control (NC)
#p <0.05, compared with ESAT-6 alone condition

Atg7 and LC3B genes accompanied by autophagy impair-
ment can be restored with methylation inhibitors, 5-AZA
and (2)-Epigallocatechin-3-gallate, resulting in disrupting
bacterial replication in macrophage [26]. More investiga-
tions should be performed to determine the exact inter-
play between LC3B gene promoter hyper-methylation
and autophagy flux in active TB disease.

Some immunological markers have been proposed for
discrimination between LTBI and active TB. One exam-
ple is the frequency of purified protein derivate-specific
CD4* T cells only secreting TNF-a with an effector
memory phenotype (CD45RACCR7"CD127") that dis-
tinguished active TB from LTBI [27]. Another is the T
cellular and antibody response against M. tb dormancy
survival regulator, DosR regulon-encoded antigens, that
also distinguished active pulmonary TB from LTBI [28].
Several microRNAs, such as miR-889, miR223, miR-155,
miR-150, miR146a, miR23, and miR-21, have shown some
power to distinguish between LTBI and active TB [29].
Despite this progress, the search for a reliable biomarker

for discriminating LTBI from active TB disease remains
limited [30]. The current study is the first one linking
autophagy activation of blood monocyte and epigenetic
alteration of the LC3B gene promoter to TB reactivation.
Combining LC3B (+) percentage of blood M1/2a mono-
cyte, DNA methylation levels of the LC3B gene promoter
and clinical factors (male, BMI), the Prediction Score 1
and 2 discriminated active TB patients from LTBI and
NIHS, respectively, with good performance. In line with
our findings, low BMI has been shown to be a significant
risk factor for active TB disease, while data from epide-
miology, humans, and animals suggest that males are
more susceptible to active TB disease and associated with
poorer outcomes than females [31-33]. Further large-
scale studies are required to validate these findings.
Host-directed therapy is emerging as a novel concept
to reduce the duration of antibacterial therapy or the
amount of lung damage through improving immune
defenses for active TB patients. Everolimus is an autoph-
agy inducer through inhibiting mammalian target of
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represent an inhibition

rapamycin, and has been shown to decrease the viability
of M. tb in the granulomas in vitro [34]. A phase 2 ran-
domized open-label controlled trial showed that everoli-
mus increased lung function parameter forced expiratory
volume in one second (as a percentage of predicted) by
6.56% (about 200 ml) after 6-month concurrent anti-
TB therapy in pulmonary cavitary TB patients, but did
not affect sputum culture conversion rate [35]. About
5% of the M. tb genome encodes epigenetic modifiers
that include kinases, methyltransferases, acetyltransfer-
ases, and succinyltransferases to counter host defense
mechanisms for its proliferation. For instance, Rv2067c,
Rv1515¢, Rv1523, MamA, MamB, and HsdM are M. tb-
secreted methyltransferases that can modulate host gene
expressions of apoptosis, immune responses, redox, or
drug targets and transporters [36—38]. On the other
hand, altered methyltransferase and demethylase are
another crucial mechanism modulating host immune
responses against M. tb infection. For instance, G9a,
SET8, and SUV39HI are host histone methyltransfer-
ases that can regulate type I interferon response, oxida-
tive stress and apoptosis functions, or directly reduce the
cell adhesion capability of M. tb through tri-methylation

of the mycobacterial histone-like protein, HupB [39-41].
In the current study, we demonstrated for the first time
that 5-AZA, a DNA methyltransferase pan inhibitor,
improved bactericidal, apoptosis, and phagocytosis func-
tions of THP-1 cells stimulated with ESAT6, through
augmentation of ROS-mediated autophagy flux but not
through inhibiting DNA methylation of the LC3B or
ATGS5 gene promoter region. In line with our findings,
5-AZA has been shown to deplete glutathione, leading to
accumulation of ROS and/or mitochondrial superoxide in
cancer cells [42, 43]. Further investigation is required to
clarify underlying mechanisms and the role of DNA de-
methylation agents in host-directed therapy in active TB
disease. The major drawback of DNA methyltransferase
inhibitors is that they are unsuitable for precise target-
ing of a particular methylated CpG, are relatively non-
specific with low chemical stability, and confer significant
toxicities. Recently, the application of CRISPR/dCas9 in
epigenetic editing makes it possible to modify individual
DNA methylation at a defined gene region and regulate
specific gene change with good specificity and efficiency
[44]. Based on our results, epigenetic editing to modu-
late DNA methylation levels of the oxidation—reduction
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related genes may be a promising approach to improving
macrophage functions through augmenting autophagy
flux during active M. tb infection.

There are several limitations that we should acknowl-
edge in this study. First, the causal relationship between
autophagy activation and ATG gene promoter methyla-
tion is not straightforward. Inherited DNA methylation
aberrance (epigenotype) may affect autophagy activ-
ity and make individuals more susceptible to active TB
disease, while long-term infection may lead to acquired
DNA methylation change. The increased DNA meth-
ylation levels of the LC3B gene promoter in active TB
patients were not reduced after anti-TB treatment. In
the in vitro experiment, ESAT-6 stimuli result in sig-
nificantly increased autophagy flux but non-significant
change in DNA methylation level of the LC3B gene pro-
moter regions. Thus, we speculate that altered LC3B
gene methylation is an epigenotype rather than a change
in response to M. tb infection. Second, increased gene
promoter DNA methylation is often associated with
decreased expression of the gene. However, DNA meth-
ylation change is just one of the mechanisms responsible
for gene and protein expression changes. In our cohort,
both LC3B expression and DNA methylation levels of
the LC3B gene promoter were increased in active TB
patients, and only the former decreased after anti-TB
treatment, while both levels were correlated negatively.
We speculate that individuals that carry hypermethyl-
ated LC3B gene promoter epigenotype may have inad-
equate autophagy flux at initial confronting with M.
tb infection and have a higher tendency to progress to
active TB disease. Once progression, multiplication of
M. tb in the human body may induce overt autophagy
flux though mechanisms other than DNA methylation
change of the ATG genes. Third, DNA methylation levels
were determined in PBMC samples but not monocytes,
since monocyte isolation often requires a larger amount
of blood sample. We could not exclude the possibility
that DNA methylation status may behave differently in
monocyte and lymphocyte. Fourth, 5-AZA treatment
result in improvement in ROS production, late apoptosis,
and phagocytosis in the presence of ESAT-6 stimuli, but
not in DNA methylation change of the LC3B or ATG5S
gene, suggesting that 5-AZA may augment bactericidal,
autophagy, apoptosis, and phagocytosis functions of
macrophage through demethylating reduction-oxidation
or other autophagy-related genes. Finally, Rap treat-
ment at 100/500 nM result in improvement in apoptosis
and phagocytosis functions in the presence of ESAT-6
stimuli, but not in DNA methylation change of the LC3B
or ATG5 gene. However, a recent study showed that
everolimus diminished DNA hypermethylation of genes
involved in the PI3K-mTOR, inflammatory, TNF, and IL-
6-STAT3 pathways in both macrophage and TB patients

Page 13 of 15

[45]. We could not exclude the possibility that Rap at a
higher concentration may exert a demethylation effect on
the ATG genes.

Conclusions

Increased LC3B (+) percentage of blood M1/2a mono-
cyte, and hypermethylated LC3B gene promoter region
were independent factors distinguishing active TB dis-
ease from either LTBI or NIHS. Combining these ATG-
related biomarkers and clinical factors, the Prediction
Score 1 and 2 could be calculated to identify patients at
risk of progression from either NIHS or LTBI to active
TB disease. LC3B and ATG5 expressions were decreased
after 6-month anti-TB treatment, but hypermethylated
LC3B gene promoter region persisted. The in vitro exper-
iments showed that autophagy flux of THP-1 cells was
increased in response to ESAT-6 stimuli in association
with increased apoptosis, ROS production, and phago-
cytosis, but DNA methylation levels of the LC3B gene
promoter region was not altered, while 5-AZA treatment
improved these macrophage functions through mecha-
nisms other than demethylation of the LC3B or ATG5
gene promoter region. The findings open the possibility
of using ATG-related biomarkers to monitor the progress
of M. tb infection, and applying a DNA de-methylation
agent or epigenetic editing as host-directed therapy in
active TB disease.
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