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Background. Bedaquiline (Bdq) exerts bactericidal effects against drug-susceptible and drug-resistant Mycobacterium tuberculosis
strains, including multidrug-resistant M. tuberculosis strains (MDR-MTBs). However, few reported investigations exist regarding
Bdq effects on MDR-MTBs-infected macrophages activities and cytokine secretion. Here, Bdq bactericidal activities against MDR-
MTBs and related cellular immune mechanisms were explored. Methods. Macrophages infected with MDR-MTBs or H37Rv
received Bdq treatments (4h/8h/24h/48h) at 1 x the minimum inhibitory concentration (1 x MIC), 10 x MIC and 20 x MIC.
Intracellular colony-forming units (CFUs) and culture supernatant IL-12/23 p40, TNF-a, IL-6, and IL-10 were determined using
the Luminex® 200" ™ system. Normally distributed continuous data (mean + standard deviation) were analyzed using t-test or F-
test (SPSS 25.0, P <0.05 deemed statistically significant). Results. (1) 100% of Bdq-treated macrophages (all doses applied over
4-48h) survived with 0% inhibition of proliferation observed. (2) Intracellular CFUs of Bdq-treated MDR-MTBs-infected
macrophages decreased over 4-48 h of treatment, were lower than preadministration and control CFUs, decreased with increasing
Bdq dose, and resembled H37Rv-infected group CFUs (48 h). (3) For MDR-MTBs-infected macrophages (various Bdq doses), IL-
12/23 p40 levels resembled preadministration group levels and exceeded controls (4 h); TNF-« levels exceeded preadministration
group levels (24 h/48 h) and controls (24 h); IL-12/23 p40 and TNF-« levels resembled H37Rv-infected group levels (4 h/8 h/24 h/
48h); IL-6 levels exceeded preadministration and H37Rv-infected group levels (24 h/48h) and controls (24 h); IL-10 levels
resembled preadministration and H37Rv-infected group levels (4 h/8 h/24 h/48 h) and were lower than controls (24 h/48 h); IL-12/
23 p40 and IL-10 levels remained unchanged as intracellular CFUs changed, with IL-12/23 p40 levels exceeding controls (4 h) and
IL-10 levels remaining lower than controls (24 h/48 h); TNF-« and IL-6 levels increased as intracellular CFUs decreased (24 h/
48 h) and exceed controls (24 h). Conclusion. Bdq was strongly bactericidal against intracellular MDR-MTBs and H37Rv in a time-
dependent, concentration-dependent manner. Bdq potentially exerted immunomodulatory effects by inducing high-level Th1l
cytokine expression (IL-12/23 p40, TNF-«) and low-level Th2 cytokine expression (IL-10).

1. Introduction

Tuberculosis (TB) is a chronic infectious disease that poses
serious treatment challenges, especially for patients with
multidrug-resistant tuberculosis (MDR-TB) and rifampicin-
resistant tuberculosis (RR-TB). In fact, the MDR/RR-TB
patient treatment success rate is only 57% around the world

and 52% in China, as reported in a World Health Orga-
nization (WHO) report for 2020 [1]. Therefore, development
of new anti-TB drugs is an important strategy for achieving
TB control, especially for drug-resistant TB cases. Impor-
tantly, during the drug development process, use of bio-
logical systems to simulate host-pathogen interactions can
reveal drug resistance mechanisms associated with
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multidrug-resistant Mycobacterium tuberculosis (MDR-
MTB) strains. Moreover, the use of biologically based disease
models enables researchers to determine drug efficacies and
mechanisms of action of new anti-TB drugs, so as to provide
more effective treatments for achieving MDR-TB control
[2].

Bedaquiline (Bdq, TMC207), an ATP synthase inhibitor
[3], is effective against drug-susceptible (DS) and drug-re-
sistant M. tuberculosis (including MDR-MTB) strains, with
several previously reported studies demonstrating clinical
efficacy of Bdq and Bdq-containing chemotherapy regimens
[4, 5]. In fact, Bdq-containing chemotherapy regimens have
entered into the phase III clinical trials according to a 2020
WHO report [1]. However, few reports exist of investiga-
tions focused on Bdq effects and mechanism(s) of action
when the drug is used to treat macrophages infected with
MDR-MTB strains [2]. Therefore, this study aimed to in-
vestigate Bdq-associated bactericidal activity and effects on
secretion of cytokines by MDR-MTBs-infected macrophages
by focusing on certain cytokines with known roles in
macrophages activation, phagocytosis, bactericidal activity,
and other functions. More specifically, levels of four in-
frequently reported Th1/Th2 cytokines, IL-12/23 p40, TNEF-
a, IL-6, and IL-10 were measured to assess changes in
macrophages cytokine secretion after addition of Bdq to
cultures of MDR-MTBs-infected macrophages. The results
of this study reveal possible drug-associated cellular immune
mechanisms to guide optimization of Bdq administration
protocols to maximize drug efficacy.

2. Materials and Methods

2.1. Compounds, THP-1 Cells, and Bacteria. Bedaquiline
(TMC207, Bdq, S5623) was purchased from Selleck
(Houston, TX, United States). Alamar Blue was purchased
from BD company (Franklin Lakes, New Jersey, United
States). The Human Magnetic Luminex® Assay kit was
purchased from R&D. Bdq was dissolved in Dimethyl
Sulfoxide (DMSO) to generate concentrated stock solutions
that were stored without freeze-thaw cycles at —80°C until
use. THP-1 cells (an immortalized human monocytic cell
line), M. tuberculosis H37Rv (ATCC_27294) and MDR-
MTB strains (Clinical number 24635) were obtained from
Beijing Chest Hospital, Capital Medical University. All
MDR-MTB strains were confirmed to be M. tuberculosis
using para-nitrobenzoic (PNB) testing. Drug resistance to
isoniazid and rifampicin was assessed via drug sensitivity
testing based on the proportional method, with additional
characterization of rpoB and katG gene mutations con-
ducted via full gene sequencing.

2.2. THP-1 Cell Culture, Differentiation, and Bacterial
Infection. THP-1 cells were maintained in RPMI-1640
supplemented with 10% FBS at 37°C in a humidified in-
cubator with 5%CO,. THP-1 cells were induced to differ-
entiate into macrophages by incubation of cells with 100 ng/
ml phorbol 12-myristate 13-acetate (PMA) for 36h-48h
prior to their use in experiments; successful differentiation

was confirmed based on increased cell adherence (about
70-80%), as assessed via optical microscopy. To generate
MTB cultures, bacteria were inoculated into 7H9 medium
(containing 10% OADC and 0.05% Tween-80) and then
cultures were cultured at 37°C until cells were in logarithmic
growth phase (ODggo=0.6-1.0). Thereafter, an ultrasonic
disperser was used to disperse and count MTB bacilli. Next,
differentiated macrophages were infected with MTB at a
multiplicity of infection (MOI) of 10 for 4 h in BSL2 facilities
within the Department of Bacteriology of the Beijing Tu-
berculosis and Thoracic Tumor Research Institute after
approval by the Institutional Biosafety Committee of China
(ITEM: LA2-6A1 Class II BSC per NSF 49, ULPA filter,
ISOCIDE, Asset number: 100408).

2.3. Broth Microdilution Minimum Inhibitory Concentration
(MIC) Method. A microplate Alamar Blue assay (MABA)
was used to determine the minimum inhibitory concen-
tration (MIC) of Bdq for the H37Rv strains. Briefly, the
turbidity of the resulting MTB suspension was adjusted with
sterile deionized water until it was equivalent to the turbidity
of a 1.0 McFarland standard (~5x10” CFU/ml). Next, the
MTB suspension was diluted 1:50 (~1 x 10° CFU/ml) in
7H9 broth medium to generate a 2 x stock of the inoculum,
which was then transferred to a disposable inoculum res-
ervoir. Next, a volume of 100 ul of the stock inoculum was
transferred from the reservoir into each well of a microtiter
plate using an eight-channel micropipette (and sterile tips
with filters) to deliver a final number of viable bacilli per well
of ~5x10° CFU/ml. Control wells for assessing growth of
MTB without added Bdq contained macrophages inoculated
with MTB, while negative control wells contained macro-
phages without MTB. Next, Bdq was diluted and tested for
activity against MTB based on Clinical and Laboratory
Standards Institute (CLSI) guidelines. After the plates were
incubated for 7 days at 37°C, 32.5 ul of staining agent (20 ul
Alamar Blue and 12.5ul of 20% Tween-80) was added per
well then plates were incubated for another 24 h. Thereafter,
wells of the microtiter plates were read by visual inspection
to interpret the Bdq MIC results, with MIC defined as the
lowest concentration of drug that prevented the color from
changing from blue to pink. The MIC of Bdq was 0.03 mg/L.

2.4. Measurement of MTB Infection by Colony-forming Units
(CFUs) Assays. To assess Bdq effects on MTB survival in
macrophages, THP-1 cells (that had been previously induced
to differentiate into macrophages) were infected with MTB
at a multiplicity of infection of 10 for 4 h, then the cells were
washed with phosphate-buffered saline (PBS) four times.
Based on a Bdq MIC of 0.03 mg/L, different doses of Bdq
(1 x MIC, 10 x MIC, or 20 x MIC) were added to wells and
then the plates were incubated for 4h, 8h, 24h, or 48h.
Thereafter, the macrophages were washed again and lysed by
addition of PBS containing 0.5% Triton X-100. Next, CFU
assays were performed by plating serially diluted suspen-
sions on Middlebrook 7H10 agar plates supplemented with
10% OADC followed by incubation of plates at 37°C for
3 ~4weeks. After incubation, numbers of MTB colonies
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representing CFUs within the macrophages were quantified
by counting the colonies on the plates.

2.5. Magnetic Luminex® Assays. To assess the Bdq effects on
MTB-infected macrophages cytokine secretion, differenti-
ated macrophages were infected with MTB at a multiplicity
of infection of 10 for 4 h followed by four washes with PBS.
Next, various concentrations of Bdq (1 x MIC) were added to
wells followed by incubation of plates for 4h, 24 h, or 48 h.
Thereafter, culture supernatants were collected and levels of
IL-12/23 p40, TNF-a, IL-6, and IL-10 in the supernatants
were measured using the Luminex® 200TM system
according to the manufacturer’s instructions.

2.6. Statistical Analysis. The data were analyzed by SPSS 25.0
software and Prism 8.0 software. The continuous data were
expressed as mean + standard deviation (X +s) and ana-
lyzed by t- or F-test. P<0.05 was considered statistically
significant.

3. Results

3.1. Assessment of Bdq Toxicity and Effect on Macrophages
Proliferation. As shown in Table 1, OD,s, values of control
(untreated, uninfected macrophages) and experimental wells
(Bdg-treated uninfected macrophages) exhibited increasing
trends with time. However, for a given timepoint after Bdq
addition to wells, decreasing ODyso values were observed
with increasing Bdq concentration. Thus, the survival rate of
Bdg-treated macrophages was 100% and the rate of inhi-
bition of proliferation of Bdq-treated macrophages was 0%
for different Bdq concentrations and treatment times.

Intracellular CFUs detected in macrophages infected
with H37Rv and MDR-MTB strains after Bdq treatment for
4h to 48 h.

Bdq exerted potent bactericidal activity against
M. tuberculosis H37Rv and MDR-MTB bacilli within
macrophages, with bactericidal activity assessed by mea-
suring CFU reductions after treatment of infected macro-
phages with various doses of Bdq for 4 h to 48 h, as shown in
Table 2. The results revealed that from 4 h to 48 h after Bdq
addition to wells, numbers of intracellular CFUs detected in
macrophages infected with MDR-MTB or H37Rv strains
decreased gradually with time; CFUs reached their lowest
values at 48 h, which were lower than corresponding control
group CFU values (infected, untreated) (P < 0.05). Notably,
when Bdq was administered at doses of 10xMIC and
20xMIC, numbers of intracellular CFUs detected in
macrophages infected with H37Rv and MDR-MTB strains
were lower than CFUs associated with Bdq administration at
a dose of 1 x MIC (P <0.05). However, intracellular CFU
numbers detected in macrophages infected with H37Rv were
similar for Bdq doses of 10 x MIC and 20 x MIC (P > 0.05),
whereas intracellular CFUs of macrophages infected with
MDR-MTBs and treated with a Bdq dose of 20 x MIC were
lower than corresponding CFUs in macrophages treated
with a Bdq dose of 10 x MIC at all treatment timepoints
(P<0.05).

Intriguingly, as compared with numbers of intracellular
CFUs detected in H37Rv-infected macrophages, numbers of
intracellular CFUs detected in MDR-MTBs-infected mac-
rophages were higher at early timepoints after Bdq ad-
ministration (4h, 24h). However, at a later infection stage
(48 h) CFUs were similar between the two groups, as shown
in Figure 1.

Levels of Th1/Th2 cytokines in culture supernatants of
macrophages infected with MDR-MTB strains after Bdq
administration.

Tables 3-6 reveal levels of Thl cytokines (IL-12/23 p40
and TNF-«) and Th2 cytokines (IL-6 and IL-10) in culture
supernatants of macrophages infected with MDR-MTB and
H37Rv strains after Bdq treatment with a 1xMIC dose
(0.03 mg/L) for 4—48h.

As shown in Table 3, levels of 1L-12/23 p40 in culture
supernatants of macrophages infected with MDR-MTB and
H37Rv strains did not change before or during Bdq ad-
ministration over 4-48h, with no significant difference
observed between Bdq-treated macrophages infected with
MDR-MTB versus those infected with H37Rv at all time-
points after Bdq administration (P> 0.05). However, the
level of IL-12/23 p40 in culture supernatants of Bdq-treated
macrophages infected with H37Rv was lower than that of the
control (untreated) group at 48 h, whereas levels of IL-12/23
p40 in culture supernatants of macrophages infected with
MDR-MTBs were higher than that of the control group at
4h after Bdq administration (P < 0.05).

As shown in Table 4, levels of TNF-a in culture
supernatants of macrophages infected with MDR-MTB and
H37Rv strains at 24h and 48h were higher than corre-
sponding preadministration group levels, with no significant
difference observed between macrophages infected with
MDR-MTB and H37Rv at all treatment timepoints
(P >0.05). Meanwhile, TNF-a levels in culture supernatants
of MDR-MTBs-infected macrophages were higher than the
corresponding control group level after 24-h Bdq treatment
(P<0.05).

As shown in Table 5, IL-6 levels in culture supernatants
of macrophages infected with MDR-MTB and H37Rv
strains at 24 h and 48 h after Bdq administration were higher
than corresponding preadministration group levels.
Meanwhile, IL-6 levels in culture supernatants of MDR-
MTBs-infected macrophages were higher than corre-
sponding levels in culture supernatants of H37Rv-infected
macrophages after 24-h and 48-h Bdq treatment (P < 0.05),
whereas IL-6 levels in culture supernatants of H37Rv-in-
fected macrophages were lower than corresponding control
group levels after 24-h and 48-h Bdq treatment. Notably, IL-
6 levels in culture supernatants of MDR-MTBs-infected
macrophages were higher than the corresponding control
group level after 24-h Bdq treatment (P <0.05).

As shown in Table 6, IL-10 levels in culture supernatants
of macrophages infected with MDR-MTB and H37Rv
strains remained unchanged before and after Bdq admin-
istration for 4-48 h, with no significant differences observed
between macrophages infected with MDR-MTBs and
H37Rv at any timepoint (P > 0.05). In addition, IL-10 levels
in culture supernatants of macrophages infected with H37Rv
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TaBLE 1: Cytotoxicity test after Bdq treatments (ODys, X * s).

4h 8h 24h 48h F test P value
Blank well 0.19+£0.00 0.20+0.00 0.21 £0.00 0.25+0.00 302.383 0.001
Control well 2.61 £0.07 2.75+0.01 3.28+£0.00 3.63+0.01 582.410 0.001
Experiment well (MIC) 3.00+0.00 3.94+0.04 4.02+0.05 4.21+0.01 770.868 0.001
Experiment well (10 MIC) 2.98 +£0.01 3.17+£0.02 3.70+£0.01 4.17 £0.02 3496.973 0.001
Experiment well (20 MIC) 2.64+0.01 2.93+0.02 3.67+£0.02 3.98+0.04 1965.094 0.001
F test 4501.332 11129.366 11417.576 21747.170 — —
P value 0.001 0.001 0.001 0.001 — —
Survival rate (MIC) 100.00 100.00 100.00 100.00 — —
Survival rate (10 MIC) 100.00 100.00 100.00 100.00 — —
Survival rate (20 MIC) 100.00 100.00 100.00 100.00 — —
Inhibition rate (MIC) 0 0 0 0 — —
Inhibition rate (10 MIC) 0 0 0 0 — —
Inhibition rate (20 MIC) 0 0 0 0 — —

Survival rate = [(experiment well-blank well)/(control well-blank well)] x 100%. Inhibition rate = [(control well-experiment well)/(control well-blank well)] x
100%.

TaBLE 2: Intracellular CFUs detected in macrophages infected with H37Rv and MDR-MTB strains after Bdq treatment (X + s).

4h before

4h after

8h after

24h after

48 h after

administration administration administration administration administration Ftest P value
H37Rv strains
Control 120.00 + 4.00 104.67 +9.87 114.00 +5.29 10267+ 13617 8533+6437% 7111  0.006
MIC 120.00£4.00  40.00 +4.00%* 36.00 + 4.00%% 33.33+6.114% 26.67+11.55°%&%  103.085 0.001
10 MIC 120.00 + 4.00 333346119 22.67+4.62%7%  1733423190%& 1467441677 303.890 0.001
20 MIC 12000 +4.00 2667 +6.119F  24.00+6.93%% 213342319 1067+ 1.16%7%%* 279210  0.001
F-test — 83.090 201.612 81.943 74.621 — —
P value — 0.001 0.001 0.001 0.001 — —
MDR-MTB strains
Control 114.67 +7.57 92.67 +6.43" 102.67 +4.62 96.67 + 11.557 83.33 45,7774 7128  0.006
MIC 114.67 £7.57 80.67 + 7.02% 74.67 +7.57%% 67.33+11.029%  41.33+2.3197%% 36062  0.001
10 MIC 114.67 +7.57 74.67+7.57%  5333+3.06%%&%  34.67+4.62907%%  30.00+7.217%%%% 90818  0.001
20 MIC 114.67+7.57  42.00+13.129%% 28,00+ 6.93%F& 2200+ 2.00%F& 1933+ 1.16%F& 84097  0.001
F test — 17.604 88.732 48.437 102.507 — —
P value — 0.001 0.001 0.001 0.001 - —

Control: No drug on macrophages infected by MTB. #: The P value of 4 h before administration and other group was less than 0.05. &: The P value of 4 h after
administration and other group was less than 0.05. *: The P value of 8 h after administration and other group was less than 0.05. *: The P value of 24 h after
administration and other group was less than 0.05. % The P value of control and other group was less than 0.05. *: The P value of MIC and other group was less
than 0.05. “: The P value of 10MIC and other group was less than 0.05.
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FiGure 1: Intracellular CFUs detected in macrophages infected with H37Rv and MDR-MTB strains after Bdq treatment.
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TaBLE 3: Levels of IL-12/23 p40 in culture supernatants of macrophages infected with H37Rv and MDR-MTB strains after Bdq ad-
ministration (pg/ml, X = s).

4h before 4h after 24h after 48 h after Ftest Pvalue
administration administration administration administration
H37Rv strains
Control 737.87 +£93.61 722.80+2.70 875.86 £ 21.11 867.81 +1.63 5.834 0.061
qu 737.87 +£93.61 749.83 +£55.78 795.97 £16.55 797.54 £5.12 0.629 0.633
t-test — -0.684 4.211 18.491 — —
P value — 0.564 0.052 0.003 — —
MDR-MTRB strains
Control 757.70 + 52.47 722.54 +2.64 760.78 £ 0.61 752.17 +1.80 0.890 0.519
qu 757.70 + 52.47 852.42 +1.85 699.80 £ 61.95 767.13+70.27 2.746 0.177
t-test — -56.980 1.392 -0.301 — —
P value — 0.001 0.299 0.792 — —

TaBLE 4: Levels of TNF-« in culture supernatants of macrophages infected with H37Rv and MDR-MTB strains after Bdq administration (pg/

ml, X + s).
4h before 4h after 24 h after 48 h after
. . . .. . .. . .. . F test
administration administration administration administration value
H37Rv strains
Control 307.95+17.27 385.20 + 1.52# 500.39 + 0.37#& 436.28 + 0.57#&"' 175.914 0.001
Bdq 307.95+17.27 382.50 £9.66 407.93 + 53.18# 444.71 + 8.41° 8.129 0.035
t-test — 0.390 2.459 —1.415 — —
P value — 0.734 0.133 0.293 — —
MDR-MTB strains
Control 334.96+9.33 402.47 +2.85" 451.83 +1.19%& 475.95+0.547%% 320338 0.001
Bdq 334.96 +£9.33 392.36 +45.41 514.09 + 10.16#& 447.54 + 11.60# 19.648 0.007
t-test — 0.314 —-8.606 3.461 — —
P value — 0.783 0.013 0.074 — —

TaBLE 5: Levels of IL-6 in culture supernatants of macrophages infected with H37Rv and MDR-MTB strains after Bdq administration (pg/

ml, X + s).
4h before 4h after 24h after 48h after Ftest P value
administration administration administration administration
H37Rv strains
Control 9.75+2.91 11.05 +1.07 59.96 + 0.357& 87.06 + 0.377&* 1171.658  0.001
Bdq 9.75+2.91 11.81+0.00 46.36 +0.00%& 61.95 +3.177&* 288.665  0.001
t-test — ~1.000 54.400 11.135 — —
P value — 0.423 0.001 0.008 — —
MDR-MTB strains
Control 7.69 +0.00 13.45 +0.647 77.87 +0.21%& 119.50 + 0.84%&* 19757538  0.001
Bdq 7.69 +0.00 11.81 +0.00 105.09 + 0.007& 107.40 +9.757& 261.443  0.001
t-test — 3.593 —181.467 1.748 — —
P value — 0.069 0.001 0.223 — —

were lower than corresponding control group levels after
48h Bdq treatment, although IL-10 levels in culture
supernatants of MDR-MTB-infected macrophages were
lower than those of the control group after 24-h and 48-h
Bdq treatments (P <0.05).

Analysis of the relationship between Th1/Th2 cytokine
level and intracellular CFUs of MDR-MTBs-infected mac-
rophages after Bdq administration.

Results revealing the relationship between Th1/Th2 cy-
tokine level changes and numbers of intracellular CFUs

detected in MDR-MTBs-infected macrophages after ad-
ministration of a Bdq dose of 1 x MIC over 4-48 h are shown
in Figure 2. Levels of IL-12/23 p40 and IL-10 remained
unchanged as intracellular CFU numbers detected in MDR-
MTBs-infected macrophages decreased after Bdq adminis-
tration. Meanwhile, IL-12/23 p40 levels were greater than the
corresponding control group level at 4h after Bdq admin-
istration, whereas IL-10 levels were lower than corre-
sponding control group levels at 24h and 48 h. Moreover,
levels of TNF-a secreted by MDR-MTBs-infected
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TaBLE 6: Levels of IL-10 in culture supernatants of macrophages infected with H37Rv and MDR-MTB strains after Bdq administration (pg/

ml, X + s).
4h before 4h after 24 h after 48 h after Frtest P value
administration administration administration administration
H37Rv strains
Control 465.43+5.95 528.99 +1.70% 582.81 + 3.58%& 566.52+0.257%% 425322 0.001
qu 465.43 £5.95 483.38 +£43.61 431.66 +87.93 440.30 +£25.79 0.432 0.742
t-test — 1.478 2.429 6.921 — —
P value — 0.277 0.136 0.020 — —
MDR-MTB strains
Control 525.71+79.17 544,22 +0.80 571.63+1.93 627.78 +4.40 2.517 0.197
qu 525.71+79.17 470.29 £ 32.51 471.07 +15.67 466.71 +16.06 0.815 0.549
t-test — 3.215 9.005 13.680 — —
P value — 0.085 0.012 0.005 — —
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FiGure 2: The relationship between Th1/Th2 cytokine levels and intracellular CFUs of MDR-MTBs-infected macrophages after Bdq
administration. (a) Intracellular CFUs detected in macrophages infected with MDR-MTB after Bdq treatment. (b) Levels of Th1 cytokine in
culture supernatant of macrophages infected with MDR-MTB after Bdq administration. (c) Levels of Th2 cytokine in culture supernatants of
macrophages infected with MDR-MTB after Bdq administration.
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macrophages at 24h and 48h increased as intracellular
CFUs decreased and exceeded the control group TNF-a level
after 24 h of Bdq treatment. In addition, at all Bdq treatment
timepoints, levels of IL-6 secreted by MDR-MTBs-infected
macrophages increased as intracellular CFU numbers de-
creased, as observed for the control group.

4. Discussion

M. tuberculosis (MTB), a species of facultative bacteria,
infects macrophages. Macrophages, which are derived from
monocytes, have powerful phagocytic functions that enable
them to act as important immune effector cells against MTB
invasion. Nevertheless, it has been reported that infection
with MDR-MTB strains can lead to abnormal host cellular
immune functions that can limit killing and elimination of
MDR-MTB bacilli from the host [6, 7], prompting re-
searchers to search for drugs to restore immune function.
One such drug, Bdq, holds promise, but few reported studies
have investigated Bdq effects on secretion of cytokines by
macrophages infected with MDR-MTB strains. Therefore, in
this study, we determined whether cytokines secreted by
macrophages participate in the regulation of Bdq bacteri-
cidal activity.

As shown in Table 1, the survival rate of macrophages
after exposure to Bdq was 100% and the Bdq-associated
inhibition rate of macrophages proliferation was 0% for
different Bdq concentrations and exposure times. Thus,
these results suggest that exposure of macrophages to Bdq
had no significant effect on macrophages survival and
proliferation.

As shown in Table 2, numbers of detected intracellular
CFUs of MDR-MTBs-infected macrophages were lower
than corresponding control (untreated) group CFU num-
bers at 8h, 24h, and 48h after Bdq addition to cultures
(P <0.05). These results thus suggest that Bdq exerted good
bactericidal activity against MDR-MTB within macrophages
that exhibited several important characteristics. First, Bdq
exerted early bactericidal activity against intracellular bacilli
of MDR-MTB strains, as reflected by 30% decreases in
numbers of CFUs detected within MDR-MTBs-infected
macrophages at 4 h after Bdq administration. This result was
consistent with results reported by Diacon et al. [8], which
demonstrated that average sputum CFU numbers were
reduced by about 25% in 23 MDR-TB patients treated with
Bdq for 1 week, thus suggesting that early administration of
Bdq could kill MDR-MTB bacilli while also potentially re-
ducing bacterial resistance. Second, the bactericidal activity
of Bdq was time-dependent, whereby intracellular CFUs
representing intracellular bacilli in MDR-MTBs-infected
macrophages decreased by 64% at 48 h after Bdq adminis-
tration relative to CFU numbers detected during the pre-
administration stage, thus suggesting that Bdq exhibited a
delayed bactericidal effect. This result aligned with results
reported by Rustomjee et al. [9], which demonstrated that
numbers of CFUs in sputum samples obtained from smear-
positive pulmonary TB patients decreased rapidly after
treatment with Bdq for 4 days. Third, Bdq bactericidal ac-
tivity was concentration-dependent (shown in Table 2),

whereby intracellular CFUs of MDR-MTBs-infected mac-
rophages were reduced in a Bdq dose-dependent manner
with increasing Bdq dose (1 x MIC, 10 x MIC, 20 x MIC).
Meanwhile, numbers of intracellular CFUs detected in
macrophages administered a 20 x MIC Bdq dose were lower
than those of macrophages administered a 10 x MIC dose at
all timepoints after Bsq administration. These results were
consistent with results reported by Rustomjee et al. [9],
which indicated that numbers of CFUs in patient sputa were
lower after treatment with a 400-mg/day dosage of Bdq for 7
days as compared to CFU numbers detected in sputa of
patients treated with Bdq dosages of 100 mg/day and 25 mg/
day. Taken together, these results suggest that use of a
reasonable therapeutic dose of Bdq can support effective
bactericidal activity. Fourth, Bdq bactericidal activity against
MDR-MTB strains was similar to its activity against the
H37Rv strain during late-stage (48 h) treatment, as shown in
Figure 1, although numbers of intracellular CFUs detected in
MDR-MTBs-infected macrophages were higher than cor-
responding numbers detected in H37Rv-infected macro-
phages at 4-24h after Bdq administration. This result
aligned with results reported by Tweed et al. [10], which
indicated that the sputum conversion rate from positive to
negative was similar between DS-TB and MDR-TB patients
after treatment with a chemotherapeutic regimen that in-
cluded a 200-mg/day dosage of Bdq for 56 days [76.1% (95%
CL 64.0~88.3) vs. 79.8% (95%CI: 2.4 ~97.2)], thus sug-
gesting that the Bdq treatment course used for MDR-TB
patients should be longer than that used for treating DS-TB
patients.

Unlike most other pathogenic bacteria, MTB bacilli
mainly target and enter pulmonary macrophages that, in
turn, react by suppressing MTB activities or by killing in-
tracellular MTB through secretion of cytokines that influ-
ence expression and/or activation of host metabolic
pathways, autophagy, pyrolysis, and other host activities
[11]. In this study, macrophages secretion of four Th1/Th2-
related cytokines was monitored to explore Bdq effects on
macrophages cytokine secretion and to identify possible
synergistic mechanisms involved in macrophage-based
killing of MDR-MTB.

In terms of Th1 cytokines, IL-12/23 p40 and TNF-«a exert
proinflammatory effects by promoting production of IFN-y
or by coordinating with IFN-y. In turn, IFN-y acts to directly
or indirectly promote macrophages activation that can lead
to enhanced phagocytosis of MTB, inhibition of anti-MTB
activities, and MTB killing [12, 13]. Results shown in Tables 3
and 4 indicate that levels of IL-12/23 p40 and TNF-« in
culture supernatants of MDR-MTBs-infected macrophages
were higher than corresponding control group levels at 4h
and 24 h after Bdq administration. These results thus suggest
that Bdq acted as an immunopotentiator by promoting
production of IL-12/23 p40 and TNF-a to coordinate and
enhance the macrophage-induced bactericidal effect. Nev-
ertheless, this Bdq effect was short-lived, a result likely due to
the fact that Bdq was administered as a one-time, short-term
treatment that could not sustain long-term cytokine se-
cretion. Moreover, additional mechanisms related to the
delay in the observed Bdq bactericidal effect may have
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contributed to the short-term nature of the Bdq effect,
warranting further study. Furthermore, levels of IL-12/23
p40 and TNF-«a after Bdq treatment were similar between
culture supernatants of macrophages infected with MDR-
MTB and H37Rv strains, suggesting that the Bdq immu-
nomodulatory effect against MTB was not influenced by
MTB drug resistance.

In terms of Th2 cytokines, IL-6 and IL-10 are known to
inhibit IFN-y-induced macrophages phagosome-lyso-
some fusion and autophagy, so as to provide favorable
conditions for MTB survival in vivo [14, 15]. However,
results obtained here (Tables 5 and 6) indicated that IL-10
levels in culture supernatants of MDR-MTBs-infected
macrophages were lower than those of the control group
after 24h and 48h Bdq treatment. Thus, Bdq may have
exerted an immunosuppressive effect on IL-10 secretion
that ultimately promoted the development of an immune
response dominated by Thl cells that indirectly elimi-
nated MDR-MTB bacilli. Nevertheless, it is possible that
decreased bacterial load resulting from Bdgq-associated
killing of MDR-MTB bacilli within macrophages may
have led to reduced stimulation of Th2 cytokine pro-
duction. In addition, IL-6 levels in culture supernatants of
MDR-MTBs-infected macrophages were higher than
corresponding levels in culture supernatants of H37Rv-
infected macrophages after 24 h and 48 h Bdq treatments,
whereas IL-10 levels were similar to those of H37Rv-in-
fected macrophages at all treatment timepoints. Taken
together, these results suggest that Bdq effects on mac-
rophages secretion of different cytokines differed
depending on whether the macrophages were infected
with MDR-MTB or H37Rv strains to explain inconsis-
tencies in secreted IL-6 and IL-10 profiles for different
MTSB strains, warranting further study.

In addition to assessing secreted cytokine levels, we
studied effects of four cytokines on phagocytic and bac-
tericidal functions of MDR-MTBs-infected macrophages,
as shown in Figure 2. Levels of IL-12/23 p40 and IL-10
secreted by MDR-MTBs-infected macrophages remained
unchanged as intracellular CFUs decreased. Meanwhile,
levels of IL-12/23 p40 secreted by MDR-MTBs-infected
macrophages after 4h Bdq treatment were higher than
that of the control group, whereas levels of IL-10 after 24 h
and 48h of treatment were lower than corresponding
control group levels. Moreover, secreted TNF-« levels
after 24h and 48h Bdq treatments increased as intra-
cellular CFUs decreased, with a higher TNF-a level after
24-h treatment observed as compared to that of the
control group. Taken together, these results suggest that
Bdq may exert a regulatory effect on macrophages cyto-
kine secretion by upregulating secretion of 1L-12/23 p40
and TNF-a and downregulating secretion of IL-10 to
promote a Thl immune response that could ultimately
enhance macrophages phagocytic and bactericidal func-
tions. By contrast, although secreted IL-6 levels of MDR-
MTBs-infected macrophages increased as intracellular
CFUs decreased, IL-6 levels resembled those of the control
group at all Bdq-treatment timepoints, thus suggesting
that Bdq had no regulatory effect on IL-6 levels during

MDR-MTBs growth and reproduction in macrophages.
This result was consistent with results reported by Li et al.
[16], Doan et al. [17], and Ban et al. [18] that together
suggest that Bdq treatment directly alters macrophages-
associated regulation of immune system functions to
enhance drug therapeutic effects or reduce host suscep-
tibility to invading pathogens to ultimately achieve a
strong bactericidal effect.

This study had several limitations. First, our results only
demonstrated Bdq effects for macrophages infected with a
limited set of similar MDR-MTB clinical isolates. Thus, we
should expand the sample size of clinical isolates and
number of drug resistance types in order to obtain more
reliable results. Moreover, we studied a limited range of Bdq
doses and thus plan to measure cytokine levels after ex-
posure of macrophages to higher Bdq doses in the future.
Furthermore, we will consider verifying that Bdq effects on
cytokine levels can be replicated in vivo by conducting
animal studies in the future.

In conclusion, Bdq exerted a strong bactericidal activity
against intracellular MDR-MTB. This Bdq effect was time-
dependent and concentration-dependent, with late bacte-
ricidal activity observed against MDR-MTB that resembled
bactericidal activity against H37Rv. Mechanistically, the
Bdg-induced bactericidal effect may have been due to drug-
induced immunomodulation that led to increased expres-
sion of IL-12/23 p40 and TNF-« and reduced expression of
IL-10.

Abbreviations

MTB: Mpycobacterium tuberculosis

MDR- Multidrug-resistant Mycobacterium
MTB: tuberculosis

MDR-TB:  Multidrug-resistant tuberculosis
RR-TB: Rifampicin-resistant tuberculosis
Bdq: Bedaquiline

CFUs: Colony-forming units

MIC: Minimum inhibitory concentration.
Data Availability

The data can be obtained from the corresponding author
upon reasonable request.

Ethical Approval

This research was approved by the Ethics Committee of
Beijing Chest Hospital, Capital Medical University with the
ethical code number YJS-2021-009.

Consent

Not applicable.

Conflicts of Interest

The authors declare that they have no conflicts of interest.



Canadian Journal of Infectious Diseases and Medical Microbiology 9

Authors’ Contributions

Lyu XL contributed to study design, data acquisition,
analysis of results, and manuscript preparation. Pan LP,
Huang HR, Zhang ZD, and Li Q contributed to study design,
analysis of results, critical review, and modification of the
manuscript. Lin TT, Gao JT, Jia HY, Zhu CZ, Li ZH, DongJ.,
Sun Qi, Shu W, and Wang SS performed statistical analysis
and critical review of the manuscript. All authors reviewed
and approved the final version of the manuscript. All authors
come from Beijing Chest Hospital, Capital Medical Uni-
versity, Beijing Tuberculosis and Thoracic Tumor Research
Institute.

Acknowledgments

The authors thank EasyEdition (easyedition.net) for the
English language editing and review services. This study was
financially supported by Research and Evaluation of New
Protocols and Technologies for the Treatment of Drug-re-
sistant Tuberculosis (2018ZX10722301-001) and the Beijing
Municipal Science and Technology Major Project
(D181100000418005).

References

[1] World Health Organization (WHO), Global Tuberculosis
Report 2020, WHO/HTM/TB/2020 10, World Health Orga-
nization, Geneva, Switzerland, 2020, https://apps.who.int/iris/
handle/10665/44165%1ocale=zh.

[2] World Health Organization (WHO), Global Tuberculosis
Report 2019, World Health Organization, Geneva, Switzer-
land, 2019, https://www.who.int/tb/data/en/.

[3] D. A. Lamprecht, P. M. Finin, M. A. Rahman et al., “Turning the
respiratory flexibility of Mycobacterium tuberculosis against
itself,” Nature Communications, vol. 7, no. 1, Article ID 12393,
2016, https://www.nature.com/nature communications.

[4] L. Yuan-yuan and Y. Lu, “The applications of animal models
in the new anti-tuberculosis drugs evaluation,” Chinese
Journal of Antituberculosis, vol. 39, no. 9, pp. 1014-1017, 2017.

[5] L. Qi, X.-Y. Jiang, M.-Q. Gao et al.,, “Effect of 18 months
regimen in the treatment of multidrug-resistant pulmonary
tuberculosis,” Chinese Journal of Antituberculosis, vol. 41,
no. 3, pp. 294-301, 2019.

[6] W.-C. Ren, Regulation of Toll-like Receptors 2 and 4 in
Macrophages Infected by Multidrug-Resistant Mycobacterium
Tuberculosis, Beijing Tuberculosis and Thoracic Tumor Re-
search Institute, Beijing, China, 2009.

[7] D.-D. Dong and Q. Gao, “Mycobacterium tuberculosis genetic
diversity and differential virulence,” Journal of Microbes and
Infection, vol. 5, no. 2, pp. 106-110, 2010.

[8] A. H. Diacon, R. Dawson, F. von Groote-Bidlingmaier et al.,
“l4-day bactericidal activity of PA-824, bedaquiline, pyr-
azinamide, and moxifloxacin combinations: a randomised
trial,” The Lancet, vol. 380, no. 9846, pp. 986-993, 2012.

[9] R. Rustomjee, A. H. Diacon, J. Allen et al., “Early bactericidal
activity and pharmacokinetics of the diarylquinoline TMC207
in treatment of pulmonary tuberculosis,” Antimicrobial
Agents and Chemotherapy, vol. 52, no. 8, pp. 2831-2835, 2008.

[10] C. D. Tweed, R. Dawson, D. A. Burger et al., “Bedaquiline,
moxifloxacin, pretomanid, and pyrazinamide during the first
8 weeks of treatment of patients with drug-susceptible or

drug-resistant pulmonary tuberculosis: a multicentre, open-
label, partially randomised, phase 2b trial,” The Lancet Re-
spiratory Medicine, vol. 7, no. 12, pp. 1048-1058, 2019.

[11] Y. Wang, L. Chuan-you, W. Wang, and S. J. Tang, “The role of
macrophages in anti-tuberculosis infection,” Chinese Journal
of Antituberculosis, vol. 40, no. 2, pp. 218-221, 2018.

[12] X. Q. Wang, X. Chen, L. Yan, B.-F. Shen, and R.-X. Shen,
“Role of IL-12 family in autoimmune diseases,” Military
Medical Science, vol. 39, no. 8, pp. 637-640, 2015.

[13] S. Liang, Z. Cai, H. Ma, and C.-H. Ge, “Research progress of
tumor necrosis factor-a in bone and joint tuberculosis,”
Journal of Ningxia Medical University, vol. 40, no. 1,
pp. 115-121, 2018.

[14] Y. Zhao, X. Zhao, F. Xiao-yan, and H.-Q. Zhang, “Research
progress of IL-6 in Mycobacterium tuberculosis infection and
diagnosis,” Letters in Biotechnology, vol. 26, no. 2,
pp. 294-297, 2015.

[15] R. K. Dutta, M. Kathania, M. Raje, and S. Majumdar, “IL-6
inhibits IFN-y induced autophagy in Mycobacterium tuber-
culosis H37Rv infected macrophages,” The International
Journal of Biochemistry ¢ Cell Biology, vol. 44, no. 6,
pp. 942-954, 2012.

[16] J. Li, N. Li-hui, and S. Tang, “The anti-tuberculosis effect of
Bedaquiline and its research progress,” National Medical
Journal of China, vol. 95, no. 16, pp. 1275-1277, 2015.

[17] T. N. Doan, P. Cao, T. I. Emeto, J. M. McCaw, and
E. S. McBryde, “Predicting the outcomes of new short-course
regimens for multidrug-resistant tuberculosis using intrahost
and pharmacokinetic-pharmacodynamic modeling,” Anti-
microbial Agents and Chemotherapy, vol. 62, no. 12,
pp. €01487-18, 2018.

[18] B. Li-fang, M. Zheng, Q. Kong et al., “Effect of Bedaquiline
function and cytokines in patients with multidrug-resistant
pulmonary tuberculosis,” Journal of Laboratory and Clinical
Medicine, vol. 17, no. 16, pp. 2292-2294, 2020.


https://apps.who.int/iris/handle/10665/44165?locale=zh
https://apps.who.int/iris/handle/10665/44165?locale=zh
https://www.who.int/tb/data/en/
https://www.nature.com/nature communications

