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Editorial on the Research Topic

Strategies Played by Immune Cells and Mycobacteria in the Battle Between Antimicrobial
Activity and Bacterial Survival

The interaction between host immunity and mycobacterial scape mechanisms determines the
balance between antimicrobial activity and/or mycobacterial survival. This Research Topic,
presented as original research and review articles, focused on mycobacteria-host cell interaction
studies, including cellular and molecular targets of mycobacterial diseases, mycobacteria-mediated
cell death mechanisms, host cell factors/pathways that act on mycobacteria to contain the infection,
and immune evasion mechanisms utilized by mycobacteria (1–3).

The immune cells’ polarization and plasticity in response to mycobacteria are essential for an
efficient innate and adaptative immunity. Ge et al. review the importance of macrophage diversity
and polarization for the granuloma formation in mycobacterial diseases. Specifically, they focus on
the importance of less studied types of macrophages such as multinucleated giant cells, epithelioid
cells, and foamy macrophages. Nogueira et al. focused on the B cell diversity in response to
mycobacterial infection analyzing the B cells subpopulations in the peripheral blood of patients
across the leprosy spectrum. They found that patients with a high bacillary load have an alteration in
the frequency and function of mature and memory B cells. A better understanding of the immune
cell’s polarization and plasticity in response to mycobacterial infection is essential to preventing and
treating mycobacterial diseases.

The activation of intracellular mechanisms by mycobacteria contributes to an efficient
antimicrobial response, antigen presentation, and metabolic homeostasis. Kundu and Basu’s
review article focused on the role of non-coding RNAs (miRNAs and lncRNAs) as immune
regulators in host immune response to mycobacterial infection, acting in important pathways such
as inflammation, autophagy, apoptosis, the polarization of macrophages, and mycobacterial
survival. The presence of different non-code RNAs in the fluids of latent and active tuberculosis
(TB) patients opens an important window for using non-coding RNAs as a therapeutic tool and as
biomarkers of active and latent tuberculosis. In addition, Park et al. review the influence of host
org March 2022 | Volume 13 | Article 86969215
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immune-mediated stresses, such as lysosomal activation,
metabolic changes, oxidative stress, mitochondrial damage, and
immune mediators, on the activities of the currently anti-TB
drugs. Indeed, they also discussed how TB treatment facilitates
the generation of Mycobacterium tuberculosis (Mtb) populations
that are resistant to host immune response or disrupt host
immunity. The long-term treatment may increase the risk of
multidrug-resistant (MDR)- and extensively drug-resistant
(XDR)-Mtb emergence.

Moreover, the ability of mycobacteria to inhibit phagolysosomal
fusion also represents a key step in the determination of latent and
active disease and can weaken the ability of the host immunity to
fight against MDR- and XDR-Mtb. Saha et al. provide a new
mechanism for mycobacteria evasion mediated by the
macrophage at protein Coronin1 by the increase of intracellular
cAMP levels upon mycobacterial infection. The increase of cAMP
enhances cytoskeletal protein Cofilin1 to depolymerize F-actin
around the mycobacteria-containing phagosome leading to the
retarded phagosome maturation and acidification processes,
providing mycobacterial survival. In their contribution, Zhou
et al. showed that Mtb infection down-regulated GSK-3a/b
activity and induced matrix metalloproteinase-1 (MMP-1) and -9
expressions in THP-1 derived-macrophages. MMP-9 protein
expression was increased in the lungs of pulmonary tuberculosis
and lymph nodes lymphatic tuberculosis patients, compared with
that in patients of chronic inflammation. Their study has detected
autophagy, pro-inflammatory and anti-inflammatory cytokines
including IFNs and IFN stimulated genes (ISGs) upon Mtb
infection with the treatment of SB216763, a GSK-3a/b inhibitor,
in THP-1-macrophages. A better understanding of how
mycobacteria interact with macrophage to block phagolysosome
fusion and manipulate inflammation is important for the
development of better therapeutic strategies.

An efficient antimicrobial response is critical for the clearance
of mycobacteria inside of macrophages, metabolic response to
hypoxia can regulate the expression and release of antimicrobial
peptides. Zenk et al. showed the effects of one of the
prolylhydroxylases inhibitors, Molidustat, which interferes with
the interplay between Mtb and macrophages by interfering with
the MAPK pathway via inhibition of p38 phosphorylation and
stabilizes Mtb antigen mediated induction of hypoxia-inducible
factor (HIF)-1a via TLR-signaling. These events lead to HIF-1a
translocation into the nucleus and induction of the vitamin D
antimicrobial pathway expression, resulting in the reduction of the
proliferation of virulent Mtb in human macrophages. The study of
how hypoxia can help to control intracellular pathogens including
mycobacteria can be used as a new therapeutical strategy against
mycobacterial diseases. Rasi et al. demonstrated that the
enzymatic activity of Granzyme A (GzmA) is dispensable to
mediate mycobacterial growth inhibition in primary monocytes
infected by BCG. Global proteomic analysis of BCG-infected
primary monocytes demonstrated that the ER stress response
and ATP producing proteins were upregulated after GzmA
treatment. These data raise the possibility for new targets for
Frontiers in Immunology | www.frontiersin.org 26
host-directed therapies to better control mycobacteria infections.
According to the authors, future experiments are required to
discern whether primary alveolar macrophages infected with Mtb
recapitulate their findings.

The old antimycobacterial function of nitric oxide (NO) was
revisited in this Research Topic. Zhang et al. highlight that
sirtuin (SIRT) 7 contributes to limiting intracellular Mtb
growth in RAW264.7 macrophages. SIRT7-mediated
antimicrobial responses are partly due to NO production and
apoptosis induction during Mtb infection. In addition, Ahn et al.
presented the antimicrobial effects of recombinant interferon
(IFN)-b for intracellular growth of M. abscessus infection. The
pretreatment of recombinant type I IFN led to an increased NO
production in the mouse lungs during M. abscessus infection,
highlighting the function of the type I IFN-NO axis in the host
defense against M. abscessus. Because cytotoxic NO action
appears to be controversial in human monocytes/macrophages,
future studies are warranted to clarify the function of SIRT7 and
type I IFN in the context of NO regulation during the human
antimycobacterial defense. In this Research Topic, Silwal et al.
review the emerging position of autophagy in host defense
against nontuberculous mycobacteria (NTM) infections.
Although it is still in its infancy to understand the role of
autophagy in various NTM diseases, compelling evidence
suggests that autophagy-modulating strategies promote
antimicrobial host defense and ameliorate pathological
inflammation during several NTM infections. Together, these
studies suggest that NO-inducing and autophagy-activating
strategies may be curative therapeutic weapons to fight against
TB and NTM infections.

This special Research Topic highlighted the innovative and
review studies focusing on a complex interplay at the interface of
mycobacteria and host factors, thereby counteracting
mycobacterial pathogenesis and enhancing of protective host
defense system. A deeper understanding of complex host-
pathogen relationships will facilitate future investigations on
this area for the development of potential candidates and the
improved therapy against mycobacterial diseases.
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Mycoplasma bovis causes important diseases and great losses on feedlots and dairy

farms. However, there are only a few measures to control M. bovis-related diseases.

As in other mycoplasma species, this is predominantly because the virulence related

factors of this pathogen are largely unknown. Therefore, in this study, we aimed to

identify novel virulence-related factors among the secreted proteins of M. bovis. Using

bioinformatic tools to analyze its secreted proteins, we preliminarily predicted 39 secreted

lipoproteins, and then selected 11 of them for confirmation based on SignalP scores

>0.6 or SceP scores >0.8 and conserved domains. These 11 genes were cloned

after gene modification based on the codon bias of Escherichia coli and expressed.

Mouse antiserum to each recombinant protein was developed. A western blotting assay

with these antisera confirmed that MbovP280 and MbovP475 are strongly expressed

and secreted proteins, but only MbovP280 significantly reduced the viability of bovine

macrophages (BoMac). In further experiments, MbovP280 induced the apoptosis of

BoMac treated with both liveM. bovis and MbovP280 protein. The conserved coiled-coil

domain of MbovP280 at amino acids 210–269 is essential for its induction of apoptosis.

Further, immunoprecipitation, mass spectrometry, and coimmunoprecipitation assays

identified the anti-apoptosis regulator αB-crystallin (CRYAB) as an MbovP280-binding

ligand. An αβ-crystallin knockout cell line BoMac-cryab−, Mbov0280-knockoutM. bovis

strain T9.297, and its complemented M. bovis strain CT9.297 were constructed and

the apoptosis of BoMac-cryab− induced by these strains was compared. The results

confirmed that CRYAB is critical for MbovP280 function as an apoptosis inducer in

BoMac. In conclusion, in this study, we identified MbovP280 as a novel secreted protein

of M. bovis that induces the apoptosis of BoMac via its coiled-coil domain and cellular

ligand CRYAB. These findings extend our understanding of the virulence mechanism of

mycoplasmal species.

Keywords: Mycoplasma bovis, MbovP280, secreted protein, apoptosis, CRYAB, macrophage
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INTRODUCTION

Mycoplasma bovis is a member of the class Mollicutes, a group
of the smallest self-replicating wall-less prokaryotes. It causes
several important diseases, including pneumonia, mastitis, and
arthritis, in cattle throughout the world (1–3). In addition,
it usually co-infects cattle together with other pathogens,
such as Pasteurella multocida, Mannheimia haemolytica, bovine
viral diarrhea virus (BVDV), bovine respiratory syncytial virus
(BRSV), Bovine herpes virus 1 (BHV-1), etc to cause bovine
respiratory disease complex (BRD) (4). Despite its minimal
genome, M. bovis is a successful pathogen capable of developing
both persistent infections and clinical diseases in cattle. As
is well-known, M. bovis, like other mycoplasma species,
lacks conventional toxins and its virulence mechanism is still
poorly understood.

Although many previous studies have focused on the
membrane and membrane-associated proteins of mycoplasmal
species that are involved in virulence-related processes, such as
adhesion (5), invasion (6, 7), and the inflammatory response
(8), secreted proteins haven’t yet attracted considerable attention
until only recent years. However, secreted proteins often
function as virulence-related factors or important antigens
in pathogenic bacteria. Several studies have shown that the
culture supernatant of M. bovis (9) induces the expression
of several cytokines in different types of host cells and that
live M. bovis behaves differently from the killed bacterium in
inducing cytokine expression (10). Furthermore, several proteins
of Mycoplasma species, including P80 of M. hominis (11), P102
of M. hyopneumoniae (12), Mpn491 of M. pneumoniae (13),
CARDS toxin ofM. pneumoniae (14), and a nuclease encoded by
MBOV_RS02825 ofM. bovis (15), have been shown to be secreted
proteins. More recently, the secretomes and extracellular vesicles
of several mycoplasmas species have been investigated with
proteomic approaches, such as two-dimensional electrophoresis
and liquid chromatography–tandem mass spectrometry (LC–
MS/MS), isobaric tags for relative and absolute quantitation
(iTRACK), and label-free proteomic analyses (16–18). However,
the progress is relatively slow because it is usually difficult to
confirm the secretomes and secreted proteins of mycoplasma
species based on following reasons: (1) Mycoplasma species grow
slowly and it is difficult to get sufficient proteins in short time; (2)
Mycoplasma species growth requires rich medium supplemented
with high concentrations of serum and yeast extract and it
is difficult to exclude the contamination of abundant foreign
proteins from the secretome in the culture supernatant; (3) There
is no efficient genetic tools to manipulate gene expression of
mycoplasma species by knock-out and knock-in to verify the
predicted secreted proteins; (4)Most of the genes inmycoplasmal
genomes are functionally unknown. One way dealing with
this awkward situation tactfully is to combine the prediction
of secreted proteins with bioinformatic tools, such as SignalP,
SecretomeP, PSORT-B, and PrediSi (17–19) and identification of
the secreted proteins with proteomic methods.

Therefore, in this study, we aimed to determine the novel
secreted proteins of M. bovis and examine their association with
M. bovis virulence. The secreted lipoproteins were first predicted

with online softwares, and then the predicted secreted proteins
were expressed and verified. Among the 11 predicted proteins,
MbovP280 was identified as a secreted protein that induces
apoptosis in a bovine macrophage cell line (BoMac) via the
anti-apoptosis regulator αB-crystallin (CRYAB).

MATERIALS AND METHODS

Ethics Statement
The protocols for the mouse experiments in this study were
approved by the Experimental Animal Ethics Committee of
Huazhong Agricultural University (Wuhan, China) (Permit
number: HZAUMO-2018-027) and were performed in
accordance with the Hubei Regulations for the Administration
of Affairs Concerning Experimental Animals.

Growth of Bacterial Strains and Cells
Mycoplasma bovis strain HB0801 (GenBank accession no.
NC_018077.1) was isolated from the lesioned lung of an
infected beef cattle from Yingcheng city in Hubei province,
China and characterized by this laboratory (20). The strain
was grown in pleuropneumonia-like organism (PPLO) medium
(BD Company, Sparks, MD, USA), as previously described (20).
Mycoplasma bovis mutants were grown in the same PPLO
medium but supplemented with 100µg/mL gentamycin or
10µg/mL puromycin, depending upon the resistance genes the
mutants carried. Recombinant Escherichia coli strains DH5α and
BL21 (TransGen, Beijing, China) were grown in Luria–Bertani
(LB) medium with antibiotics as necessary.

The BoMac cell line was kindly provided by Prof. Judith
R. Stabel from the Johne’s Disease Research Project at the
United States Department of Agriculture in Ames, Iowa,
and grown in RPIM 1640 medium (HyClone, UT, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco, Sydney, Australia) as described previously (21).
The HEK293T cell line was purchased from the China Center for
Type Culture Collection and cultured in high-glucose Dulbecco’s
modified Eagle’s medium (HyClone) supplemented with 10%
heat-inactivated FBS (Gibco).

Prediction of Secreted Proteins Based on
M. bovis HB0801 Genome
Classical secreted proteins were predicted with SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/), while non-classical
secreted proteins with SecretomeP 2.0 (http://www.cbs.dtu.
dk/services/SecretomeP/) as described previously (19). The
conserved domains in the predicted proteins were analyzed
online with the National Center for Biotechnology Information
(NCBI) Conserved Domain Database (http://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi). Proteins homologous to
MbovP280 were identified with MolliGen 3.0 (http://services.
cbib.u-bordeaux.fr/molligen/). The coiled-coil domain of
MbovP280 was predicted with COILS (https://embnet.vital-
it.ch/software/COILS_form.html). The homology models of
CRYAB, caspase 3, and MbovP280 were generated with SWISS-
MODEL (https://swissmodel.expasy.org/), and the interactions

Frontiers in Immunology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 6193629

http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SecretomeP/
http://www.cbs.dtu.dk/services/SecretomeP/
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://services.cbib.u-bordeaux.fr/molligen/
http://services.cbib.u-bordeaux.fr/molligen/
https://embnet.vital-it.ch/software/COILS_form.html
https://embnet.vital-it.ch/software/COILS_form.html
https://swissmodel.expasy.org/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zhao et al. MbovP280 Induced Apoptosis via CRYAB

between CRYAB, caspase 3, and MbovP280 were analyzed with
ClusPro 2.0 (https://cluspro.bu.edu/login.php).

Gene Cloning and Expression of the
Recombinant Proteins, and Polyclonal
Antibody Production
The putative secreted lipoproteins with the highest prediction
values and carrying conserved domains were selected for further
analysis. First, the sequences of the selected genes were site-
directedly edited by replacing the TGA codon with TGG to
ensure that M. bovis tryptophan was correctly translated in
E. coli. The sequences were synthesized by Beijing Tianyi
Huiyuan Bioscience & Technology Inc. (Wuhan, China) and
ligated into the pET-30a vector (Novagen, Darmstadt, Germany)
(Supplementary Table 1). The modified genes were individually
cloned into the pET-30a vector after digestion with restriction
endonucleases BamHI and XhoI. The MbovP280 mutant in
which amino acids 210–269 (predicted to form a coiled-coil
domain by the COILS software) were deleted was similarly
cloned into pET-30a to generate pET-30a-Mbov_02801210−269.
Escherichia coli strain BL21 (TransGen, Beijing, China) was
then transformed with each of the constructed plasmids
individually, and the recombinant proteins were expressed after
the cells were treated with isopropyl β-D-1-thiogalactopyranoside
(IPTG) (0.8mM). The proteins were purified with nickel
affinity chromatography (GE Healthcare, NJ, USA), as described
previously (7).

Mouse antisera against eight recombinant secreted proteins
(rMbovP280, rMbovP290, rMbovP475, rMbovP458, rMbovP468,
rMbovP537, rMbovP682, and rMbovP838) were produced in
this study with a previously described method (7). Briefly,
4-week-old female BALB/c mice were purchased from China
Hubei Provincial Center for Disease Control and Prevention
(Wuhan, China) and raised in the Animal Facility of Huazhong
Agriculture University. For each protein, five mice were
immunized with 100 µg of each purified protein emulsified in an
equal volume of Freund’s complete adjuvant (Sigma, USA) for the
priming immunization or with Freund’s incomplete adjuvant for
the subsequent immunization. Immunizations were performed
by subcutaneous injection at an interval of 2 weeks. When the
antiserum titers peaked, the mice were euthanized and bled.
The antisera were collected and stored at −20◦C for further
use, and the preimmunization sera were stored for use as the
negative controls.

Antibodies directed against the predicted secreted proteins
rMbovP116, rMbovP275, and rMbovP739, which were
previously developed by this laboratory (22), were also used in
this study.

Verification of the Secretion of Selected
Proteins
The secretomes and whole-cell proteins of M. bovis were
extracted to confirm the secreted nature of the predicted proteins
with western blotting assays. The secretome of M. bovis was
extracted with a previously described method (18). Briefly, M.
bovis was cultured for 36 h to late log phase and harvested by

centrifugation at 140,000 × g for 20min. The bacterial debris in
the supernatant was removed with a 0.22µm filter. The filtered
solution was then precipitated with 10% trichloroacetic acid
(TCA), stored at 4◦C overnight, and pelleted by centrifugation
at 16,000 × g for 20min at 4◦C. The pellet was washed three
times with cold acetone (−20◦C) and resuspended in lysis buffer
[8M urea, 4% CHAPS, 2M thiourea, 60mM dithiothreitol, 2%
amidosulfobetaine-14, 40mM Tris-HCl (pH 8.8)]. The whole-
cell proteins of M. bovis were prepared by sonicating the
cells (200W) on ice for 5min. The protein concentrations of
the secretome and whole-cell proteins were determined with
the 2D Quant Kit (GE Healthcare, Sweden) and the BCA
Protein Assay Kit (Cellchip Biotechnology Company, Beijing,
China), respectively.

The western blotting assay was performed as follows. The
secretome and whole-cell proteins were resolved with SDS-
PAGE and then transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Darmstadt, Germany). The
mouse antisera directed against the 11 proteins and negative
control sera were prediluted to 1:500 and separately overlaid onto
the blotted PVDF strips. The proteins that specifically interacted
with the antisera were visualized with WesternBrightTM ECL
(Advansta, CA, USA).

To detect the secretion process of MbovP280 and MbovP475
in vitro, the cultural supernatant of M. bovis HB0801 at 6,
12, 24, and 36 h was collected by centrifugation (15,400 g,
20min, 4◦C). Then, the supernatant (10mL) was concentrated
to 1mL in an Amicon Ultra-4 Centrifugal Filter Unit (15mL,
10 kDa) (Millipore). The equal volume of PPLO medium was
concentrated as the negative control. The equal volume of
supernatant (10 uL) from culture at each time point was resolved
with SDS-PAGE and then transferred onto PVDF membranes
(Millipore). The whole-cell proteins served as positive control
and the membrane-associated protein NOX (7) of M. bovis was
used as negative control. The bands were visualized by western
blotting assay using the method described above.

Observation of MbovP280 Binding With
Confocal Microscopy
BoMac cells (1 × 105) were propagated overnight on a
microscope coverslip in each well of a 12-well-plate. To observe
the binding of MbovP280 to BoMac, 0.5µM MbovP280 was
added to each well and incubated for 1 h at 37 ◦C. Phosphate-
buffered saline (PBS) was used as the negative control. After
the medium was removed, all the cells on the coverslips were
washed three times with PBS, fixed with 4% paraformaldehyde
in PBS for 10min, and permeabilized with 0.5% Triton X-100
for 5min at room temperature. All the cells were then blocked
with 1% (w/v) bovine serum albumin (BSA) in PBS for 2 h. The
cells were immunolabeled with mouse antiserum directed against
rMbovP280 (1:500), and an Alexa-Fluor-488-conjugated goat
anti-mouse IgG (H+L) secondary antibody (1:1,000) (Southern
Biotech, MI, USA). Finally, the nuclei were counterstained

with 4
′
,6-diamidino-2-phenylindole (DAPI) 5 mg/ml (Beyotime,

Shanghai, China), and the polymerized form of actin was labeled
with rhodamine phalloidin (100 nM) (Cytoskeleton, CO, USA).
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Finally, the slides were cover-slipped and observed with a
confocal laser fluorescence microscope (Olympus FV1000 and
IX81, Tokyo, Japan).

Effect of MbovP280 on Cell Viability
The relative viability of BoMac and RAW264.7 cells after
treatment with either recombinant MbovP280 (rMbovP280) or
rMbovP475 was determined with a Cell Counting Kit-8 (CCK-8)
(Dojindo Laboratories, Kumamoto, Japan). The cells were seeded
at a density of 5,000 cells/well in 96-well-plates and incubated
overnight at 37◦C. They were then treated in triplicate with either
rMbovP280 or rMboP475 at a concentration of 1µM for 24 h.
Cells treated with PBS were used as the negative control. CCK-8
(10 µl) was then added to each well, and the samples incubated
for 2 h. The optical density at a wavelength of 450 nm (OD450)
was measured and the relative cell viability was calculated as:

Relative cell viability (%) = (ODsample −ODblank)/(ODNC

−ODblank)×100%

The cells were then treated with either rMbovP280 or its mutant
rMbovP2801210−269 at a concentration of 0.25, 0.5, or 1µM
for 24 h and the relative cell viability of BoMac was determined
with the CCK-8 assay, as described above. Each treatment was
carried out in five repeat and all experiments were performed
independently three times.

Screening for MbovP280-Binding Ligands
With Immunoprecipitation (IP)–MS
An IP–MS method was used to screen for MbovP280-binding
proteins. Briefly, BoMac cells were cultured, harvested, and
lysed in RIPA buffer supplemented with cOmpleteTM Protease
Inhibitor Cocktail (Roche, Mannheim, Germany). The whole-
cell lysates (400 µg) were incubated with 10 µg of either
rMbovP280 or rMbovP2801210−269 for 1 h at 4◦C. Mouse
antiserum (5 µg) directed against MbovP280 was added to the
lysates for 12 h at 4◦C, and then 50 µl of Protein A/G Agarose
Beads (Beyotime) were added and incubated for an additional
1 h. The immunoprecipitates were extensively washed with NP-
40 buffer and eluted with SDS loading buffer by boiling them
for 5min. The cellular proteins co-precipitated with rMbovP280
or rMbovP2801210−269 were resolved with SDS-PAGE and
stained with silver staining. The specific bands that bound only
rMbovP280 were commercially sequenced and analyzed with MS
by Applied Protein Technology (Shanghai, China).

Verification of MbovP280-Binding Ligand
CRYAB With Coimmunoprecipitation
(Co-IP)
To confirm the interaction between MbovP280 and α-crystallin
(CRYAB) in BoMac cells, the CRYAB gene (GenBank accession
no. AF029793.2) was commercially synthesized at Beijing
Tianyi Huiyuan Bioscience & Technology Inc. and cloned into
pCAGGS-Flag, kindly provided by Prof. Xiao Shaobo (23).
The Mbov_0280 gene (GenBank accession no. AFM51648.1)
of M. bovis was synthesized and cloned into pCAGGS-HA,
kindly provided by Prof. Xiao Shaobo at Huazhong Agricultural

University, Wuhan, China (23). Escherichia coli strain DH5α
(TransGen Biotech, Beijing, China) was transformed with
the individual constructed plasmids, pCAGGS-Flag–CRYAB or
pCAGGS-HA–Mbov_0280. The endotoxin-free plasmids were
prepared with the E.Z.N.A. R© Endo-Free Plasmid Mini Kit II
(Omega Bio-tek, GA, USA) and then stored at −20◦C until
use. For the Co-IP assay, HEK-293T cells were cotransfected
with both pCAGGS-Flag–CRYAB (8 µg) and pCAGGS-HA–
Mbov_0280 (8 µg) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) in a 10 cm dish. After 32 h, the cells were
harvested and lysed in 1.5ml of NP-40 buffer supplemented with
cOmpleteTM Protease Inhibitor Cocktail (Roche). The cell lysates
(600 µl) were immunoprecipitated with 2 µg of commercial
antibody directed against one of the recombinant tags [either
Flag or hemagglutinin (HA)] for 12 h at 4◦C. After the addition
of Protein A/G Agarose Beads for 1 h, the immunoprecipitates
were washed extensively with NP-40 buffer and eluted with SDS
loading buffer by boiling for 5min. A western blotting assay was
then performed. The samples were resolved with SDS-PAGE and
transferred to PVDF membranes (Millipore). The proteins were
immunodetected with antibodies directed against either Flag
(MBL, Nagoya, Japan) or HA (MBL, Nagoya, Japan). MbovP280
and CRYAB reacted with the antibodies directed against the
corresponding tags on the PVDF membrane and were visualized
with WesternBrightTM ECL (Advansta).

Construction of Strain Complementing the
Mbov_0280 Mutant
The Mbov_0280-knockout mutant T9.297 was identified from
a transposon-mediated M. bovis mutant library previously
constructed in this laboratory (24). The mutated site was at
nucleotide (nt) 418 of the Mbov_0280 coding sequence (CDS) or
nt 323, 346 of theM. bovisHB0801 genome.

To construct a strain to complement the mutant T9.297,
the sequence of the M. agalactiae P40 promoter followed
by the intact Mbov_0280 CDS was synthesized at Beijing
Tianyi Huiyuan Bioscience & Technology Inc. and ligated into
the pOH/P plasmid after digestion with restriction enzyme
NotI, generating the recombinant plasmid pOH/P–Mbov_0280.
T9.297 cells were transfected with pOH/P–Mbov_0280 to
generate the complementing strain CT9.297, with a previously
described method (25). Single colonies were selected with
puromycin (10µg/ml) in the medium and then confirmed
with DNA sequencing. The T9.297 and CT9.297 strains were
cultured in s medium containing 100µg/ml gentamycin and
10µg/ml puromycin, respectively, and their growth curves were
determined with a colony counting method.

MbovP280 expression in mutant strain T9.297 and
complementary strain CT9.297 was tested with western
blotting assay. First, both strains were cultured in 20ml of PPLO
medium with the necessary antibiotics for 36 h and precipitated
by centrifugation. The pellet of each strain was then suspended
in 1ml of PBS and lysed by sonication (200W) on ice for 5min.
The proteins in the lysate were then separated with SDS-PAGE
(10%) and transferred onto PVDF membrane (Millipore). The
membrane was incubated with mouse antiserum (1:500) directed
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TABLE 1 | Oligonucleotide primers used for PCR in this study.

Names Primer sequences (5′
→3′)

CRYABsgRNAoligo1 caccgTTCGGCCGCCCTCATTTCTG

CRYABsgRNAoligo2 aaacCAGAAATGAGGGCGGCCGAAc

U6-F GAGGGCCTATTTCCCATGATTCC

CRYAB-C-F AGCTCAGTGAGTACTGGGTAT

CRYAB-C-R TGTAAGACAAAGGCCCCTTCT

against rMbovP280 or rMbovP579 at room temperature for 1 h.
After the membrane was washed, it was reacted with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG antibody
(1:5,000; Southern Biotech) for 1 h at room temperature. The
bands on the membrane were visualized with WesternBrightTM

ECL (Advansta).

Construction of BoMac cryab– Cell Line
and Its Confirmation
CRISPR/cas9 gene editing was used to mutate the CRYAB gene
in the BoMac cell line as described below. Single guide RNA
(sgRNA) oligonucleotides to the CRYAB gene were designed with
CCTop (https://cctop.cos.uni-heidelberg.de/) (Table 1). Ten
microliter mixture of 100µM CRYAB sgRNA oligonucleotides
1 (CRYABsgRNAoligo1) and 2 (CRYABsgRNAoligo2) (each
1 µl) (Table 1), NEB buffer 2 (1 µl), and ddH2O (7 µl)
were prepared, and then annealed at 37◦C for 30min, heated
at 95◦C for 5min, and cooled to 25◦C. The lentiCRISPRv2
plasmid (Addgene plasmid #52961; http://n2t.net/addgene:
52961; RRID: Addgene_52961) (26) was cut with BsmBI and
purified with the EasyPure R© PCR Purification Kit (TransGen
Biotech). Then 1 µl of the diluted (1:50) and annealed
oligonucleotides was cloned into lentiCRISPRv2 with T4 ligase
(New England Biolabs, Beijing, China) at 16◦C for 12 h.
Competent E. coli DH5α cells were transformed with the
constructed plasmid plentiCRISPRv2-CRYABsgRNA and the
construct was verified by sequencing with the primer U6-F
(Table 1).

The constructed plasmid plentiCRISPRv2-CRYABsgRNA and
packaging plasmids pMD2.G (Addgene plasmids #12259; http://
n2t.net/addgene:12259; RRID: Addgene_12259) and psPAX2
(Addgene plasmids #12260; http://n2t.net/addgene:12260; RRID:
Addgene_12260) were amplified and purified with an Endo-free
Plasmid Mini Kit II (Omega Bio-tek). The lentivirus was rescued
as described previously (26) with some modification as follows.
HEK293T cells were transfected with 12 µg of plentiCRISPRv2-
CRYABsgRNA, 8 µg of psPAX2, and 4 µg of pMD2.G in 500 µl
of jetPRIME R© buffer (PolyPlus, Ilkirch, France) containing 48
µl of jetPRIME R© reagent (PolyPlus). After 6 h, the medium was
changed to DMEM containing 10% FBS and the cells were further
cultured for 48 h. The lentivirus was harvested by centrifugation
at 3,000× g at 4◦C for 10min and then filtered through a 0.45µm
membrane (Millipore), concentrated 10-folds with Lenti-PacTM

Lentivirus Concentration Solution (GeneCopoeia, MD, USA),
purified as described in the manual, and resuspended in 1ml
of PBS.

The BoMac cells with 50% confluency in each well of a 24-
well-plate were infected with 100 µl of the purified lentivirus for
12 h. The medium was then changed to RPMI 1640 containing
10% FBS and 1% penicillin–streptomycin, and the cells were
incubated for 36 h more. The media in the infected and
uninfected wells were changed to fresh RPMI 1640, as described
above, but with the addition of 2µg/ml puromycin. After 3
days, the adherent cells were propagated in one well of a six-
well-plate and cultured in RPMI 1640 (10% FBS, 1% penicillin–
streptomycin) with 2µg/ml puromycin for 3 days. The cells in the
wells of the six-well-plate were then counted and 10-fold serially
diluted in RPMI 1640 to a final concentration of 1 cell per 100 µl.
The diluted cells (100 µl) were seeded to the wells of two 96-well-
plates. The clonal cell lines were isolated from the 96-well-plates
after 7 days, and expanded for 14 days.

The genome of the selected mutated cell line in each well
was isolated with the TIANamp Genomic DNA Kit (Tiangen,
Beijing, China). Q5 High-Fidelity 2× Master Mix (NEB, Beijing,
China) and the primers CRYAB-C-F and CRYAB-C-R (Table 1)
were then used to amplify the sequences edited by CRISPR/cas9.
The whole-cell proteins of each mutated cell line and those
of the wild type (WT) were prepared in RIPA lysis buffer
(Beyotime) and then resolved with SDS-PAGE, transferred onto
PVDF membrane (Millipore), and incubated with a mouse
monoclonal antibody directed against CRYAB (1:1,000) (Abcam,
ON, Canada) at room temperature for 1 h. The membranes
were then incubated with a HRP-conjugated goat anti-mouse
IgG antibody (1:5,000) (Southern Biotech) for 1 h at room
temperature. The bands on the membrane were visualized with
Western BrightTM ECL (Advansta).

Apoptosis of BoMac Specifically Induced
by MbovP280
To examine the specific effect of rMbovP280 on the induction
of BoMac apoptosis, the WT BoMac and mutant BoMac cryab−

cells were seeded at a density of 5 × 105 cells per well in six-
well-plates and incubated overnight at 37◦C. They were then
treated with rMbovP280 or its mutant rMbovP2801210−269 at
three concentrations (0.25, 0.5, or 1µM) for 24 h.

To observe the effect of MbovP280 expression in M. bovis
strains on cell apoptosis, 5 × 105 BoMac cells were seeded
into each well of a six-well-plate and incubated overnight. The
cells were then infected with WT M. bovis HB0801, the mutant
T9.297, or complementary strain CT9.297, respectively, at an
MOI of 1,000 for 24 h. The cells were harvested and stained
with the Annexin V-FITC Apoptosis Detection Kit (Vazyme,
Nanjing, China) according to the manufacturer’s instructions
(15). An Apoptosis Inducer Kit (Beyotime) was used as the
positive control. Flow cytometry (BD Company, NJ, USA) was
used to detect the apoptotic cells, and the data were analyzed
with the FlowJo VX software. The experiments were performed
independently three times.

To confirm the apoptosis determined by Annexin V-FITC
Apoptosis Detection Kit, the levels of cleaved caspase-3 in
BoMac cells infected with M. bovis or treated with rMbvoP280
and rMbovP2801210−269 as described above were detected
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TABLE 2 | Information on 11 predicted secreted proteins.

Genes Protein SignalP Score SecP Score Domain

Mbov_0739 Lipoprotein <0.6 0.83 N

Mbov_0537 Lipoprotein <0.6 0.81 Aromatic cluster surface protein

Mbov_0275 Lipoprotein <0.6 0.90 N

Mbov_0475 Lipoprotein <0.6 0.83 DUF285

Mbov_0280 Lipoprotein 0.60 <0.8 N

Mbov_0116 Lipoprotein 0.61 0.86 N

Mbov_0458 Lipoprotein 0.61 0.93 PAP1 super family

Mbov_0468 Lipoprotein 0.61 0.90 DUF31

Mbov_0290 Lipoprotein 0.61 <0.8 Leucine-rich repeat 5

Mbov_0838 Lipoprotein 0.69 0.91 DUF285

Mbov_0682 Lipoprotein 0.72 0.90 PRK08581

SignalP score and SecP score were determined with SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) and SecretomeP 2.0 (http://www.cbs.dtu.dk/services/SecretomeP/),
respectively. “N” indicates none predicted. “DUF” indicates domain of unknown function.

by western blotting assay. The cells were washed with cold
PBS, resuspended with RIPA buffer containing proteinase and
phosphatase inhibitors, and lysed at 4◦C for 1 h. The proteins
in the lysates were then separated with SDS-PAGE (10%) and
transferred onto PVDF membrane (Millipore). The membrane
was incubated with cleaved caspase-3 (Asp175) antibody (Cell
Signaling Technology, DANVERS, MA, USA) (1:1,000) at 4◦C
overnight after blocking with 5% skimmed milk. After the
membrane was washed, it reacted with HRP-conjugated goat
anti-mouse IgG antibody (1:5,000) (Southern Biotech) for 1 h at
room temperature. The bands on the membrane were visualized
with WesternBrightTM ECL (Advansta).

Statistical Analysis
Data were expressed as means ± standard error of mean (SEM).
Student’s t-test was used for single comparison and one-way
ANOVA for multiple comparisons with the GraphPad Prism
version 5 software (GraphPad Software, La Jolla, CA, USA).

RESULTS

Prediction of Secreted Proteins Based on
the Genome of M. bovis HB0801
A total of 39 secreted lipoproteins were predicted with a
genome-wide analysis of M. bovis based on the SignalP-TM
score and the SecP score (Supplementary Table 1). Among these
lipoproteins, 19 were non-classical secreted proteins, four were
classical secreted proteins, and 16 were non-classical/classical
secreted proteins. Using the criteria of a SignalP score >0.6
or SceP score >0.8 and the prediction of conserved domains,
11 of the predicted secreted lipoproteins were selected for
further investigation, including two classical, four non-classical,
and five non-classical/classical secreted proteins, and seven of
which contained conserved domains. For example, MbovP537
contains the aromatic cluster surface protein domain, which
suggests its surface expression; MbovP458 contains the PAP1
superfamily domain, which may regulate the transcription
of antioxidant genes in response to H2O2; and MbovP682

contains the PRK08581 domain, which may function as an
N-acetylmuramoyl-L-alanine amidase (Table 2).

Confirmation of the Expression and
Secretion of Selected Proteins
The 11 selected genes of M. bovis were modified appropriately
and cloned into E. coli. The recombinant proteins were
shown to be correctly expressed, with the expected molecular
masses, with SDS-PAGE (Figure 1A). The antiserum against
each recombinant protein was used to detect the presence of
each protein in the secretome and whole-cell proteins of M.
bovis HB0801 with western blotting assays. The results indicated
that all the proteins were present in large amounts in the
whole-cell proteins, but only MbovP280 and MbovP475 were
abundant in the secretome, whereas the other proteins were
represented by only variously weak bands in the secretome
(Figure 1B, Supplementary Figure 1). In order to detect the
secretion process of MbovP280 and MbovP475 in vitro, the
presence of MbovP280 andMbovP475 in the culture supernatant
of M. bovis was kinetically examined, while the membrane-
associated protein NOX served as the negative control. The
results indicated the MbovP475 was detected in the supernatant
after M. bovis was cultured for 24 h. But MbovP280 wasn’t
detected in the supernatant until M. bovis was cultured for
36 h. The membrane-associated protein NOX of M. bovis wasn’t
detected in the culture supernatant as expected (Figure 1C,
Supplementary Figure 2).

The rMbovP280 Reduces Cell Viability
The effects of rMbovP280 and rMboP475, at concentrations
of 1µM, on the viability of BoMac and RAW264.7 cells were
determined with a CCK-8 kit after the cells were treated for 24 h.
The viability of mock-treated cells as the negative control was
taken as 100%. As a result, the rMbovP280 significantly reduced
cell viability in a cell-type-dependent way. The rMbovP280
caused the viability a reduction of ∼77.3% in BoMac cells
(p < 0.001), but a reduction of only about 12.9% in RAW264.7
cells (p < 0.05). This is in agreement with our expectation that
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FIGURE 1 | Secretion of MbovP280. (A) Purification of 11 predicted secreted proteins. The proteins were purified with nickel affinity chromatography and resolved

with SDS-PAGE. (B) Confirmation of the predicted secreted proteins with western blotting assays. Secretome (S) and whole-cell lysate (WCL) of M. bovis were
resolved with SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Polyclonal antibodies directed against rMbovP280, rMbovP290, rMbovP475,

rMbovP468, rMbovP838, rMbovP537, rMbovP458, rMbovP682, rMbovP116, rMbovP275, and rMbovP739 were used to detect the proteins in the secretome.

(C) Visualization of the secreted MbvoP280 in culture supernatant. M. bovis HB0801 was cultured in PPLO medium. The culture supernatant was collected and

concentrated at 6, 12, 24, and 36 h after incubation. The antiserum against rMbovP280 and rMbovP475 were used to detect the proteins in the supernatant, while

M. bovis NOX known as the membrane-associated protein served as the negative control (NC).

the macrophages of bovine origin is more sensitive to MbovP280
of M. bovis, the bovine pathogen, than the cells of mouse origin.
However, rMbovP475 had no significant effect on the viability of
either BoMac or RAW cells (Figures 2A,B).

A BLAST analysis with MolliGen 3.0 revealed that MbovP280
only shares some homology with genes in M. agalactiae
strain PG2, including MAG2400 (GenBank accession no.
CAL58938.1, similarity = 62%), MAG2410 (GenBank accession
no. CAL58939.1, similarity = 36%), and MAG7060 (GenBank
accession no. CAL59406.1, similarity = 31%). MbovP280 was
also predicted to contain a conserved coiled-coil domain in the
fragment defined by amino acids 210–269, which was predicted

with COILS. This domain is potentially involved in protein–
protein interactions (Figure 2C). To verify the role of the coiled-
coil domain in reducing cell viability, the Mbov_0280 gene was
mutated by deleting the coiled-coil domain, and the resultant
recombinant protein MbovP2801210−269 was expressed. The
relative viability of BoMac treated with different concentrations
of rMbovP280 and rMbovP2801210−269 was determined in
parallel, with a CCK-8 kit, and decreased significantly as the
rMbovP280 concentration increased from 0.25µM to 1µM
(p < 0.001). However, treatment with rMbovP2801210−269 at
any concentration (0.25, 0.50, or 1µM) had no effect on BoMac
viability (Figure 2D).
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FIGURE 2 | Viability change of macrophages stimulated with the recombinant proteins of M.bovis. (A) BoMac cells (5 × 103 per well) or (B) RAW264.7 cells (1 × 104)

were treated with either 1µM MbovP280 or 1µM MbovP475 for 24 h, and then CCK-8 was added to each well to determine cell viability. Wells treated with PBS were

used as the negative control (NC). (C) Proteins homologous to MbovP280 in Mycoplasma agalactiae were identified with MolliGen 3.0 (http://services.cbib.u-

bordeaux.fr/molligen/). Amino acids 210–269 (black underline) were predicted to form a coiled-coil domain. A protein alignment was constructed with the ClustalW

multiple sequence alignment programs (https://www.ebi.ac.uk/Tools/msa/clustalw2/) combined with ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/). (D) Relative

cell viability of BoMac (5 × 103 cells per well) treated with MbovP280 or MbovP2801210−269 at concentrations of 0.25, 0.5, or 1µM for 24 h was tested with a CCK-8

assay. *p < 0.05, ***p < 0.001 indicate statistically significant differences; while ns indicates no difference.

Induction of BoMac Apoptosis by
MbovP280 Is Associated With Expression
of Cellular CRYAB
To investigate the mechanism underlying the reduction in cell
viability induced by MbovP280, the ability of rMbovP280 to
reduce cell viability of BoMac was assayed with CCK-8. This
assay demonstrated that rMbovP280 significantly reduced the
cell viability of BoMac in a dose-dependent way (between
0.25 and 1.00µM) (Figure 3A). In contrast, the mutant
MbovP2801210−269 at 0.25 and 0.50µM did not apparently
reduce the cell viability of BoMac presenting the levels of cell
viability similar to those in the negative control. However,
1.00µM MbovP2801210−269 reduced cell viability, but the
level was much lower than that in the rMbovP280-treated
group (Figure 3B).

Further, the Mbov_0280 knockout mutant T9.297 and
its complementary strain CT9.297 in which the fragment
of the whole gene Mbov_0280 was inserted into the

mutant T9.297, were constructed and confirmed with
DNA sequencing. Although the growth curves of the
three strains (HB0801, CT9.297, and T9.297) did not
differ significantly (Figure 3C), the western blotting assay
demonstrated that MbovP280 was expressed in both M.bovis

HB0801 and CT9.297 strains, but not in the mutant T9.297

strain (Figure 3D).
In order to further verify the apoptosis of BoMac specifically

induced by MbovP280, the levels of cleaved caspase-3 in
BoMac cells either infected with M. bovis strains or treated

with rMbovP280 or its mutant were detected by western blot
assays. As a result, the rMbovP280 increased the amount
of cleaved caspase-3, while the rMbovP2801210−269 did not

(Figure 3E, Supplementary Figure 3). For the infection with M.
bovis strains, the wild type strain HB0801 and complementary

strain CT9.297 increased the levels of cleaved caspase-3 in
BoMac, however the Mbov_0280 knock-out mutant T9.297
didn’t (Figure 3F, Supplementary Figure 3).
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FIGURE 3 | Apoptosis of BoMac cells induced by MbovP280 in mycoplasmas cells or as the recombinant protein. Cells (5 × 105 per well) were treated with

MbovP280 (A) or MbovP2801210−269 (B) at concentrations of 0.25, 0.5, or 1µM for 24 h. The cells were then stained with annexin V and propidium iodide (PI) and

detected with flow cytometry. (C) Growth curves of strains HB0801, the Mbov_0280 mutant T9.297, and its complement CT9.297. Growth of M. bovis at each time

point was determined with a plating assay. (D) Visualization of MbovP280 expression in T9.297 and CT9.297 strains with a western blotting assay. Wild-type strain

HB0801 was used as the positive control. (E) The cleaved caspase-3 of BoMac cells treated with rMbovP280. The cell lysates of BoMac treated with 0.5µM

rMbovP280 or rMbovP2801210−269 were resolved with SDS-PAGE, transferred onto membrane, and then immunodetected with an antibody directed against cleaved

caspase-3. β-actin was used as the internal control. The ratio of the amount of cleaved caspase-3 to the amount of β-actin was calculated and normalized to the NC.

(F) The cleaved caspase-3 of BoMac cells infected with M. bovis. The cell lysates of BoMac infected with HB0801, T9.297, or CT9.297 (MOI = 1,000) were resolved

(Continued)
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FIGURE 3 | with SDS-PAGE, transferred onto PVDF membrane, and then immunodetected with the antibody directed against cleaved caspase-3. β-actin was used

as the internal control. The ratio of the amount of cleaved caspase-3 to the amount of β-actin was calculated and normalized to the NC. (G) Single peak around the

protospacer adjacent motif (PAM) in the sequence of BoMac cryab− clonal cell line. BLAST analysis of sequences around the PAM sequence of WT BoMac (BoMac

WT) and BoMac cryab− cell lines. (H) Expression of CRYAB in BoMac WT and BoMac cryab− cells. Whole-cell lysates of BoMac WT and BoMac cryab− cells were

resolved with SDS-PAGE, transferred onto membrane, and then immunodetected with the antibody directed against CRYAB. β-actin was used as the internal control.

(I) Early apoptosis of BoMac induced by HB0801, T9.297, or CT9.297 was compared. BoMac (5 × 105 cells per well) were treated with 5 × 108 CFU of HB0801,

T9.297, or CT9.297, or with PBS for 24 h. The cells only stained with annexin V are defined as undergoing early apoptosis. (J) Early apoptosis of BoMac-cryab− cell

line induced by M. bovis. BoMac (5 × 105 cells per well) were infected with HB0801 (5 × 108 CFU), T9.297 (5 × 108 CFU), or CT9.297 (5 × 108 CFU), or treated with

PBS (NC) for 24 h. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statistically significant differences; ns indicates no difference.

TheCRYAB gene of BoMac was knocked out with the CRISPR-
Cas9 lentiviral system. Then the genome of the CRYAB-knockout
cell line (BoMac-cryab−) was isolated and used as the template
to amplify the edited sequence. The sequencing results indicated
that the CRYAB gene was correctly mutated by the insertion
of an additional T at nt 159 in the CDS of the CRYAB gene
(Figure 3G). The deficiency of CRYAB expression in the clonal
cell line (BoMac-cryab−) was confirmed with a western blotting
assay (Figure 3H).

Further, the flow cytometry was used to test the apoptosis
of BoMac-cryab− cell line and its WT BoMac induced by the
three strains of M. bovis: HB0801, the Mbov_0280 knock-out
mutant T9.297, and its complementary strain CT9.297 after
stained with annexin V and PI. As a result, the proportions
of the cells at the early stage of apoptosis stained only
by annexin V were apparently associated with MbovP280
stimulation. In WT BoMac, the apoptosis levels induced
by HB0801, T9.297, CT9.297, and PBS were 14.40, 9.48,
13.87, and 9.21%, respectively. There is no difference in the
apoptosis levels between HB0801/CT9.297; and T9.297/NC
(PBS) groups (p> 0.05); However, there is a significant difference
between HB0801/T9.297, CT9.297/T9.297, HB0801/NC, and
CT9.297/NC (p < 0.001) (Figure 3I). In contrast, in BoMac-
cryab− cells, the levels of apoptosis induced by HB0801
(15.83%), T9.297 (15.27%), and CT9.297 (14.5%) did not change
significantly (p > 0.05), although all three strains indeed
generated some degree of cellular apoptosis compared to NC
(p < 0.05) suggesting there is some other mechanism inM. bovis
to induce BoMac apoptosis independent of MbovP280/CRYAB
(Figure 3J). Taken altogether, these results revealed that the
induction of apoptosis by MbovP280 depends on the expression
of CRYAB and the amino acids 210–269 in MbovP280 constitute
an essential domain for this function.

CRYAB Is a Ligand of MbovP280
Confocal laser microscopy was used to observe the binding of
MbovP280 to BoMac. As shown in Figure 4A, rMbovP280 bound
strongly to BoMac cells after it was incubated with the cells for
1 h at 37◦C, demonstrated by the co-localization (merged yellow
signal) of rMbovP280 (green) and F-actin (red).

Further the IP–MS method was to screen for MbovP280-
binding proteins by using the antisera against rMbovP280 and
rMbovP2801210−269 to catch the interactive components from
lysates of the BoMac cells, separated by Protein A/G Agarose
Beads and resolved by SDS-PAGE and specific bands were
analyzed with mass spectrometry (MS). As a result, two specific

bands (arrows) from BoMac were precipitated by rMbovP280,
but not by rMbovP2801210−269. And the asterisks represent
MbovP280 or MbovP2801210−269 (Figure 4B). Then the bands
were subject to be assayed with MS and the resultant proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PXD022080. From the MS data, CRYAB, endothelin 2, lipocalin
2, THO complex subunit 4, and DCN1-like protein were
preliminarily identified. Among these, CRYAB had the highest
percentage coverage (12.57%) (Table 3). CRYAB is a known anti-
apoptosis protein, which is consistent with our previous finding
that MbovP280 induced the apoptosis of its host cells. Therefore,
further experiments were performed to verify the interaction
between CRYAB and MbovP280.

HEK293T cells were cotransfected with plasmids expressing
Flag–CRYAB and HA–MbovP280, and a Co-IP assay was
performed. The total cellular proteins were prepared and the
components immunoprecipitated with either the anti-Flag or
anti-HA antibodies. The precipitates were resolved with SDS-
PAGE and analyzed with either the anti-HA or anti-Flag
antibody by western blotting assays. As shown in Figure 4C,
Supplementary Figure 4, the coprecipitated MbovP280 was
detected in the compounds precipitated with anti-Flag antibody,
and the coprecipitated CRYAB was detected in the compounds
precipitated with anti-HA antibody. These results confirmed that
MbovP280 specifically interacted with CRYAB.

DISCUSSION

A number of software are usually used to predict the secreted
proteins of Mycoplasma species in silico. The SignalP4.1 server
is used to identify the classically secreted proteins, such as P80
of M. hominis (11), which are secreted after the cleavage of
the signal peptide, and the SecretomeP 2.0 server is used to
predict the non-classical secreted proteins, whichmay be secreted
independently of any signal peptide (27), for example via the
extracellular vesicles recently identified in M. mycoides subsp.
mycoides (16) and Acholeplasma laidlawii PG8 (28). However,
these predictions should be confirmed with other methods,
such as western blotting assays. During this study, only two
of 11 predicted secreted proteins (MbovP280 and MbovP475)
were confirmed as both highly expressed and immunogenic
(Figure 1B) suggesting the difficulties in identifying the secreted
proteins of mycoplasmal species. Several factors might affect
this process, including the reliability of prediction, the relative
times and levels of expression and the immunogenicity of the
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FIGURE 4 | Interaction between MbovP280 and BoMac. (A) Binding assay of MbovP280 to BoMac cells. BoMac cells (1 × 105) were incubated with 0.5µM

MbovP280 for 1 h at 37◦C. MbovP280 was probed with polyclonal antibody directed against MbovP280 (1:500) and Alexa-Fluor-488-conjugated anti-IgG antibody

(1:1,000) (green). Nuclei were stained with DAPI (5µg/ml) and actin filaments with rhodamine phalloidin (100 nM). (B) Identification of MbovP280-binding ligands with

mass spectrometry. BoMac cell lysates were incubated with MbovP280 (10 µg), MbovP2801210−269 (10 µg), or PBS, and immunoprecipitated (IP) with a polyclonal

antibody directed against MbovP280 (5 µg) and agarose bead (50 µl) labeled with Protein A/G. Arrows indicate specific MbovP280-binding ligands resolved with

SDS-PAGE. And the asterisks represent either MbovP280 or MbovP2801210−269. (C) Interaction between MbovP280 and CRYAB. At 32 h post transfection with

plasmids encoding HA, HA–MbovP280, Flag, or Flag–CRYAB, HEK293T cells were harvested and the whole-cell lysates were immunoprecipitated with commercial

antibodies directed against either the HA or Flag tag, and Protein A/G agarose beads. MbovP280 and CRYAB were then detected with western blotting assays using

the antibodies against either the HA or Flag tags.

secreted proteins, the complex background of proteins in the
media (derived from serum and yeast extracts), and the strong
contamination of the secretomes with cytoplasmic proteins
during the extraction process (29). Because the lipoproteins of
mycoplasmas usually function as virulence factors, such as OppA,
a lipoprotein of both M. agalactiae and M. fermentans that

induces apoptosis (16, 30), the secreted lipoproteins MbovP280
and MbovP475 could play critical roles in the pathogenesis
ofM. bovis.

It has previously been reported that M. bovis functions
as an inducer or inhibitor of the apoptosis of infected
cells, probably dependent on the strain or cell type infected
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(31, 32). For example, M. bovis induced the apoptosis of
bovine peripheral blood mononuclear cells (PBMCs) (31) and
macrophages (33), but is also reported to inhibit the apoptosis
of PBMCs, monocytes, primary bovine macrophages, and bovine
macrophages (32, 34–36). However, few studies have determined
the specific mechanism responsible for this effect.

In this study, we first demonstrated that MbovP280
significantly reduced cell viability and then confirmed it induced
the apoptosis of BoMac when applied as either mycoplasmal cells
or the purified recombinant protein. However, there is a large
discrepancy in proportions of apoptotic cells between induction
of purified rMbovP280 (25–80%) and M. bovis infection (about

15%). We think this discrepancy might be caused by following
reasons. Firstly, the amount of purified rMbovP280 used to
treat BoMac is larger than the amount of MbovP280 naturally
expressed by the HB0801 strains. Secondly, in M. bovis strains,
there may be other proteins except MbovP280 function as
either inducers or inhibitors of the apoptosis. Therefore, the
overall effect of MbovP280 in the strain on apoptosis might be
partially contradicted. Since the secreted proteins in the cultural
supernatant is very low, the further study should verify whether
the concentration of secreted MbovP280 of M. bovis increases
or not under natural infection and the increase concentration of
MbovP280 is necessary to induce apoptosis.

TABLE 3 | MbovP280-binding ligands in BoMac screened with IP-MS.

Protein UniProt ID Unique Peptide Count Percentage coverage MW (kDa) PI

α-Crystallin B chain V6F832 2 12.57% 20.1 6.76

Endothelin 2 Q867A9 1 2.82% 19.7 10.46

Lipocalin 2 E1B6Z6 1 3.50% 22.9 9.35

THO complex subunit 4 Q3T0I4 2 7.00% 26.9 11.15

DCN1-like protein F1MRG9 1 1.93% 29.6 6.21

FIGURE 5 | Diagram of the possible signaling pathway of MbovP280-induced apoptosis in BoMac. MbovP280 binds to CRYAB and induces apoptosis of BoMac

cells through CRYAB.
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CRYAB is a molecular chaperone that is induced by stress
and suppresses the aggregation of denatured proteins (37). It
belongs to the conserved small heat shock protein family and is
highly constitutively expressed in human cancers. Recent studies
have shown that CRYAB inhibits apoptosis during myogenic
differentiation (38) or differentiation induced by a wide range
of stimuli, such as staurosporine, tumor necrosis factor α

(TNF-α), UVA irradiation, okadaic acid, hydrogen peroxide, and
TNF-related apoptosis-inducing ligand (TRAIL) (39–44). Several
studies have demonstrated that CRYAB inhibits apoptosis by
suppressing the activation of caspase 3 by interacting with its
precursor (38, 45), and by interacting with Bcl-XS and Bax to
suppress their translocation (41, 46). In the present study, IP-MS,
and Co-IP methods were used to identify the interaction between
MbovP280 and CRYAB in BoMac, and confirmed that CRYAB
is a specific ligand of MbovP280. A homology model of CRYAB,
MbovP280, and caspase 3 was established with SWISS-MODEL,
and protein–protein docking was examined with ClusPro 2.0.
The results suggested that MbovP280 and the caspase 3 precursor
competitively bind to the surface pocket of the CRYAB protein
(Supplementary Figure 5) to suppress the anti-apoptosis effect
of CRYAB (Figure 5).

In conclusion, in this study, we have demonstrated that
MbovP280 is a highly expressed and immunogenic secreted
protein that induces the apoptosis of BoMac through its ligand
CRYAB and the functional domain is located at amino acids
210–269 which form a coiled-coil domain.
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Supplementary Figure 1 | Secretion of predicted secreted proteins was

detected with western blotting assays. Secretome (S) and whole-cell lysate (WCL)

of M. bovis were resolved with SDS-PAGE, transferred onto the polyvinylidene

difluoride membranes, and immunodetected with polyclonal antibodies in the

antisera directed against each predicted protein.

Supplementary Figure 2 | Verification of secreted MbovP280 and MbovP475 in

culture supernatant with western blotting assays. M. bovis HB0801 was cultured

in PPLO medium and culture supernatant was collected and concentrated at 6,

12, 24, and 36 h. Polyclonal antibodies in the antisera against rMbovP280 and

rMbovP475 were used to detect the proteins in the supernatant, while the known

M. bovis membrane-associated protein NOX served as negative control.

Supplementary Figure 3 | MbovP280 increased the levels of cleaved caspase-3.

The cell lysates of BoMac cells treated with 0.5µM rMbovP280 or

rMbovP2801210−269 or infected with M. bovis strains (MOI = 1,000) were resolved

with SDS-PAGE, transferred onto the polyvinylidene difluoride membrane, and

then immunodetected with the antibody directed against cleaved caspase-3.

β-actin was used as the internal control.

Supplementary Figure 4 | Interaction between MbovP280 and CRYAB.

(A) Expression of MbovP280 and CRYAB in HEK293T cells at 32 h after

transfection with the plasmids encoding HA or HA–MbovP280 together with the

plasmids encoding Flag or Flag–CRYAB. (B) Interaction between MbovP280 and

CRYAB was detected with a western blotting assay.The cell lysates were

immunoprecipitated with the antibody against the Flag tag and immunoblotted

with the antibody against the HA tag. (C) Interaction between MbovP280 and

CRYAB was detected with a western blotting assay. The cell lysates were

immunoprecipitated with the antibody against the HA tag and immunoblotted with

the antibody against the Flag tag.

Supplementary Figure 5 | Images of protein–protein docking. (A) Homology

model of CRYAB and the MbovP280 functional domain (amino acids 206–294)

was generated with SWISS-MODEL. Protein–protein docking between CRYAB

and MbovP280 (amino acids 206–294) was established with ClusPro 2.0.

(B) Homology model of CRYAB and caspase 3 was generated with

SWISS-MODEL. Protein–protein docking between CRYAB and caspase 3 was

established with ClusPro 2.0.

Supplementary Table 1 | The predicted secreted lipoproteins of

Mycoplasma bovis.
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Hypoxia-inducible factor (HIF) is a key oxygen sensor that controls gene expression
patterns to adapt cellular metabolism to hypoxia. Pharmacological inhibition of prolyl-
hydroxylases stabilizes HIFs and mimics hypoxia, leading to increased expression of more
than 300 genes. Whether the genetic program initialized by HIFs affects immune
responses against microbial pathogens, is not well studied. Recently we showed that
hypoxia enhances antimicrobial activity against Mycobacterium tuberculosis (Mtb) in
human macrophages. The objective of this study was to evaluate whether the oxygen
sensor HIF is involved in hypoxia-mediated antimycobacterial activity. Treatment of Mtb-
infected macrophages with the prolyl-hydroxylase inhibitor Molidustat reduced the release
of TNFa and IL-10, two key cytokines involved in the immune response in tuberculosis.
Molidustat also interferes with the p38 MAP kinase pathway. HIF-stabilization by
Molidustat also induced the upregulation of the Vitamin D receptor and human b
defensin 2, which define an antimicrobial effector pathway in human macrophages.
Consequently, these immunological effects resulted in reduced proliferation of virulent
Mtb in human macrophages. Therefore, HIFs may be attractive new candidates for host-
directed therapies against infectious diseases caused by intracellular bacteria,
including tuberculosis.

Keywords: tuberculosis, hypoxia, HIF, human, macrophages, Molidustat
INTRODUCTION

Tuberculosis is an airborne infectious disease caused by Mycobacterium tuberculosis (Mtb), which
primarily affects human lungs. Active tuberculosis is treated with a combination of isoniazid,
rifampin, pyrazinamide and ethambutol for at least 6 months to achieve clearance of the pathogen
and prevent the selection of drug resistant mutants (1). Drug resistance against Mtb was already
Abbreviations: CFU, colony forming units; hBD2, human ß defensin 2; HIF, Hypoxia inducible factor; MOI, multiplicity of
infection; Mtb, Mycobacterium tuberculosis; PBMC, peripheral blood mononuclear cells; VDR, Vitamin D receptor.
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described in 1948 when the very first human TB therapy trial
using Streptomycin was conducted (2). In 2014 (3) Mtb isolated
from approximately 1.9 million patients were isoniazid mono-
resistant (13.3%) and multidrug resistant (MDR, 5.3%). 9.7% of
individuals with MDR-TB had extensively drug-resistant (XDR)
tuberculosis, which was reported by 105 countries (WHO, 2020).
Infection with drug resistantMtb requires longer and more-toxic
treatment and is only moderately effective. Hence there is an
urgent need for the development of novel strategies to treat
tuberculosis (4). Modern concepts include host-targeted
therapies to promote immune responses without toxicity and
development of drug resistance.

HIFs are not only sensors for cellular hypoxia, but also control key
functions of immune cells required for protection against microbial
pathogens (5, 6). Though several HIF isoforms exist, HIF-1a is the
most prominent and detected nearly in all innate immune
populations (7). Under normoxia (20% O2) HIF-1a is rapidly
degraded by prolyl-hydroxylases, von Hippel-Lindau tumor
suppressor protein and the proteasome (8). Hypoxia (pO2 ≤1%)
deactivates prolyl hydroxylases and consequently HIF-1a is stabilized
and translocated into the nucleus. Here, the transcription of multiple
target genes responsible for angiogenesis (e.g. vascular endothelial
growth factor), cellular proliferation (e.g. erythropoietin), glucose
metabolism (e.g. glucose transporters) as well as inflammation (e.g.
inflammatory cytokines) are induced (9, 10).

Recently, others and we demonstrated that hypoxia is
beneficial for the control of Mtb in macrophages obtained
from humans and non-human primates (11, 12). Furthermore,
pharmacological induction of hypoxia by VEGF-signaling in a
Mycobacterium marinum zebrafish model reduced bacterial
growth in vivo (13). There is evidence that HIF-1a plays an
important role in innate immune responses directed against a
wide variety of pathogens including group A and B streptococci,
Staphylococcus aureus, Salmonella typhimurium, Pseudomonas
aeruginosa and Mycobacteria (14). The myeloid HIF-response
influences metabolism (cellular ATP pool), production of
granule proteases (neutrophil elastase, cathepsin G), expression
of antimicrobial peptides (cathelicidin), inducible nitric oxide
and cytokines (TNFa, IL-1, IL-4, IL-6, IL-12) (7, 15–17).
Recently we demonstrated that hypoxia upregulates an
antimicrobial effector pathway mediated by the vitamin D
receptor (VDR) and human b defensin 2 (hBD2) (12).

Proly hydroxylase inhibitors can be applied to stabilize HIFs in
normoxic atmosphere and induce downstream antimicrobial
effector functions. The HIF-stabilizers L-Mimosine and AKB-4924
showed therapeutic benefit in mouse models of Staphylococcus
aureus skin infection (18, 19), and dimethyloxaloylglycine
supported host defense in a Mycobacterium marinum zebrafish
model (17). Currently several prolyl hydroxylase-inhibitors (FG-
2216, Roxadustat, Daprodust, Molidustat and AKB-6548) are under
evaluation in clinical trials or already approved for the treatment of
renal anemia (20–23).

Given the complex downstream events orchestrated by HIF, any
pharmacological manipulation of this pathway must consider
potential harmful effects for the host, including susceptibility to
microbial pathogens. Here, we investigated whether HIF-
Frontiers in Immunology | www.frontiersin.org 224
stabilization by the prolyl-hydroxylase inhibitor Molidustat
modulates the immune response of human macrophages against
the major human pathogen Mtb. Our results demonstrate a
differential effect of Molidustat on the release of cytokines
(reduction) and the VitD-mediated antimicrobial effector pathway
(induction) ultimately resulting in reduced intracellular growth of
virulent Mtb. These findings suggest that HIF-stabilization
promotes the antimicrobial function of human macrophages and
this pathway may provide a new target for host-directed therapies
against tuberculosis.
MATERIALS AND METHODS

Cell Culture and Reagents
Primary human cells were cultured in RPMI 1640 (Life
Technologies) supplemented with 2 mM glutamine (Sigma), 10
mM HEPES, 13 mM NaHCO3, 100 µg/ml streptomycin, 60 µg/ml
penicillin (all from Biochrom) and 5% heat-inactivated human AB
serum (Sigma) (complete medium). For THP-1 cells (ATCC® TIB-
202™, Institute for Medical Microbiology and Hygiene, Ulm
University) heat-inactivated human AB serum was replaced by
20% fetal calf serum ([FCS] Sigma). For experiments involving the
virulent laboratory strain Mtb H37Rv (ATCC® 27294™, Institute
for Medical Microbiology and Hygiene, Ulm University) the
medium was modified to optimize phagocytosis (non-heat-
inactivated serum) and allow multiplication of the bacteria (no
streptomycin). In order to prevent fungal growth 5.6 µg/ml
Amphotericin B and 60 µg/ml Penicillin G were added. Mtb-
extract was used as source for soluble mycobacterial antigens in a
final concentration of 10 µg/ml. These antigens were generated by
collecting the ultracentrifuged supernatant of mycobacterial cells
that were repeatedly sonicated. Afterwards cell wall components
and intracellular antigens were extracted (24). Molidustat (BAY 85-
3934, Selleckchem) is a HIF-stabilizer (prolyl-hydroxylase
inhibitor), which was dissolved in DMSO and serially diluted
in PBS.

Hypoxia Chamber
A hypoxia chamber was tailor-made for the specific requirements of
a biological safety level 3 facility (Toepffer Laboratories). The
chamber represents a closed system that is accessible from the
outside through aerosol tight gloves. Outgoing air is filtered through
a high-efficiency particulate air (HEPA Class 14) filter to permit
experiments with virulent Mtb. Materials and reagents are shuttled
into the chamber via a sluice, such that the atmosphere remains
constant at all times during the experiments. Temperature (37°C),
CO2 (5%), and humidity were constant, and O2 and N2 were
adjusted according to the experimental requirements. All
parameters were monitored by digital sensors.

Preparation of Macrophages and
THP-1 Cells
Peripheral blood mononuclear cells (PBMC) were isolated by
density gradient centrifugation of buffy coat preparations from
anonymous donors (Institute of Transfusion Medicine, Ulm
June 2021 | Volume 12 | Article 678354
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University). Macrophages were generated from plastic-adherent
PBMC cultured in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF, 10 ng/ml, Miltenyi) for 7
days. Macrophages were stored in liquid nitrogen if required.
THP-1 cells (ATCC, TIB-202™) were differentiated to
macrophages by treatment with phorbol 12-myristate 13-
acetate (10ng/ml) for 18hrs.

Culture of Mycobacterium Tuberculosis
Mtb H37Rv was grown in suspension with gentle rotation in
roller bottles containing Middlebrook 7H9 broth (BD
Biosciences) supplemented with 1% glycerol (Roth), 0.05%
Tween 80 (Sigma), and 10% Middlebrook oleic acid, albumin,
dextrose, and catalase enrichment (BD Biosciences). Aliquots
from logarithmically growing cultures were frozen in PBS/10%
glycerol, and representative vials were thawed and enumerated
for viable colony forming units (CFU). Mtb were sonicated in a
pre-heated (37°C) water bath for 10 min prior to use.

Quantification of Extracellular and
Intracellular Mycobacterial Growth
To determine the effects of Molidustat on extracellularMtb, bacteria
were cultured in 96 well plates in 7H9 broth. Iron supplementation
was accomplished by addition of filtered (0.2 µm pores, Millipore)
iron (II) sulfate heptahydrate (FeSO4 * 7 H2O, Sigma). Mtb were
then incubated for 5 days. Subsequently extracellular bacteria were
harvested by vigorous re-suspension, transferred into screw caps,
and sonicated in a preheated (37°C) water bath for 10 min. Aliquots
of the sonicate were serially diluted (1:10, 1:100, 1:1000) in cell
culture medium without streptomycin. Four dilutions of each
sample were plated on 7H11 agar plates (BD Biosciences) and
incubated for 14 days before determining the number of CFU. To
analyze the effects of Molidustat on intracellularMtb, macrophages
were infected with single-cell suspensions ofMtb at a multiplicity of
infection (MOI) of 10 as bulk infection. After 18 hrs macrophages
were washed with PBS to remove extracellular bacteria. Viability of
macrophages was verified with the LIVE/DEAD® Kit (Invitrogen)
and was approximately 95%. The percentage of infected
macrophages was controlled regularly by acid-fast stain and was
between 31 ± 17% with 1-10 bacilli per infected cell. Infected
macrophages were then equally distributed into the wells of a
culture plate before adding the stimuli which secures an equal
bacillary burden in all samples at the beginning of the incubation
period. After 5 days of culture, the number of viable bacilli was
determined by plating cell lysates (0.3% saponin; Sigma) on 7H11
agar plates as described above.

Viability Assays
Annexin V/propidium iodide staining was performed using the
“FITC Annexin V Apoptosis Detection Kit I” from BD
Biosciences following the manufacturer’s protocol. Data were
analyzed by flow cytometry (FACSCalibur, BD) using FlowJo,
version 10.1 (Tree Star Inc., Ashland, Oregon, USA).

Measurement of Cytokine Concentrations
Supernatants were harvested, and stored at -70°C. Supernatants
from Mtb-infected cultures were filtered (0.2 µm) and sterility was
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confirmed by culture of filtered aliquots on 7H11 agar plates. The
concentration of tumor necrosis factor a (TNF-a) and interleukin-
10 (IL-10) was determined by enzyme linked immunosorbent assay
(ELISA, R&D Systems) exactly as suggested by the manufacturer.
Sensitivity of the ELISAs was regularly 32 pg/ml.

Western Blot Analysis
Macrophages (5-10 x 106/ml) were incubated with Molidustat and
Mtb-extract for 16 ± 2 hrs. Subsequently cells were harvested with
ice-cold PBS 1 mM EDTA and centrifuged (4°C, 16.000 g for 20 s).
Pellets were lysed using CER I buffer (NE-PER™, Thermo
Scientific), protease inhibitor cocktail tablets as well as
phosphatase-inhibitor cocktail tablets (both from Roche). For
HIF-1a detection proteins were purified directly from CER I
buffer lysates containing nuclear and cytoplasmic protein
fractions. Deferoxamine (DFO, Sigma) was used in a final
concentration of 50 µM in order to prevent Prolylhydroxylase II
mediated degradation of HIF-1a by Fe2+ chelation. Protein
concentrations of lysates were adjusted to equal levels according
to BCA Protein Assay (Pierce). Lysates containing 25–100 µg
protein were boiled (10 min, 95°C) in Laemmli sample buffer (2
mM SDS (Roth); 0.3% Glycerol (Sigma); 63 mM Tris-HCl (Sigma),
pH 6; 0.03% bromophenol blue (Biomol); 0.15% mercaptoethanol
(Sigma)) and analyzed by SDS-Page (12%) and western blot.
Membranes were probed overnight with HIF-1a mAb mouse
(BD Biosciences) (1:1000), respectively. Afterwards donkey anti
mouse alkaline phosphatase conjugated antibody (1:10.000,
Jackson ImmunoResearch Laboratories) was used as secondary
antibody. Proteins were detected by chemiluminescence (CDP
Star, Roche) following the manufacturer’s protocol. The same
membrane was stripped (0.2 M Glycine (AppliChem GmbH); 3.5
mM SDS (Roth); 0.1% Tween 20 (Sigma), pH 2.2) and re-probed
using b-Actin rabbit mAb (Cell Signaling Technology) (1:1000).

Phosphorylated p 38 (pp38) detection was performed with 7 x
105 THP-1 macrophages after 16 ± 2 hrs treatment as indicated.
Processing of lysates was performed as described above.
Membranes were probed overnight with pp38 rabbit polyclonal
Ab (Cell Signaling Technology) (1:1000). Band intensity was
measured by using Image J software (Version 1.50i).

Quantitative RT- PCR
Macrophages (2,5 - 5 x 106/ml) were incubated with Molidustat
in presence or absence of Mtb-extract for 48 h. Cells were lysed
and RNA was prepared using the RNeasy purification kit
(Qiagen) according to the manufacturer’s instructions. cDNA
was prepared by reverse transcription (Fermentas). LightCycler
PCR was performed using SYBR Green PCR Master Mix
(Roche). The following primers were used: forward

b-actin, 5’-GGCCACGGGCTGCTTC-3’; reverse b-actin, 5’
GTTGGCGTACAGGTCTTTGC-3’; forward vitamin D receptor
(VDR), 5’-AAGGACAACCGACGCCACT-3’; reverse VDR, 5’-
ATCATGCCGATGTCCACACA-3 ’ ; forward hBD2, 5 ’
GGTGTTTTTGGTGGTATAGGCG-3’; reverse hBD2, 5’-
AGGGCAAAAGACTGGATGACA-3 ’ . The cycles were
performed as follows: 1 cycle 95°C, 10 min; 40 cycles: 95°C,
15 s; 60°C, 10 s; 72°C, 20 s. The mRNA levels for VDR and hBD2
were normalized to the amount of b-actin, which was measured
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simultaneously. A comparative threshold cycle was used to
determine gene expression relative to untreated cells cultured
at 20% O2. Relative expression levels were calculated using the
delta-delta CT method (ΔΔCT) as described previously (25).

Statistical Analysis
Experiments were performed 5-11 times as indicated in the
respective legends. For each experiment macrophages were
derived from independent anonymous blood donors. Results are
presented as mean ± standard error of the mean (SEM). Statistical
significance was calculated using the Student’s t test for paired
samples or one tailed Wilcoxon test as indicated. Differences were
considered significant if p ≤ 0.05.

RESULTS

Molidustat Is Not Toxic for Primary
Human Macrophages
To rule out that stabilization of HIF by the prolyl hydroxylase
inhibitor Molidustat affects the viability of macrophages, cells were
incubated overnight in the presence of increasing concentrations of
Molidustat (0.1 µM to 10 µM). Viability was evaluated by Annexin-
FITC/Propidium Iodide staining and analyzed by flow cytometry
(Figure 1A). Cell viability in general was slightly reduced (70%) due
to the purification- and culture conditions. Importantly, Molidustat
had no effect on the viability of macrophages as compared to un-
treated cells generated from 7 independent donors at all
concentrations tested (Figure 1B).
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Molidustat Stabilizes HIF-1a in
Mtb-Treated Macrophages
To ascertain that Molidustat-mediated prolyl-hydroxylase
inhibition increases HIF-1a expression in the specific cell
population used in our study, macrophages were incubated
overnight with 0.1 µM, 1µM and 10 µM Molidustat. HIF-1a
expression was determined by Western Blot analysis. HIF-1a
expression was increased by Molidustat in a dose dependent
manner (Figures 2A, B). Since the major objective of this study
was to investigate the effect of HIF-1a-stabilization on Mtb-
mediated immune responses, we next stimulated macrophages
with mycobacterial antigens (Mtb-extract) in the absence or
presence of Molidustat. Mtb-extract alone stabilized HIF-1a
and the expression was further enhanced in a dose-dependent
manner by treatment with Molidustat (Figures 2A, B) and
reached levels beyond deferoxamine, which prevents prolyl
hydroxylase II mediated degradation of HIF-1a by Fe2+

chelation and was therefore used as a positive control for HIF-
1a stabilization. These results demonstrate that microbial
antigens stabilize HIF-1a in human macrophages and this
effect is enhanced by the prolyl hydroxylase inhibitor Molidustat.

HIF-Stabilization Reduces Mtb-Mediated
Cytokine-Release and Leads to an
Interference With p38 MAP
Kinase Activation
Since HIF-1a is stabilized by mycobacterial antigens, we
hypothesized that pharmacological manipulation of HIF-
A

B

FIGURE 1 | Molidustat is not toxic for primary human macrophages. (A) 1x106 macrophages were incubated with medium alone or increasing levels of Molidustat
as indicated. After 16 ± 2 hrs incubation apoptotic and necrotic cells were detected by annexin V-FITC and PI-staining. The panel shows a representative result of
seven independent donors. (B) The diagram gives the average percentage ± SEM of annexin V and PI negative macrophages of seven independent donors. There
were no statistical differences as calculated with a Wilcoxon test.
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expression by Molidustat might affect Mtb-mediated macrophage
activation. Since cytokine release is an essential function of
macrophages in the immune response against intracellular
bacteria, we analyzed the effects of HIF-stabilization on the Mtb-
induced release of the TNFa and IL-10. We selected TNFa and IL-
10 because both are key mediators for orchestrating the immune
response in human tuberculosis (26). Molidustat alone did not
induce the release of TNF-a or IL-10 (not shown). Mtb-extract
induced high levels of TNFa-release by macrophages (19 ng/ml ± 7
ng/ml) (Figure 3A). Treatment with Molidustat (10 µM) reduced
Mtb-extract-mediated TNFa-release by 26% (n=10). Importantly,
Molidustat also inhibited the release of TNFa by macrophages
infected with virulent Mtb to background levels (Figure 3B).
Similarly, the Mtb-extract induced release of IL-10 was inhibited
by Molidustat (61 ± 16%; 7 donors, Figure 3C). Furthermore,
Molidustat reduced IL-10 secretion induced by viableMtb in a dose-
dependent manner and suppressed the cytokine release to
background levels at a concentration of 10 µM (7 donors,
Figure 3D). Therefore, the stabilization of HIF-1a by Molidustat
results in the reduced secretion of TNFa and IL-10, supporting our
hypothesis that HIF-1a is a potential target for the modulation of
innate immune responses in Mtb-infection.

To investigate the molecular mechanism underlying
Molidustat-mediated inhibition of TNFa and IL-10, we
considered p38 mitogen activated protein (MAP) kinase
activation because prolyl-hydroxylase inhibitors were
previously implicated in Escherichia coli-mediated p38 MAPK
Frontiers in Immunology | www.frontiersin.org 527
activation (27). For this set of experiments, we used a human
macrophage-like cell line (THP-1), since GM-CSF required for
the maturation of peripheral blood monocytes already activates
the MAP kinase pathway precluding studies on Mtb-specific
regulation (28). THP-1 cells were stimulated withMtb-extract in
the presence or absence of Molidustat and cell lysates were
analyzed for the expression of phospho-p38. The stabilization
of HIF-1a by Molidustat- as shown for primary macrophages-
could not be experimentally demonstrated for THP-1 cells due to
technical obstacles.Mtb-extract induced a profound up-regulation
of p38 phosphorylation (Figure 4). Molidustat (10 µM) reduced
the Mtb-mediated up-regulation of phospho-p38 to the levels
observed in the untreated control (Figures 4A, B).

Taken together these results demonstrate that pharmacological
HIF-stabilization inhibits the Mtb-induced release of immune-
modulatory cytokines and this effect may be associated with an
inhibition of the p38 MAP kinase signaling pathway.

Molidustat Induces the Up-Regulation of
the VDR and hBD-2
One important effector pathway of human macrophages is initiated
by Toll like receptor ligation and involves the up-regulation of the
VDR and the subsequent production of the antimicrobial peptide
hBD-2 (29). Recently we and others demonstrated that hypoxia
similarly up-regulates the VDR and hBD-2 (12, 30, 31). To
evaluate whether mimicking hypoxia by pharmacological HIF-1
stabilization has comparable effects, macrophages were incubated
with Molidustat and VDR- and hBD2 mRNA levels were
determined by quantitative PCR after 48 hrs. In 6 independent
experiments Molidustat significantly enhanced VDR (3.5 ± 0.8-fold,
p=0.02)- and hBD-2 (5.2 ± 1.8-fold; p=0.008) expression as
compared to un-treated control cultures (Figure 5A). To relate
this finding to Mtb-infection we co-incubated macrophages with
Mtb-extract and Molidustat. Again, Molidustat strongly enhanced
the expression of VDR (4.6 ± 1.8-fold, p =0.03) as well as hBD-2
mRNA-expression (11.1 ± 2.9-fold; p=0.008) as compared to
samples that were treated with Mtb-extract alone (Figure 5B).
Taken together we demonstrated Molidustat results in an increased
expression of two molecules (VDR and hBD2) which define an
antimicrobial pathway in human macrophages.

Molidustat Reduces the Growth of
Intracellular Mtb
The differential effects of Molidustat on cytokine release
(inhibition) and the expression of the antimicrobial peptide
hBD2 (increase) in macrophages raised the question on the
effect on the intracellular growth of Mtb. First, we investigated
the effect of Molidustat on the proliferation of extracellular Mtb
in liquid culture. Molidustat (0.1 µM to 10 µM) did not affect the
viability of extracellular Mtb as measured by comparing the
metabolic activity (Figure 6A) and growth (colony forming
units, Figure 6B) in treated and un-treated control cultures.
To evaluate the effect on the growth of intracellular Mtb,
macrophages were infected with virulent Mtb and cultured in
the presence of Molidustat for 5 days. As observed in un-infected
cells (Figure 1) Molidustat did not affect the viability of Mtb-
A

B

FIGURE 2 | Molidustat stabilizes HIF-1a in Mtb-stimulated macrophages
2×106 macrophages were stimulated for 16 ± 2hrs with Molidustat in the
absence or presence of Mtb-extract (10 µg/ml) or Deferoxamine (DFO, 50
µM). Cell lysates were probed with a HIF-1a antibody (1:1000). (A) The upper
panel shows a representative result of three independent experiments. The
lower panel shows the blots after stripping and detection of b-actin (1:1000).
(B) The graphs show the relative HIF-1a expression calculated by measuring
the integrated densities as compared to un-treated samples (defined as 1).
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infected macrophages after 5 d of infection and was in a range
between 64-79% (data not shown). The number of viable bacilli
was significantly lower in Molidustat- treated macrophages in all
11 donors included in the study (79 ± 5%; p = 0.0005)
Frontiers in Immunology | www.frontiersin.org 628
(Figure 7A) and this effect was dose dependent (n=9)
(Figure 7B). The extent of growth inhibition induced by
Molidustat closely correlated with the levels of growth
inhibition induced by hypoxia (1%) in the same donors
A B

FIGURE 4 | HIF-stabilization interferes with p38 MAP kinase activation. (A) 7x105 THP-1 macrophages were either left untreated or stimulated with 10 µg/ml Mtb-
extract in absence or presence of 10 µM Molidustat. After 16 ± 2 hrs cells were harvested and lysed. 30 µg cell extract were separated on a 12% SDS PAGE gel
and analyzed by western blot. Samples were probed with a polyclonal antibody directed against phospho-p38 (1:1000). The lower panel shows the blot after
stripping and detection of b-actin (1:1000) as a loading control. The panel shows a representative blot of three with similar results. (B) The graph shows the relative
phosphor-p38 expression calculated by measuring the integrated densities as compared to un-treated samples (defined as 1).
A B

DC

FIGURE 3 | HIF-stabilization reduces Mtb-mediated TNFa and IL-10 release (A, C) 3 x 105 macrophages were either left untreated or stimulated with Mtb-extract
(10µg/ml) and incubated with increasing concentrations Molidustat for 16 ± 2 hrs. The release of TNFa or IL-10 in the supernatant was determined by Elisa. The
figures present the cytokine release (mean ± SEM) of 10 (TNF-a) and 5 (IL-10) independent donors. (B, D) 3 × 105 macrophages were infected with virulent Mtb at
an MOI of 10. TNFa and IL-10 concentrations in the supernatants were determined by ELISA after 16hrs of infection. The figures present the cytokine release
(mean ± SEM) of 7 independent donors. Asterisks indicate statistical significance as calculated by Wilcoxon test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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(Figure 7C). Hypoxia did not influence the viability of
macrophages as shown previously (12). By inference this
supports our hypothesis that Molidustat enhances macrophage
activity against Mtb by stabilization of HIF, thereby mimicking
an oxygen-restricted environment.

In summary, our experiments demonstrate that
pharmacological HIF-stabilization by Molidustat has profound
effects on macrophage functions (summarized in Figure 8). The
skewing of the expression of cytokines and antimicrobial peptides
ultimately results in reduced growth of intracellular Mtb. These
findings highlight the potential of HIF-stabilizers to serve – in
Frontiers in Immunology | www.frontiersin.org 729
addition to the established benefit for ameliorating renal anemia –
as host-targeted therapy to treat tuberculosis when classical
antibiotic regimes fail as a result of antibiotic resistance.
DISCUSSION

Treatment of tuberculosis remains a major challenge due to the
emergence of drug-resistance strains, severe side effects of first-
line drugs and lack of compliance related to the 6-months
duration of treatment. Host-directed therapies that support the
immune system rather than directly acting on the pathogen
provide an attractive alternative treatment strategy. Here, we
demonstrate that pharmacological stabilization of hypoxia-
induced factor by Molidustat, a compound already tested in
phase III clinical trials for the treatment of renal anemia,
modulates Mtb-associated macrophage functions resulting in
reduced growth of the pathogen. Our results provide
preclinical evidence that the hypoxia-triggered signal
transduction pathway is a potential target for host-directed
therapies against intracellular bacteria, specifically Mtb.

HIF-1a is an essential environmental and metabolic sensor
that acts as a transcription factor thereby affecting multiple
immune cell functions. Physiologically HIF-1a is stabilized at
low oxygen tension (14, 32). However, HIF-1a stabilization may
also occur at physiological oxygen levels, when target cells are
stimulated, for example by Mtb-derived trehalose dimycolate
(33) or TLR4 ligation (16). Stabilization is linked to the
transcription factor NF-kB, which activates the downstream
target HIF-1a (34). Accordingly, the human HIF-1a promotor
contains a canonical NF-kB binding site 197/188 bp upstream of
the transcription start site (35). Here, we demonstrate that the
prolyl hydroxylase inhibitor Molidustat increases HIF-1a levels
A B

FIGURE 6 | Molidustat does not affect viability of extracellular Mtb. (A) 1 x 105

Mtb H37Rv were grown in 7H9 broth in absence or presence of increasing
concentrations Molidustat (0.1, 1, 10 µM) for 5 days at 37°C. Subsequently
mycobacteria were harvested and 10 µl of the sonicate were plated on 7H11
agar plates. After 14 d incubation at 37°C CFU were determined. (B) The
graph shows the results for 5 independent experiments using the identical Mtb
H37Rv stock.
A B

FIGURE 5 | Molidustat induces the up-regulation of the Vitamin D receptor and hBD2 6 x 105 Macrophages were either left untreated or incubated with 10 µM
Molidustat for 48 h. Vitamin D receptor (VDR) and human b defensin 2 (hBD2) mRNA levels were measured by LightCycler PCR in (A) unstimulated as well as (B)
Mtb-extract- (10 mg/ml) stimulated macrophages. VDR and hBD2 mRNA levels in all probes were compared to levels of unstimulated macrophages without
Molidustat treatment, which were defined as 1. The graph shows the mRNA levels for 6 (VDR) or 7 (hBD2) independent donors, respectively. Asterisks indicate
statistically significant differences as determined by Wilcoxon test. *p ≤ 0.05; **p ≤ 0.01.
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in human macrophages stimulated with mycobacterial antigens.
Molidustat also upregulates HIF-2a in epithelial (HeLa)-,
adenonocarcinoma (A549)- and hepatoma (Hep3B) cell lines.
Since Molidustat stabilizes both HIF isotypes, the effects
observed in this study cannot definitively be attributed to HIF-
1a. However, HIF-2a is most abundantly expressed in vascular
endothelial cells, plays an important role in embryogenesis and is
closely related to VEGF mRNA expression (36, 37). Therefore, it
is likely that the effects of Molidustat on macrophages are
mediated by HIF-1a.

HIF-1a activation switches energy metabolism to glycolysis
to provide continuous ATP supply, when oxygen is limited (38).
As compared to lymphoid cell lines, which predominantly use
oxidative phosphorylation for their energy metabolism and
therefore rely on the presence of high levels of oxygen, myeloid
cells (neutrophils, macrophages) favor glycolysis (39). This is in
accordance with our observation that macrophages tolerate high
concentrations of Molidustat (10µM) (Figure 1), resulting in a
“hypoxia-like” microenvironment.

In response to microbial stimuli macrophages release a broad
panel of inflammatory mediators. In tuberculosis macrophage-
Frontiers in Immunology | www.frontiersin.org 830
derived TNFa and IL-10 play a special role and the balance
between these mediators affect the outcome of tuberculosis
infection. p38 – a key kinase of the MAP-kinase pathway –
regulates TNFa and IL-10 release (40). In addition, restriction of
local oxygen supply increases the production of cytokines and
chemokines (41, 42). In our study Molidustat decreased both
Mtb-induced TNFa and IL-10 secretion by macrophages
(Figure 3). Similarly, AKB-4924, another pharmacological
HIF-1a stabi l iz ing compound, dampened the host
inflammatory response (27). Intriguingly this effect was also
attributed to the inhibition of p38 MAPK activation (27).
Hence inhibition of p38 phosphorylation seems to be a
common effect of pharmacological HIF-stabilizers.

At first glance the differential regulation of immune molecules
appears contradictory. However, HIF-1-a is a ubiquitous
transcription factor which is expressed in all myeloid cells
including macrophages. The genes responding to HIF-1-a are
highly diverse and include the regulation of metabolism, cell
division and immune functions (6). The functional impact of
gene regulation does not follow a predictable pattern and the
understanding of biological end points (e.g. cytokine release or
A B

C

FIGURE 7 | Molidustat mimics hypoxia and inhibits the proliferation of intracellular Mtb in a dose dependent manner. Macrophages were infected in bulk culture
overnight (MOI 10), harvested, and replated in 24-well plates (2 x 105/300 µl). Infected cells were cultured for 5 days in absence or presence of Molidustat (A, B) or
under hypoxia (C). The number of viable bacilli was determined after 2 weeks by plating cell lysates on 7H11 agar plates. (A) Effect of 10 µM Molidustat on the
intracellular growth of viable Mtb. Left panel: Individual results of 9 out of 11 donors. Right panel: Summary of the results of all 11 donors (mean ± SEM). (B) Dose
dependent effects of 0.1, 1 and 10 µM Molidustat on the intracellular growth of viable Mtb. The graph shows the summary of the results of 9 independent donors
(mean ± SEM). (C) Effect of hypoxia (pO2 = 1%) on the intracellular growth of viable Mtb. Left panel: Individual results of 9 out of 11 donors. Right panel: Summary of
the results of all 11 donors (mean ± SEM). Asterisks indicate statistically significant differences as determined by Wilcoxon test. *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0005.
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expression of antimicrobial peptides) requires specific
experimental approaches. We believe that the differential
effects on cytokine release and VDR/hBD2 reflects the
complexity of biological effects governed by HIF-1-a.

Our study was not designed to define the molecular
mechanism of Molidustat/HIF-1a-mediated growth inhibition
of Mtb. We hypothesize that HIF-1a-mediated modifications of
the energy metabolism in macrophages interfere with the
multiplication of Mtb. First, increased intracellular HIF-1a levels
promote glycolysis resembling the Warburg effect in tumors (43).
Increased glucose consumption results in increased formation of
lactate (44). Several reports indicate that lactic acid monomers
activate macrophages and enhance their ability to kill intracellular
Mtb (45). Second, increased levels of HIF-1a induce a metabolic
reprogramming of the citric acid cycle that affects the production
of critical metabolites such as succinate (46) and itaconic acid (47).
Succinate serves as an inflammatory signal which also stabilizes
HIF-1a (48). Itaconic acid, which is formed via decarboxylation
from the tricarboxylic acid cycle intermediate cis-aconitate directly
inhibits growth of Mtb. Mechanistically this effect is mediated by
inhibition of the bacterial isocitrate lyase, a key enzyme of the
glyoxylate shunt responsible for bacterial growth (47). In mice
HIF-1a upregulation and glucose metabolism were shown to be
essential for macrophage migratory activity (7, 49). Alternative
mechanisms for HIF-1a mediated antimicrobial activity could be
Frontiers in Immunology | www.frontiersin.org 931
the induction of antimicrobial peptides (CRAMP), granule
proteases (Cathepsin G) as well as iNOS producing nitric oxide
in mice. These mechanisms contributed to HIF-1a- dependent
bactericidal activity and systemic spread of group A streptococci,
Salmonella Typhimurium and Pseudomonas aeruginosa (15).
Similarly, indirect (Molidustat)- or direct exposure to hypoxia
(hypoxia chamber) triggered the expression of VDR and its
downstream target hBD2 thereby enhancing the antimicrobial
activity against intracellular Mtb (Figure 5) (12). Notably hBD2
has been directly associated with growth restriction of intracellular
Mtb (50).

Although Molidustat did not affect the growth of Mtb
(Figure 6), direct effects of HIF-1 stabilizers on Mtb cannot be
excluded. Even though the precise mode of action for inhibiting
Prolylhydroxylase II by HIF-1a stabilizers is unknown, two
major principles are currently discussed: Blocking the active
site of the enzyme (e.g. FG-4497) or chelate Fe2+ (e.g.
Deferoxamine), which is essential for the activity of prolyl
hydroxylase. In case of L-Mimosine, a Molidustat-related HIF-
1a stabilizer, both mechanisms are active (51, 52). Intriguingly
iron chelating agents such as deferoxamine significantly decrease
the viability of extracellular Mtb (53). Since Molidustat, as
compared to deferoxamine, is able to permeate cellular
membranes, direct effects on intracellular Mtb mediated by
partial Fe2+-chelation may be possible.
FIGURE 8 | Molidustat directly reduces viability of intracellular Mtb and increases the expression of VDR and hBD2, which inhibits growth of Mtb in human
macrophages. Molidustat interferes in the interplay between Mtb and macrophages on several different levels. (1) Application of Molidustat reduces the release of
pro- (TNF-a) and anti-inflammatory (IL-10) cytokines released by Mtb antigen stimulated macrophages. This effect is a result of interference with the MAPK pathway
via inhibition of p38 phosphorylation. (2) Inhibition of Prolylhydroxylases by Molidustat prevents degradation of HIF-1a and stabilizes Mtb antigen mediated induction
of HIF-1a via TLR-signaling. (3) HIF-1a is subsequently translocated into the nucleus and induces the expression of an antimicrobial pathway involving VDR and
hBD2, which leads to a significant inhibition of intracellular Mtb proliferation.
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Our results support an emerging concept of a role for HIF-1a
in protection against bacterial infections. Other studies
demonstrated that HIF-1a supports the clearance of bacterial
infections in mouse keratinocytes infected with Group A
streptococci, a Mycobacterium marinum zebrafish model or
infection of murine bladders with uropathogenic Escherichia coli
(17, 27, 54). Accordingly, the HIF-1a stabilizer (AKB-4924)
supported the clearance of Escherichia coli (27). Even though
our results do not provide direct proof for a causative link between
reduced cytokine release and p38 MAP kinase expression, we
suggest that the “hypoxia-HIF-1a-p38 Map kinase axis” is a novel
and intriguing target for host directed therapy of bacterial
infections. Appropriate compounds, such as Molidustat used in
this study, are well tolerated in vivo, currently investigated in Phase
II/III clinical trials (20, 55) or – such as Roxadustat – already
prescribed (22) to treat renal anemia. Our study should therefore
encourage clinical studies to extend the clinical application of HIF-
1a stabilizers for the treatment of severe bacterial infections.
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Non-coding RNAs have emerged as critical regulators of the immune response to
infection. MicroRNAs (miRNAs) are small non-coding RNAs which regulate host
defense mechanisms against viruses, bacteria and fungi. They are involved in the
delicate interplay between Mycobacterium tuberculosis, the causative agent of
tuberculosis (TB), and its host, which dictates the course of infection. Differential
expression of miRNAs upon infection with M. tuberculosis, regulates host signaling
pathways linked to inflammation, autophagy, apoptosis and polarization of
macrophages. Experimental evidence suggests that virulent M. tuberculosis often utilize
host miRNAs to promote pathogenicity by restricting host-mediated antibacterial signaling
pathways. At the same time, host- induced miRNAs augment antibacterial processes
such as autophagy, to limit bacterial proliferation. Targeting miRNAs is an emerging option
for host-directed therapies. Recent studies have explored the role of long non-coding
RNA (lncRNAs) in the regulation of the host response to mycobacterial infection. Among
other functions, lncRNAs interact with chromatin remodelers to regulate gene expression
and also function as miRNA sponges. In this review we attempt to summarize recent
literature on how miRNAs and lncRNAs are differentially expressed during the course of
M. tuberculosis infection, and how they influence the outcome of infection. We also discuss
the potential use of non-coding RNAs as biomarkers of active and latent tuberculosis.
Comprehensive understanding of the role of these non-coding RNAs is the first step towards
developing RNA-based therapeutics and diagnostic tools for the treatment of TB.

Keywords: Mycobacterium tuberculosis, microRNAs, long non-coding RNAs, immune response, autophagy,
apoptosis, inflammation
INTRODUCTION

Tuberculosis (TB) is a global health problem. About one third of the world’s population is infected
with Mycobacterium tuberculosis, the causative agent of TB. Of these, about 5 to 10% of infected
individuals develop active disease. Around 10 million new TB infections and 1.4 million deaths were
reported in 2019 (1). In latent TB (LTBI), M. tuberculosis remains walled off within a granuloma in
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the lung for long periods of time in a dormant state with no
symptoms of disease and without a marked immune response.
The bacilli then reactivate under favorable conditions, most
notably when the host is immunocompromised as in the case of
HIV infection. A reduction in the global burden of TB, requires a
means of diagnosing as well as treating latent TB. The problems of
TB are further exacerbated by the growing increase in multidrug-
resistant (MDR), extensively drug-resistant (XDR) and totally drug
resistant TB. With this background, it is evident that there is an
increasing need to develop newer approaches towards therapy of
TB. Host-directed therapies (HDTs) provide the option of
manipulating the host immune response to thwart disease,
without the development of drug-resistant bacilli. Effective HDTs
require a detailed knowledge of the immune response to infection.

MicroRNAs (miRNAs) are non-coding RNAs which are
conserved across species and phyla and are typically 20 to 22
nucleotides in length (2). In recent years it has become evident
thatmiRNAs regulate the interactionsbetweenhosts andpathogens
(3–5). Theyplay important roles in regulating the immune response
to bacterial pathogens such as Listeria monocytogenes,Helicobacter
pylori, Pseudomonas aeruginosa, Salmonella typhimurium and
M. tuberculosis (5). miRNAs regulate the response of innate
immune cells such as macrophages, to infection. Macrophages are
the sentinels of the host immune defense system. One of the first
steps of bacterial infection is the sensing of the pathogen associated
molecular patterns (PAMPs) by host pattern recognition receptors
(PRRs) expressed on macrophages. This triggers a cascade of
signaling events which culminate in reprogramming of the host
transcriptome so that the bacterium is effectively thwarted. The
bacterium responds by remodeling its own transcriptome to
adjust metabolism and to express virulence genes. Bacteria also
hijack the innate immune pathways of the host for their own
benefit (6). In the case of M. tuberculosis infection, the host-
pathogen interaction impacts processes such as apoptosis,
autophagy, cytokine production, macrophage polarization and
MHC class II expression. Recent studies have shown that many of
these processes are regulated by miRNAs (7–9). Long noncoding
RNAs (lncRNAs) are transcripts that are longer than 200
nucleotides, but do not code for proteins (10–12). LncRNAs
interact with proteins such as chromatin remodelers and are
regulators of innate immunity (13, 14). Differential regulation of
lncRNAsmodulates the response of immune cells tomycobacterial
infection (15, 16).

In addition to the potential use of miRNA or lncRNA-targeted
drugs in HDT, several studies have explored the potential of
miRNAs (17) and lncRNAs (18) as biomarkers for active TB as
well as LTBI, thus underscoring the translational potential of
miRNAs as markers of disease. Here, we will focus on regulation
of themacrophage immune response toM. tuberculosis infectionby
miRNAs and lncRNAs, and touch upon their potential as
biomarkers of disease. We will restrict our discussion primarily to
how these ncRNAs rewire the innate immune response to regulate
inflammation, apoptosis, macrophage polarization and autophagy,
which determine the outcome of M. tuberculosis infection. The
immune responses to other pathogenic mycobacteria, have not
been discussed in detail in this review.
Frontiers in Immunology | www.frontiersin.org 235
BIOGENESIS OF miRNAs

miRBase, an online repository of miRNAs, lists 4885 mature
miRNAs in 271 species (release 22, March 2018). miRNA genes
are transcribed by RNA polymerase II, as 5’-capped and 3’-
polyadenylated precursors of 200 to 300 nucleotides (19). They
are processed by nuclear RNase Drosha and the RNA binding
protein DiGeorge syndrome critical region 8 (DGCR8) into 60-70
nucleotide premiRNAs with hairpin structures and exported to the
cytoplasm with the help of Exportin 5 and RAN GTPase. In the
cytoplasm, the pre-miRNA is cleaved by the RNase III Dicer in
combination with the HIV TAR RNA‐binding protein (TRBP) or
Protein Activator of PKR (PACT) RNA-binding proteins into 16-
24 bp double stranded RNA. The guide RNA strand then
associates with a protein of the Argonaute (AGO) family while
the passenger strand is degraded. The AGO-associated miRNA
strand is a part of the RNA-induced silencing complex (RISC). It
interacts with mRNA via base pairing. The AGO proteins along
with other partners recruit other players such as the deadenylase
complexes PAN2-PAN3 and CCR4-NOT to repress translation
and promote degradation of target mRNAs (20). miRNA
biogenesis is regulated at the post-translational level through
modifications such as phosphorylation and sumoylation (19).
MAMMALIAN TOLL-LIKE RECEPTORS
AND RLRS

MiRNAs regulate innate immune responses by targeting
inflammatory pathways. PRRs recognize PAMPS to trigger
inflammatory signaling. The role of Toll-like receptors (TLRs)
has been extensively studied in the context of M. tuberculosis
infection (21). The cytosolic sensors cyclic GMP-AMP synthase
(cGAS), interferon-activable protein 204 (IFI204), and absent in
melanoma 2 (AIM2) recognize M. tuberculosis DNA, while
retinoic acid-inducible gene-I (RIG-I), melanoma differentiation‐
associated protein 5 (MDA5), and protein kinase R (PKR) detect
RNA (22). Nucleotide‐binding oligomerization domain (NOD) 2
recognizes muramyl dipeptide and regulates inflammatory
cytokine production during M. tuberculosis infection (23).

The best studied pathway inhibited by miRNAs involves
signaling through TLRs. TLRs are expressed on the plasma
membrane [TLRS 1, 2, 5, 6; and 11 (expressed in mice but not
in humans)] or on endosomes [TLRs 3, 7-8, 9; and 13 (expressed
in mice but not in humans)] (24). Each TLR (or a combination of
TLRs) senses PAMPs such as tricayllipopeptides (TLR1/2),
diacyllipopeptides (TLR2/TLR6), lipopolysaccharide (LPS)
(TLR4), flagellin (TLR5), dsRNA (TLR3), ssRNA (TLRs 7 and
8) or CpG DNA and hemozoin (TLR9). Once a ligand binds to
the extracellular domain of a TLR, the intracellular Toll-IL-1-
resistance (TIR) domains dimerize and recruit adaptor proteins
such as myeloid differentiating factor 88 (MyD88) and TIR
domain-containing adaptor inducing interferon-b (TRIF),
followed by the sequential recruitment and activation of IL-1R-
associated kinase (IRAK)-4, IRAK-1 and IRAK-2. Subsequently,
there is engagement of downstream adaptor molecules such as
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TNF receptor-associated factors (TRAFs), which then undergo
K63-linkedubiquitination to activate the IkBkinase (IKK) complex
(25). The IKK complex phosphorylates IkB-a, triggering its
ubiquitination and proteasomal degradation, release of nuclear
factor k-light-chain-enhancer of activated B cells (NF-kB)
p65, its translocation to the nucleus, and regulation of gene
transcription, including those associated with inflammation (26).
TLR3- or TLR4-mediated TRIF-dependent signaling leads to
activation of the non-canonical IKKs Tank-binding protein
kinase 1 (TBK1) and IKKe, and the phosphorylation and nuclear
translocation of IFN regulatory factor (IRF) 3. miRNAs limit
inflammation by targeting intermediates in this pathway.

RIG-I receptors (RLRs) are RNA sensors localized in the
cytosol (27–29). There are three members, RIG-I, MDA5
and laboratory of genetics and physiology 2 (LGP2). RIG-I and
MDA5 have two amino-terminal caspase activation and
recruitment domains (CARDs), which mediate downstream
signal transduction. RIG-I and MDA5 are essential for antiviral
defense and type I interferon induction (30, 31). Interaction of
RIG-I with mitochondrial anti-viral signaling protein (MAVS) is
followed by activation of TBK1 and IKKϵ, which in turn activate
IRF3 and IRF7 (32).
miRNAs TARGET THE INNATE
IMMUNE RESPONSE DURING
M. TUBERCULOSIS INFECTION

Phagocytosis andmaturation of the phagosome are key steps in the
clearance of bacterial pathogens by macrophages. Pathogenic
mycobacteria evade maturation of the phagosome where they
reside at least in part by blocking actin assembly. Early during
infectionofmacrophageswithM. tuberculosis there is an increase in
miR-142-3p which directly targets N-Wiskott-Aldrich syndrome
protein (N-WASp) to inhibit actin assembly (33). This
demonstrates the miRNA-mediated regulation of phagocytosis
during M. tuberculosis infection. MiR-146a/b, miR-155 and miR-
21, form a trinity of miRNAs which regulate multiple steps of the
TLR and RLR pathways (34–38) to regulate inflammation. These
miRNAs are regulated upon activation of TLRs. miR-21
upregulation during Mycobacterium leprae infection is a bacterial
strategy to escape the vitamin D-dependent induction
of antimicrobial peptides (39). Downregulation of let-7 family
members is also characteristic of the response of macrophages
to bacterial infection (40, 41). Phosphatidylinositol-3,4,5-
trisphosphate 5-phosphatase (SHIP1) is a negative regulator of
NF-kB signaling. miR-155 targets SHIP1 in M. tuberculosis-
infected macrophages (42), leading to the activation of the serine/
threonine kinase Akt, likely facilitating the survival of M.
tuberculosis in macrophages. miR-155 also targets BTB and CNC
homology 1 (Bach1), a transcriptional repressor of heme
oxygenase-1 (HO-1) and inhibits expression of interleukin-6 (Il6)
to emerge as a regulator of the macrophage response to M.
tuberculosis. miR-155 plays a dual role during M. tuberculosis
infection in vivo. It enhances survival of macrophages as well as
Frontiers in Immunology | www.frontiersin.org 336
M. tuberculosis-specific T cells, providing on the one hand a niche
for bacterial replication and on the other hand enabling an effective
immune response (43). In support of this, miR-155-/- mice control
infection at the initial stages, but fail to do so after the onset of
adaptive immunity. Overall, the knockout of miR-155 exacerbates
infection. This has also been borne out by the studies of Iwai et al.
(44) using miR-155-/- mice challenged with M. tuberculosis.
miRNA-mediated repression of the NF-kB pathway prevents
exacerbated immune responses to infection. M. tuberculosis-
induced miR-21-5p attenuates the secretion of IL-1b, IL-6
and TNF-a in RAW264.7 and THP-1 macrophages (45),
whereas miR-27a directly targets IRAK4 to attenuate the
production of IFN-g, IL-b, IL-6, and TNF-a (46). There have
been few studies on the regulation of miRNAs during infection of
alveolar macrophages. In M. bovis BCG-infected alveolar
macrophages, miR-124 negatively regulates inflammatory
responses by directly targeting multiple components of the TLR
pathways including MyD88, TRAF6 and TNF-a (47). miR-203,
miR-30a andmiR-149 target MyD88 in infected murine or human
macrophages todownregulateproinflammatory cytokinesaswell as
nitric oxide (NO) production (48–50). miR-20b inhibits M.
tuberculosis-induced inflammation by directly targeting the
NLRP3/casapase1/IL1b pathway (51). Further, miRNA-mediated
NF-kB repression promotes the survival of M. tuberculosis in
macrophages. The downregulation of let-7f during infection
increases the expression of the A20 deubiquitinase. A20 targets
the K63-linked ubiquitination of TRAF6 (52, 53), thereby
negatively regulating the NF-kB pathway, and inhibiting
inflammatory cytokine and nitric oxide production thereby
facilitating the survival of M. tuberculosis in macrophages (40).
MiRNA-125a targets TRAF6 during M. tuberculosis infection, to
repressNF-kB (54). TheTLR4/miRNA-32-5p/FSTL1 (follistin like
protein 1) axis attenuates IL-1b, IL-6 and TNF-a in THP-1 and
U937 cells after M. tuberculosis infection (55). M. tuberculosis-
induced miR-1178 targets TLR4 and attenuates release of IFN-g,
IL-6, IL-1b, and TNF-a in human macrophages (56). miR-378d
targets Rab10. It is downregulated in M. tuberculosis-infected
THP-1 and RAW264.7 macrophages leading to enhanced
production of IL-6, IL-1b and TNF-a (57). miR-206 targets
tissue inhibitor of metalloproteinase 3 (TIMP3) (58). leading to
increased production of MMP9 as well as inflammatory cytokines
during M. tuberculosis infection. miR-99b expression is highly
upregulated in infectedmacrophages as well as in dendritic cells. It
targets TNF-a and TNFRSF-4 receptor genes to attenuate IL-12,
IL-1b, IL-6 and TNF-a (59). miR-125b targets TNF-a, whereas
miR-155 enhances TNF-a production by increasing TNF mRNA
half-life and limiting expression of SHIP1, a negative regulator of
the PI3K/Akt pathway. Rajaram et al. (60) have shown that human
macrophages infected withM. tuberculosis induce high miR-125b
expression and lowmiR-155 expression with correspondingly low
TNF-a production. miR‐140 is upregulated in human peripheral
blood mononuclear cells (PBMCs) from patients with TB. It
dampens the production of IL-1b, IL-6 and TNF-a in THP-1
macrophages infected withM. tuberculosis (61). InM. bovis BCG-
infected macrophages, miR-142-3p targets IRAK1 (62) and miR-
146a targets IRAK-1 and TRAF-6 (63) to dampen the production
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of proinflammatory cytokines TNF-a, IL-6, IL-1b and the
chemokine MCP-1. miR-223 targets the chemoattractants
CXCL2, CCL3, and IL-6 in myeloid cells to regulate recruitment
of myeloid cells to the lungs and as a result, neutrophil-driven
inflammation (64). MiR-223 is upregulated in the blood and lung
parenchyma of tuberculosis patients. From the above, it is evident
thatmiRNAs play a central role in the attenuation of inflammatory
responses during M. tuberculosis infection. Table 1 summarizes
the role of miRNAs in regulating inflammatory responses in M.
tuberculosis-infected macrophages.

Depending on the stimulus, macrophages can be directed
towards distinct phenotypes in a process termed macrophage
polarization. In the simplest scenario, macrophage polarization
results in M1 (classically activated macrophages, proinflammatory
state) or M2 (alternatively activated macrophages, anti-
inflammatory state) phenotypes, a molecular event crucial for
inflammation. M1 macrophages produce proinflammatory
cytokines TNF-a, IL-1b, IL-12, IL-6 and IL-23 along with reactive
oxygen species (ROS) and nitric oxide. They recruit other immune
cells including neutrophils through the production of chemokines
such as CXCL8, CCL2, CXCL11, CXCL9 and CXCL10. M2
macrophages produce anti-inflammatory cytokines such as IL-10
and TGF-b, as well as arginase which represses nitric oxide
production. M2 macrophages express the mannose receptor (MR)
which signals production of cytokines such as CCL17, CCL18,
CCL22 and CCL24 that recruit Th2 lymphocytes, eosinophils,
basophils and T regulatory (Treg) cells (68). M1 polarized
macrophages efficiently clear M. tuberculosis, whereas M2
polarization enhances survival of the bacterium in macrophages.
Virulent strains of M. tuberculosis drive M2 polarization (69).
Macrophage polarization is influenced by miRNAs. For example,
M. tuberculosis infection of murine macrophages, decreases miR-
26a-5p, consequently derepressing the transcription factor Kruppel-
like factor 4 (KLF4), favoring M2 macrophage polarization in
Frontiers in Immunology | www.frontiersin.org
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murine macrophages (65). However, in human macrophages miR-
26a and miR-132 have been reported to be upregulated (66). These
target p300 to attenuate IFNg responses. In contrast, miR-
20b directly targets nucleotide-binding oligomerization domain,
leucine rich repeat and pyrin domain containing (NLRP) 3, and
its downregulation during M. tuberculosis infection favors M1
polarization through activation of the NLRP3/IL-1b/caspase-1
axis (51). It is evident that inflammatory responses in the
macrophage can be regulated by targeting miRNAs which
interfere with pathways linked to macrophage polarization.
THE REGULATION OF METABOLIC
REPROGRAMMING BY miRNAs

The phenotype of the macrophage is intimately linked to its
metabolism (70). The relationship between metabolic pathways
and macrophage polarization, is more complex than previously
thought, However, in a broad sense, M1 macrophages rely on
glycolysis (71). They present two breaks in the tricarboxylic acid
(TCA) cycle which lead to accumulation of itaconate and succinate,
which directly impact macrophage functions (72). Succinate
stabilizes hypoxia inducible factor 1-a (HIF1-a). This activates
the transcription of glycolytic genes and enhances glycolysis. M2
macrophages, on the other hand, are more dependent on oxidative
phosphorylation (OXPHOS), their TCA cycle being intact.
Evidence for the prevalence of glycolysis during M. tuberculosis
infection was obtained by RNA-sequencing of the infected mouse
lung tissue at 12, 18 and 30 days (73). It showed the upregulation
of glycolytic genes including hexokinases (Hk2 and 3),
phosphofructokinase (Pfk) family 1 and 2, glyceraldehye-3-
phosphate dehydrogenase (Gapdh), phosphoglycerate kinase
(Pgk1), enolase (Eno1), and lactate dehydrogenase A (Ldha);
glucose transporters (Glut1, 3 and 6); a transporter for lactate
(Mct4); an H+-ATPase involved in cytosolic pH homeostasis; and
Hif-1a (regulatory unit of HIF-1, a transcriptional activator of
several glycolytic genes which regulates inflammatory processes
under normoxia (74). Treating M. tuberculosis-infected mice with
2-deoxyglucose depleted the highly glycolytic subset of infiltrating
macrophages and increased the burden of M. tuberculosis. The
importance of glycolysis in host defense against M. tuberculosis has
been documented in several studies (75–78). Hackett et al. (67) have
shown that persistent M. tuberculosis infection of macrophages is
associated with miR-21-dependent negative regulation of host
glycolysis. Dampening of glycolysis is mediated through targeting
of phosphofructokinase muscle (PFK-M) isoform which in turn
facilitates bacterial growth by limiting pro-inflammatory mediators
such as IL-1b. M. tuberculosis-infected MiR-21−/− bone marrow
derived macrophages (BMDMs) showed increased levels of pro-
inflammatory mediators including nitric oxide synthase
2 (Nos2) mRNA, arginase 1 (Arg1), and ROS with concomitant
containment of M. tuberculosis. Increased containment of bacteria
inMiR-21−/− BMDMs is lost when expression of PFK-M is silenced
by specific siRNA. In summary, metabolic reprogramming as a
consequence of infection, can be influenced by targeting miRNA-
regulated pathways. In this context, it is important to evaluate how
TABLE 1 | MicroRNAs that target signaling in myeloid cells during M.
tuberculosis infection to regulate phagocytosis, cytokines, chemokines,
macrophage polarization and glycolysis.

MicroRNA Target Reference

miR-142-3p N-Wasp (33)
miR-155 Ship1, Bach1 (42)
miR-21-5p Bcl-2, Tlr4 (45)
miR-27a Irak4 (46)
miR-203, miR-30a, miR-149 Myd88 (48–50)
miR-124 Myd88, Traf6, Tnfa (47)
miR-20b Nlrp3 (51)
Let-7f A20 (Tnfaip3) (40)
miR-125a Traf6 (54)
miR-32-5p Fstl1 (55)
miR-1178 Tlr4 (56)
miR-378d Rab10 (57)
miR-206 Timp3 (58)
miR-99b Tnfa, Tnfrsf4 (59)
miR-125b Tnfa (60)
miR-26a-5p Klf4 (65)
miR-132 p300 (66)
miR-20b Nlrp3 (51)
miR-223 Cxcl2, Ccl3, Il6 (64)
miR-21 Pfk-M (67)
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much information obtained from experiments with mice, can be
extrapolated to human infection.
REGULATION OF AUTOPHAGY BY miRNAs

Autophagy is regarded as a homeostatic process by which the
eukaryotic cell delivers cytosolic cargo such as misfolded proteins
or damaged organelles to the lysosomes for degradation. It can be
classified into macroautophagy, chaperone-mediated autophagy
and microautophagy. For this review, the term autophagy will
refer to macroautophagy. Autophagy impacts diseases linked to
inflammation such as infections, cancer, metabolic disorders,
autoimmunity, neurodegeneration, cardiovascular and liver
diseases (79). In brief, autophagy requires the capture of cargo
destined for the lysosomes in double-membrane organelles
termed autophagosomes. This occurs through the induction of
a signal followed by membrane targeting, vesicle expansion and
autophagosome formation. A range of signals such as starvation
triggers formation of an isolation membrane usually derived
from the endoplasmic reticulum (80). The Unc-51-like kinase 1
(ULK1) is released from the mammalian target of rapamycin
complex 1 (mTORC1). Phosphorylated AMP-activated protein
kinase (AMPK) phosphorylates ULK1 which in turn forms a
complex with the 200 kDa focal adhesion kinase family-
interacting protein (FIP200) and autophagy related gene (ATG)
13 to induce autophagy (81). The ULK1 complex recruits Beclin-1
(BECN1) and phosphoinositide 3-kinase regulatory subunit 4
(PIK3R4) in the phagophore membrane nucleation step. The
engagement of PtdIns3-kinase class III (PtdIns3KC3) results in
the production of PtdIns3P at the phagophore, recruitment of
PtdIns3P binding proteins such as WD-repeat protein interacting
with phosphoinositides (WIPI) 1 and WIPI2, finally leading to
Frontiers in Immunology | www.frontiersin.org 538
phagophore assembly. The tumor suppressor protein, UV-
radiation resistance associated gene (UVRAG) interacts with
Beclin-1 and promotes Beclin-1–PI3KC3-mediated autophagy by
functioning as an adaptor (82, 83). Autophagosome elongation
involves two ubiquitin-like conjugation systems, ATG12-ATG5
which is activated by ATG7 and ATG10 (E1 like and E2 like
enzymes respectively) and light chain 3 (LC3 or MAP1LC3B)-
phosphatidylethanolamine (PE) which is activated by ATG7 and
ATG3 (E2 like enzyme) (84). ATG12-ATG5 complex directs LC3 to
the target membrane where it is cleaved by the cysteine protease
ATG4B, followed by conjugation of PE to the exposed glycine
residue (Figure 1). Eventually, the autophagosomes are directed to
lysosomes in a process requiring small GTPases such as Rab7 and
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor proteins (SNAREs). In a variation of autophagy termed
xenophagy, intracellular bacteria and viruses are captured with the
help of autophagy adaptors for targeting to lysosomes (85, 86).
Adaptors such as sequestosome 1 (SQSTM1/p62), nuclear dot
protein 52 (NDP52), optineurin (OPTN), and neighbor of
BRCA1 gene 1 (NBR1) form a bridge between the cargo and LC3
(87). For a more detailed understanding of autophagy and its role in
the immune response to bacteria and viruses, the reader may refer
to several excellent reviews (85, 86, 88–90).

Autophagy has long been recognized as a defense against M.
tuberculosis (91–93). M. tuberculosis employs a range of factors
to evade autophagy. For example, “enhanced intracellular
survival” (eis) gene inhibits host autophagy (94). MiRNAs play
a role in the regulation of autophagy during M. tuberculosis
infection (95). Differentially regulated miR-23a-5p induction
by M. tuberculosis inhibits autophagy in murine RAW264.7
macrophages by targeting TLR2 (96). Induction of Ca2+ acts
as a major regulator of autophagy. Upon stimulation, entry of
Ca2+ into the cytoplasm activates Ca2+/calmodulin-dependent
FIGURE 1 | Schematic representation of the key molecules of autophagy targeted by miRNAs during M. tuberculosis infection.
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serine/threonine kinase leading to activation of AMPK and
phosphorylation of ULK1. Therefore downregulation of Ca2+

signaling inhibits autophagy promoting the intracellular survival
of M. tuberculosis in macrophages. miR-27a targets the Ca2+

transporter voltage-dependent calcium channel subunit
alfa2delta (CACNA2D) to limit Ca2+ entry into the cytoplasm
and downregulate Ca2+ signaling (97). Mycobacterial infection
induces TNF-like weak inducer of apoptosis (TWEAK) in the
early phase of infection. TWEAK induces autophagy and
promotes mycobacterial autophagosome maturation through
activation of AMPK. M. tuberculosis induces MiR-889 which
inhibits autophagy via post-transcriptional suppression of
TWEAK expression to maintain mycobacterial survival in
granulomas (98). The Bcl-2 family member Mcl-1 sequesters
Beclin-1 to inhibit autophagy (99). M. tuberculosis inhibits
miR17-5p and upregulates its targets Mcl-1 and STAT3, which
is a transcriptional activator of Mcl-1 (100), thereby inhibiting
autophagy during M. tuberculosis infection. miR-125a-3p
regulates autophagy by targeting UVRAG (101). M. tuberculosis
induces miR106-a in THP1macrophages. miR-106-a could inhibit
autophagy by targeting ULK1, ATG7, and ATG16L1 (102).
Infection of macrophages with M. bovis BCG results in
enhanced expression of miR-20a, which inhibits autophagy by
targeting ATG7 and ATG16L1 (103). A negative correlation has
been demonstrated between miR-30a expression and levels of
Beclin-1 as well as ATG5 in M. tuberculosis-infected THP-1 cells
(104). Ouimet et al. (8) have reported that miR-33 inhibits
autophagy flux through repression of ATG5, ATG12 and LC3B
inM. tuberculosis-infected macrophages.M. tuberculosis infection
upregulates miR-144 which targets DNA damage-regulated
autophagy modulator (DRAM2). DRAM2 releases Beclin-1 from
the BECN1 inhibitory complex by directly interacting with Beclin1
(105). Vacuolar protein sorting 33A(VPS33A) is a direct target of
miR-423-5p which is upregulated in the serum of TB patients
(106). It is therefore plausible that upregulation of miR-423-5p
suppresses autophagosome-lysosome fusion during active
tuberculosis. Upregulation of miR-26a has been demonstrated to
modulate autophagy and M. tuberculosis survival in human and
murine macrophages by targeting Mcl-1 (65). In summary, during
M. tuberculosis infection, multiple miRNAs target intermediates
which are involved in autophagy. There are fewer reports of
miRNA-mediated induction of autophagy during M. tuberculosis
infection. One report is the induction of miR-155 in M.
tuberculosis-infected macrophages, which leads to repression of
the negative regulator of autophagy, RHEB, ultimately inducing
autophagy and compromised bacterial survival (107). On the
contrary, M. bovis BCG reportedly inhibits IFNg-induced
autophagy by induction of miR-155 and miR-31 which target
the protein phosphatase 2A (PP2A) regulatory subunit, PPP2R5A
(108). These differences could be due to miR-155 functioning
differently in resting macrophages vs . IFNg-activated
macrophages, or due to differences in cell types infected. The
role of miRNAs in the regulation of autophagy during M.
tuberculosis infection, is summarized in Figure 1. Exploiting
miRNA-directed therapeutics to augment autophagy, is a
plausible option for the management of TB.
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REGULATION OF APOPTOSIS BY miRNAs

There are principally two major pathways leading to apoptosis that
are characterized by the activation of caspases 3 and 7 (109, 110). The
extrinsic apoptotic pathway involves death receptors, such as Fas and
TNFR1, which are membrane-bound. Upon binding of their ligands
FasL andTNFR1, they oligomerize and initiate a cascade of signaling
events involving assembly of a death-inducing signaling complex
(DISC) on the cytoplasmic side of the membrane. The Fas/FasL pair
recruits the adaptor protein Fas-associated protein with death
domain (FADD), while the TNFR1/TNF pair, recruits tumor
necrosis factor receptor type 1-associated death domain protein
(TRADD). This is followed by formation of the death inducing
complex (DISC) which causes the self-cleavage of procaspase 8 into
its active form. Caspase 8 then activates downstream caspases -3, -6
and -7. Intrinsic apoptosis occurs when the cell experiences
intracellular stress such as DNA damage or oxidative stress, leading
to damage of themitochondrial outermembrane, andmitochondrial
outer membrane permeability (MOMP). Cytochrome c is released
into the cytosol,where it associateswith theadaptorproteinapoptosis
protease activating factor1 (Apaf-1) to trigger its oligomerizationand
formationof the apoptosome complex. The apoptosome recruits and
activates caspase 9, finally leading to the activation of caspase 3. The
release of cytochrome c is regulated by the Bcl-2 family of proteins
that are either pro- or anti-apoptotic (111). Pro-apoptotic members
such as Bax and Bak bind directly to the mitochondrial outer
membrane forming pores. Anti-apoptotic members such as Mcl-1
and Bcl-2 bind and sequester the proapoptotic Bcl-2 proteins. The
BH3 only proteins such as Bim, p53 upregulated modulator of
apoptosis (PUMA), Bid and Bad, bind to the pro-survival Bcl-2
family proteins to sequester them (112) (Figure 2). Unlike apoptosis,
necrotic cells undergo swelling of organelles and rupturing of
cytoplasmic content into the extracellular space. The necrotic
debris and damage-associated molecular pattern molecules
(DAMPs) trigger inflammation and tissue damage (113). M.
tuberculosis initiates apoptosis or necrosis in the infected host.
Apoptosis protects the host and kills the bacteria through
efferocytosis of the apoptotic vesicles (114). Apoptosis of infected
macrophages is required for dendritic cells to acquire mycobacterial
antigens for cross priming. Necrosis, on the other hand, benefits the
pathogen. It releases the intracellular bacteria into the extracellular
milieu to promote dissemination, and triggers inflammation.
Virulent strains of M. tuberculosis induce necrosis (115, 116) and
evade apoptosis (117). The differential regulation of apoptosis and
necrosis by virulent as opposed to avirulent M. tuberculosis or
members of the M. tuberculosis complex, depends at least in part,
on thedifferential expressionofmiRNAs. For example,M.bovisBCG
induces IFNg by inhibiting miR-29 (118), whereas M. tuberculosis
H37RvupregulatesmiR-99bexpression inmurinedendritic cells and
macrophages to decrease their targets TNF andTNFRSF45 (TNFR1)
(59). Cytokine expression in the cells is altered to affect activation of
the host immune response and the survival of intracellular
mycobacteria. miR-20a-5p targets JNK2 to repress Bim expression
and apoptosis in macrophages. Downregulation of miR-20a-5p
in THP-1 macrophages triggers apoptosis and facilitates
clearance of M. tuberculosis (119). miR-20b-5p on the other hand,
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targets Mcl-1 (120), and miR-21-5p targets Bcl-2 (45) to activate
apoptosis in M. tuberculosis-infected macrophages. Cyclophilin D
(CyPD) associates with p53 to induce apoptosis (121).
Overexpression of miRNA-1281 which targets CyPD, protects
human macrophages from M. tuberculosis-induced programmed
necrosis and apoptosis (122). The nuclear body protein, Sp110
regulates miR-125a, miR-146a, miR-155, miR-21a and miR-99b
expression in M. tuberculosis-infected RAW264.7 (123). It
upregulates Bcl2 modifying factor (Bmf) by inhibiting miR-125a,
thereby enhancing apoptosis. In primary human macrophages
infected with M. tuberculosis, miR-579 induction downregulates its
targets sirtuin 1 (SIRT1) and phosphoinositide-dependent protein
kinase 1 (PDK1) and leads tomacrophage apoptosis (124).miR-325-
3p directly targets ligand of numb-protein X 1 (LNX1) (125), an E3
ubiquitin ligase of NIMA related kinase 6 (NEK6) which promotes
NEK6 proteasomal degradation. The accumulation of NEK6
activates signal transducer and activator of transcription 3 (STAT3)
signaling and inhibits apoptosis. On the other hand, Wu et al. (126)
have shown that miR-21 is increased in alveolar macrophages of
BCG-vaccinated mice, and miR-21 enhances apoptosis of bone
marrow derived dendritic cells (BMDCs) from BCG-vaccinated
mice most likely by targeting Bcl-2. 6 kDa early secretory antigenic
target (ESAT-6)-driven miR-155 targets suppressor of cytokine
signaling 1 (SOCS1) to augment macrophage apoptosis by
elevating caspase 3 activity (127). TLR-2/MyD88/NF-kB
dependent induction of miR-27b suppresses NF-kB (128). Further,
miR-27b targets Bcl-2-associated athanogene 2 (Bag2) to regulate
apoptosis. miR-27b increases p53-dependent apoptosis to lower
bacterial burden. Induction of let-7b-5p in M. tuberculosis infected
THP-1 macrophages leads to reduction in its target Fas, and
inhibition of apoptosis (29). Activated Akt phosphorylates and
inhibits the transcriptional activity of forkhead box O3 (FOXO3)
(129).UponAkt inactivation,dephosphorylatedFOXO3translocates
to the nucleus where it activates transcription of multiple pro‐
apoptotic genes harboring the forkhead response elements (FRE) in
their promoter regions (130). miR-223 targets FOXO3 (131). The
Frontiers in Immunology | www.frontiersin.org 740
upregulation of miR-223 during infection, therefore, likely plays a
role in the attenuation of macrophage apoptosis. A list of miRNAs
regulating apoptosis during M. tuberculosis infection is given in
Table 2, and their roles are schematically presented in Figure 2.
Manipulation of apoptosis by administration of miRNA agonists or
antagonists deserves further exploration as ameans of containingM.
tuberculosis in vivo.
THE ROLE OF LONG NON-CODING RNAs
IN REGULATING THE IMMUNE RESPONSE
TO M. TUBERCULOSIS

The majority of lncRNAs are transcribed by RNA polymerase II
(RNAPII) (133), although there are some that are transcribed by
RNA polymerase III (RNAPIII) including the 7SL RNA genes
(134). LncRNAs undergo transcriptional editing such as splicing
and polyadenylation before finally adopting a stable structure.
They are expressed in a manner that is dependent on cell and
tissue types, the stage of development, and association with disease
(10, 135). They show poor evolutionary conservation (136),
although a small number of lncRNAs are well conserved (137).
LncRNAs fall into different categories. Antisense lncRNAs are
transcribed across the exons of protein coding genes, but from the
opposite strand. The transcripts for long intergenic non-coding
RNAs (lincRNAs) are located between protein coding genes.
Enhancer RNA (eRNA) transcripts are bidirectionally expressed
at active enhancer regions of the genome. These are mainly cis-
acting and control interactions between promoters and enhancers
to regulate gene expression. Intronic lncRNAs are transcribed
from the introns of annotated protein coding genes. circRNAs
interact with and interfere with the functions of miRNAs.

LncRNAs perform diverse functions among which is the
regulation of immunity and host-pathogen interactions (138–
140). They interact with other molecules through base pairing or
FIGURE 2 | Schematic representation of the key molecules of apoptosis targeted by miRNAs during M. tuberculosis infection.
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secondary structures (141). Nuclear lncRNAs interact with
chromatin remodelers to regulate the expression of neighboring
or distal genes. Cytoplasmic lncRNAs interfere with stability and
translation of mRNA and signaling pathways (142). They also
interact with a range of other molecules. In summary, they can
act as protein scaffolds, regulators of transcription, antisense
RNA or miRNA sponges (143–147). LncRNAs are now
acknowledged as major players in maintaining homeostasis and
in disease (148, 149). Transcriptomic data have shown the
differential expression of hundreds of lncRNAs during PRR
stimulation (150–153). Several of these lncRNAs are trans‐acting
regulators of protein‐coding genes such as TNF and HNRNPL
related immunoregulatory long non-coding RNAc(THRIL) which
regulates TNF‐a expression by forming a complex with the
ribonucleoprotein (RNP) hnRNPL that acts at the TNF‐a
promoter (154), or the lincRNA‐COX2 which regulates
inflammatory gene expression in LPS‐stimulated bone marrow‐
derived dendritic cells by interacting with hnRNP‐A/B and hnRNP‐
A2/B1 (151) or the lincRNA-EPS which associates with chromatin
and interacts with hnRNPL to repress immune-responsive gene-1
(IRG) expression (150).

LncRNA expression profiles have been documented by
transcriptome analysis from pulmonary TB (PTB) patients vs.
healthy individuals (155). PTB patients showed differential
expression of 449 lncRNAs. The expression profiles of lncRNAs
were investigated by transcriptome sequencing. Lnc-HNRNPU-1:7
and lnc-FAM76B-4:1 were the most upregulated and
downregulated lncRNAs respectively, in PTB patients compared
to healthy individuals. In separate studies (156), a comprehensive
analysis has shown that compared to healthy volunteers, 1,429 and
2,040 lncRNAs are deregulated in the PBMCs from MDR-TB and
drug-sensitiveTBpatients, respectively.However, these resultshave
not been analyzed with respect to their relevance and implications
in the context of infection. During TB infection, the expression of
the lnc-TGS1–1 target miR-143, is increased due to elimination
of the sponge effect of lnc-TGS1-1. This likely suppresses
downstream innate immune signaling (157). Along similar lines,
removal of the inhibitory effect of lnc-AC145676.2.1–6 results in
upregulation of miR-29a and interference with the TLR
pathway (158).
Frontiers in Immunology | www.frontiersin.org 841
LncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) is
expressed at higher levels inPBMCs frompatientswith tuberculosis
than in healthy individuals, and in infected THP1 cells compared to
uninfected ones (159). Knockdown of NEAT1 increases bacterial
CFUs in infected THP1 cells, suggesting thatNEAT1 is required for
mounting a bactericidal response against M. tuberculosis.
Comprehensive expression profiles of murine RAW264.7
macrophages infected with M. tuberculosis showed differential
regulation of 1,487 lncRNAs (791 up and 696 down) (160).
LncRNA profiles have also been generated for human
macrophages infected with M. tuberculosis (161). In a study
involving 473 healthy individuals and 467 TB patients, lnc-
AC145676.2.1-6 and lnc-TGS1-1 expression levels were lower in
TB patients. LincRNA cyclooxygenase 2 (Cox2) is activated by the
TLR signaling pathway in macrophages and mediates both
activation and repression of genes (151). LincRNACox2 is
increased in macrophages infected with M. tuberculosis (15).
Knockdown of lincRNA Cox2 decreased NF-kB and STAT3
while increasing apoptosis in infected macrophages. LncRNA
HOX Transcript Antisense RNA (HOTAIR) targets the H3K27
methylase complex polycomb repressive complex 2 (PRC2) to
distinct loci to regulate H3K27 methylation at these loci (162).
Subuddhi et al. (163) have shown that lncRNA HOTAIR is
downregulated in M. tuberculosis H37Rv-infected THP-1
macrophages, but upregulated in M. tuberculosis H37Ra-infected
macrophages, leading to differential association of H3K27
methylation marks at the dual specificity phosphatase 4 (DUSP4)
andSATBhomeobox1 (SATB1) loci.DownregulationofHOTAIR,
facilitated increased transcription of DUSP4 and SATB1, both of
which favored the survival of M. tuberculosis H37Rv in
macrophages. Li et al. (164) showed a significant reduction in PC-
esterase domain containing 1B antisense RNA1 (PCED1B-AS1)
expression in monocytes from patients with active TB compared
with that in monocytes from healthy individuals. Suppression of
PCED1B-AS1 in infected macrophages significantly attenuated
TNF-a-induced apoptosis with decreased cleaved caspase-3 and a
concomitant increase inBcl-2. Further, PCED1B-AS1 serves amiR-
155 sponge. Its knockdown leads to upregulation of miR-155 and
inhibition of its targets RHEB and FOXO3, culminating in
enhanced autophagy (107, 165). Sun et al. (166) have reported
that LncRNA maternally expressed 3 (MEG3) is activated by
vitamin D and plays a regulatory role in carcinogenesis (167). It is
highly expressed in pulmonary tuberculosis (PTB) (166). Lnc-
MEG3 binds miR-145-5p (168). The relationship between Lnc-
MEG3, miR-145-5p and apoptosis has been strengthened by
infecting RAW264.7 with M. bovis BCG under conditions of
overexpression or knock down of MEG3 (166). The authors have
shown that inhibition of Lnc-MEG3 is associated with increased
miR-145-5p and decreased apoptosis. Lnc-MEG3 also induces
autophagy in macrophages infected withM. bovis BCG (16).

LncRNAs regulate the response of T andB cells toM. tuberculosis
by regulating chromatin modification states. DuringM. tuberculosis
infection,CD244, aT cell-inhibitorymolecule,mediates inhibition of
IFN-g and TNF-a expression by inducing lncRNA-CD244 which
interacts with the H3K27 methylase enhancer of zeste homolog 2
(EZH2), and mediates modification of a more repressive chromatin
TABLE 2 | MicroRNAs involved in the regulation of apoptosis during M.
tuberculosis infection.

MicroRNA Target Reference

miR-99b Tnf, Tnfrsf45 (59)
miR-20a-5p Jnk2 (119)
miR-20b-5p Mcl-1 (120)
miR-21-5p Bcl-2 (45)
miR-1281 Cyclophilin D (121)
miR-125a Bmf (123)
miR-579 Sirt1, Pdk (124)
miR-155 Socs1 (127)
miR-27b Bag2 (128)
miR-223 Foxo3 (131)
Let-7b-5p Fas (132)
miR-325-3p Lnx1 (125)
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state at the infg and tnfa loci (169). Knock down of lncRNA-CD244
significantly enhances IFN-g and TNF-a expression and improves
protective immunity of CD8+ T cells.

Differentially expressed lncRNAs have been identified in CD4+
T cells in latent TB (170). Fu et al. (171) have reported that 844
lncRNAs were differentially expressed in B cells from individuals
with TB. Concomitant with the dysregulation of several lncRNAs,
adjacent protein-coding genes were also deregulated. For example,
SOCS3 and its neighboring lncRNA XLOC_012582 were highly
expressed in B cells from TB patients. The relevance of this
observation in the context of TB, awaits further investigation.
LncRNAs that regulate host signaling pathways during
M. tuberculosis infection, are shown in Figure 3.
NON-CODING RNAS AS MARKERS
OF ACTIVE TB AND LTBI

The potential use of miRNAs in the diagnosis of tuberculosis has
been reviewed by Sabir et al. (172). In particular, the role of
exosomal miRNAs as biomarkers of TB is of interest (173).
MiRNAs miR-20a, miR-20b, miR-26a, miR-106a, miR-191, miR-
Frontiers in Immunology | www.frontiersin.org 942
486 are differentially expressed in exosomes from TB compared
to healthy individuals (174). The overexpressed miRNAs showed
reduction in expression after two months of anti-tuberculosis
therapy. In a separate study, miR-484, miR-425, and miR-96-3-p
were reported to be enriched in exosomes from patients with
active TB (175). Some studies have specifically explored the
potential of exosomal miRNAs as biomarkers of LTBI. Small
RNA sequencing of serum exosomes from LTBI and TB patients
showed that let-7e-5p, let-7d-5p, miR-450a-5p and miR-140-5p
were specifically expressed in LTBI, whereas miR-1246, miR-
2110, miR-370-3p, miR-28-3p and miR-193-5p, were specifically
associated with active TB (176). In a separate study, miR-122-5p
expression was observed to be significantly higher in the
exosomes of LTBI than in active TB (177). On the other hand,
let-7i-5p, miR-148a-3p, miR-21-5p and miR-423-5p showed
higher expression in active TB than in LTBI. Independent
miRNA profiling from PBMCs or serum suggest that a group
of differentially regulated miRNAs distinguish active TB from
latent TB (178, 179). miR-889 expression was increased in
patients with latent TB compared to uninfected individuals
(98). Latorre et al. (180) have identified whole blood-derived
miRNA signatures that enable distinguishing active TB from
latent TB. A systems biology approach has been adopted by Lin
FIGURE 3 | Schematic representation of the role of lncRNAs during M. tuberculosis infection.
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et al. (181) to generate a unique miRNA-gene regulatory network
for LTBI by analyzing numerous microarray data sets. The
miRNAs in this network were identified with the Hippo
signaling pathway (miR-212-3p, miR-29a-5p, miR-29b-3p),
ECM–receptor interaction (miR-432-5p, miR-148b-5p, miR-29b-
3p, miR-532-5p), and the PI3K-Akt signaling pathway (miR-29b-
3p). The reciprocal relationship between MAPK1 andmiR-212-3p
was validated. The authors suggest that the interaction ofmiR-212-
3p with MAPK1 could regulate the PI3K-Akt signaling pathway to
affect the transmission ofM. tuberculosis.

In a similar vein, attempts have been made to use lncRNA
expression as a means of TB diagnosis. Fang et al. (182) have
analyzed the GEO dataset (GSE94907) and identified the
differentially regulated lncRNAs NONHSAT101518.2, NONHSAT
067134.2, NONHSAT148822.1 and NONHSAT078957.2 which are
downregulated in the plasma of active TB patient plasma compared
with the healthy individuals, as potential biomarkers. In a separate
study, a total of 163 upregulated lncRNAs and 348 downregulated
lncRNAs were identified in the plasma of PTB patients (18). Four
differentially expressed lncRNAs, NR_038221, NR_003142,
ENST00000570366 and ENST00000422183 were confirmed by
qRT-PCR. The potential target genes of NR_003142 in immune
pathways were TLR6, nucleotide binding oligomerization domain
containing 2 (NOD2),HLA-DQBand IL6ST suggesting that it could
influence TB pathology. Hu et al. (183) have shown that three
lncRNAs, ENST00000497872, n333737, and n335265 are
differentially expressed in blood samples of active TB patients
compared to healthy individuals and suggested that these may
serve as potential biomarkers for clinically diagnosed PTB patients.
Of these, lncRNAENST00000497872 is located close to the immune
related gene immunoglobulin heavy constant alfa 1 (IGHA1) and
n333737 is located close to the immune related gene T cell receptor
alfa variable 1-2 (TRAV1-2). Lnc-TGS1–1 and lnc-AC145676.2.1–6
are downregulated in TB patients (184). In separate studies, 41
lncRNAs have been reported to be deregulated in a comparison
between healthy subjects, active TB and LTBI (170). These studies
suggest that targeting miRNAs and lncRNAs for development of
HDTs, and as biomarkers of TB, deserve detailed investigation.
CONCLUDING REMARKS

This review outlines the role of miRNAs and lncRNAs in
regulating functions in myeloid cells that are critical in
determining the outcome of M. tuberculosis infection such as
inflammation, macrophage polarization, metabolism, autophagy
and apoptosis. In spite of the extensive literature presently
available, there are several roadblocks and contradictions along
the path towards understanding the role of miRNAs in human
tuberculosis, arising out of differences between animal infections
and human disease and variations in methodology (such as
strains used, multiplicity of infection, and time of infection)
between different studies. One such example is the role of miR-21
in infection. Mir-21, on the one hand, inhibits glycolysis and the
production of bactericidal effectors such as ROS and NO (67),
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providing a permissive milieu for the growth of M. tuberculosis.
On the other hand, Zhao et al. (45) report that miR-21 targets
Bcl-2, suggesting that it accelerates apoptosis. This would deprive
M. tuberculosis of its niche within the host. As of now, there are
no in vivo studies to resolve such contradictions on the actual
role of miR-21 in infection.

Methods for rapid diagnosis of TB are urgently required.
miRNAs have been explored for the diagnosis of a range of
diseases such as cancer. Several studies have tested the potential
of miRNAs as diagnostic markers for TB. Among the miRNAs
that have been discussed here, at least four have been consistently
associated with TB namely miR-144-3p, miR-144-5p, miR-146a
and miR-155. miR-144-3p levels are higher in sputum and serum
from patients with active TB compared to healthy uninfected
individuals (185). miR-144-3p targets ATG4a to inhibit
autophagy during M. bovis BCG infection. miR-144-5p levels
are increased in PBMCs from active TB patients compared to
healthy individuals (186). miR-144-5p targets DRAM2 to
regulate autophagy. Alveolar macrophages from smear-positive
patients show lower levels of miR-146a than those from smear-
negative patients or healthy uninfected individuals (187). miR-
146a targets IRAK1 and TRAF6. miR-155 levels are reportedly
reduced in serum from patients with active TB (188), and
increased after TB therapy. miR-155 has been reported to
regulate inflammatory cytokines, autophagy and apoptosis,
during infection of macrophages. miR-196b and miR-376c
have been proposed as serum markers of active TB and LTBI
(179). The differential expression of miRNAs in body fluids such
as blood and sputum, distinguishes TB patients from healthy
individuals, or LTBI; treated from untreated patients; and those
infected with hypervirulent or drug-resistant strains (189).
Serum exosomes have also been evaluated for the presence of
miRNA biomarkers capable of distinguishing latent TB, active
TB and healthy individuals. A recent study has suggested the
differential expression of miR-625-3p in urine samples, as a
marker for TB diagnosis (190). This highlights the pivotal role of
miRNAs in TB. However, as of now miRNA signatures
characteristic of tuberculosis disease states, remain to be
defined (191). In particular, detailed investigation needs to be
done in terms of identifying biomarkers for latent TB. There are
obvious pitfalls in comparing miRNA levels during in vitro and
in vivo infection across different studies, arising out of difficulties
in pinning down different stages of the disease, choice of
platform for miRNA identification, choice of strain of M.
tuberculosis, age and sex of individuals, methods of RNA
extraction, and sample size, to mention a few. However, there
is substantial literature that underscores the need to explore
development of miRNA delivery vehicles and miRNA-based
therapeutics as possible strategies for shortening the duration
of therapy (9). Some studies in animal models have shown
promise. Lou et al. (51) have demonstrated that intravenous
administration of miR-20b mimics could attenuate the
inflammatory response in a mouse model of infection by
inhibiting activation of the inflammosome. In a M. marinum
model, transfection of microglia with miR-124-3p promoted
apoptosis through targeting of STAT3 to decrease mycobacterial
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proliferation (192). It is therefore important to devise efficient
delivery methods for miRNAs that would protect them from
circulating RNAse and target them to the site of infection. The
available technologies for miRNA delivery include nanoparticles as
vehicles, use of viral vectors, exosome-like vesicles and lipid-based
delivery systems. A silica nanoparticle-based targeted delivery of
miR-34a, to neuroblastoma tumors in a murine orthotopic
xenograft model, has been demonstrated (193). It must be
mentioned that nanoparticle based delivery platforms are
associated with high cost of production, non-specific distribution
and cytotoxicity. Administration of miR-26a in a mouse model of
hepatocellular carcinoma using adeno-associated virus (AAV)
inhibited cancer cell proliferation (194). However, viral delivery
methods may elicit unwanted inflammatory responses. There are
several reports that suggest that miRNA could probably be delivered
to the lung for the treatment of TB. Mice treated with pre-miR-133b
containing lipoplexes through the tail vein, showed 52-fold higher
expression of miR-33b in the lungs compared to untreated mice
(195). miRNA targeting drugs are in clinical trials for the treatment
of hepatitis C virus infection via targeting miR-122, polycystic
kidney disease via targeting miR-17, cutaneous T cell lymphoma
via targeting miR-155 and keloids via targeting miR-19 (196).
miRNA based therapeutic options need to be pursued in earnest
for the management of TB.

The association of lncRNAs with tuberculosis, and their
functions have been less extensively explored than the role of
Frontiers in Immunology | www.frontiersin.org 1144
miRNAs. Much more work needs to carried out, before we
understand their link to disease outcomes.
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb) infection, remains a
global health threat despite recent advances and insights into host-pathogen interactions
and the identification of diverse pathways that may be novel therapeutic targets for TB
treatment. In addition, the emergence and spread of multidrug-resistant Mtb strains led to
a low success rate of TB treatments. Thus, novel strategies involving the host immune
system that boost the effectiveness of existing antibiotics have been recently suggested to
better control TB. However, the lack of comprehensive understanding of the
immunomodulatory effects of anti-TB drugs, including first-line drugs and newly
introduced antibiotics, on bystander and effector immune cells curtailed the
development of effective therapeutic strategies to combat Mtb infection. In this review,
we focus on the influence of host immune-mediated stresses, such as lysosomal
activation, metabolic changes, oxidative stress, mitochondrial damage, and immune
mediators, on the activities of anti-TB drugs. In addition, we discuss how anti-TB drugs
facilitate the generation of Mtb populations that are resistant to host immune response or
disrupt host immunity. Thus, further understanding the interplay between anti-TB drugs
and host immune responses may enhance effective host antimicrobial activities and
prevent Mtb tolerance to antibiotic and immune attacks. Finally, this review highlights
novel adjunctive therapeutic approaches against Mtb infection for better disease
outcomes, shorter treatment duration, and improved treatment efficacy based on
reciprocal interactions between current TB antibiotics and host immune cells.
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INTRODUCTION

Tuberculosis (TB) is a chronic infectious disease caused by an
obligate pathogen,Mycobacterium tuberculosis (Mtb), in humans
(1). According to the WHO report, in 2020, approximately 10
million people were newly diagnosed, and 1.3 million people died
from this notorious disease (2). Moreover, the recent treatment
success rate was 82% for drug-sensitive TB and 55% for
multidrug-resistant (MDR)-TB (3). There has been a gradual
increase in the incidence of MDR-TB, defined as resistance to
isoniazid (INH) and rifampicin (RIF), and extensively drug-
resistant (XDR)-TB, defined as in vitro drug resistance to not
only INH and RIF, but also all fluoroquinolones and at least one
injectable aminoglycoside (4).

The presence of a mycobacterial population with more than
one bacterial phenotype has been observed in patients with TB,
as indicated by bacterial populations with varying growth
dynamics in sputum samples (3). TB treatment strategy
involves long-term treatment with several drugs for at least six
months, which may increase the risk of MDR- and XDR-Mtb
emergence (4–6), which is attributed to residual bacteria that are
sheltered from or unresponsive to antibiotic treatment in
heterogenous mycobacterial populations in patients (3). Thus,
enhancing treatment success rate, shortening treatment
duration, and preventing MDR Mtb emergence are the most
critical factors for successful TB treatment. In this review, we
provide an understanding of the mechanism underlying the
generation of persistent mycobacteria in heterogeneous
mycobacteria populations under immune- or drug-induced
stress and discuss the effects of anti-TB drugs on host immune
responses as opposed to their effects on Mtb. This review
provides insights that may contribute to the development of
host immune-mediated therapeutic strategies to eliminate
persistent mycobacteria more effectively, thereby enhancing
treatment success and preventing the development of MDR-TB.
MYCOBACTERIAL PERSISTERS ADAPT
TO STRESSES IN THE HOST AND EXHIBIT
ANTIBIOTIC TOLERANCE

Antibiotic Tolerance
Host-related stresses, such as hypoxia, acidic conditions, nutrient
starvation, oxidative stress, and cytokine responses, alter the
metabolic state of pathogens and eventually induces a drug-
tolerant phenotype termed “persister” (7–10). These persister
cells can maintain an unreplicated status and simultaneously
Abbreviations: AhR, aryl hydrocarbon receptor; AMPK, AMP-activated kinase;
ARE, antioxidant response element; ARNT, AhR nuclear translocator; ESAT-6,
early secretory antigenic target-6; HMG-CoA, b-Hydroxy b-methylglutaryl-CoA;
NFkB, nuclear factor kappa B; HO-1, hemeoxygenase-1; ICL, isocitrate lyase; ILIs,
intracellular lipophilic inclusions; MIC, minimum inhibitory concentration; Mtb,
M. tuberculosis; mTOR, mechanistic target of rapamycin; Nrf2-Keap1, NF-E2-
related factor 2 (Nrf2)-Kelch-like ECH-associated protein 1; Pht, phthiochol;
ppGpp, guanosine pentaphosphate; TA, toxin–antitoxin; TAG, triacylglycerol;
TCA, tricarboxylic acid; RNS, reactive nitrogen species; ROS, reactive
oxygen species.
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survive antibiotic treatment. After cessation of anti-TB therapy,
the surviving persisters revive their metabolism for replication,
subsequently causing a relapse. Thus, antibiotic-tolerant
persisters are considered surviving bacteria that did not
undergo genetic mutations even after long-term antibiotic
treatment (11). Although antibiotic tolerance and antibiotic
resistance share common characteristics, they differ in several
aspects (12, 13). Antibiotic resistance is generally inheritable and
occurs in a drug-specific manner, while antibiotic tolerance is not
inheritable and functions broadly. Antibiotic resistance is
accompanied by an increase in minimum inhibitory
concentration (MIC) of drugs, while antibiotic-tolerant and
susceptible subpopulations show identical MIC (13). Tolerance
refers only to bactericidal antibiotics and not to bacteriostatic
antibiotics, unlike resistance (12).

The mechanism of antibiotic tolerance through the formation
of persisters in response to a variety of stresses, including nutrient
deprivation, oxidative stress, acidic environment, osmotic
conditions, and host immune-mediated stresses, has been
described in many pathogenic bacteria, including Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Mtb
(14–18). Several mechanisms underlying the generation of
persisters in response to the stresses have been identified; these
include metabolic regulation, such as toxin–antitoxin (TA)
systems, stringent and SOS responses, and biofilm formation
(19–24). Understanding the mechanisms of persister formation
under various stresses and developing therapeutic strategies
specifically targeting the mechanisms related to antibiotic
tolerance are expected to contribute to TB control. Therefore,
here, we review the detailed mechanism of persister formation
induced by host-mediated stress in Mtb and its effect on
antibiotic tolerance.

Mtb Adapts to Host-Mediated Stresses
Through Metabolic Regulation
Regulation of Transcription Factors
Mtb encounters various stresses, such as acidic pH, oxidative
stress, hypoxia, nutrient deprivation, and cytokine-mediated
effectors, during infection. On detecting such a stressful
environment, Mtb reprograms its metabolism, at the
transcriptional level, to survive in the niche (25, 26). Bacteria
combat environmental stress to induce changes in antibiotic
resistance and toxicity through two-component systems (TCSs),
consisting of a sensor histidine kinase and a modulator of
cytoplasmic response integrated into the inner membrane, as a
stress recognition and response system (27, 28). To date, 12
complete TCSs have been identified in Mtb, of which PhoPR,
PrrAB, MprAB, NarL, and TcrXY are involved in response to
stresses, including pH, macrophage infection, detergents, hypoxia,
low iron levels, and starvation (27).

The phoPR TCS may be a critical factor for adaptation to a
low pH environment (27). When PhoP detects low pH, it
activates the transcriptional regulator whiB3, regulates the
expression of pH-responsive gene clusters (aprABC, icl, pks2,
pks3, pks4, and lipF), and is involved in the survival of Mtb in
macrophages (29–33) (Figure 1). Indeed, phoP deletion mutants
exhibit growth defects in murine bone marrow-derived
June 2021 | Volume 12 | Article 703060
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macrophages (BMDMs) as well as attenuated virulence with
reduced bacterial burden in the lungs, liver, and spleen of a
mouse Mtb infection model (34). Interestingly, transcriptional
analyses revealed an overlapping of the repressed genes in H37Ra
and phoP knockout mutant of H37Rv (35). Moreover, the
incorporation of intact phoP into the H37Ra genome increased
the bacterial persistence in murine BMDMs (35). In another study,
the phoP mutant Mtb strain showed considerable attenuation in
severe combined immunodeficient mice compared to the parental
and BCG strains (32). Moreover, the Mtb phoP deletion mutant
strain conferred protective anti-TB immunity in mouse and
guinea pig models, indicating its potential as a live vaccine
candidate (32). Liu et al. demonstrated that the expression of
five regulons, DosR, MprA, PhoP, Rv1404, and Rv3058c, is
responsible for the antibiotic tolerance of Mtb; these five
regulons controlled the expression of over 50% of the
upregulated genes after treatment with different anti-TB drugs,
and their (DosR, PhoP, and MprA) deletion reduced drug
tolerance under stress conditions (36).

Stringent Response
The stringent response is a conserved global signaling system that
promotes bacterial survival in various environments, such as
nutrient deprivation and other stresses (37). Particularly,
stringent responses have been reportedly caused by amino acids,
carbon, nitrogen, or phosphorus starvation, as well as UV
exposure and fatty acid depletion (37). The stringent response is
mediated by the hyperphosphorylated guanine nucleotides ppGpp
Frontiers in Immunology | www.frontiersin.org 352
and pppGpp, collectively referred to as [(p)ppGpp], and inorganic
polyphosphate [poly(P)], and the synthesized signaling molecules
regulate bacterial transcriptional changes under various stress
conditions (38, 39). In Mtb, (p)ppGpp synthesis is induced by
nutrient deprivation, long-term culture, and chronic infection in
animal models, and it has been reported to be necessary for Mtb
survival (37, 40, 41). Two proteins, RelA and SpoT, responsible for
the synthesis of (p)ppGpp in gram-negative bacteria, have been
identified, but many gram-positive bacteria, including
mycobacteria, have only one protein (Rel) homologous to both
RelA and SpoT (37). Accumulation of (p)ppGpp synthesized by
Rel-Mtb and the transcription factor CarD in hostile
environments, such as nutrient deficiency and oxidative stress,
leads to transcription and translation of stress-responsive genes in
Mtb (37) (Figure 1).

The protein Rel-Mtb modulates the intracellular (p)ppGpp
content by regulating its synthesis and hydrolysis via an N-
terminal hydrolase and synthetase domain (42). Nutrient
starvation induces upregulation of Rv2583c (Rel-Mtb) that
subsequently promotes the production of intracellular (p)ppGpp
in Mtb (37). Rel-Mtb deletion mutant showed a growth defect in
liquid media, and the disrupted growth rate was restored when
citrate or phospholipid was used as the sole carbon source in vitro
(37). A disrupted growth rate can induce antibiotic tolerance to
drugs that kill actively growing cells. Recently, Dutta et al. showed
that Rel-Mtb deficiency induces disruption of antibiotic tolerance
under stress conditions, increasing susceptibility to INH (43).
They reported that the nutrient-starved Rel-Mtb mutants
FIGURE 1 | General mechanisms for the establishment of antibiotic tolerance in Mycobacterium tuberculosis. Under host-mediated stresses, M. tuberculosis (Mtb)
adapts to stress conditions via several mechanisms. Under acidic pH, the phoPR two-component system activates transcriptional regulator whiB3 that promotes
suppression of the TCA cycle, activation of glyoxylate bypass, and transient upregulation of efflux pump activity. Activation of glyoxylate bypass is mediated by
isocitrate lyase that converts isocitrate to glyoxylate under stress conditions. Nutrient starvation induces several changes in Mtb metabolism. Nutrient starvation also
suppresses the TCA cycle and activates glyoxylate bypass, thereby enhancing the accumulation of triacylglycerol (TAG). The accumulated TAG is stored in the form
of intracellular lipophilic inclusions (ILIs). The stored ILIs are used as an energy source in the persistence state. Additionally, the limitation of amino acids, phosphate,
fatty acids, carbon, iron, and osmotic shock induces activation of stringent response through the production of ppGpp by Rel-Mtb. Production of ppGpp activates
the expression of stress-response genes that causes a metabolic slowdown. Oxidative stress induces the activation of the TA system. Degradation of antitoxin
occurs, and toxin degrades the transcript of log-phase genes. Further, upregulation of stress-response genes occurs, facilitating adaptation to stress conditions.
Collectively, the adaptation of Mtb to stress conditions leads to metabolic modulation that results in antibiotic tolerance.
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showed similar metabolic activity as wild type bacteria growing in
nutrient-rich conditions (43). Disruption of Rel-Mtb induced
increased susceptibility to INH in vitro nutrient starvation and
BALB/c mouse models (43). Furthermore, they discovered a Rel-
Mtb inhibitor through pharmaceutical library screening that
showed a direct cytotoxic effect on antibiotic-tolerant Mtb and
synergetic effect with INH activity (43). In Mtb, the polyphosphate
kinase PPK1 is responsible for poly(P) synthesis, and the
exopolyphosphatases, PPX1 and PPX2, and PPK2 are
responsible for poly(P) hydrolysis, thereby regulating cellular
poly(P) homeostasis (39). The ppx1 or ppk2 deletion mutant
strains showed low glycerol-3-phosphate (G3P) and 1-deoxy-
xylulose-5-phosphate expression levels in bacterial cells,
suggesting downregulated G3P synthesis pathway (39). As a
result, the ppk2 and ppx1 deletion mutant increased
susceptibility to plumbagin and meropenem, and clofazimine,
respectively (39). Similarly, the ppk1 deletion mutants showed
increased susceptibility to INH, levofloxacin, and RIF (44). These
results suggest that (p)ppGpp and poly(P) synthesis and their
modulators play important roles in the development of antibiotic
resistance in vivo.

Metabolic Modulation
Numerous acid-inducible genes induce a carbon metabolism
shift for microbial persistence in the host macrophages. One
such acid-inducible gene encodes isocitrate lyase that converts
isocitrate to succinate and glyoxylate (45). Moreover, malate
synthase catalyzes malate formation by the addition of acetyl-
CoA to glyoxylate (45). Overexpression of isocitrate lyase causes
the activation of the glyoxylate shunt, subsequently inducing
metabolic shifting; pyruvate, succinate, fumarate, and malate
levels were increased while the a-ketoglutarate level was
decreased in macrophage infection and low pH culture model
(46). The limitation of a-ketoglutarate-derived amino acids and
oxaloacetate by glyoxylate shunt activation slows bacterial cell
growth and metabolic activity (46). Antibiotics can induce
growth and metabolic activity arrest in rapidly growing cells.
For example, the antimicrobial effect of INH depends on INH
conversion to isonicotinoyl by the catalase-peroxidase katG (3).
Converted isonicotinoyl binds NAD+ to make isonicotinoyl-
NAD that inhibits mycolic acid synthesis, a bacterial cell wall
component, subsequently interfering with mycobacterial cell wall
integrity (3). Thus, reduced need for cell wall synthesis due to
arrested growth and metabolic activity due to acidic stress
induces tolerance to INH (3). RIF kills metabolically active
cells by binding to RNA polymerase subunit B and interfering
with transcription; RIF resistance is usually acquired through
mutation in rpoB that encodes RNA polymerase B protein (47).
However, transient antibiotic tolerance has also been reported in
previous studies (48–50). In response to environmental stress,
Mtb translates a mutated form of RNA polymerase with a lower
affinity to RIF, thereby facilitating the acquisition of transient
antibiotic tolerance during antibiotic treatment (50).
Collectively, growing evidence suggests that metabolically
arrested states induce antibiotic tolerance that prevents the
complete sterilization of pathogens. Therefore, to eradicate the
antibiotic-tolerant bacterial population, a treatment strategy that
Frontiers in Immunology | www.frontiersin.org 453
reactivates the metabolically arrested bacterial population is
needed (Figure 1).

Modulation of Lipid Metabolism
Several host immune-mediated stresses induce intracellular
triacylglycerol (TAG) droplet accumulation in Mtb by TAG
synthase activity. For example, TAG synthase upregulation was
confirmed in multiple-stress conditions, such as hypoxia, low
pH, and low iron (51–54). Accelerated TAG synthesis induces a
reduction in TCA flux and subsequently enhances the survival of
Mtb in the presence of antibiotics, such as INH, streptomycin,
ciprofloxacin, and ethambutol (EMB) (54). Interestingly,
antibiotic tolerance due to TAG accumulation can be reversed
by modulating carbon fluxes with complete inhibition of TAG
synthase in vitro and in vivo (54). Furthermore, tgs1 deletion
mutants continue to grow under stress conditions while wild
type strain stops replicating (54). Kapoor et al. developed an in
vitro model of human granuloma for pulmonary tuberculosis
and discovered unique characteristics of Mtb within the granuloma;
Mtb showed dormant phenotypes, including the loss of acid-
fastness, accumulation of lipid droplet, transcriptional change of
lipid metabolism genes, and tolerance to RIF (51). Moreover,
treatment with anti-tumor necrosis factor-alpha (TNF-a)
monoclonal antibodies induced resuscitation of Mtb as previously
described in human TB (51). Similarly, a multiple-stress model that
included low oxygen, high CO2, low nutrient, and acidic pH showed
arrested growth, acid-fastness loss, TAG, and wax ester
accumulation, along with the rise in antibiotic tolerance to INH
and RIF in Mtb (52). Interestingly, antibiotic tolerance was
diminished in the tgs1 deletion mutant and restored with the
addition of complementation. Furthermore, transcriptome
analysis using microarray revealed the achievement of the
dormant state showing repression of energy generation,
transcription and translation machinery, and induction of stress-
responsive genes (52). Recently, Santucci et al. identified the
mechanism of TAG accumulation to involve intracytoplasmic
lipid inclusions (ILI) induced by carbon excess and nitrogen
starvation in M. smegmatis and M. abscessus (53). They also
identified tgs1-mediated TAG formation and lipolytic enzyme-
mediated TAG breakdown mechanisms. Moreover, they
discovered that emergence of antibiotic tolerance against RIF and
INH induced by low nitrogen and high ILI environment as
previously described (53). Taken together, the importance of TAG
synthesis in antibiotic tolerance of Mtb suggests the potential of
lipid metabolism-related proteins, such as triacylglycerol synthase
and fatty-acyl-CoA reductase, as therapeutic targets for abolishing
antibiotic tolerance.

Toxin–Antitoxin (TA) System
The TA system comprises a stable toxin that interferes with
indispensable cellular metabolism and an unstable antitoxin that
blocks the toxin activity during persister formation (55, 56). The
TA systems are generally divided into seven classes depending on
their mechanism (57). In detail, type I and III antitoxin include
an RNA antitoxin that interferes with translocation of the toxin
as an antisense RNA (type I) or binding to toxin protein to
neutralize the toxin activity (type III). Type II antitoxins are
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proteins that interfere with the toxins by direct binding to the
toxin protein. Type IV antitoxins inhibit toxin activity by
attaching to the toxin target, while type V antitoxins degrade
the toxin mRNA target directly. Type VI antitoxins bind to the
toxin; they do not directly degrade the toxin itself but promote its
degradation by ClpXP (56). In the type VII TA system, antitoxin
acts as an enzyme for the chemical modification of the toxin and
subsequently neutralizes the toxin (57). As a representative
example, in the HipBA toxin/antitoxin module, HipA is a
toxin that inhibits cell growth and induces persister formation,
while HipB is an antitoxin that binds to HipA and acts as a
transcription inhibitor of the hipBA operon. In particular, high
HipA expression leads to multidrug resistance in E. coli (55).
Characteristically, Mtb has many TA system-related loci in its
genome, and at least 88 TAs have been identified (58). According
to Keren et al., 10 TA modules were overexpressed in Mtb
persister cells, suggesting that the TA system not only
contributes to Mtb virulence but also the formation of bacterial
persister cells (8). Further, Torrey et al. revealed that multiple
pathways such as lipid biosynthesis, carbon metabolism, TA
systems, and transcriptional regulators are involved in Mtb
persister formation using transcriptional analysis and whole-
genome sequencing of Mtb hip mutant (59). Notably, most of the
identified Mtb TA systems were Type II, and these include
VapBC, MazEF, YefM/YoeB, RelBE, HigBA, and ParDE (60).

Notably, the VapBC TA family is the most abundant type of
TA system encoded by Mtb (60). Several studies have
demonstrated that host-mediated stress, such as hypoxia and
activated macrophages, induces transcriptional activation of
multiple VapBC TA loci (61–63). Hudock et al. identified the
transcriptional profile from granuloma samples of active and
latent TB patients; the expression of eight dosR regulon members
(Rv0080, Rv0081, Rv1736c, Rv1737c, Rv2032, Rv2625c, and
Rv2630) along with the induction of four pairs of toxin/antitoxin
(vapBC19, vapBC21, vapBC33, and vapBC34) were observed within
the granulomas of active and latent TB patients (61). Sharma et al.
demonstrated that VapC21 overexpression hinders mycobacterial
growth, and co-expression of antitoxin VapB21 reverses this effect
(62). Moreover, VapC21 overexpression mutant and Mtb cultured
in stress conditions, such as nutrient deprivation and hypoxia,
exhibited similar transcriptional profiles (62). Furthermore,
VapC21 overexpression resulted in upregulated WhiB7 regulon,
inducing antibiotic tolerance to aminoglycosides and EMB (62).
Talwar et al. identified the role of VapBC12 TA in persister
formation under cholesterol-rich conditions; VapC12 RNase toxin
targets proT transcript that is indispensable for Mtb growth
regulation in a cholesterol-rich environment (63). Therefore, the
expression of VapC12 RNase toxin induced the generation of a
slow-growing population, and this phenotype occurrence was
increased in the presence of cholesterol (63). Interestingly, co-
expressing of antitoxin vapB12 disrupted the vapC12-induced
phenotype, while vapC12 deletion enhanced the immunopathologic
severity and lung bacterial burden compared with the wild type strain
(63). Recently, Yu et al. demonstrated a phosphorylation-dependent
TA system inMtb (58). Specifically, phosphorylation ofTgITbyTakA
induces toxicity neutralization and allows bacterial growth (58).
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In stressful conditions, TgIT activation via dephosphorylation
promotes bacterial growth inhibition, leading to a non-replicating
but viable state (58).

SOS Response
Various host-mediated stresses, such as reactive oxygen and
nitrogen species, result in DNA damage and subsequently
induce a DNA repair mechanism called SOS response (64). The
SOS response is controlled by two regulator proteins, RecA and
LexA. RecA recognizes damaged single-stranded DNA and
induces the proteolysis of LexA repressor leading to the
activation of SOS genes (64). Völzing and Brynildsen discovered
that DNA repair was essential for the survival of ofloxacin-induced
persisters and that delayed DNA repair occurred after ofloxacin
treatment (65). Another study indicated that the timing of DNA
repair was a key factor for the complete recovery of persisters after
ofloxacin treatment. Additionally, nutrient starvation increased
the survival rate of E. coli to approximately 100%, following
ofloxacin treatment (66). These results indicate that changes in
post-antibiotic treatment recovery time are critical to the
formation of persister and support the notion that interference
of DNA damage repair systems could be an effective strategy to
eradicate the persister population.

Previous studies showed that stress-response regulons,
including SOS response genes, were upregulated in Mtb
persisters (8, 67). In mycobacteria, the DNA damage repair
system comprises LexA-mediated and ClpR factor-mediated
mechanisms (67). Further, DnaE2 polymerase, induced by ROS
and NOS produced in the host immune response, contributes to
mutations during the DNA repair process (68). Recently,
inhibition of DNA gyrase by fluoroquinolone was found to
modulate Mtb growth in intracellular and extracellular
environments (69). Interestingly, inhibition of DNA gyrase
contributes to the drug tolerance via RecA/LexA-mediated SOS
response (69). Choudhary et al. demonstrated that DNA gyrase
knockdown Mtb mutant showed decreased drug susceptibility to
RIF 24 and 48 h post-treatment, and a similar pattern was
observed following INH and EMB treatment (69). Taken
together, these findings indicate that changes in post-antibiotic
treatment recovery time are critical to the formation of persisters
and support the notion that interference by DNA damage
repair systems could be an effective strategy to eradicate the
persister population.

Mtb Biofilm Formation Contributes
to Antibiotic Tolerance
Biofilm is a three-dimensionally organized multicellular bacterial
community that grows on surfaces in vitro and in vivo (70).
Biofilm induces persistent bacterial infection by protecting
bacteria from antibiotics (71). Therefore, the formation of
biofilms has been closely linked to antibiotic tolerance in
various bacterial pathogens, including E. coli, S. aureus,
P. aeruginosa, and Mtb (72–76). Host-mediated stress
conditions, such as prolonged hypoxia, oxidative stress, and
nutrient starvation, induce biofilm formation leading to the
development of antibiotic tolerance (77–81).
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Ackart et al. showed that human leukocyte lysis enhanced
biofilm formation, subsequently inducing antibiotic tolerance to
several anti-TB drugs, such as INH, RIF, and pyrazinamide
(PZA) (77). Interestingly, treatment with DNase I or tween
scattered the established biofilm. It reversed the antibiotic
tolerance, indicating that biofilm formation induced by host-
mediated stress provides antibiotic tolerance that leads to
persistent infection, and targeting the biofilm enhances drug
sensitivity in Mtb (77). Another study induced Mtb biofilm
formation in vitro through thiol reductive stress (TRS),
resulting in drug-tolerant (INH, RIF, and EMB) phenotypes in
which metabolic activity was maintained with the same levels of
ATP/ADP, NAD+/NADH, and NADP+/NADPH (78).
Furthermore, the TRS-induced biofilm formation was not
interrupted by cell wall biosynthesis inhibitor antibiotics (INH
and ETB), while DNA synthesis (levofloxacin and ofloxacin),
RNA transcription (RIF), and protein synthesis (tetracycline)
inhibitors disrupted its formation (78). Recently, Richards et al.
identified several indispensable genes for Mtb adaptation during
biofilm formation induced by host-mediated stresses, but not in
dispersed culture using detergent (79). They observed that the
formation of biofilm enhances the enrichment of antibiotic-
tolerant cells and subsequently inducing RIF tolerance.
Importantly, they established that isonitrile lipopeptide is
essential for the structural formation of Mtb biofilm under
stress conditions (79). In another study, modulation of
trehalose metabolism was observed in antibiotic-tolerant Mtb
population isolated from a biofilm; antibiotic-tolerant Mtb utilize
trehalose to synthesize central carbon metabolism intermediates
required to sustain mandatory cellular functions, whereas
planktonic cells use cell-surface glycolipids (81). Moreover,
drug-susceptible and MDR Mtb showed similar alteration after
antibiotic therapy, suggesting the role of trehalose in both
transient and permanent antibiotic tolerance (81). Tripathi
et al. showed that ClpB is essential for Mtb survival under
host-mediated stress conditions; they demonstrated that ClpB
is required for bacterial survival during hypoxia and nutrient
starvation (80). The clpB deletion mutant showed abnormal
cellular morphology, disrupted biofilm formation, and reduced
rate of intracellular survival in THP-1 cells (80). In addition, they
showed that ClpB induces the secretion of inflammatory
cytokines, such as TNF-a and IL-6, controlled by MAPK and
NF-kB pathways (80). Taken together, various virulence factors
involved in Mtb biofilm formation may be a potential novel drug
target for the elimination of drug-tolerant bacteria.
ANTIBIOTICS CAN AFFECT HOST
IMMUNITY AND INFLUENCE
CLINICAL OUTCOMES

Host Metabolic Changes Induced
by Antibiotics
Antibiotic activities against bacterial pathogens have
traditionally been considered only in terms of their direct
killing effects (82). However, growing evidence indicates
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indirect effects of antibiotics through interaction with host
innate immunity that can alter clinical outcomes (83–85).
Yang et al. identified antibiotic-induced host metabolic changes
during infection and found that antibiotic treatment directly
induced the host cells to produce metabolites that reduce drug
efficacy and amplify phagocytic killing (86). After ciprofloxacin
treatment, the systemic alteration of metabolites was confirmed
in mouse tissues, including the peritoneum, plasma, and lungs.
On the contrary, E. coli infection induced local changes in the
peritoneum alone, not in the plasma or lungs (86). Further, most
of the antibiotic-induced metabolic changes were not reliant on
the intestinal microbiome and were most likely caused by the
direct action of antibiotics on local host cells (86).

Above all, advanced host types of machinery protect cells by
detecting and preventing damage due to intrinsic and exogenous
inferior substances, such as oxidative stress and toxins (87).
These apparatuses are partially responsible for microbial
pathogenesis by detecting endogenous factors induced by Mtb
infection or exogenous Mtb factors; however, they are
responsible for detecting and detoxifying anti-TB drugs or
drug-induced endogenous factors (88). These apparatuses may
belong to the NRF2-KEAP1 and aryl hydrocarbon receptor
(AhR) signaling pathways, whose dual action may be a double-
edged sword in Mtb infection. This section evaluates the effect of
such a system on Mtb infection and anti-TB treatment.

Keap1-Nrf2 Signaling Pathway
The Keap1-Nrf2 regulatory pathway is a key mechanism for
preventing cell damage by detecting intrinsic and exogenous
stresses, such as oxidative stress, chemotherapy, and radiation,
regulating gene expression to modulate various subsequent
antioxidant functions (87). Nrf2 is bound to the inhibitory
protein Keap1 in the cytoplasm. When a stressor is detected,
the Nrf2 protein is separated from Keap1, causing its cytoplasmic
accumulation. Thereafter, it translocates to the cell nucleus,
where it acts as a transcription factor, binds to the antioxidant
reaction factor (ARE), and then binds to the antioxidant-related
genes [e.g., hemeoxygenase-1 (HO-1), NAD(P)H:quinone redox
enzyme-1 (NQO1), glutathione S-transferase (GST)] to promote
their transcriptional expression (Figure 2) (87). Mtb factors,
such as ESAT-6, can induce oxidative damage and apoptosis,
counteracted by upregulating antioxidant enzymes via activation
of the Keap1-Nrf2 signaling cascade (88, 89). Recent studies have
shown that the antioxidant factor expressed by activation of the
Keap1-Nrf2 system protects cells by removing infection and damage
caused by drugs; however, it also inhibits T cell activation and rather
hinders the removal of Mtb. Representatively, HO-1 is a cellular
antioxidant enzyme expressed in response to various stress
conditions, such as exposure to heavy metals, heat shock,
hypoxia, starvation, and immune activation (90–95). HO-1 is the
rate-limiting enzyme that degrades heme molecules into free iron,
biliverdin, and carbon monoxide (CO) (96). Free iron inhibits nitric
oxide (NO) production by acting on inducible NO synthase (iNOS)
and, thereby, could improve the survival of intracellular Mtb.

In addition, bactericidal antibiotics cause mitochondrial
dysfunction and oxidative damage in mammalian cells (97). A
dose- and time-dependent upregulation of intracellular ROS
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production was confirmed in different human cell lines after
treatment with bactericidal antibiotics (ciprofloxacin, ampicillin,
and kanamycin) belonging to different classes. Moreover,
mitochondrial potential, ATP levels, and metabolic activity
were considerably decreased after this treatment, suggesting
impairment of mitochondrial function (97). Furthermore,
treating human sinonasal epithelial cells with the bactericidal
antibiotics, amoxicillin and levofloxacin, leads to increased ROS
production, antioxidant gene expression, and cell death (98).

Bactericidal anti-TB drugs, such as RIF, INH, and PZA, can
similarly cause mitochondrial dysfunction and oxidative damage
in host cells, leading to apoptosis, in addition to their effect on
Mtb. Simultaneously, antioxidant mechanisms, such as the
Keap1-Nrf2 signaling pathway, may interfere with the removal
of Mtb. Interestingly, ROS-mediated damage induced by
antibiotics could be rescued by N-acetyl-l-cysteine (NAC)
without affecting the antibiotic’s killing ability (97). In
addition, an HO-1 inhibitor showed the same effect in the
lungs of Mtb-infected mice as anti-TB drugs (99). Thus, the
long-term use of bactericidal anti-TB drugs can induce cell death
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due to ROS production and mitochondrial dysfunction, while
simultaneously, the produced ROS act as antioxidants and
interfere with the removal of Mtb. These ambivalences need to
be more clearly elucidated with respect to the pathogenesis of
Mtb. The aforementioned adjuvant treatments are described in
detail in section 4.

AhR Signaling Pathway
The AhR is a transcription factor that detects both endogenous
and exogenous ligands (100). Initially, AhR function was
associated with the detoxification of heterologous ligands, such
as benzo[a]pyrene and the highly toxic 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD); subsequently, endogenous molecules, such as
tryptophan (Trp), kynurenine, or formindolo [3,2-b] carbazole
(FICZ), dietary components, and bacterial-derived ligands, were
identified as AhR ligands, broadening the understanding of their
function (100).

Particularly, bacterial pigment proteins such as phenazine
produced by P. aeruginosa and 1,4-naphthoquinone phthiochol
(Pht) produced by Mtb have been identified as bacterial-derived
FIGURE 2 | AhR modulation by anti-TB drugs and downstream events. NRF2-KEAP1 signaling and AhR signaling pathways generally protect cells by detecting and
preventing damage to endogenous and exogenous substances such as oxidative stress and toxins. They can also detect M. tuberculosis (Mtb) infection or anti-TB
drugs and affect host defense and drug metabolism. 1,4-naphthoquinone phthiochol (Pht) produced by Mtb and anti-TB drugs can attach to AhR present in the
cytoplasm across the cell membrane. The combined ligand and receptor complex transfers into the nucleus and heterodimerizes with AhR nuclear translocator
(ARNT). The ligand, receptor, and ARNT complex binds to xenobiotic response elements (XRE) that are specific DNA sequences found in the target gene promoter
region. Activation of the AhR by Pht and anti-TB drugs (e.g., rifabutin, bedaquiline) in macrophages induces impaired phagocytosis of Mtb H37Rv, and phagosome
acidification, and production of pro-inflammatory cytokines. Furthermore, activation of AhR facilitates the hepatic metabolism of drugs, ultimately reducing drug
availability. Meanwhile, some drugs (e.g., rifampicin) act as AhR inhibitors, inducing impairment of phagocytosis and phagosome acidification, consequently improving
the intracellular survival of Mtb in macrophage and zebrafish models. On the other hand, Mtb ESAT-6 and anti-tuberculosis drugs (e.g., isoniazid, rifampicin,
pyrazinamide) act on Nrf2-Keap1 signaling to induce the translocation of Nrf2 to the nucleus by degradation of Keap-1. The translocated Nrf2 binds to the
antioxidant response element (ARE) and upregulates antioxidant enzymes. Production of hemeoxygenase-1 (HO-1), a representative antioxidant enzyme, is activated,
which subsequently induces catabolism of heme to biliverdin, CO, and Fe2+. Elevated Fe2+ inhibits the production of nitric oxide from L-arginine mediated by IFN-g
signaling. Thus, activation of heme catabolism by HO-1 induces the reduction of intracellular bacterial killing. Taken together, activation of AhR signaling and HO-1
production induces a pathogen-beneficial effect that enables persistent infection.
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AhR ligands (101). AhR is widely expressed in almost all cell
types; in particular, both innate and adaptive immune cells
express AhR, suggesting its potential broad-range effects on
host immunity (102). AhR is present in the cytoplasm and is
activated upon binding to a ligand. Activated AhR binds to the
AhR nuclear translocator (ARNT) and regulates the transcription
of several target genes, including cytochrome P450
monooxygenases (CYP1A1 and CYP1B1), AhR inhibitor, and
pro-inflammatory cytokines (102) (Figure 2).

Ligand-activated AhR translocates to the nucleus from the
cytosol and induces immunosuppressive or pro-inflammatory
downstream effects depending on the ligand property (102).
Further, AhR can modulate macrophage immune response.
Shinde et al. showed that phagocytosis of apoptotic cells
through toll-like receptor (TLR)9-dependent sensing of the
apoptotic cell DNA induces the activation of the AhR
pathway (103).

The ligand-activated AhR binds to TB virulence factors and
regulates antibacterial responses (104). Puyskens et al. demonstrated
that anti-TB drugs, such as RIF and rifabutin bind to AhR and
induce modulation of host immune response (104). However, AhR
signaling inhibition by a synthetic AhR inhibitor, CH-223191,
impairs phagocytosis in THP-1 macrophages. Further, they
demonstrated that the rate of internalized zymosan was decreased
following RIF treatment, while phagosome acidification was also
impaired after RIF as well as CH-223191 treatment (104). In
addition to this in vitro study, they confirmed AhR modulation
during M. marinum infection in a zebrafish model; a higher
bacterial burden was observed in zebrafish embryo following AhR
inhibition with CH-223191 than in the untreated control group
(104). Similarly, Moura-Alves et al. demonstrated significantly
increased bacterial burden in the lungs, liver, and spleen of AhR-/-

mice than wild type mice after aerosol Mtb infection (101).
Moreover, the production of pro-inflammatory cytokines, such as
TNF-a, IL-12p40, and IL-6, were hindered in AhR-/- bone marrow-
derived macrophages (101). Furthermore, Memari et al.
demonstrated that AhR induced expression of IL-23 and IL-1b,
thereby stimulating the production of IL-17 and 22 by specific T cell
subsets (Th17, Th22, and ILC3 cells) (105). Upregulation of IL-17
activates parenchymal cells and subsequently induces an influx of
polymorphonuclear cells to the infection site mediated by CXCL1,
CXCL3, and CXCL5 (106). Further, phagocytosis of apoptotic
polymorphonuclear cells by macrophages promotes a phenotypic
change of macrophage from M0 to M2c, thereby contributing to
inflammation resolution (106).

Modulation of Host Immunity
by Anti-TB Drugs
Antibiotics can modulate host immunity either indirectly or
directly (107). First, antibiotics alter the host immune system
indirectly by affecting the host microbiota composition (108).
Second, antibiotics affect the host immune system directly by
altering the functions of immune cells (86, 97, 109). Therefore, the
interaction between antibiotics and host immunity may influence
the clinical outcomes or treatment duration. Several studies have
reported the modulation of host immune response by anti-TB
drugs. For example, INH induces the apoptosis of activated CD4+
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T cells in Mtb-infected mice (110) as well as impairs the
production of Mtb-specific interferon (IFN)-g and anti-CFP10
antibody in household contacts of latent TB patients (111).
Similarly, RIF reportedly exerts a mild immunosuppression
effect, as indicated by its inhibition of human lymphocytes (112)
and significant suppression of T cells compared to that in TB
patients without RIF treatment (113). Moreover, RIF partially
suppressed the phagocytosis of zymosan by macrophages and
moderately suppressed the expression of TNF-a at high doses
(114). it was reported to significantly inhibit the secretion of IL-1b
and TNF-a while increasing the secretion of IL-6 and IL-10 (115).
Furthermore, RIF suppressed LPS-induced production of iNOs,
cyclooxygenase-2, IL-1b, TNF-a, and prostaglandin E2 in
microglial cells, subsequently improving neuron survival (116).
Manca et al. demonstrated that PZA treatment reduces the
secretion of pro-inflammatory cytokines and chemokines, such
as IL-1b, IL-6, TNF-a, and MCP-1, in Mtb-infected human
monocytes and mice (117). Additionally, PZA treatment
elevated the expression of adenylate cyclase and peroxisome-
proliferator activated receptor in the lungs of Mtb-infected
mice (117).

Bedaquiline (BDQ) specifically disrupts intracellular ATP
production in bacteria by inhibiting the activity of bacterial
ATP synthase, resulting in depleted energy production (118,
119). Recently, a genome-wide transcriptional analysis
demonstrated that BDQ promotes the formation of lysosomes,
phagocytic vesicle membrane, vacuolar lumen, hydrolase
activity, and lipid homeostasis in naïve and Mtb-infected
macrophages (120). Moreover, it suppressed basal glycolysis,
reduced glycolytic capacity in heat-killed-Mtb-stimulated
macrophages, and triggered anti-mycobacterial mechanisms,
such as phagosome–lysosome fusion and autophagy (120).
Further, BDQ treatment induced the activation of the
lysosomal pathway through transcription factor EB and
calcium signaling. Interestingly, other classical anti-TB drugs,
such as amikacin, EMB, and INH, did not activate the lysosomal
pathway. Additionally, BDQ potentiated the anti-mycobacterial
activity of PZA but did not show synergistic effects with
bactericidal activities of EMB, INH, and RIF (120).

Clofazimine (CFZ) is a riminophenazine compound used for
the standard treatment of leprosy (121). In addition to its
antimicrobial activity, CFZ has an immune-modulatory activity;
CFZ forms biocrystal and modulates innate immune response
after phagocytosis as demonstrated by the intracellular CFZ
crystal-induced activation of the Akt pathway and enhancement
of IL-1RA production in RAW 264.7 cells (122). Moreover, CFZ
treatment inhibited TLR2-and TLR4-mediated NF-kB activation
and TNF-a production (122). Fukutomi et al. demonstrated that
CFZ induces apoptosis of macrophages; representative features of
apoptosis, such as decreased metabolic activity, diminished cell
size, nuclear condensation, and fragmentation, were observed in
CFZ-treated human monocyte-derived macrophages (123).
Further, caspase-3 activity was significantly increased in CFZ-
treated macrophages (123). Recently, Ahmad et al. showed that
BCG revaccination with CFZ treatment induces the differentiation
of the stem cell-like memory T (Tsm) cells in mice (124).
Differentiation of Tsm cells recovered long-lasting central
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memory T cells and T effector memory cells to provide enhanced
vaccine efficacy in mice (124).
ADJUNCTIVE HOST-DIRECTED
THERAPIES IMPROVE ANTI-TB
DRUG ACTIVITY

Anti-TB therapy involves the combination of several drugs and
has a long treatment duration of treatment, resulting in the
frequent occurrence of side effects (125, 126). Side effects range
from minor ones that disappear spontaneously to serious ones
that require treatment (126). The strategies for developing new
treatments to control Mtb can be divided into two broad
categories: developing novel efficient antibiotics and using
existing therapeutic drugs to achieve faster and more effective
treatments in a host-specific manner (127, 128). The development
of host-directed therapy maximizes treatment efficiency by using
the adjunct to elicit a response (127). Essentially, these treatments
do not directly target pathogens, thus avoiding the occurrence of
drug resistance and reducing drug side effects, thereby making this
a promising strategy (127). In this section, we have proposed
several such strategies, including various host targets that affect
Mtb susceptibility, and discussed the corresponding drugs and
their mechanisms of action. A summary of the proposed
adjunctive host-directed therapies that improving anti-TB drug
activity is presented in Table 1.

Autophagy-Modulating Drugs
Autophagy is an intracellular self-degradation system that
transfers cytoplasmic components or specific cytosolic targets
to the lysosome for cellular homeostasis maintenance (153).
Autophagy is induced by various stress conditions, such as
nutrient starvation, hypoxia, and microbial infection (153).
Furthermore, diverse pathophysiological conditions, such as
aging, autoimmune disease, neurodegeneration, cancer, and
inflammation-associated metabolic disorders, are involved in
autophagy (154). Autophagy is an essential part of the host
immune system against diverse intracellular pathogens, such as
Salmonella, Listeria monocytogenes, and Mtb, via the activation
of phagolysosome formation (155–157). Therefore, activating
autophagy is a promising strategy for eradicating Mtb, especially
in the case of MDR-TB.

Rapamycin
Rapamycin (RAP) is a potent antifungal agent produced by
Streptomyces hygroscopicus and is used to suppress transplant
rejection reactions due to its immunosuppressive property (158,
159). RAP also enhances the T helper 1-driven immune response
when co-administered with the BCG vaccine (129). Further,
RAP-loaded nanoparticles were efficiently phagocytosed by
THP-1 macrophages, significantly reducing the intracellular
Mtb load at a concentration of 100 mg/mL (130). In addition
to the in vitro results, Gupta et al. showed that inhaled RAP
particles reduced pulmonary Mtb loads as well as activated
autophagy and phagosome–lysosome fusion in a mouse model
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(131) (Figure 3). Another study showed that a low dose of RAP
(<10 mM) was sufficient to increase autophagy in RAW264.7
cells; however, intracellular mycobacteria killing was only
observed at a high concentration of RAP (10 mM) (160). In
contrast, Andersson et al. demonstrated that RAP facilitates the
increase of Mtb burden in both single and human
immunodeficiency virus (HIV) co-infected human monocyte-
derived macrophages (161). They suggested that autophagy
induction disrupts intracellular killing during a low dose
infection. However, they used HIV co-infected human
macrophages for their experiment that exhibit impaired
immunity and, therefore, are not suitable for investigating the
effect of RAP on autophagy.

Metformin
Metformin (MET) is the most commonly used medication for
diabetes and has been suggested as an adjunctive agent for host-
directed TB therapy (132). Singhal et al. discovered that the MET
disrupts the intracellular Mtb growth, reduces immunopathological
severity, and increases the efficacy of anti-TB drugs (132). In detail,
MET treatment reduced the bacterial load (in terms of CFU) 35
days post-infection in Mtb-infected mice (132). The combination
of MET and anti-TB drugs, such as INH and ethionamide,
significantly decreased lung Mtb load in the mouse model,
indicating synergism between MET and anti-TB drugs (132).
Additionally, reduction of lung tissue pathology was confirmed
in the MET-treated mice, and the number of lung CD8+ IFN-g+

cells was increased in MET-treated mice in both unstimulated and
Mtb-stimulated groups, suggesting an enhanced immune response
to TB (132). Similarly, the protective effect of MET was confirmed
in a chronically Mtb-infected guinea pig model in which reduced
lung legions and Mtb CFU were observed in the MET-treated
group compared to those in the untreated group (135). Further,
the MET-treated animals showed a higher proportion of
lymphocytes in the acute and subacute stages and well-
encapsulated granulomas (135). MET reportedly reduces the
immunopathological severity by reprogramming T cell
metabolism (162, 163). MET-induced oxidative phosphorylation
and glycolysis enhanced the host resistance to Mtb infection in the
guinea pig model (135). Moreover, Degner et al. demonstrated
that MET treatment reduces mortality during TB therapy in a
retrospective cohort study in Taiwan (133). Another study
reported that MET enhances anti-TB immune responses by
altering host responses in humans (134). Additionally, MET
induced a significant reduction in TNF-a, IL-1b, IL-6, IFN-g,
and IL-17 release in response to Mtb lysate (134). These studies
indicate that MET protects against Mtb infection via modulation
of inflammation andmetabolism (133–135). Indeed, MET reduces
the type I IFN response and pathological severity of TB while
enhancing anti-TB immunity, such as autophagy, ROS
production, and phagocytosis (132, 164, 165) (Figure 3). In
contrast, Dutta et al. showed that MET-treated mice had similar
lung Mtb CFU compared to control mice, and the percentage of
mice with Mtb culture relapse was similar between the two groups
(166). This result was contradictory to a previous in vivo study
that used the same MET dose (250 mg/kg) (132). The major
difference between the two studies is the co-injection of multiple
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TABLE 1 | Effect of TB representative adjunctive therapeutic agents of anti-TB drugs on host immunity.

Therapeutic
agent

Mechanism
of action

Role in TB Model Therapeutic effect or outcome References

Rapamycin Inhibits mTOR
complex

Enhances autophagy
and antigen
presentation

Mouse
(C57BL/6)

Increased Ag85B-specific T cell responses (129)

Macrophage
(THP-1)

Inhibition of Mtb growth (130)

Mouse
(BALB/c)

Reduced pathological lesion and
Mtb burden

(131)

Metformin Activates the
AMPK

Enhances autophagy
and reduces
inflammation

Mouse
(C57BL/6)

Reduced pathological lesion and enhanced Th1 immune
response

(132)

Clinical trial Decreased mortality during TB treatment in diabetes patients (133)
PBMCs Lowered TNF-a, IFN-g, and IL-1b

Increased phagocytosis and ROS production
(134)

Guinea pigs Decreased pathological severity (135)
Statins Inhibits HMG-

CoA reductase
Increase
intracellular
Ca2+

Enhancing autophagy
and phagosome
maturation

MDM Decreased intracellular Mtb survival
by statin monotherapy

(136)

Mouse
(C57BL/6)

Decreased intracellular Mtb survival
Decreased pathological severity

Macrophage (J774) Decreased intracellular Mtb survival (137)
Mouse
(BALB/c)

Enhanced bactericidal activity of anti-TB drugs

Macrophage (THP-1) Decreased intracellular Mtb survival (138)
Mouse
(BALB/c)

Decreased intracellular Mtb survival
Reduced TB relapse rates

PBMCs Decreased intracellular Mtb survival (139)
Macrophage
(THP-1)

Reduced Mtb growth (140)

Mouse
(C3HeB/FeJ)

Enhanced bactericidal activity of anti-TB drugs

NAC ROS
scavenging
Increase
intracellular
GSH

Reduces oxidative
stress/inflammation

Randomized clinical trial Reduction of anti-TB drug-induced hepatotoxicity (141)
Guinea pig Decreased intracellular Mtb survival

Decreased pathological severity
(142)

Macrophage
(THP-1)

Decreased intracellular Mtb survival (143)

Mouse
(C57BL/6)
(gp91Phox−/−)

Decreased intracellular Mtb survival
by NAC monotherapy

Randomized clinical trial Clearing of lung infiltration
Reduction of cavity size

(144)

Human granuloma Decreased intracellular Mtb survival
Formation of solid stable granuloma

(145)

Macrophage
(THP-1)

Synergistic effect on bactericidal activity of anti-TB drugs (146)

Randomized clinical trial in
TB/HIV co-infected
patients

No significant change between NAC-treated and non-treated
groups

(147)

In vitro NAC potentiates the activity of anti-TB drugs (148)
Macrophage
(THP-1/J774)

Reduced intracellular Mtb survival in THP1, but not in J774

Mouse
(CBA/J)

Co-treatment of NAC potentiates the activity of anti-TB drugs, but
disappeared at the later time point

Verapamil Inhibits the
calcium ion
channel

Inhibits the drug efflux
pump of Mtb

Mouse (C3HeB/FeJ) Co-treatment of verapamil with anti-TB drugs significantly lowered
lung bacterial loads and relapse rates compared to standard
therapy alone

(149)

Mouse
(BALB/c)

Co-treatment of verapamil with a combination regimen of
moxifloxacin and linezolid showed a significant reduction in lung
mycobacterial load

(150)

Disrupts membrane
potential of Mtb

In vitro VP kills exponentially growing, stationary-phase and nutrient-
starved non-replicating Mtb

(151)

Increase drug
bioavailability and
efficacy

Mouse (CD-1) VP increases plasma concentration of RIF (151)
Mouse
(BALB/c)

Co-treatment of BDQ with VP increased the plasma exposure for
BDQ

(152)
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anti-TB drugs (RIF, INH, PZA, and EMB) in the in vivo model
compared with the single anti-TB drug (INH or EMB) used
in vitro (132, 166). In addition to its antimicrobial activity, RIF
promotes liver metabolism by activating hepatic cytochrome
P450 enzymes, such as CYP2D6 and CYP3A4, thereby
accelerating the drug metabolism and clearance by the liver
(167). However, MET is not metabolized in the liver and is
excreted via the urine in its unchanged form (168). Another
potential explanation is that MET and RIF compete for the
same drug target, namely the AMP-activated protein kinase
(AMPK) in the liver (109, 169). Therefore, the combination
with RIF reduces the effect of MET in the host.

Statin
Statins are anti-hyperlipidemic drugs that block 3-hydroxy-3-
methylglutaryl coenzyme A reductase in the cholesterol synthesis
pathway, thereby lowering the risk of stroke and cardiovascular
diseases (170) (Figure 3). As cholesterol is an essential
intracellular energy source for Mtb, elevated cholesterol level is
a risk factor for TB (171). Statins also have immunomodulatory
effects, such as the production of natural killer T cells,
downregulation of MHC II expression, elevated secretion of
IL-1b and IFN-g, and increased caspase-1 enzyme activity, and
thereby promote apoptosis and autophagy (172) (Figure 3). Both
retrospective clinical trials and animal model studies have
reported that statins are effective in the treatment and
prevention of TB (136, 173, 174). Decreased bacterial burden
was confirmed in peripheral blood mononuclear cells and
Frontiers in Immunology | www.frontiersin.org 1160
monocyte-derived macrophages from patients with familial
hypercholesterolemia during statin treatment compared to
healthy donors (136). Further, statin treatment reduced the
Mtb burden and histopathological severity in the lungs of Mtb-
infected mice (136). Lobato et al. evaluated the effects of two
statins (atorvastatin and simvastatin) alone and in combination
with RIF on M. leprae and Mtb in THP-1 macrophages (175).
Both statins showed bactericidal effects on intracellular
mycobacteria 72 h post-infection and synergism with RIF at a
concentration of 0.2 µM for reducing the viability of intracellular
Mtb (175). Skerry et al. investigated the bactericidal activity of
simvastatin alone and in combination with anti-TB drugs (RIF,
INH, and PZA) in macrophages and a mouse model and found
that the addition of 5 mM simvastatin significantly enhanced
the bacterial killing of INH in Mtb-infected J774 macrophages
(137). In contrast, the addition of 25 mg/kg simvastatin to the
standard TB treatment regimen significantly reduced the lung
bacterial burden in BALB/c mice (137). Similarly, Dutta et al.
found that the addition of simvastatin (60 mg/kg) to the TB
treatment regimen (INH/RIF/PZA) shortened the duration
required to attain culture-negative results from 4.5 to 3.5
months, i.e., shortened the treatment duration (138). Simvastatin
significantly improved the bactericidal activities of anti-TB drugs
against intracellular Mtb while having no effect on intracellular
RIF concentrations (138). The same research group further
showed that various statins, including pravastatin, simvastatin,
and Fluvastatin, improved the antimicrobial activity of INH,
RIF, and PZA in THP-1 cells and the C3HeB/FeJ mouse model
FIGURE 3 | Effect of adjunctive therapeutic agents of anti-TB drugs on host immunity. Various adjunctive drugs aid TB treatment by modulating the host immune
response. M. tuberculosis (Mtb) can accumulate cholesterol for use as a source of carbon and energy. Statins bind to the active site of HMG-CoA reductase,
thereby inhibiting cholesterol biosynthesis. In addition, statins induce autophagy and phagosome maturation to promote the removal of Mtb. Similarly, rapamycin
induces autophagy and phagosome–lysosome fusion to enhance the intracellular killing of Mtb. Metformin inhibits the mTOR complex via AMPK activation in the
mitochondria to promote autophagy. Metformin also inhibits ROS production, NFkB signaling, and type I interferon signaling. Similarly, N-acetyl-l-cysteine eliminates
the generated ROS and inhibits NFkB signaling. Suppression of pro-inflammatory immune response and type I interferon signaling lead to reduced
immunopathological severity that beneficial to the host.
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(140). Additionally, pravastatin induced phagosome–lysosome
fusion and macrophage activation observed in IFN-g- and
LPS-activated macrophages (140). Interestingly, Guerra-De-Blas
et al. demonstrated that simvastatin alone significantly reduced
bacterial load in Mtb-infected PBMCs via enhanced production of
natural killer T cells, upregulation of co-stimulatory molecules in
monocytes, increased the secretion of IL-1b and IL-12p70, and
promotion of apoptosis and autophagy in monocytes (139).

ROS Modulating Drugs
ROS and reactive nitrogen species (RNS) are critical host defense
mechanisms to eradicate pathogens during infection (176). The
ROS and RNS react with the phagosomes and efficiently
eliminate intracellular bacteria. However, excessive ROS
production may cause mitochondrial damage and cell
apoptosis, leading to severe immunopathologic outcomes
(177). Therefore, appropriately balanced cellular ROS levels are
critical for eliminating intracellular Mtb without causing a
detrimental effect in the host.

N-Acetyl-Cysteine (NAC)
Multiple studies have shown that reducing ROS accumulation in
the Mtb-infected host by NAC inhibited the Mtb growth and
reduced the immunopathological severity despite the
contradictory views on the Mtb killing ability of NAC (142, 143,
145, 148, 178–182) (Figure 3). Several studies have demonstrated
that NAC ameliorates aminoglycoside-induced ototoxicity (183–
185). Venketaraman et al. found that glutathione level was
significantly reduced in PBMCs and RBCs isolated from TB
patients (181). Further, reduced secretion of IL-10, IL-6, TNF-a,
and IL-1 was confirmed in blood cultures of TB patients after
NAC treatment (181). Similarly, Palanisamy et al. showed that
NAC treatment moderately increased blood glutathione level and
the serum antioxidant capacity in Mtb-infected guinea pigs,
reduced the bacterial burden in the spleen, and decreased the
immunopathological severity in the lungs and spleen of animals
(142). Subsequently, Guerra et al. demonstrated that increased
glutathione level due to NAC treatment inhibits the intracellular
growth of Mtb by causing an increase in the levels of IL-2, IL-12,
and IFN-g secreted by T cells (180). Furthermore, NAC attenuates
liver injury induced by anti-TB drugs by promoting free radical
scavenging and glutathione synthesis (141).

Similarly, Amaral et al. demonstrated that NAC inhibits the
growth of diverse pathogenic mycobacteria such as Mtb, M.
bovis, and M. avium (143). The mycobacterial loads in the lungs
of NAC-treated animals were significantly reduced compared to
that in the untreated animals in both wild type and gp91Phox-/-

macrophages, suggesting that the anti-TB activity of NAC is
independent of the host NADPH oxidase system (143).
Lamprecht et al. showed that NAC potentiates the bactericidal
activity of BDQ, Q203, and CFZ in an in vitromacrophage model
(179). They found that the addition of NAC significantly
improved bactericidal activity of the three anti-TB drugs,
leading to complete Mtb sterilization (179). In another study,
NAC treatment caused a 50% reduction in bacterial load (in
terms of CFU) in THP-1 macrophages and potentiated the
bactericidal effect of anti-TB drugs, such as INH, RIF, EMB, or
Frontiers in Immunology | www.frontiersin.org 1261
PZA (146). Moreover, NAC treatment can modulate TNF-a
levels to maintain granuloma structure without inducing
detrimental cell damage to the host (146). Similarly, Teskey
et al. showed that incubation of Mtb Erdman strain with NAC
significantly inhibited the bacterial growth, while incubation
with a combination of NAC and anti-TB drugs (INH, RIF, and
EMB) completely sterilized the Mtb culture (145). In addition,
NAC treatment significantly increased the IFN-g level while
decreasing that of TNF-a as well as significantly enhanced the
phagosome acidification in human granulomas, which indicates
improved intracellular killing (145). On the contrary, NAC alone
did not kill Mtb in macrophages, whereas INH and NAC
combined showed an improved bactericidal activity than INH
alone (178). However, Khameneh et al. demonstrated that the
combination of anti-TB drugs (RIF and INH) and vitamin C, but not
NAC, induced synergistic effects for bacterial killing (182). However,
there were a few inconsistencies in their results. For instance,
in the presence of 20 mg/mL RIF, treatment with 0.05 mg/mL
NAC showed 10% CFU, whereas treatment with 0.1 mg/mL NAC
showed 150% CFU compared to untreated controls (182). Recently,
Vilchèze et al. showed that NAC improves the sterilizing activity
of first and second-line anti-TB drugs in vitro against drug-
susceptible and drug-resistant Mtb strains (148). However, a
synergistic effect between NAC and anti-TB drugs was not
observed in Mtb-infected mice (148). Moreover, although NAC
initially inhibited Mtb growth, the NAC-induced growth
inhibition was not significant and was lost after the first week
of treatment (148). The major difference between the
controversial studies is the host species. The direct killing
effect of NAC was not seen in studies using in vivo or in vitro
mouse models. Similarly, clinical trials on the adjunct effect of
NAC on TB therapy in TB patients showed contradictory results
(144, 147). Mahakalkar et al. showed that NAC treatment
significantly shortened the duration of anti-TB therapy in TB
patients (144). On the contrary, a recent clinical trial in Brazil
demonstrated that NAC addition to a standard TB regimen did
not reduce the duration required to achieve a negative sputum
culture, nor did it reduce radiological severity in hospitalized
patients with severe TB and HIV co-infection (147) (Table 1).
However, these trials did not include a sufficiently large study
population. Therefore, a large-scale clinical study is needed to
determine the safety and efficacy of NAC treatment in TB.

Vitamin C
Vitamin C (VC) is an essential nutrient for humans that
possesses reducing and antioxidant abilities associated with its
ability to donate electrons (186). Several studies have investigated
the host beneficial or detrimental roles of VC in the pathogenesis
of TB (187–192). Vilchèze et al. demonstrated that VC kills drug-
susceptible and drug-resistant Mtb via Fenton reaction in a dose-
dependent manner in vitro, and 4 mM of VC completely
sterilized Mtb culture at three weeks after treatment (187). VC
is assumed to kill Mtb by increasing the intracellular ROS level,
and this process depends on the intracellular iron concentration
(187). The same research group also showed that a combination
of VC and anti-TB drugs sterilizes Mtb cultures faster than
monotherapy with anti-TB drugs (190). Further, Susanto et al.
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revealed that administration of VC improves the sputum
conversion culture rate in RIF-susceptible Mtb-infected
patients (189). On the contrary, Sikri et al. suggested that VC
induces Mtb dormancy leading to a viable but non-culturable
state (188). VC-treated Mtb showed antibiotic tolerance, thereby
exhibiting a higher survival rate than untreated Mtb culture in
the presence of anti-TB drugs (188). Similarly, Nandi et al.
demonstrated that VC induces the activation of multiple
transcriptional regulators for the temporal adaptation to VC,
leading to a dormancy response (191). In summary, VC sterilizes
Mtb culture by generating ROS via Fenton reaction and
promoting oxygen consumption, thus eradicating bacterial
persisters. However, several studies report that VC promotes
the generation of bacterial persisters in TB. Therefore, further
research is needed to elucidate the role of VC in the pathogenesis
of TB.

HO-1 Inhibitor
In section 3, we discussed that Mtb and bactericidal anti-TB
drugs cause mitochondrial dysfunction and oxidative damage in
host cells, consequently ROS-mediated apoptosis as well as
simultaneous activation of antioxidant mechanisms, such as
the Keap1-Nrf2 signaling pathway, that may interfere with the
removal of Mtb (88, 89) A major factor involved in this
mechanism is HO-1 (95, 192). However, the detailed role of
host HO-1 during the onset and pathogenesis of TB remains
controversial and has not been fully elucidated (95, 99, 192–195).
HO-1 exerts anti-inflammatory and cytoprotective effects,
although the underlying mechanisms are not fully understood
(196). Several studies have investigated the host beneficial or
detrimental roles of HO-1 during TB infection (95, 99, 192–195).
Andrade et al. showed that active TB patients show a negative
correlation between plasma levels of HO-1 and MMP-1 (95).
Notably, the TB patients with high plasma levels of HO-1 or
MMP-1 demonstrated unique clinical presentation and
inflammatory cytokine profiles (95). Moreover, a high HO-1
level was induced by the infection of virulent Mtb strain in
human or murine macrophages, and MMP-1 expression was
inhibited by CO by suppressing c-Jun/AP-1 signaling (95). Costa
and colleagues demonstrated that the administration of tin
protoporphyrin IX (SnPPIX), an HO-1 enzymatic inhibitor,
decreases pulmonary Mtb loads comparable to that
accomplished by anti-TB drug therapy as well as improves the
bactericidal activity of anti-TB drugs (RIF, INH, and PZA) (192).
Interestingly, host T cell immune response was needed to inhibit
HO-1 by SnPPIX, and SnPPIX failed to reduce bacterial growth
and activity of Mtb HO-1 enzyme in broth culture (192).
Rockwood et al. reported HO-1 upregulation in Mtb-infected
rabbits, mice, and non-human primates, and anti-TB therapy
reduced the HO-1 plasma levels (193). Similar upregulation
of HO-1 was observed in the plasma of untreated HIV-1
co-infected TB patients. In these patients, the plasma HO-1
levels positively and negatively correlated with the HIV-1 viral
load and CD4+ T cell count, respectively (193). Further, early
secreted antigen ESAT-6-mediated nuclear translocation of
transcription factor NRF-2 is required for Mtb-induced HO-1
expression (193). Recently, Costa et al. discovered that HO-1
Frontiers in Immunology | www.frontiersin.org 1362
inhibition improves IFN-g-induced NOS2-dependent bacterial
killing by murine macrophages (99). Additionally, HO-1
inhibition induced low intracellular non-protein bound iron in
Mtb-infected macrophages and reduced iron deposition in the
lungs of Mtb-infected mice (99). Taken together, HO-1
expression inhibits T cell-mediated IFN-g-induced NOS2-
dependent control of Mtb by producing free iron. Therefore,
inhibition of HO-1 expression potentiates the anti-TB therapy
and improves clinical outcomes.

Calcium Channel Blocker
Verapamil (VP) is a calcium channel blocker used for
hypertension treatment that also acts as an inhibitor of drug
efflux protein. Several studies have proposed that VP can
potentially improve the bactericidal activity of anti-TB drugs,
such as RIF, INH, EMB, BDQ, and CFZ (151, 197–199).
Machado et al. demonstrated that VP disrupts the heightened
antibiotic resistance induced by repetitive exposure to INH
(197). Similarly, Gupta et al. showed that VP potentiates the
bactericidal activity of BDQ in reference strain H37Rv and eight
clinical Mtb isolates (198). Similarly, Li et al. suggested that the
addition of VP improves RIF susceptibility in RIF-resistant Mtb
isolates (199). Chen et al. suggested that VP monotherapy kills
exponentially growing, stationary-phase, nutrient-starved, non-
replicating Mtb by disrupting membrane energetics without
affecting the physical integrity of the membrane (151). Further,
VP potentiates the bactericidal effects of BDQ and CFZ in vitro
and in a RIF mouse model without changing the intracellular
concentration of the drugs (151). Similarly, Xu et al.
demonstrated that VP potentiates the efficacy of BDQ and
CFZ against Mtb clinical isolates (152). However, VP increased
bioavailability and efficacy of BDQ but not CFZ in Mtb-infected
mice (152). Collectively, synergistic activity of VP in vivomay be
attributed to improved systemic exposure to co-treated drugs by
modulating mammalian transporters without inhibiting bacterial
efflux pumps (152). Thus, the combination of VP and anti-TB
drugs may be an effective therapy for TB.
Cytokines
Cytokines are small soluble proteins with multifaced aspects of
host protective and detrimental effects (200). Excessive TB-
induced inflammation interferes with normal lung function
and may increase the risk of TB relapse (201). Comprehensive
insight into host-pathogen interaction in TB would aid in
designing host-directed therapies to shorten antibiotic treatment
duration and relieve immunopathology. Immunotherapy with
several cytokines protects the host and boosts bacterial
clearance (Table 2).

IFN-g and IL-12
IL-12/IFN-g axis plays a critical role in host immune response for
controlling TB, and IFN-g is the key cytokine in the innate
immune response during Mtb infection (219). IFN-g is
responsible for enhancing bactericidal activity through the
upregulation of ROS, RNI, and autophagy (155, 228, 229). IFN-
g reverses the blockade of phagosome–lysosome fusion caused
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by Mtb (230). Moreover, IFN-g stimulates the production of IL-12
in Mtb-infected macrophages, while IL-12 stimulates the
production of IFN-g by T cells and NK cells, thus activating
macrophages that lead to intracellular bacterial killing (231).
Dawson et al. reported a significant increase in CD4+
Frontiers in Immunology | www.frontiersin.org 1463
lymphocyte response and significantly reduced Mtb load in the
sputum of the recombinant IFN-g1b-treated group (207). Mata-
Espinosa et al. demonstrated that exogenous administration of
IFN-g reduces bacterial loads and tissue damage in the lungs of
Mtb-infected mice (208). Along similar lines, Khan et al. showed
TABLE 2 | Effect of cytokines on host immunity in TB.

Cytokine Role in TB Model Therapeutic effect or outcome References

GM-CSF Restriction of Mtb burden
Lymphocyte recruitment
Formation of normal granulomas

Mouse
(C57BL/6)

Prevented weight loss and enhanced pulmonary Mtb clearance (202)

Mouse
(BALB/c)

Exogenous administration GM-CSF induced significant reduction of
pulmonary bacterial loads

(203)

Mouse
(BALB/c)

Exogenous administration GM-CSF induced significant reduction of
pulmonary bacterial loads and pneumonic area

(204)

Mouse
(C57BL/6)

GM-CSF neutralization reduces acute lung inflammation and neutrophil
recruitment

(205)

Mouse
(C57BL/6)

GM-CSF neutralization induces increased pathological lesion, necrosis,
inflammation, and pulmonary Mtb burden

(206)

IFN-g Mediator of macrophage activation Randomized
clinical trial

Increased rate of Mtb clearance
Significant reduction of prevalence of clinical symptoms such as fever,
sneeze, and night sweats

(207)

Mouse
(BALB/c)

Exogenous administration of IFN-g reduced bacterial loads and tissue
damage in the lung

(208)

Macrophage
(MDM)

Pretreatment of IFN-g impaired immune response of MDM from MDR-TB
patients

(209)

Type I
interferons (IFN-
a/IFN-b)

Suppression of pro-inflammatory
cytokines and Th1 responses

Mouse
(C57BL/6)

Overexpression of type I interferons induced increased pulmonary Mtb loads (210)

Mouse
(C57BL/6)

Ifnar-/-/Ifngr-/- mice showed decreased survival rate and increased Mtb loads
in the lung

(211)

Mouse
(C57BL/6)

Ifnar-/- mice showed similar Mtb loads in the lung (206)

Mouse
(129S2)

Suppression of type I IFN signaling significantly enhanced the bactericidal
activity of RIF which leading to reduced bacterial loads and improved survival

(212)

Mouse
(C57BL/6)

Il1r1-/- mice showed decreased survival rate and increased pulmonary Mtb
loads

(213)

TNF-a Macrophage activation, critical for
granuloma formation and maintenance

Analysis of
reports

Infliximab therapy induced the reactivation of latent tuberculosis (214)

Mouse
(B6D2F1)

Exogenous administration of TNF-a induced significant reduction of bacterial
load and pneumonic area

(215)

3D cell
culture
model

TNF-a neutralization reverses augmented Mtb growth caused by anti-PD-1
treatment

(216)

In vitro
granuloma
model

TNF-a antagonists induced resuscitation of dormant Mtb (217)

IL-2 Promotes the expansion of the antigen-
specific T cells

Clinical trials Exogenous administration of IL-2 reduced bacterial loads in sputum (218)
Mouse
(C57BL/6)

Exogenous administration of IL-2 restored T cell dysfunction induced by
persistent Mtb infection

(219)

IL-12 Proliferation and activation of T
lymphocytes, NK cells, and NKT cells

Mouse
(C57BL/6)

IL-12 improved survival and reduced bacterial loads of Mtb-infected CD4-/-

mice
(220)

Mouse
(BALB/c)

IL-12 reduced bacterial loads and immunopathological severity (221)

IL-22 Production of inflammatory mediators
and recruitment of pathologic effector
cells

Mouse
(C57BL/6)

Il22-/- mice showed increased bacterial loads in the lung and spleen (222)

Macrophage
(MDM)

Exogenous administration of IL-22 induced significant reduction of
intracellular growth of Mtb

(223)

IL-17 Affect neutrophil homeostasis and
survival

Mouse
(C57BL/6)

Il17-/- mice showed increased lung bacterial burden compared to wild type (224)

IL-23 Induces the IFN-g and IL-17 response in
the lung and enhances host protection

Mouse
(C57BL/6)

Il23-/- mice showed moderately enhanced immunopathological response in
the lung

(225)

Mouse
(C57BL/6)

Exogenous administration of IL-23 significantly reduced the pulmonary Mtb
loads, and the lung inflammation levels

(226)

IL-24 Induces IFN-g production by CD8+ T
cells

Mouse
(BALB/c)

Exogenous administration of IL-24 significantly reduced the Mtb loads in the
lung and spleen. Also, survival was improved in IL-24 treated group

(227)
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that treatment with exogenous IFN-g restored defective immune
response of MDMs isolated from MDR-TB patients (209).
Exogenous administration of IL-12 improved survival and
reduced the bacterial loads of Mtb-infected CD4-/- mice (220).
Similarly, treatment with recombinant adenovirus encoding
IL-12 (AdIL‐12) significantly reduced the bacterial loads in a
progressive pulmonary TB mouse model (221). AdIL-12-treated
mice showed significantly higher levels of IFN-g, TNF-a, and
iNOS compared with the untreated group. In addition, AdIL-
12-treated mice showed less severe pathological legions than the
untreated mice (221).
TNF-a
TNF-a plays an important role in controlling TB in both the
initial and late stages (232). TNF-a activates macrophages and
contributes to the formation and maintenance of granulomas to
suppress the dissemination of Mtb; however, it also induces
tissue damage due to the excessive immune responses (233).
Keane et al. demonstrated that treatment with TNF-a inhibitor
induces the reactivation of latent TB (234). Similarly, treatment
with several TNF-a antagonists differentially induced resuscitation
of dormant Mtb in a 3D microgranuloma model (214).
Adalimumab, a TNF-a antagonist, showed a greater resuscitation
rate than etanercept through the TGF-b1-dependent pathway (214).
Furthermore, exogenous administration of TNF-a significantly
decreased the bacterial load and pneumonic area in Mtb-infected
mice (217). In contrast, Tereza et al. demonstrated that excessive
TNF-a secretion via PD-1 inhibition facilitated Mtb growth in a
micro granuloma model (215).
IL-24
IL-24 plays an immune-regulatory role to induce Th1 cytokines,
such as IFN-g, IL-6, and TNF-a, during TB infection (216).
Upregulated IL-24 expression was observed in BCG-vaccinated
newborns, suggesting the host protective role of IL-24 during TB
infection (235). Wu et al. demonstrated that administration of
exogenous IL-24 induces IFN-g upregulation, whereas IL-24
neutralization causes IFN-g downregulation (216). Similarly,
IL-24 stimulation results in the upregulation of IFN-g-inducing
cytokines, such as IL-12, IL-23, and IL-27 (216). Furthermore,
Ma et al. demonstrated that administration of IL-24 induced
IFN-g production and activated CD8+ T cells in mice, indicating
its host protective effect in TB (227). Huang et al. found that
IL-24 family cytokines, such as IL-19, IL-20, and IL-22, are
elevated in BCG-vaccinated non-human primates as well (236).
Treatment with exogenous IL-24 significantly increased the
survival rate and significantly reduced the bacterial burden
compared to the control group (Table 2).
IL-2
IL-2 plays a critical regulatory role during T cell differentiation
via induction of the transcription factor eomesodermin and
perforin (237). During chronic viral infection, the production
of memory T cells and memory T cell-associated molecules, such
as CD127 and CD44, was observed after stimulation with
Frontiers in Immunology | www.frontiersin.org 1564
low-dose IL-2 (238). IL-2 administration is proven to exert
host protective effects in TB infection; it reduced or cleared
bacterial burden and increased the number of CD25+ and CD56+

cells (239). A similar protective effect of exogenous IL-2 was
reported by Shen et al., who showed that the IL-2-treated group
showed decreased sputum smear-positive rates, whereas the
control group showed increased sputum smear-positive rates
(218). The IL-2-treated group also demonstrated less severe
legions than the control group during TB treatment (218). Liu
et al. showed that persistent stimulation with Mtb antigen
induces disrupted cytokine production by T cells, and IL-2
restores the T cell dysfunction (219). Their findings suggested
that administration of exogenous IL-2 leads to maintenance of
immune homeostasis in the bone marrow and reactivation of the
disrupted hematopoiesis by persistent Mtb infection (219).
Granulocyte-Macrophage Colony-Stimulating
Factor (GM-CSF)
Previous studies showed that GM-CSF exerts a host protective
role during TB infection (202–205, 240–242). It mediates the
formation of granuloma and promotes bacterial clearance in the
host (241), and induces classical activation of macrophage to M1
polarization state (242).

Treatment with recombinant adenoviruses encoding GM-CSF
significantly reduced the bacterial burden in the lungs, increased
the number of activated DCs, and elevated the levels of TNF-a,
IFN-g, and iNOS (203). The same group further demonstrated
that exogenous administration of GM-CSF significantly reduced
the pulmonary Mtb loads and pneumonic area in Mtb-infected
mice (202). Similarly, Pasula et al. demonstrated that exogenous
keratinocyte growth factor administration protects against Mtb
infection through GM-CSF-dependent macrophage activation and
phagosome–lysosome fusion (204). Moreover, neutralization of
GM-CSF induced higher bacterial burden and increased
immunopathologic severity with necrotic granulomatous lesions
during INH/RIF treatment in TNF-a-deficient mice (205).
Furthermore, GM-CSF blocking by monoclonal antibody
enhanced host susceptibility and immunopathological severity in
Mtb-infected mice (206). Moreover, the absence of GM-CSF
signaling results in type I IFN-induced neutrophil extracellular
trap formation that aggravates lung mycobacterial burden and
lung pathology (206). In addition, neutrophil extracellular traps
were abundant in the lung lesions of Mtb-infected C3HeB/FeJ
mice and TB patients who showed impaired response to anti-TB
therapy (206).
Type I IFNs
Type I IFNs include IFN-a, IFN-b, and several other IFNs that
interact with IFNAR1 and IFNAR2 to activate a range of IFN-
stimulated genes via STAT1 and STAT2 signaling (243, 244).
Type I IFNs play a complex role in mediating beneficial and
detrimental effects in the host during TB infection (244). Whole
blood transcriptional profiling of active TB patients revealed that
upregulation of type I IFN-ab-inducible transcripts correlated
with radiographic severity of the lungs that was restored to the
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level of healthy controls after anti-TB therapy (245). Recent
studies have demonstrated that type I IFN-inducible blood
transcriptional signature, including upregulation of STAT1,
IFITs, GBPs, MX1, OAS1, and IRF1, was associated with active
TB disease (246–248).

Antonelli et al. demonstrated that overexpression of type I
IFNs increased pulmonary bacterial loads and extensively
distributed necrotic legions in the poly-l-lysine and
carboxymethylcellulose (poly-ICLC)-treated Mtb-infected mice
(210). Further, a significant increase of CD11b+F4/80+Gr1int
cells that showed diminished MHC II expression was confirmed
in their lungs (210). Similarly, Mayer-Barber et al. showed IL-1-
dependent host protection by producing eicosanoids that
suppress immoderate type I IFN production and control
bacterial loads (213). The Il1r1-/- mice showed a significantly
decreased survival rate and increased bacterial loads in the lungs
compared with the wild type mice (213) (Table 2). Similarly,
induction of type I IFN due to loss of GM-CSF signaling or
genetic susceptibility facilitated Mtb growth and increased
disease severity (206). Interestingly, the same group
demonstrated host protective effect of type I IFN in the lungs
of Mtb-infected mice lacking IFN-g signaling; the pulmonary
bacterial loads were significantly higher in the Ifnar-/-/Ifngr-/-

mice compared with that in the Ifngr−/− and Ifnar−/− mice on
post-infection days 24 and 28 (211). Recently, Zhang et al.
demonstrated a correlation between type I IFN signaling and
cell death of Mtb-infected mouse macrophage (212). Further,
suppression of type I IFN signaling significantly enhanced the
bactericidal activity of RIF in Mtb-infected mice, leading to
reduced bacterial loads and improved survival (212).
Collectively, these results provide strong evidence that
modulation of type I IFN signaling determines the disease
severity and susceptibility of immunopathologic lesions in TB.

Th17 Cytokines
Th17 cytokines secreted by Th17 and Th22 cells may play a
regulatory role in the immune response during Mtb infection
(249). Th17 cytokines play a protective role in Mtb infection but
are also involved in pathology due to excessive immune response
(250). IL-22 promotes the production of inflammatory mediators
and the recruitment of pathologic effector cells in TB (250). IL-22
also promotes tissue repair and healing in lung epithelial cells
(251). Treerat et al. demonstrated a significantly increased
bacterial burden in the lungs and spleen of Il22-/- mice (222).
Similarly, exogenous administration of IL-22 significantly
inhibited intracellular Mtb growth by inducing calgranulin A
expression (223). Modulation of Th17 responses is essential to
p romot e an t i -TB immun i t y and b l o ck immens e
immunopathology, leading to a detrimental effect on the host
(Table 2). Gopal et al. showed that Il17-/- mice demonstrate
increased lung bacterial burden compared to that in wild type
mice; however, IL-17 overexpression improved the resistance to
TB in Mtb-infected Il17−/− mice (224). IL-23 induces the
production of IFN-g and IL-17 response that promotes anti-TB
immunity. Khader et al. observed increased immunopathological
severity in the lungs of Il23-/- mice (225). The exogenous
administration of IL-23 induced significant reduction of the
Frontiers in Immunology | www.frontiersin.org 1665
pulmonary Mtb loads and the immunopathological severity in
a mouse model via enhanced local T cell immunity (226). Taken
together, appropriate modulation of Th-17 cytokines is critical to
control TB with minimal detrimental effects to the host.
CONCLUSION AND FUTURE
PERSPECTIVE

Understanding bacterial adaptation to host-mediated stress
contributing to antibiotic tolerance is a critical factor in
improving disease outcomes and shortening treatment
duration. In addition to eliminating the pathogen, effective TB
therapy should relieve the associated clinical symptoms by
controlling immune-mediated inflammatory responses and
minimize damage to the host, thereby minimizing the sequelae.
Within the host, Mtb undergoes metabolic reprogramming by
drugs or host-mediated stress, resulting in a drug-tolerant state
across drug classes. Representative examples of metabolic
reprogramming include metabolic stagnation, activation of
metabolic bypass, accumulation of triacylglycerol, biofilm
formation, and stringent response. The host metabolism is
modulated by Mtb infection or the anti-TB drugs, leading to
the critical point that determines the treatment success.
Therefore, if the host metabolism can be regulated to induce a
host-favorable state, the treatment period can be drastically
reduced, and side effects can be minimized, dramatically
improving clinical outcomes.
AUTHOR CONTRIBUTIONS

H-EP, WL, M-KS, and SS wrote the manuscript. M-KS and SS
conceived the study, supervised the team, and critically revised
the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant (NRF-2019R1A2C2003204 and NRF-
2021R1C1C2012177) and the Bio & Medical Technology
Development Program of NRF (NRF-2020M3A9H5104234)
funded by the Korean Government (MSIT), Republic of Korea.
The funders had no role in study design, data collection and
analysis, decision to publish, or manuscript preparation.
ACKNOWLEDGMENTS

The authors thank MID (Medical Illustration & Design), a part
of the Medical Research Support Services of Yonsei University
College of Medicine, for all artistic support related to this work.
June 2021 | Volume 12 | Article 703060

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Park et al. Immunological Enhancement of Anti-TB Drugs
REFERENCES
1. Floyd K, Glaziou P, Zumla A, Raviglione M. The Global Tuberculosis

Epidemic and Progress in Care, Prevention, and Research: An Overview in
Year 3 of the End TB Era. Lancet Respir Med (2018) 6(4):299–314. doi:
10.1016/S2213-2600(18)30057-2

2. World Health Organization. Global Tuberculosis Report 2020. Geneva:
World Health Organization (2020).

3. Goossens SN, Sampson SL, van Rie A. Mechanisms of Drug-Induced
Tolerance in Mycobacterium tuberculosis. Clin Microbiol Rev (2021) 34(1):
e00141–20. doi: 10.1128/CMR.00141-20

4. Nasiri MJ, Haeili M, Ghazi M, Goudarzi H, Pormohammad A, Fooladi AAI,
et al. New Insights in to the Intrinsic and Acquired Drug Resistance
Mechanisms in Mycobacteria. Front Microbiol (2017) 8:681. doi: 10.3389/
fmicb.2017.00681

5. Mandal S, Njikan S, Kumar A, Early JV, Parish T. The Relevance of
Persisters in Tuberculosis Drug Discovery. Microbiology (United
Kingdom) (2019) 165(5):492–9. doi: 10.1099/mic.0.000760

6. Zhang Y, YewWW, Barer MR. Targeting Persisters for Tuberculosis Control.
Antimicrob Agents Chemother (2012) 56(5):2223–30. doi: 10.1128/AAC.
06288-11

7. Fauvart M, de Groote VN, Michiels J. Role of Persister Cells in Chronic
Infections: Clinical Relevance and Perspectives on Anti-Persister Therapies.
J Med Microbiol (2011) 60(Pt 6):699–709. doi: 10.1099/jmm.0.030932-0

8. Keren I, Minami S, Rubin E, Lewis K. Characterization and Transcriptome
Analysis of Mycobacterium tuberculosis Persisters. mBio (2011) 2(3):
e00100–11. doi: 10.1128/mBio.00100-11

9. Sebastian J, Swaminath S, Nair RR, Jakkala K, Pradhan A, Ajitkumar P. De
Novo Emergence of Genetically Resistant Mutants of Mycobacterium
tuberculosis From the Persistence Phase Cells Formed Against
Antituberculosis Drugs In Vitro. Antimicrob Agents Chemother (2017) 61
(2):e01343–16. doi: 10.1128/AAC.01343-16

10. Sebastian J, Swaminath S, Ajitkumar P. Reduced Permeability to Rifampicin
by Capsular Thickening as a Mechanism of Antibiotic Persistence in
Mycobacterium tuberculosis. bioRxiv (2019). doi: 10.1101/624569

11. Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI,
et al. Definitions and Guidelines for Research on Antibiotic Persistence. Nat
Rev Microbiol (2019) 17(7):441–8. doi: 10.1038/s41579-019-0196-3

12. Brauner A, Fridman O, Gefen O, Balaban NQ. Distinguishing Between
Resistance, Tolerance and Persistence to Antibiotic Treatment. Nat Rev
Microbiol (2016) 14(5):320–30. doi: 10.1038/nrmicro.2016.34

13. Levin-Reisman I, Brauner A, Ronin I, Balaban NQ. Epistasis Between
Antibiotic Tolerance, Persistence, and Resistance Mutations. Proc Natl
Acad Sci USA (2019) 116(29):14734–9. doi: 10.1073/pnas.1906169116

14. Ma D, Mandell JB, Donegan NP, Cheung AL, Ma W, Rothenberger S, et al.
The Toxin-Antitoxin mazEF Drives Staphylococcus Aureus Biofilm
Formation, Antibiotic Tolerance, and Chronic Infection. mBio (2019) 10
(6):e01658–19. doi: 10.1128/mBio.01658-19

15. Rowe SE, Wagner NJ, Li L, Beam JE, Wilkinson AD, Radlinski LC, et al.
Reactive Oxygen Species Induce Antibiotic Tolerance During Systemic
Staphylococcus Aureus Infection. Nat Microbiol (2020) 5(2):282–90. doi:
10.1038/s41564-020-0679-z

16. Matern WM, Rifat D, Bader JS, Karakousis PC. Gene Enrichment Analysis
Reveals Major Regulators ofMycobacterium tuberculosis Gene Expression in
Two Models of Antibiotic Tolerance. Front Microbiol (2018) 9:610. doi:
10.3389/fmicb.2018.00610

17. Secor PR, Michaels LA, Ratjen A, Jennings LK, Singh PK. Entropically
Driven Aggregation of Bacteria by Host Polymers Promotes Antibiotic
Tolerance in Pseudomonas Aeruginosa. Proc Natl Acad Sci USA (2018)
115(42):10780–5. doi: 10.1073/pnas.1806005115

18. Meylan S, Andrews IW, Collins JJ. Targeting Antibiotic Tolerance,
Pathogen by Pathogen. Cell (2018) 172(6):1228–38. doi: 10.1016/j.cell.
2018.01.037

19. Vega NM, Allison KR, Khalil AS, Collins JJ. Signaling-Mediated Bacterial
Persister Formation. Nat Chem Biol (2012) 8(5):431–3. doi: 10.1038/
nchembio.915

20. Helaine S, Cheverton AM, Watson KG, Faure LM, Matthews SA, Holden
DW. Internalization of Salmonella by Macrophages Induces Formation of
Frontiers in Immunology | www.frontiersin.org 1766
Nonreplicating Persisters. Science (2014) 343(6167):204–8. doi: 10.1126/
science.1244705

21. Kaiser P, Regoes RR, Dolowschiak T, Wotzka SY, Lengefeld J, Slack E, et al.
Cecum Lymph Node Dendritic Cells Harbor Slow-Growing Bacteria
Phenotypically Tolerant to Antibiotic Treatment. PloS Biol (2014) 12(2):
e1001793. doi: 10.1371/journal.pbio.1001793

22. Manina G, Dhar N, McKinney JD. Stress and Host Immunity Amplify
Mycobacterium tuberculosis Phenotypic Heterogeneity and Induce
Nongrowing Metabolically Active Forms. Cell Host Microbe (2015) 17
(1):32–46. doi: 10.1016/j.chom.2014.11.016

23. Mouton JM, Helaine S, Holden DW, Sampson SL. Elucidating Population-
Wide Mycobacterial Replication Dynamics at the Single-Cell Level.
Microbiology (United Kingdom) (2016) 162(6):966–78. doi: 10.1099/
mic.0.000288

24. BrownDR. Nitrogen Starvation Induces Persister Cell Formation in Escherichia
Coli. J Bacteriol (2019) 201(3):e00622–18. doi: 10.1128/JB.00622-18

25. Schnappinger D, Ehrt S, Voskuil MI, Liu Y, Mangan JA, Monahan IM, et al.
Transcriptional Adaptation of Mycobacterium tuberculosis Within
Macrophages: Insights Into the Phagosomal Environment. J Exp Med
(2003) 198(5):693–704. doi: 10.1084/jem.20030846

26. Flentie K, Garner AL, Stallings CL.Mycobacterium tuberculosis Transcription
Machinery: Ready to Respond to Host Attacks. J Bacteriol (2016) 198
(9):1360–73. doi: 10.1128/JB.00935-15

27. Parish T. Two-Component Regulatory Systems of Mycobacteria. Microbiol
Spectr (2014) 2(1):MGM2-0010-2013. doi: 10.1128/microbiolspec.MGM2-
0010-2013

28. Beceiro A, Tomas M, Bou G. Antimicrobial Resistance and Virulence: A
Successful or Deleterious Association in the Bacterial World? Clin Microbiol
Rev (2013) 26(2):185–230. doi: 10.1128/CMR.00059-12

29. Galagan JE, Minch K, Peterson M, Lyubetskaya A, Azizi E, Sweet L, et al. The
Mycobacterium tuberculosis Regulatory Network and Hypoxia. Nature
(2013) 499(7457):178–83. doi: 10.1038/nature12337

30. Walters SB, Dubnau E, Kolesnikova I, Laval F, Daffe M, Smith I. The
Mycobacterium tuberculosis PhoPR Two-Component System Regulates
Genes Essential for Virulence and Complex Lipid Biosynthesis. Mol
Microbiol (2006) 60(2):312–30. doi: 10.1111/j.1365-2958.2006.05102.x

31. Asensio JG, Maia C, Ferrer NL, Barilone N, Laval F, Soto CY, et al. The
Virulence-Associated Two-Component PhoP-PhoR System Controls the
Biosynthesis of Polyketide-Derived Lipids in Mycobacterium tuberculosis.
J Biol Chem (2006) 281(3):1313–6. doi: 10.1074/jbc.C500388200

32. Martin C, Williams A, Hernandez-Pando R, Cardona PJ, Gormley E, Bordat
Y, et al. The Live Mycobacterium tuberculosis Phop Mutant Strain Is More
Attenuated Than BCG and Confers Protective Immunity Against
Tuberculosis in Mice and Guinea Pigs. Vaccine (2006) 24(17):3408–19.
doi: 10.1016/j.vaccine.2006.03.017

33. Cimino M, Thomas C, Namouchi A, Dubrac S, Gicquel B, Gopaul DN.
Identification of DNA Binding Motifs of the Mycobacterium tuberculosis
Phop/Phor Two-Component Signal Transduction System. PloS One (2012) 7
(8):e42876. doi: 10.1371/journal.pone.0042876
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Mycobacterium tuberculosis (Mtb), the pathological agent that causes tuberculosis (TB) is
the number one infectious killer worldwide with one fourth of the world’s population
currently infected. Data indicate that g9d2 T cells secrete Granzyme A (GzmA) in the
extracellular space triggering the infected monocyte to inhibit growth of intracellular
mycobacteria. Accordingly, deletion of GZMA from g9d2 T cells reverses their inhibitory
capacity. Through mechanistic studies, GzmA’s action was investigated in monocytes
from human PBMCs. The use of recombinant human GzmA expressed in a mammalian
system induced inhibition of intracellular mycobacteria to the same degree as previous
human native protein findings. Our data indicate that: 1) GzmA is internalized within
mycobacteria-infected cells, suggesting that GzmA uptake could prevent infection and 2)
that the active site is not required to inhibit intracellular replication. Global proteomic
analysis demonstrated that the ER stress response and ATP producing proteins were
upregulated after GzmA treatment, and these proteins abundancies were confirmed by
examining their expression in an independent set of patient samples. Our data suggest
that immunotherapeutic host interventions of these pathways may contribute to better
control of the current TB epidemic.

Keywords: Granzyme A, Mycobacterium tuberculosis, BCG, ER stress response, ATP production, 2D-DIGE, human
monocyte, GZMA
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Rasi et al. Granzyme A Protects Monocytes From Mycobacteria
INTRODUCTION

Mycobacterium tuberculosis (Mtb), the etiological agent that
causes tuberculosis (TB), is the number one infectious killer
worldwide causing 1.4 million deaths in 2019 alone (1). In recent
years, there has been an increase in the number of multidrug
resistant (MDR), as well as extensively drug resistant (XDR) TB
cases, highlighting the urgent need to develop new therapeutics
to eradicate this disease. While several clinical trials have
evaluated host-directed therapies for TB (2), current treatment
regimens only target antimicrobial pathways, which engenders
antimicrobial resistance to emerge.

Despite WHO eradication efforts, the only licensed TB
vaccine is the Bacillus Calmette–Guerin (BCG), which is an
attenuated strain of Mycobacterium bovis that causes disease in
cattle. While the BCG vaccine protects children from acute
meningitis and miliary TB, it is less protective against adult
pulmonary disease and aerosol transmission. Therefore, new
strategies must be employed, including novel immunotherapies
that trigger host responses capable of inhibiting mycobacterial
growth in vivo.

Our lab has previously shown that g9d2 T cells develop a
memory response after BCG vaccination (3), potently inhibit the
intracellular replication of mycobacteria (4), and produce
Granzyme A (GzmA), a key mediator for this inhibition (5).
Since mice lack g9d2 T cells specifically, studies are underway in
non-human primates (NHP) to evaluate the protective role of
g9d2 T cells in vivo. Further, data indicate that Mtb-derived 6-O-
methylglucose–containing lipopolysaccharides (mGLP) induces
potent g9d2 T cell-expansion, higher frequencies of g9d2 T cells
producing GzmA, and mycobacterial inhibition (6). Preliminary
data suggest that rhesus macaques vaccinated with mGLP have
lower bacterial load at the site of inoculation, no dissemination to
other lung lobes, and lower pathological disease burden than
controls (manuscript in preparation). Thus, g9d2 T cells are an
attractive target for novel TB vaccine design and GzmA-
mediated mechanism of inhibition requires more investigation.

GzmA is a serine protease released from secretory granules by
activated NK cells and T cells. Recently, GzmA has been shown
to induce a pro-inflammatory profile in monocytes and
macrophages (7–11). Our group has previously shown that
g9d2 T cells secrete GzmA upon contact with mycobacteria-
infected macrophages and importantly concentrations of GzmA
correlate with mycobacterial inhibition. Accordingly, GZMA
gene knockdown in g9d2 T cell clones reversed this inhibitory
activity whereas native human GzmA added exogenously to
infected macrophages leads to inhibition of intracellular
mycobacterial growth (5). Transcriptional analyses have failed
to uncover the pathways responsible for mycobacterial growth
inhibition. However, due to the protease activity harbored by this
family of enzymes, GzmA-mediated control of intracellular
mycobacterial was postulated to occur at the protein level.

Global proteomics experiments were performed to elucidate
how GzmA activates monocytes to kill intracellular
mycobacteria. We report here that GzmA added to BCG-
infected monocytes activates the ER stress response and ATP
producing proteins and leads to intracellular inhibition of
Frontiers in Immunology | www.frontiersin.org 274
mycobacteria. Site-directed mutagenesis demonstrates that
enzymatic activity is not necessary to mediate mycobacterial
growth inhibition. Since GzmA is internalized in infected cells,
we speculate that key features within the protein structure
activate target cells to induce the ER stress response and ATP-
producing proteins to control mycobacteria infection.
MATERIALS AND METHODS

Human Samples
Healthy adult volunteers were recruited according to protocols
approved by the Saint Louis University Institutional Review
Board #26646 and #26645. Written consent from the
volunteers was obtained according to the principles expressed
in the Declaration of Helsinki. Ficoll-Paque (GE Healthcare,
Piscataway, NJ) was used to obtain PBMC from leukapheresed
samples. Adherent monocytes were isolated by plastic adherence
as previously described (12).

Preparation of Mycobacteria Infection
Connaught strain BCG was grown to mid-logarithmic phase in
Middlebrook 7H9 media supplemented with 10% albumin,
dextrose, catalase (ADC; Cat # 211887 BD Diagnostics,
Franklin Lakes, NJ) + 0.05% Tween-80. Stocks were aliquoted
in media without Tween -80 and frozen at -80°C. The
concentration of the bacterial stock was determined after
thawing by CFU plating performed in triplicate. Thawed
aliquots were sonicated to generate single-cell suspensions
before dilution and infection of monocytes.

Mycobacterial Growth Inhibition
Assay (MGIA)
The assay was performed as previously published with slight
modifications (12). Briefly, thawed PBMC were plated on
round-bottom 96-well plates in RPMI-1640 (Gibco Cat #11875,
Thermofisher, Wantham, MA) supplemented with 10% Human
AB serum (Sigma, St. Louis, MO) and 1% L-glutamine (Sigma, St.
Louis, MO) (without antibiotics); complete media is termed R+2.
After 2 h, cells were gently washed with warmed R+2 media
at 37°C to remove non-adherent cells. The monocytes
(mostly CD14+) attached to the plate were then infected with
Connaught BCG (Multiplicity of Infection=3) and treated with
200 nM Granzyme A (GzmA). After 1 h, cells were gently washed
with R+2 media three times to remove extracellular BCG and
resuspended in R+2 media containing 200 nM GzmA. After 72 h
co-culture, cells were lysed 0.2% saponin (Cat # S7900, Sigma, St.
Louis, MO) solution in RPMI-1640, and the reaction quenched
after 2 h with 100 µL 7H9+ADC containing 1 µCi 5,6-3H-uridine.
After 72 h, plates were harvested onto glass fiber filter papers
(filtermats). Filtermats received Illumina Gold F scintillation fluid
(Cat # 6013321, PerkinElmer, Waltham, MA) and were imaged
using a MicroBeta2 liquid scintillation counter (PerkinElmer,
Waltham, MA) measuring Disintegration Per Minute (DPM).
The % inhibition was calculated as: 100 – 100 x (DPM from
August 2021 | Volume 12 | Article 712678
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wells treated with GzmA and infected with BCG/DPM from wells
infected with BCG).

GzmA Purification
Native GzmA was purchased from TheraTest (Lombard, IL),
which utilized previously published techniques (13).
Recombinant GzmA was purified after transient transfection of
HEK293T cells (ATCC® CRL11268TM; ATCC, Manassas, VA)
with GZMA encoded within the pHL-sec plasmid (14). Dr.
Walch kindly provided the plasmids that were then amplified
in endotoxin-free Giga-kits (Qiagen, Germany). GzmA-S195A
was obtained by submitting GzmA-WT pHL-sec plasmid to
Genewiz (South Plainfield, NJ), which performed site directed
mutagenesis at position 212 (195 using tryptase numbering) and
substituted Ala to Ser. Genewiz also verified successful
mutagenesis and released report. For RhGzmA-WT and Rh-
GzmA-S195A purification, HEK293T cells were incubated at
37°C for 7-11 h with plasmid in FBS-containing DMEM media
using Lipofectamine 3000 [instead of Calcium Phosphate
transfection as in (14)]) and following the recommended
concentrations (Cat # L3000008, Thermofisher, Waltham,
MA). Supernatant-containing GzmA was then harvested 72-
96 h after transfection [improved method by not switching to
serum-free media compared to (14)]. The purification protocol
was modified to maintain buffers in either isotonic or hypertonic
solution, as protein precipitation occurred in hypotonic buffers.
Purification of supernatant was performed at 4°C first using Ni-
IMAC column (Cat # 17531806, GE Healthcare, Chicago, IL),
activation of GzmA after enterokinase (Cat # SRP3032, Sigma, St.
Louis, MO) treatment at room temperature (RT), and final
MonoS column (Cat # 17516801, GE Healthcare, Chicago, IL)
purification at 4°C. All steps were completed with single-use plastic
bottles and endotoxin-free reagents and the final protein was run
over an Endotrap column (Lionex Gmbh, Germany) to remove any
residual endotoxin contamination. Homodimerization was verified
by non-reducing SDS gel electrophoresis, and protein was verified
by western blot with a GzmA 1:500 antibody (R&D, Clone
#356422) and further, by the lack of interaction with Granzyme K
1:100 antibody (Cat # SAB2103935, Sigma, MO). WT and GzmA-
S195A were tested using MALDI-TOF, which confirmed protein
purification as well as site-directed mutagenesis (data not shown).
Protein was stored at -80°C in 10 µL aliquots and thawed and
diluted the day of the experiment.

BLT Esterase Assay
The substrate Z-L-Lys-SBzl hydrochloride (Sigma, St. Louis,
MO) was added at different concentrations (19.5-2,500 µM to
measure Vmax and Km, and 2,500 µM for GzmA-S195A
experiments) and diluted in assay buffer (50 mM Tris, 154
mM NaCl, pH 7.5) in presence of 0.55 M (5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB) (Sigma, St. Louis, MO)
chromophore. 120 pM of protein was added per well and
substrate hydrolysis was quantified by measuring the
absorbance at 405 nm using an SLT Rainbow plate reader
(Tecan, Männedorf, Switzerland). Esterolytic activity was
reported as rate of hydrolysis using extinction coefficient of
13,100 M-1cm-1 for the 3-carboxy-4-nitrophenoxide ion.
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Specific activity measured as nM product/min/nM of
enzyme present.

DCI Experiments
150 µM of 3,4-dichloroisocoumarin (DCI) (Cat# D7910, Sigma,
St. Louis, MO) was incubated with GzmA (7.5 µM) for 30 min at
RT. DCI-treated GzmA was then dialyzed against 50 mM Hepes,
150 mM NaCl, pH 7.4, and its inactivation was confirmed by
BLT assay.

GzmA Internalization and Confocal
Microscopy Experiments
To monitor GzmA internalization, monocytes were first blocked
with True Stain Fc blocker (Cat. # 426101, Biolegend, San Diego,
CA), and then incubated with anti-GzmA antibody conjugated
with PE (Cat. #558904, BD Biosciences, San Diego, CA).
Permeabilization solution was used to study GzmA
internalization (Cat. #554715, BD Biosciences, San Diego, CA).
For confocal microscopy experiments, cells were incubated on
Lab-tek tissue culture-treated wells (Cat. #154941, Nunc,
Denmark). At the time of fixation, cells were washed twice
with 1x RT PBS, and fixed in 4% paraformaldehyde for 15 min
at 37°C. Then slides were washed thrice for 5 min with RT 1x
PBS, and then blocked with 5% donkey serum [52-000-121] with
0.25% Tween-20 (Cat. #P9416, Sigma, St. Louis, MO). Cells were
then incubated overnight at 4°C with primary antibody anti-
GzmA (Cat. # MAB29051, R&D, Minneapolis, MN) at 1:20 (12.5
µg/mL) in blocking buffer. To remove unbound antibody, cells
were washed four times with 1x PBS at RT, and then incubated in
the dark for 1 h with secondary antibody conjugated with Alexa
Fluor 594 (Cat. # 715-545-150, Jackson Immunoresearch, West
Grove, PA) at 1:100. Cells were then washed thrice with 1x PBS
at RT and incubated with 2.86 µM DAPI (Cat. #5748, Tocris,
Bristol, UK) for 5 min at RT. Slides were finally mounted using
Prolong Diamond antifade mountant (Cat. #P36965, Life
Technologies, OR, USA) overnight, and then stored at -20°C
until visualized using instrument at Saint Louis University
Research Microscopy Core.

2D DIGE Analysis and MALDI-TOF
Cells were washed twice with sterile 1x PBS, then lysed in buffer
compatible for 2D separation (8 M urea, 2 M thiourea, 4%
CHAPS, 50 mM Tris, pH 8.5) in presence of 1:100 HALT
phosphatase and protease inhibitor (HALT phosphatase and
protease inhibitor (Cat # 78442, Thermo-Fisher, Waltham,
MA). Samples underwent ReadyPrep 2Dclean-up kit (BioRad,
Hercules, CA). Protein concentrations were quantified using
Pierce 660 nm protein assay (Cat # 23236, Thermo-Fisher,
Waltham, MA). Prior to carrying out DIGE substoichiometric
CyDye labeling, an equal protein quantity was taken from each
lysate to create a pool for normalization of fluorescence intensity
for all analytical 2D gels. This pool was labeled with Cy2 dye, and
individual samples were labeled with either Cy3 or Cy5
(Lumiprobe, Hunt Valley, MD) using a dye ratio of 8 pmol per
µg protein. Samples were incubated on ice in dark for 30 min.
The reaction was quenched by adding 10 mM lysine and
incubating on ice for 10 min. Samples were pooled (Cy2, Cy3,
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and Cy5) on a immobiline dry strip immobilized pH gradient
(IPG) pH 3-11 Non-Linear (NL) (GE Healthcare, Chicago, IL),
7 cm, rehydrated overnight in rehydration buffer (30 mM Tris,
pH 8.5, 2 M thiourea, 7 M urea, 2% dithiothreitol (DTT), 4%
CHAPS, and 0.5% IPG buffer) at 30 V. Isoelectric Focusing (IEF)
separation was performed according to manufacturer
instructions (total 11 kW). IEF strip was reduced in 10 mg/mL
DTT and then alkylated in 25 mg/mL iodoacetamide in reducing
buffer (100 mM Tris, pH 8.8, 6 M urea, 30% glycerol, 2% SDS).
Proteins were separated by SDS-PAGE using Criterion XT 4-
12% SDS-PAGE gels (BioRad, Hercules, CA) and applying 100 V
for 45 min. Gels were fixed in 30% methanol, 7% acetic acid, and
then washed twice in distilled water. CyDyed spots were detected
with a Typhoon 9410 scanner (GE Healthcare, Chicago, IL) with
PMT voltage adjusted to a maximum intensity between 80,000-
95,000 and with <15% variation between Cy2, Cy3, and Cy5.
Melanie software V.9.1.1 (GE Healthcare, Chicago, IL) analysis
was used to overlap gels from different subjects and conditions to
find identical protein spots across gels, normalization of Cy3 and
Cy5 to Cy2, and fold change of relative abundance after BCG
infection and/or GzmA treatment. The average fold change of a
spot in two subjects that was >1.3 in Group 4 relative to Group 3
and Group 1 was isolated for identification. Spots corresponding
to differentially abundant proteins were identified using MALDI-
TOF mass spectrometry. Following in-gel tryptic digestion (15),
we used an Axima Resonance MALDI-TOF mass spectrometer
(Shimadzu, Kyoto, Japan) to identify the differentially abundant
protein spots. Spots that had a MALDI score of at least 60 were
chosen indicating that there is less than 1 in 1e6 chances that this
protein was discovered by a random coincidence.

Protein-Protein Interaction Network
To construct protein-protein interactions for GmzA-associated
proteins, the Search Tool for the Retrieval of Interacting Genes/
Proteins (16) database version 10.5. was used (17).

Statistical Analysis
For generation of graphs and statistical analysis we used
GraphPad Prism version 9.0.0 for Windows, GraphPad
Software, San Diego, California USA, www.graphpad.com.
RESULTS

Recombinant Human GzmA Phenocopies
Native Protein
Our previous studies that confirmed the mycobacterial growth
inhibition in infected macrophages were conducted using native
human GzmA (NhGzmA). However, due to the low yield (50 mg
from the purification of 1x109 NK92MI cells-data not shown)
that is obtained and the potential co-elution with other
granzymes, we decided to compare commercially available
NhGzmA to recombinant human (RhGzmA). RhGzmA was
purified from transiently transfected HEK293T cells with an
improved purification method that allowed us to produce 20 mg
of highly purified GzmA protein, which is 10 fold higher than
Frontiers in Immunology | www.frontiersin.org 476
previously reported methods (14), and can be utilized for large
global proteomic studies. RhGzmA was shown to form
homodimers (~50 kDa) similar to NhGzmA by silver stain and
western blot (Figure 1A) as well as polymers of the 50 kDa
protein as previously reported (11). RhGzmA has a slightly
higher molecular weight because of the presence of a His-tag at
the C-terminus of the protein. To compare the specific enzymatic
activities of recombinant and native GzmA, we analyzed their
ability to cleave the chromogenic substrate, Z-L-Lys-SBzl
hydrochloride (BLT). Data indicate that the recombinant
protein is similar to the native protein in that both can
efficiently cleave BLT (Figure 1B). It is important to note that
substrate cleavage efficiencies were found to be similar between
independently purified batches of recombinant GzmA,
demonstrating the reproducibility of our purification method
(Figure 1C). To confirm whether RhGzmA and NhGzmA
induce similar protective effects against mycobacteria,
monocytes were infected with BCG and treated with either
recombinant or native human GzmA and the degree of
mycobacterial growth inhibition was measured. As expected,
RhGzmA inhibited almost 80% of the intracellular replication of
mycobacteria, and no significant difference was detected between
the recombinant protein and the native form (Figure 1D).

To verify that the inhibitory activity is independent of
endotoxin, RhGzmA was heated at 95°C for 10 min to
denature the recombinant protein while retaining the activity
of a potential endotoxin contaminant as reviewed in (18). The
ability of the heat-treated protein was then assayed for its ability
to inhibit mycobacterial growth. As demonstrated in
Supplementary Figure 1A, heat denaturation of RhGzmA
abolished the intracellular growth inhibition suggesting that
endotoxin contamination did not explain the protective effects
of RhGzmA. To further rule out whether endotoxin contributes
to the robust growth inhibition displayed by the recombinant
protein, RhGzmA was passed through an Endotrap column to
remove any residual endotoxin and then tested for its ability to
inhibit growth. Data indicate that when purified RhGzmA is
treated for endotoxin removal, the protein retains its capacity to
restrict intracellular growth (Supplementary Figure 1B). Taken
together, these data indicate that RhGzmA recapitulates the
effects of native GzmA, and accordingly, can be used for large
scale applications such as global proteomic studies to help
identify molecular mechanisms of protection.

Enzymatic Activity Is Dispensable to
Mediate Mycobacterial Growth Inhibition
GzmA is a trypsin-like serine protease, cleaving substrates after
positively charged lysine and arginine residues (19). GzmA
possesses the canonical serine protease catalytic triad formed
by His57, Asp102, and Ser195. To determine whether its
enzymatic activity is necessary to mediate mycobacterial
growth inhibition, Ala was substituted for Ser195 and the
protein variant was purified similar to the wild-type (WT)
RhGzmA (Supplementary Figure 2) (10, 11, 20). The S195A
mutant was then evaluated for its ability to cleave BLT. The
single amino acid substitution abolished catalytic activity
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(Figures 2A, B). The catalytically inactive S195A GzmA protein
was then tested in the mycobacterial growth inhibition assay
(Figure 2C), which revealed similar mycobacterial inhibitory
activity comparing WT and S195A, implying that a catalytically
active enzyme is not required to inhibit intracellular growth. To
confirm that catalytic activity is unnecessary for mycobacterial
growth inhibition, WT GzmA was incubated with the serine
protease inhibitor 3,4 Dichloroisocoumarin (DCI), and then
tested for its ability to restrict growth. While WT GzmA
treated with DCI was unable to cleave the BLT substrate
(Figure 2D) similar to the S195A mutant (Figure 2A), its
ability to mediate mycobacterial growth inhibition was not affected
indicating that enzymatic activity is dispensable (Figure 2D).

GzmA Is Internalized in
Infected Monocytes
There are conflicting reports as to whether GzmA elicits its
physiological effect intracellularly or at the cell surface (10, 11).
To investigate this possibility, we performed flow cytometry studies
using both surface and intracellular staining. Anti-human GzmA-
PE was used either with or without cell permeabilization reagents to
investigate GzmA localization. After overnight infection and
Frontiers in Immunology | www.frontiersin.org 577
treatment, higher frequencies of monocytes internalized GzmA
compared to the protein levels adhered to the cell surface
(Figure 3A). This internalization is also evident by confocal
microscopy as GzmA is detected adjacent and surrounding the
nucleus (Figure 3B). To further explore the timing and localization
of GzmA in relation to mycobacteria, we performed a series of
immunocytochemistry experiments during infection. There was
evidence of mycobacterial control as early as 2 h post-infection as
seen in (Figure 3C) and quantified as integrated density of BCG-
GFP comparing untreated cells to GzmA-WT and GzmA-S195A
treated cells (Figure 3D). At 16 h post-infection it appears that the
smaller proportions of cells that would become infected after GzmA
treatment had not internalized GzmA (Figure 3E). The merged
image on the left was split so that BCG-GFP+ areas could be isolated
(center) and overlapped with GzmA signal (right). In the lower
panel, integrated density analyses quantified the amount of GzmA
signal withing BCG-GFP+ areas, which were minimal, and
compared the GzmA+ areas, which had very little BCG-GFP
signal. The visualization and quantification further confirmed that
there is no overlap between infection and GzmA, hinting at the
possibility that those cells that do not internalize GzmA appear to be
more prone to higher bacterial burden.
A B

D

C

FIGURE 1 | Recombinant human GzmA phenocopies native protein. (A) RhGzmA and NhGzmA homodimerize (~50 kDa, some monomer at ~25 kDa in NhGzmA)
and are pure as shown by silver stain (top figure) and western blot (bottom figure). Under reducing conditions, GzmA assumes the monomer form, while under non-
reducing conditions homodimer and polymers of GzmA are the predominant forms. RhGzmA has a His-tag at the C-terminus of the protein, which accounts for the
slightly heavier MW. (B, C) RhGzmA and NhGzmA cleave BLT substrate at similar rates, and different lots of RhGzmA have similar enzymatic activity in the BLT
esterase assay. Results are plotted using the Michaelis-Menten equation (B) and fitted to produce specific activity (C). Commercially obtained native protein, and two
different lots of purified recombinant protein are shown. Negative control results (BLT alone) were subtracted from results for each experiment (unpaired t-test,
experiment repeated at least three times). (D) Recombinant human GzmA recapitulates mycobacterial growth inhibition as native protein measured in the
Mycobacterial Growth Inhibition Assay (n=8; data representative of two independent experiments; means and SEM; Wilcoxon matched-pairs signed rank test)
(*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).
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Global Proteomic Analysis Uncovers
Several Differentially Abundant Proteins
To better understand the mechanism of mycobacterial growth
inhibition, we employed proteomics to identify differentially
abundant proteins using the two-dimensional difference gel
electrophoresis (2D-DIGE) platform. We studied each subject’s
monocytes with four experimental groups, each with its own
CyDye label that Melanie software (21) utilized to understand
which protein spots were upregulated or downregulated with
BCG infection or GzmA treatment (Supplementary Figure 3).
The four groups studied are summarized in Table 1: 1)
Monocytes alone, 2) Monocytes treated with GzmA, 3)
Monocytes infected with BCG, 4) Monocytes infected with
BCG and treated with GzmA. We focused on spots that were
differentially abundant (>1.3-fold change in Group 4 vs. Group
1/2/3) in cells from Group 4 (BCG+GzmA), while the other
groups served as controls. An example of a matched spot of
interest is spot #431, shown in Supplementary Figure 3, which
was upregulated in Group 4 and not in the other groups. Next,
MALDI-TOF studies were employed to identify the differentially
abundant protein spots (Table 2). Of these spots, ten were found
using the human Mascot database (22). As a validation of our
method, we investigated the identity of a protein that was not
differentially abundant, and we identified cytoskeletal protein
Tubulin 5 (TBB5). To the best of our knowledge, TBB5 has not
been associated with differential expression in monocytes
following mycobacterial infection or GzmA treatment,
corroborating our investigation.
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ER Stress Response and ATP Synthesis
Are Involved in GzmA-Mediated
Mycobacterial Control
To understand the relationship between the identified proteins
and the growth inhibition displayed by GzmA, we used the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) (16) database since it interrogates protein
interactions on a global scale including stable physical
associations, transient binding, substrate chaining, and
information relay (17). After analyzing the results of all
discovered spots, we focused on the Gene Ontology (GO)
category of STRING and selected those pathways with a False
Discovery Rate (FDR) ≤0.001. We identified two pathways
associated with GzmA-mediated inhibition of intracellular
mycobacteria: 1) the response to endoplasmic reticulum (ER)
stress, and 2) mitochondrial ATP synthesis coupled proton
transport. Protein Disulfide Isomerase A1 and A3 (PDIA1 and
PDIA3), Binding immunoglobulin Protein (BiP), and
Endoplasmin (HSP90B1) were identified as part of the ER
stress pathway (Supplementary Figure 4). For the ATP
synthesis pathway, we probed the STRING database using
proteins that had a fold change >1.5 by both Group 4/Group 3
and Group 4/Group 1. This search alone did not yield a pathway,
so additional nodes were created in STRING (increased from 5
original nodes to 10 machine-generated nodes), which identified
ATP5H as a key protein (Supplementary Figure 5).
Importantly, both the ER stress response (23–26) and ATP
production leading to P2X7 receptor activation (27–35) have
A B

DC

FIGURE 2 | Enzymatic activity is dispensable to mediate mycobacterial growth inhibition. (A) GzmA of wild-type (WT) and S195A variant proteins’ activity over time
measured by the BLT assay of three independent experiments performed as triplicates per condition. (B) For statistics, the rate of initial reaction was compared between
WT and S195A variant (means and SD; paired t-test). (C) MGIA comparing WT and S195A enzymatically inactive variant, displayed as % of inhibition (n=8 in at least two
independent experiments. Mean and SEM, Wilcoxon matched-pairs signed rank test). (D) GzmA treated with DCI inhibits intracellular replication as GzmA-DMSO in MGIA
(left) and BLT assay (right) showing that inhibited GzmA retains inhibitory activity (n=4, Mean and SEM) (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).
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been implicated in mycobacterial control, consistent with
our findings.

Differentially Abundant Proteins
Discovered With 2D-DIGE Are Also
Differentially Abundant as Measured
With Quantitative Western Blot Analysis
To validate our global proteomic data, we quantified the levels of
three ER stress response proteins BiP, PDIA1, and Endoplasmin
TABLE 1 | Groups for proteomic analysis.

Group # Infection and/or Treatment

1 Media-rested Monocvtes (DN)
2 GzmA-treated Monocytes
3 BCG-infected Monocytes
4 BCG-infected and GzmA-treated Monocvtes (DP)
The four groups studied are summarized here: 1) Monocytes alone, 2) Monocytes treated
with GzmA, 3) Monocytes infected with BCG, 4) Monocytes infected with BCG and
treated with GzmA.
A

B D

EC

FIGURE 3 | GzmA is internalized in infected monocytes. (A) In flow cytometry studies comparing surface vs. intracellular staining, the majority of GzmA is inside the
monocytes after treatment (n=8 in at least two independent experiments; means and SEM; Wilcoxon matched-pairs signed rank test). Similarly, GzmA is shown to
be adjacent to the nucleus of treated monocytes as seen by confocal microscopy. (B) Representative confocal microscopy image showing GzmA in red and DAPI
(nuclear stain) in blue. (C) Representative confocal microscopy images from three separate experiments showing GzmA in red, DAPI (nuclear stain) in blue, and
BCG-GFP in green. Comparing 30 min and 2 h post-infection, GzmA-treated cells show lower bacterial burden. (D, E) Image analysis isolating BCG-GFP+ areas at
16 h post-infection: superimposition of areas where BCG is present and GzmA. GzmA and BCG are not found in the same cells as visually represented in images
and measured in graphs by looking at integrated density signal of BCG and its overlap with GzmA (E) (mean, at least three independent experiments) (*p < 0.05,
**p < 0.01, ***p < 0.001; ns, not significant).
TABLE 2 | Global proteomic analysis uncovers several differentially abundant proteins.

# ID UNIPROT # MALDI Score Fold change (DP vs. DN) Fold change (BCG+GzmA vs. BCG)

431 FBF1 Q8TES7 74 2.16 1.82
273 ACTB/G P60709 66 2.18 1.80
272 CH60 P10809 84 1.69 1.58
43 ATP5H O75947 80 1.62 1.54
323 BIP P11021 240 1.77 1.54
280 INVO P07476 70 2.24 1.47
268 PDIA1 P07237 65 1.90 1.46
374 Endoplasmin P14625 97 1.71 1.44
259 PDlA3 P30101 103 1.31 1.39
332 GLU2B P14314 114 1.70 1.34
228 TBB5 P07437 122 1.02 1.01
Augu
After software analysis Melanie identified 18 protein spots differentially abundant in 2 subjects, 10 proteins were identified using MALDI-TOF. # is the matched spot number for these
proteins across subjects, their identity, UNIPROT#, MALDI score (which marks confidence of identification; i.e. score of 60 is the chance that 1 in a million that protein identified is a random
event), Fold change Double Positive group (DP) vs Double Negative (DN) (group 4 abundancy/group 1 abundancy), Fold change DP vs BCG (group 4 abundancy/group 3 abundancy).
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as well as the key protein involved in ATP production, ATP5H,
in an independent set of volunteer samples. As displayed in
(Figure 4) and as an example in (Supplementary Figure 6), the
levels of these proteins were upregulated in Group 4 compared to
the other control groups, confirming the increased protein levels
observed by 2D-DIGE (Table 2).
DISCUSSION

g9d2 T cells are attractive candidates for novel vaccines against
TB, because they are not MHC I restricted, and thus, can be
broadly stimulated in the target population (36). GzmA is a key
mediator employed by g9d2 T cells to control mycobacteria, but
the mechanism by which it elicits an effect is unclear. While data
in mice demonstrated that GzmA has no impact on TB control, it
is important to note that g9d2 T cells are absent in mice and that
TB pathology is markedly different than that in NHP or humans
(37). Moreover, the mouse family of granzymes is larger than the
human counterpart (9 vs 5 respectively), and biological
redundancies between granzymes have been reported
suggesting that mice are likely a poor model for studying the
molecular mechanism of GzmA-mediated control of TB (38).
Frontiers in Immunology | www.frontiersin.org 880
To perform global proteomic experiments, large quantities of
human GzmA were required. Traditionally, NhGzmA is purified
from the human NK cell line NK92MI encoding a constitutively
expressed IL-2 transduced gene. However, this purification
method requires more than four weeks to grow a sufficient
number of cells to purify GzmA from their cytotoxic granules,
and only yields approximately 50 µg of purified protein [data not
shown and (14, 39)]. We demonstrate that RhGzmA
phenocopies NhGzmA by assessing protein purity and
formation of homodimer, enzymatic activity, and mycobacteria
growth inhibition; our results also confirm previous reports that
RhGzmA and NhGzmA have similar effects (10, 11). RhGzmA
provides the key advantage of being able to generate large
amounts of protein. Further, this recombinant construct may
better reflect the native conformation than other commercially
available or published constructs as the protein is expressed in a
mammalian system to maintain full glycosylation of the protein.

GzmA-S195A induces mycobacterial killing similar to WT
GzmA. As previously reported, GzmA-WT as well as GzmA-
S195A are both able to mediate a synergic action with bacterial
ligands to produce a pro-inflammatory profile in human
monocytes (10), Thus, our studies confirm similar biological
findings and create the opportunity for this pro-inflammatory
phenotype to translate into an anti-mycobacterial role. As
FIGURE 4 | ER stress response and ATP producing proteins are involved in GzmA-mediated mycobacterial control. Graphs show four proteins that were selected
from Table 1. Using Odyssey CLx near-infrared platform and total protein for normalization, data confirms 2D-DIGE results. Protein lysate obtained from 2 additional
subjects that were not included in original 2D-DIGE analysis. Experiments done in triplicates per group, means ± SEM.
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evidenced in (10), CD14 binding may be a key mediator for this
action, and future studies will be required to investigate its role in
the context of TB. Similarly, in a mouse model it has been shown
that GzmA augments the response of plasmacytoid Dendritic
Cells (pDC) through TLR9 to train adaptive immune cells (40),
showing that GzmA could facilitate the activation of innate
immune cells. More recently, it has been shown that GzmA
cleaves Gasdermin B (GSDMB) to trigger pyroptosis of target
cancer cells (41). However, this reported mechanism was
triggered by 1) an intact active site, and 2) the use of perforin.
Thus, while we did not investigate the role of GSDMB in our
study, it is unlikely that the mycobactericidal role relies on this
pathway. Similarly, it has been shown that patients and mice
infected with arboviruses have increased levels of GzmA in the
serum, and the use of a specific mouse GzmA inhibitor
(Serpinb6b) can reverse the overactive inflammatory response
(42); however, this mechanism was also reliant on an intact
active site. The finding that GzmA-S195A also mediates
mycobacterial inhibition opens the possibility that other key
structural determinants are needed in this context such as
homodimerization and/or glycosylation.

GzmA is internalized within one hour at steady state (11), and
is detected inside cells after infection and treatment (Figure 3).
Internalization of GzmA suggests that GzmA may be trafficked
through an endocytic process after binding to a putative receptor.
However, it is unclear whether intracellular GzmA is required for
Frontiers in Immunology | www.frontiersin.org 981
mycobacterial inhibition. In (11), GzmA was modified to more
readily enter the cytosol of the target cell, and similar approaches
could be explored. Other examples include site-directed
mutagenesis of asparagine 170, which is glycosylated (43) and
may affect the internalization rate by substituting it with
glutamine. Cysteine residue at position 93, which is necessary
for homodimerization, could be substituted to serine, as
previously reported (44). Monomeric GzmA could lose the
ability to bind to the putative receptor that is necessary for
internalization, and/or GzmA ability to bind to bacteria and LPS
as shown in (10).

Data indicate that an unbiased global proteomic analysis in
primary cells is critical for uncovering novel substrates, since cell
lines may identify substrates that lack biological relevance (45–
47). Accordingly, when we compared our GzmA substrate data
generated from primary human cells with previous reports that
used cell lines, we found no information that would inform our
studies (46, 47). There is evidence that GzmA is selective in the
protein substrates that it cleaves due to its homodimeric
configuration, and further, GzmA may only use a few
substrates in vivo emphasizing the importance of the model
system employed (44). Our model uses primary monocytes
infected with mycobacteria and cells that are treated with
physiological amounts of GzmA. As shown in (11), sub-
micromolar concentrations of GzmA do not mediate pro-
apoptotic events, but instead promote a different phenotype
FIGURE 5 | Extracellular GzmA added to infected monocyte induce mycobacterial inhibition by activating ER stress response and ATP producing proteins. (1)
GzmA protein is released into the extracellular environment of infected monocytes either as an Host Directed Therapy (HDT) or from secretion of g9d2. GzmA is
internalized and does not appear to cleave any cellular substrate. (2) GzmA instead activates ATP producing proteins and the ER stress response to induce (3) the
inhibition of intracellular mycobacterial growth. Created with BioRender.com
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characterized with pro-inflammatory sequelae in human
monocytes. Our studies were conducted at less than 200 nM
concentrations, not noting an advantage of using higher
concentrations of GzmA. Thus, our model may more closely
resemble the natural immunological response after Mtb infection
of alveolar macrophages (48). Future experiments are required to
discern whether primary alveolar macrophages infected with
Mtb recapitulate our findings. Our experiments were
performed using mycobacteria BCG strain as we have
previously shown that g9d2 T cells inhibit intracellular
replication of Mtb as well as BCG through GzmA, and BCG
has the advantage of being less biohazardous for our proteomic
strategy (5).

The pathways uncovered in our proteomic analysis are
supported by previous data regarding host control of
mycobacteria. For example, the ER stress response has been
associated with M1 macrophage polarization, which leads to
better host control of Mtb infection (26). While the precise
mechanism has yet to be elucidated, this may be due to
stimulation of the TLR2 pathway which triggers fusion of the
lysosomal compartment with Mtb-containing phagosomes and
induction of iNOS. Moreover, preliminary data indicate that
antibiotics that induce ER-stress mediated autophagy, such as
thiostrepton, are potential therapies for recently infected patients
(23, 24). Thus, further studies are required to understand the
potential treatment window in NHP. ATP-producing proteins
such as ATP5H may help infected cells during energy-intensive
processes such as protein production, protein folding, and cell
metabolism (49). Future studies will investigate the ATP levels of
GzmA-treated and infected monocytes; mycobacteria has been
shown to reprogram host cell metabolism as shown in (50–52),
and it is possible that GzmA is capable of switching cellular
metabolism to favor the host. Moreover, the P2X7 receptor was
recently shown to be important for mycobacterial control (27–
35). This purinergic channel senses extracellular ATP and the
cell responds to this stimulus by activating an inflammatory
response and phagosome-lysosomal maturation. Further studies
will be required to investigate the concentration of extracellular
ATP and the involvement of the P2X7 receptor. As summarized
in Figure 5, GzmA either used as Host Directed Therapy
(HDT) or secreted from activated g9d2 T cells is internalized
inside monocytes. In turn the treated monocyte activates
the production of ATP producing proteins and the ER stress
response pathway, leading to the inhibition of the intracellular
mycobacterial growth. While these two pathways have been
previously identified as important for mycobacterial control,
to the best of our knowledge this is the first time that GzmA
has been reported to induce these pathways for mycobacterial
control and pathogen immunity. Future studies will investigate
the necessity of these pathways for the induction of mycobacterial
inhibition through gene alterations and pharmaceutical
interventions to better describe GzmA mechanistic effects. These
studies could lead to novel targets for host-directed therapies, as
well as detection of important immune markers during future
vaccine trials. Together, these strategies will contribute to the
world health community’s goal of TB eradication.
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Supplementary Figure 1 | RhGzmA acts independent of endotoxin. RhGzmA
heated at 95°C for 10 min loses inhibitory activity, and RhGzmA passed through
Endotrap column retains it. (n=4 in at least two independent experiments. Mean and
SEM, paired t test).

Supplementary Figure 2 | RhGzmA-S195A protein is pure and is detectable by
western blot. Transient transfection of HEK293T cells expressing plasmid for
RhGzmA-S195A yields a pure product without co-purification of other proteins.
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Anti-human GzmA binds to RhGzmA-S195A like RhGzmA-WT (Figure 1A) with a
preference for the homodimer (Non-Reduced) conformation.

Supplementary Figure 3 | Workflow diagram of global proteomic experiment and
rationale for protein of interest. PBMCwere treated or not with GzmA, and infected or
not with BCG for 36 h. Cells were then washed with PBS, lysed with protease and
phosphatase inhibitors, and downstream 2D-DIGE workflow. Example of matched
spot #431. Melanie software analysis discovered this protein spot that was
differentially abundant only in group 4 (BCG-infected, GzmA-treated monocytes) in
two volunteers. Each labeled spot was normalized with CyDye2 labeling.

Supplementary Figure 4 | STRING-DB enrichment pathways highlights ER
stress response pathway involved in GzmA-mediated mycobacterial control.
Frontiers in Immunology | www.frontiersin.org 1183
STRING database enriches protein for their relation to each other by known
literature reports. Response to ER stress was upregulated when all the 10 proteins
were interrogated.

Supplementary Figure 5 | STRING-DB enrichment pathways highlights ATP
synthesis pathway involved in GzmA-mediated mycobacterial control. STRING
database enriches protein for their relation to each other by known literature reports.
ATP synthesis was found after interrogating proteins with ≥1.5-fold change paired
with machine-generated additional nodes.

Supplementary Figure 6 | Example of BiP protein validated by Odyssey platform
(quantitative western blot). On the left, protein was normalized using total protein stain, while
on the right software analyzed signal and validated upregulation in BCG + GzmA group.
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Autophagy is critically involved in host defense pathways through targeting and elimination
of numerous pathogens via autophagic machinery. Nontuberculous mycobacteria (NTMs)
are ubiquitous microbes, have become increasingly prevalent, and are emerging as
clinically important strains due to drug-resistant issues. Compared to Mycobacterium
tuberculosis (Mtb), the causal pathogen for human tuberculosis, the roles of autophagy
remain largely uncharacterized in the context of a variety of NTM infections. Compelling
evidence suggests that host autophagy activation plays an essential role in the
enhancement of antimicrobial immune responses and controlling pathological
inflammation against various NTM infections. As similar to Mtb, it is believed that NTM
bacteria evolve multiple strategies to manipulate and hijack host autophagy pathways.
Despite this, we are just beginning to understand the molecular mechanisms underlying
the crosstalk between pathogen and the host autophagy system in a battle with NTM
bacteria. In this review, we will explore the function of autophagy, which is involved in
shaping host–pathogen interaction and disease outcomes during NTM infections. These
efforts will lead to the development of autophagy-based host-directed therapeutics
against NTM infection.

Keywords: autophagy, nontuberculous mycobacteria, host defense, innate immunity, infection
INTRODUCTION

Around 200 species of nontuberculous mycobacteria (NTMs) have been identified as the causal
pathogens of pulmonary and ulcerative human diseases in both immunocompromised and
immunocompetent subjects. The Mycobacterium avium complex (MAC) group including M.
intracellulare, M. avium subsp. hominissuis, and M. intracellulare subsp. chimaera are the most
common causes of NTM pulmonary diseases (NTM-PD), which are more emerging (1–3).
Mycobacteroides abscessus (Mabc) is another frequently encountered pathogen that causes NTM-
PD (4–6). The prevalence and incidence of NTM infections are increasing worldwide, and the risk
of antibiotics resistance is often challenging and complex in the treatment of NTM diseases (7).
Despite this, we have a lack of understanding of the virulence factors and host–pathogen
interactions in terms of NTM infection.

Autophagy is an intracellular process for the maintenance of homeostasis upon stress conditions
through lysosomal degradation of cytoplasmic cargos (8, 9). During a variety of infections,
org September 2021 | Volume 12 | Article 728742185
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autophagy plays a cell-autonomous and/or a non-autonomous
function to protect the hosts from infectious hazards and
harmful inflammation (10). Recent studies highlighted multiple
layered crosstalks of autophagy with several important processes,
including innate immunity, immunometabolism, and
mitochondrial function, to prevent harmful inflammation and
to augment host protective function (10, 11). Therefore,
autophagy-activating strategies are becoming promising not
only for the development of host-directed therapeutics but also
for the design of potential vaccines against mycobacterial
infection (3). However, intracellular pathogens are able to
develop sophisticated strategies of exploitation and subvert
autophagy in order to enhance their survival in the host cells
(12–14). Compared with Mycobacterium tuberculosis (Mtb), an
extensively studied pathogen, much less is known about the
function of autophagy pathways against NTM infection. In
addition, the individual picture of NTM interaction with host
autophagy machinery and how each NTM escapes from host
autophagic responses remain uncharacterized. In this review, we
focus on the recent progress of our understanding of autophagy
functions in the context of host defense against NTM infections.
OVERVIEW OF HOST–PATHOGEN
INTERACTION DURING NTM INFECTIONS

NTM bacteria are diverse species that grow in the environment
and are opportunistic pathogens that cause a wide spectrum of
diseases in humans. The prevalence, morbidity, and mortality of
NTM diseases are increasing worldwide, particularly in
developed countries, associated with several predisposing
factors such as aging, immunosuppressive therapy or
conditions, and relevant comorbidity with chronic pulmonary
diseases (15–21). NTM-PD is common in immunocompetent
persons, whereas immunocompromised patients primarily suffer
from disseminated diseases (16, 18). The most important human
pathogens causing NTM-PD include MAC, Mabc, and
Mycobacterium kansasii. In addition, the infections caused by
NTMs also vary by geographic distribution (22, 23). NTM-PD
also can be organized into clinical phenotypes (24). For example,
“LadyWindermere’s syndrome” usually occurs in elderly females
with a fibronodular radiographic pattern of NTM-PD (25, 26).
Besides NTM-PD, NTM causes extrapulmonary diseases,
including skin and soft-tissue infections, musculoskeletal
infections, lymphadenitis, and disseminated disease (27, 28).
Importantly, NTM treatment is often toxic and difficult
because of intrinsic multidrug resistance, limited treatment
options, and lengthy duration (24, 29, 30).

After infection, NTMs are found in different types of cells but
extensively studied in macrophages as the primary host cells
where a vast number of NTMs are able to arrest phagosomal
maturation and persist, form biofilms, and even replicate (31–
34). Thus, innate immune signaling activated by numerous
pathogen-associated molecular patterns may contribute to host
immune defense against NTM infection (32). Although the exact
nature of host protective factors is uncertain, it has been long
Frontiers in Immunology | www.frontiersin.org 286
thought that T helper 1 (Th1) responses induced by interferon
(IFN)-g and interleukin (IL)-12 are crucial in the defense against
NTM infection (31, 35). In addition, several genetic factors,
including cystic fibrosis transmembrane conductance regulator
mutations, vitamin D receptors, and polymorphisms of solute
carrier 11A1 (or natural resistance-associated macrophage
protein 1), are associated with NTM-PD (35, 36), although
these are not specific to NTM infections. Moreover, anti-tumor
necrosis factor (TNF)-a therapy during autoimmune diseases
may lead to the increased risk of NTM diseases as well as
tuberculosis, suggesting that TNF-a is also crucial for host
defense against NTM infection (37, 38). Recent studies
highlight the function of autophagy and apoptosis as another
key factor for controlling mycobacteria (1, 3). In this review, we
primarily discuss the current understanding of host cell
autophagy in terms of host defense and controlling
immunopathology during NTM infection.
OVERVIEW OF AUTOPHAGY IN TERMS OF
MYCOBACTERIAL INFECTIONS

Although this session covers a general understanding of the
autophagy/xenophagy pathways and their interaction with
intracellular Mtb, much uncertainty remains on the specific
function of autophagy in the context of each NTM infection.
In Mtb infection, there are at least three types of autophagy
pathways participating in the antibacterial host defense (39).
Xenophagy involves the cytoplasmic escape of Mtb through the
ESAT-6 secretion (ESX)-1 system, thereby being subjected to
ubiquitination system and recognized by selective cargo
receptors, i.e., p62 and NDP52, for lysosomal degradation (40).
Although the ESX-1 system is required for early autophagy
induction, it functions in a late inhibition of autophagy flux in
human primary dendritic cells (41). Xenophagy involves the core
autophagy-related genes (Atg), including ULK1, Atg14, Beclin-1,
and Atg5-12, which are important in the initiation of
autophagosome formation and elongation step of autophagy
(42). Another type of noncanonical autophagy, LC3-associated
phagocytosis (LAP), involves Rubicon, NADPH oxidase 2,
Beclin-1, and Atg5-12, which is also crucial for combating
intracellular Mtb, which resists this process through its own
effector, the LCP protein CpsA (43). In recent years, we have
made considerable progress in revealing the signaling pathways
that regulate xenophagy against Mtb infection. The cytosolic
DNA sensor cyclic GMP-AMP synthase (cGAS)-STING
signaling pathway is critically required to recognize cytosolic
Mtb DNA to induce autophagy (44). A recent study showed that
xenophagy could be triggered by the direct ubiquitination of Mtb
surface protein Rv1468c, which contains a eukaryotic-like
ubiquitin-associated domain (45). In addition, xenophagic
clearance of Mtb is mediated by various E3 ubiquitin ligases,
including PARK2 (46), Smurf1 via K48-linked ubiquitination
(47), and TRIM16 through interaction with galectin-3 (48).
Moreover, the lysosomal damage recognized by galectin-8 and
-9 signaling promotes autophagy and antimicrobial responses
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against Mtb infection (49). However, it is largely unclear whether
these or other signaling pathways are involved in regulating
autophagy defense against NTM bacteria, which may operate
different strategies compared to Mtb to survive within host cells.

So far, numerous autophagy-activating agents/drugs have been
reported to enhance the activation of autophagy and phagosomal
maturation through colocalization of bacterial phagosomes with
autophagosomes/lysosomes (50–52). Accumulating evidence
suggests that a wide range of antimicrobial strategies can be
applied to promote antimicrobial activities for infectious diseases
through autophagy modulation (50–53). These strategies include
multiple biological pathways such as targeting selective autophagy
through adaptors, regulation of posttranslational modification of
key proteins, modulation of inflammatory responses, etc. (10,
52, 53).

Earlier studies showed that both Mycolicibacterium smegmatis
and Mycolicibacterium fortuitum exhibit strong autophagy
induction, whereas M. kansasii induces less induction of
autophagy in macrophages (54). In addition, autophagy induced
by M. smegmatis is independent of mTOR activity, and lipid
components of M. smegmatis activate mTOR signaling (54).
Because mTOR inhibition by rapamycin results in decreasing
intracellular bacterial burden (55), simultaneous activation of
both autophagy and mTOR signaling might be another immune
escaping strategy manipulated by bacteria. Mabc smooth (Mabc S)
variant exhibits pathogenesis mainly through the suppression of
phagosomal maturation and induction of phagosome-cytosol
communications. However, the Mabc rough (Mabc R) variant
enhances autophagy and apoptosis and can form extracellular
cords, thereby evading phagocytosis (56, 57). However, it remains
largely unknown how various NTM microbes induce or suppress
host cell autophagy in different tissues/cells and whether it exerts to
modify host defensive system during infection. In the next session,
we discuss the recent advances and perspectives on the roles of host
cell autophagy in the context of infection with each NTM pathogen
and explore in brief the potential autophagy-activating strategies
against NTM infections.

AUTOPHAGY IN NTM INFECTIONS

MAC and Autophagy
M. avium complex (MAC), among other NTMs, is the most
commonly isolated species in the world (58). M. avium infection
leads to the increase in numerous microRNAs, including miR-
125a-5p that is required for autophagy activation and suppression
of intracellular survival of M. avium in macrophages (59). MiR-
125a-5p-mediated autophagy activation is induced by targeting of
signal transducers and activators of transcription 3 (STAT3) in
macrophages (59).

Alpha-1-antitrypsin (AAT) deficiency is closely related to the
increased risk of emphysema and bronchiectasis (60), which are
important predisposing factors for NTM-PD (36). Previous studies
reported that AAT treatment results in the control of intracellular
growth of M. abscessus and M. intracellulare in human
macrophages (61, 62). Interestingly, human primary monocyte-
derived macrophage culture with plasma obtained from patients
Frontiers in Immunology | www.frontiersin.org 387
with post-AAT infusion significantly increases the autophagosome
formation during M. intracellulare infection (61). These studies
may provide potential clinical significance because AAT-based,
autophagy-related, adjunctive therapy could be beneficial for
treatment of NTM-PD patients who have underlying diseases
such as bronchiectasis along with AAT deficiency.

M. abscessus and Autophagy
Mabc is the rapidly growing NTM strain and unique in the
characteristics for survival inside macrophages (56). Mabc is
classified into two morphotypes, i.e., S and R forms, depending
on the presence of glycopeptidolipids (GPL) (56, 63–65). Mabc
ESX-4 locus that encodes an ESX-4 type VII secretion system is
crucial for the growth and survival within host cells through
blockade of phagosomal acidification and the ability to damage
phagosomes (66).

Mabc S variants reside within more intact phagosomes and are
surrounded by an electron translucent zone (ETZ), whereas Mabc
R variants possess a loose phagosomal membrane and lack ETZ
(63). Thus, it is thought that Mabc S strains are capable of
successful phagosome-cytosol communication and are more
resistant to phagosomal acidification. In addition, the nature of
Mabc S to favor phagosome-cytosol communication is associated
with less induction of autophagy and apoptosis than those byMabc
R morphotype (63). In accordance with this, Mabc S infection of
macrophages upregulates the LC3-II and p62 levels in a time-
dependentmanner, suggesting that Mabc S inhibits autophagic flux
(67). Earlier studies suggest that the use of antibiotics such as
azithromycin aggravates the impairment of autophagy during
Mabc infection, thus predisposing patients with cystic fibrosis to
NTM infections. Mechanistically, long-term use of macrolide drug
azithromycin results in an inhibition of intracellular clearance of
Mabc in human macrophages, at least due to defective autophagy
and prevention of lysosomal acidification of NTM bacteria (68).
Furthermore, the virulent clinical strain UC22 of Mabc, the R
variant, robustly inhibits autophagic flux, thereby escaping from
the clearance by host defense (69).

However, recent reports showed that treatment of the
autophagy inhibitor and activator (chloroquine and rapamycin,
respectively) does not affect antimycobacterial effects against
Mabc R and S infection in neutrophils (70). These data suggest
that autophagy is not critically involved in neutrophil
antimicrobial pathways against Mabc infection. Future studies
are warranted to discover the exact roles and mechanisms by
which autophagy activation regulates the virulence or protective
responses in different cell types and tissues during infection with
Mabc and their related strains.

Mycobacterium marinum and Autophagy
M. marinum is a natural pathogen of ectotherms to cause
systemic tuberculosis-like disease and is widely used as a
model organism of Mtb (71–73). M. marinum usually grows at
25 to 35°C and causes extrapulmonary infections at cooler
surfaces like skin in humans (71, 73). The genomes of Mtb and
M. marinum are closely related at a high degree of homology and
share amino acid identity averages of 85% (72, 74).
September 2021 | Volume 12 | Article 728742
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A microscopic imaging approach through zebrafish injection
of mycobacteria has lighted on tracking an in vivo autophagic
process related to Mtb and NTM infectious diseases (75).
Earlier studies reported that M. marinum, a model NTM for
tuberculosis-like disease in zebrafish, can induce autophagosome
formation via the ESX-1 secretion system but simultaneously
actively block the autophagic flux to escape from xenophagic
degradation during infection (76, 77). In M. marinum–infected
macrophages, phagosomal escape and bacterial ubiquitination
are followed by targeting the lysosome-like organelle through
the autophagy-independent pathway, which does not involve
atg5 or LC3 association (78). Another study showed that
M. marinum mimG, an orthologue of Mtb Rv3242c that
contains phosphoribosyltransferase, enhances intracellular
bacterial survival and virulence in zebrafish. M. marinum
mimG-induced pathogenesis is at least partly mediated due to
the inhibition of autophagy in macrophages (79). Future
studies are warranted to identify other bacterial effectors that
alter host cell autophagy to exert immune evasion during
infection. These efforts will facilitate the presentation of
attractive targets for potential host-directed drug therapies
during NTM infection.

M. marinum is targeted by selective autophagy through
autophagic adaptors optineurin and p62/SQSTM1 for bacterial
clearance (80). DNA damage regulated autophagy modulator 1
(DRAM1), a critical regulator of autophagy and cell death, is
activated by Toll-like receptor signaling and plays an essential
function in selective autophagic defense against M. marinum
infection (81). The selective autophagy activation by DRAM1 is
mediated through cytosolic DNA sensor STING and the adaptor
p62/SQSTM1 (81). Indeed, DRAM1 functions through autophagic
targeting and phagosomal maturation of M. marinum, thereby
restricting bacteria during the early phase of infection.
Dissemination of M. marinum infection is associated with
defective autophagy and gasdermin Eb-mediated pyroptotic cell
death in dram1mutant zebrafish larvae (82). However, it remains to
be characterized whether DRAM1 plays a crucial role in host
defense to other NTM strains through activation of autophagy
and prevention of cell death.

Moreover, M. marinum infection of microglial cells induces
autophagy that can limit the intracellular replication ofM.marinum
(83). Notably, rapamycin-induced autophagy activation inhibits the
intracellular survival of M. marinum, suggesting the role of
autophagy in microglial defense against M. marinum (83).
Because M. marinum is genetically closely related to Mtb in a
high degree of homology (74), autophagy activation may provide a
new strategy for the treatment of tubercular meningitis.

Drosophila melanogaster is another model host for M.
marinum and is widely used for innate immune defense and
xenophagy during mycobacterial infection (46, 84–86). In the
Drosophila model, autophagy-related gene Atg2 is required to
inhibit intracellular mycobacterial growth and lipid droplets in
phagocytes without changing bulk autophagy during M.
marinum infection (85). By using atg7 mutant Drosophila,
autophagy activation in vivo was found to contribute to
antibiotic-mediated antimicrobial effects during M. marinum
infection (87). Using unicellular eukaryote Dictyostelium
Frontiers in Immunology | www.frontiersin.org 488
discoideum, another model host for M. marinum, transcriptome
analysis identified that M. marinum induces transcriptional
activation of autophagy genes and endosomal sorting
complexes required for transport (ESCRT) (88). Another study
showed that the Mycobacterium-containing vacuole (MCV)
damage induced by the ESX-1 system of M. marinum is
recognized and repaired by the ESCRT component Tsg101,
thereby leading to the containment of M. marinum in an
intact compartment (89). In this process, autophagy and
ESCRT pathways function in separate membrane repair
processes in parallel for the restriction of mycobacterial growth
in the cytosols during M. marinum infection (89). However, it
is yet to be elucidated how ESCRT components are recruited
to vacuolar damage sites in D. discoideum and whether
ubiquitination system is involved in the ESCRT recruitment
for membrane repair.

M. smegmatis and Autophagy
NonpathogenicM. smegmatis is well known to induce autophagy in
macrophages through the upregulation of several autophagy-related
genes and TLR2 activation. However, autophagy targeting of M.
smegmatis is not dependent on membrane damage and
ubiquitination of bacteria (90). In addition, a high dose of
rapamycin treatment leads to antimicrobial activities to M.
smegmatis, presumably due to autophagy-independent modality,
because bacterial growth is also inhibited in autophagy-deficient
macrophages (91). Thus, there might be an alternative mechanism
by which the autophagy pathway is functional in the recognition of
mycobacteria to enhance phagosomal maturation and antimicrobial
responses during infection.

M. smegmatis infection of PC12 and C17.2 cells induces neural
differentiation through an autophagy-independent pathway via IFN-
g and PI3K-Akt signaling pathways (92). Vitamin D3, known as a
protective factor for human tuberculosis, increases intracellular M.
smegmatis clearance and restricts host cell cytotoxicity (93). Because
vitamin D3 induces the activation of antibacterial autophagy and
cathelicidin to inhibit intracellular Mtb survival (94), vitamin D3-
mediated M. smegmatis clearance is presumably mediated through
autophagy and antimicrobial proteins. Future studies are warranted
to clarify the roles of autophagy in antimicrobial host defense against
M. smegmatis infection.

Mycobacterium ulcerans
and Autophagy
Buruli ulcer, the third most common mycobacterial disease and
destructive necrotizing skin infection caused by M. ulcerans, is
common in West and Central Africa and becoming increasingly
common in southeastern Australia (95, 96). Several studies have
highlighted the genetic susceptibility ofM. ulcerans infection in the
context of autophagy. Recent genetic studies showed the protective
effect of the minor allele G of ATG16L1 (rs2241880) from the ulcer
phenotype in Buruli ulcer (97, 98). In addition, several autophagy
genes, including PRKN, NOD2, and ATG16L1, are related to
susceptibility to severe Buruli ulcer (98). Importantly, the
missense variant T300A (rs2241880) of the ATG16L1 gene is
associated with the development of Buruli ulcer (98). A
mechanistic study showed that knock-in mice (Atg16L1T316A)
September 2021 | Volume 12 | Article 728742

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Silwal et al. Autophagy in NTM Infection
harboring the human ATG16L1 variant (T300A) functions in a
decrease in bacterial autophagy, thereby protective to Citrobacter
rodentium infection through type I interferon response, similar to
hypomorphic ATG16L1 mice (99). However, it is still unclear
whether a certain allele of ATG16L1 (T300A) functions in the
suppression of autophagy against M. ulcerans to confer host
protection against Buruli ulcer.

A proteomics study showed that mycolactone, the potent
exotoxin of M. ulcerans, significantly increases autophagosome
formation and protein ubiquitination (100). These data strongly
suggest that toxin affects host cell homeostasis, although the
molecular mechanisms underlying these phenomena have not
been elucidated. A genome-wide association study (GWAS)
identified two variants in LncRNA genes (rs9814705 and
rs76647377) in association with Buruli ulcer (97), suggesting the
potential roles for LncRNAs in the pathogenesis of Buruli ulcer.
Given the findings that the expression of long intergenic
noncoding RNA erythroid prosurvival (lincRNA-EPS) is
downregulated in primary monocytes from patients with active
pulmonary tuberculosis and silencing of lincRNA-EPS enhances
autophagy in macrophages during bacillus Calmette-Guérin
(BCG) infection (101, 102), the LncRNA variant may play a role
in the autophagy activation to modulate antimicrobial responses
during Buruli ulcer further. Future studies are warranted to
determine the exact role of autophagy and its related function of
the identified variants of LncRNAs in Buruli ulcer. Such an effort
Frontiers in Immunology | www.frontiersin.org 589
will facilitate the development of new strategies against
Buruli ulcer.

Mycolicibacter terrae and Autophagy
M. terrae is a member of the M. terrae complex and slow-
growing NTM and can cause antibiotic-resistant debilitating
diseases, including tenosynovitis and pulmonary disease (103).
Interestingly, IL-17A and IL-17F are capable of activating
autophagosome formation and autophagic flux, thereby
restricting the intracellular growth of M. terrae in RAW264.7
cells (104). The autophagic responses during several NTM
infections are summarized in Table 1.

A Comparative Analysis of Autophagy
Among NTMs
Because different mycobacterial species have distinct virulence
mechanisms for their pathogenesis, numerous NTMs and Mtb
may possess differential activities and strategies to regulate host
autophagy. Although there remain many gaps in the knowledge
to address differential regulation of various NTMs as well as Mtb
in the host defensive pathways, a recent finding reported
differential immune and autophagic responses induced by Mtb
and four different NTMs (Mabc,M. smegmatis,M. intracellulare,
and M. avium) in human THP-1 cells (105). Compared to the
autophagy-inducing activities by M. smegmatis and Mabc, the
levels of autophagy induction are less in the infection with MAC
TABLE 1 | Bacterial virulent and host defense responses in autophagy process during NTM infections.

Factors Origin Autophagic
response

Mechanism Study model Ref.

Mycobacterium avium complex
miR-125a-5p Host ↑ Autophagy induction by MiR-125a-5p via repression of STAT3 expression THP-1 cells (59)

Mycobacteroides abscessus
Smooth type Bacteria Weak Prevention of phagosomal maturation and acidification BMDMs, THP-1 cells (63)
Smooth type Bacteria ↓ Upregulation of LC3-II and p62 level to inhibit autophagic flux BMDMs (67)
Rough type Bacteria Strong Escapes from phagocytosis and induces more autophagy than S morphotype BMDMs, THP-1 cells (63)
UC22 (R
variant)

Bacteria ↓ Increased autophagy response but inhibition of autophagic flux RAW cells, BMDMs (69)

Mycobacterium marinum
ESX-1 Bacteria ↓ ESX-1 mediated induction of early autophagic responses but blockage of

autophagic flux
Dictyostelium discoideum (76)

Rv3242c Bacteria ↓ Rv3242c-mediated inhibition of LC3-II and induction of p62 through MAPK/ERK RAW264.7, THP-1 cells (79)
DRAM1 Host ↑ Dram1-mediated p62-dependent autophagy flux and lysosomal maturation Zebrafish, human

macrophages
(81)

ATG2 Host ↑ Activation of JAK-STAT signaling leading to inhibition of Atg2 expression and
formation of lipid droplets

Drosophila (85)

ESCRT Host ↑ Recruitment of Vps32 and Atg8 in MCVs for membrane repair Drosophila (89)
Mycolicibacterium smegmatis
TLR2 Host ↑ TLR2 mediated activation of autophagy THP-1 cells (90)

Mycobacterium ulcerans
Mycolactone Bacteria ↓ Inhibition of autophagosome–lysosome fusion L929 cells

(100)
Mycolicibacter terrae

IL-17A and
IL-17F

Host ↑ Increase in number and size of autophagosome RAW264.7 cells
(104)
September 20
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BMDM, bone marrow-derived macrophage; DRAM1, DNA damage regulated autophagy modulator 1; ESCRT, endosomal sorting complexes required for transport; ESX-1, early secreted
antigenic target of 6 kDa (ESAT-6) secretion system 1; JAK-STAT, Janus kinases (JAKs), signal transducer and activator of transcription proteins; LC3, microtubule-associated protein 1
light chain 3; MAPK/ERK, mitogen-activated protein kinase/extracellular-signal-regulated kinase; MCV, Mycobacterium-containing vacuole; STAT3, signal transducer and activator of
transcription 3; TLR2, Toll-like receptor 2; Vps32, vacuolar protein sorting protein 32; ↑, increase/activation; ↓, decrease/inhibition.
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and Mtb (105). Another study in RAW264.7 cells also has shown
that autophagy induction by mycobacteria differs in magnitude
among several species, including Mtb, BCG, and NTM (M.
smegmatis, M. foruitum, and M. kansasii); and autophagy
induction was minimal with the M. kansasii infection (54).
Although a study suggested that long incubation of M. kansasii
with Rapamycin could reduce the growth rate of bacteria (91),
the exact role of autophagy in the regulation of M. kansasii
infection is yet to be identified. A better understanding of the
differential activities that regulate host autophagy pathways
could offer a new insight for controlling a variety of
mycobacterial infections.

AUTOPHAGY-ACTIVATING STRATEGIES
FOR ANTIMICROBIAL EFFECTS AGAINST
NTM INFECTIONS
Several reports have highlighted the antimicrobial roles of
autophagy-activating agents against NTM. Recent studies showed
that trehalose treatment results in the activation of the xenophagic
flux to inhibit intracellular bacterial survival of various NTM strains
as well as Mtb. Importantly, trehalose-mediated autophagy
promotes the eradication of intracellular Mtb or NTMs, even in
the status with co-infection with human immunodeficiency virus
(HIV) (106). Trehalose-induced autophagy is mediated through the
activation of TFEB, the key transcriptional factor for autophagy and
lysosomal biogenesis (107), in macrophages (106). In addition, the
autophagy induction by trehalose is dependent on lysosomal
calcium release via MCOLN1 (106). These findings are
corroborative with our recent data showing that the activation of
nuclear receptor peroxisome proliferator-activated receptor a
(PPARa) by gemfibrozil suppresses in vitro and in vivo bacterial
growth of Mabc through TFEB activation (67). During Mabc
infection, PPARa activation promotes nuclear translocation of
TFEB and colocalization of bacterial phagosomes with lysosomes
in macrophages (67).

Autophagy activation by vitamin D treatment induces
autophagy to facilitate antimicrobial function through CAMP
production in macrophages infected with M. marinum (108). In
addition, the blockade of glycolysis by inhibitors such as 2-
deoxyglucose (2-DG) prior to infection inhibits the proliferation
Frontiers in Immunology | www.frontiersin.org 690
ofM.marinum in macrophages and zebrafishes (109). Thiostrepton
(TSR) is an antibiotic harboring a quinaldic acid (QA) moiety that
targets bacterial ribosome and induces ER stress-mediated
autophagy to promote antimicrobial host defense during M.
marinum infection (110). Similarly, rifampicin and amikacin also
have antimicrobial activities against M. marinum in Drosophila
melanogaster through the activation of the autophagic flux (87).
Ohmyungsamycins, the cyclic peptides harboring autophagy
activity, have antimicrobial activities against M. marinum in D.
melanogaster (84). Moreover, autophagy activation by rapamycin
exhibits a defense against M. marinum in microglial cells (83).
These data strongly suggest that several antibiotics exhibit both
direct antimicrobial and indirect host-targeting ability to enhance
their effects to eliminate intracellular NTM strains. Future studies
are warranted to clarify the dual mode of actions mediated by
several drugs that possess potential host defense activities.

Through selective targeting intracellular pathogens, the
autophagy pathway functions in the activation of antimicrobial
responses, regulation of immunologic balance, and anti-
inflammatory effects during infection (42, 111). Recent studies
showed that the NTM-PD patients with Mabc or Mycobacteroides
abscessus subsp. massiliense have pathological inflammatory
responses in their peripheral blood mononuclear cells (112). In
addition, resveratrol, an agonist of sirtuin 1 and 3 (113, 114), exerts a
beneficial role through controlling excessive inflammation and
mitochondrial homeostasis upon Mabc infection in vivo (115).
Combined with resveratrol-induced antibacterial autophagy effects
during Mtb infection (116), these data strongly suggest that
autophagy-activating agents provide potential candidates for host-
directed therapeutics during NTM infection. Antimicrobial
responses of autophagy-activating exogenous agents against
various NTM infections are summarized in Table 2.

Additionally, BCG vaccination currently in use for
immunization against Mtb could be exploited against NTM (117,
118). However, BCG vaccine interference by NTM mycobacterial
species is thought to be a potential cause of its reduced efficacy
against Mtb (119). In addition, several vaccine candidates with
autophagy activation as a major element have been tested against
Mtb in animal models (120, 121), but there are currently no
recommended vaccine protocols established to study the vaccine
efficacy against NTM infections. Using autophagy-related strategies
TABLE 2 | Antimicrobial and autophagic responses of exogenous agents against various NTM infections.

Agents NTM Mechanism Study model Ref.

Trehalose M. avium, M. fortuitum Induction of xenophagic flux via lysosomal Ca2+ release and TFEB activation PBMCs, U937 and U1.1 cells (106)
Gemfibrozil M. abscessus Increase in TFEB nuclear translocation BMDMs, MDMs (67)
Resveratrol M. abscessus Inhibition of inflammation by controlling mitochondrial ROS Mice, BMDMs, Zebrafish (115)
Vitamin D M. marinum Increased CAMP production and induction of autophagolysosome THP-1, U927 and MEF cells (108)
2-Deoxy-D-glucose M. marinum Increased autophagolysosome development and LC3-II RAW264.7 cells, Zebrafish (109)
Thiostrepton M. marinum Activation of PERK/eIF2a pathway mediated autophagy RAW264.7 cells (110)
Ohmyungsamycins M. marinum Activation of autophagy via AMPK pathway Drosophila (84)
Rifampicin, Amikacin M. marinum Increased colocalization of LC3 with lysosome Drosophila (87)
Rapamycin M. marinum Increased LC3 puncta formation BV2 cells, Zebrafish (83)
Septemb
er 2021 | Volume 12 | Article 7
AMPK, 5′-adenosine monophosphate (AMP)-activated protein kinase; BMDM, bone marrow-derived macrophages; CAMP, cathelicidin antimicrobial peptide; eIF2a, eukaryotic translation
initiation factor 2A; LC3, microtubule-associated protein 1 light chain 3; MDM, monocyte-derived macrophages; PBMC, peripheral blood mononuclear cell; PERK, protein kinase R-like
endoplasmic reticulum kinase; ROS, reactive oxygen species; TFEB, transcription factor EB.
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to develop effective vaccinations against NTM could be a huge
advance in the fight against NTM infections (3). A schematic
representation of the autophagy process during several NTM
infections is shown in Figure 1.
CONCLUSION

Compared with the autophagy activation against Mtb infection, it
remains to be largely uncharacterized in the roles for host autophagy/
xenophagy in the context of infection caused by a variety of NTM
bacteria. However, autophagy modulation seems to be a potential
pathway to provide novel adjunctive therapeutics based on
autophagy against various NTM infections. Future studies are
warranted to understand differential roles for autophagy to regulate
a complex layer of host–pathogen interaction during NTM infection.

Current knowledge is very limited on how various NTMs
circumvent the autophagy process during infection. Future
studies are warranted to elucidate the mechanisms by which
each NTM strain induces and/or manipulates the host autophagy
signaling pathway during pulmonary or extrapulmonary
manifestation. Such an effort to understand autophagy
functions upon NTM infection will advance the development
of potential host-directed therapeutics against NTM infection.
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Changes in B Cell Pool of Patients
With Multibacillary Leprosy:
Diminished Memory B Cell
and Enhanced Mature B in
Peripheral Blood
Otto Castro Nogueira1†, Mariana Gandini 1†, Natasha Cabral1, Vilma de Figueiredo1,
Rodrigo Nunes Rodrigues-da-Silva2, Josué da Costa Lima-Junior2, Roberta Olmo Pinheiro3,
Geraldo Moura Batista Pereira1, Maria Cristina Vidal Pessolani1

and Cristiana Santos de Macedo1,4*

1 Cellular Microbiology Laboratory, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil,
2 Immunoparasitology Laboratory, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, 3 Leprosy
Laboratory, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, 4 Center for Technological
Development in Health, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil

Despite being treatable, leprosy still represents a major public health problem, and many
mechanisms that drive leprosy immunopathogenesis still need to be elucidated. B cells
play important roles in immune defense, being classified in different subgroups that
present distinct roles in the immune response. Here, the profile of B cell subpopulations in
peripheral blood of patients with paucibacillary (TT/BT), multibacillary (LL/BL) and
erythema nodosum leprosum was analyzed. B cell subpopulations (memory, transition,
plasmablasts, and mature B cells) and levels of IgG were analyzed by flow cytometry and
ELISA, respectively. It was observed that Mycobacterium leprae infection can alter the
proportions of B cell subpopulations (increase of mature and decrease of memory B cells)
in patients affected by leprosy. This modulation is associated with an increase in total IgG
and the patient’s clinical condition. Circulating B cells may be acting in the modulation of
the immune response in patients with various forms of leprosy, which may reflect the
patient’s ability to respond to M. leprae.

Keywords: Mycobacterium leprae, B lymphocytes, B cell differentiation, active immune response, erythema
nodosum leprosum
INTRODUCTION

Leprosy is a chronic infectious disease caused by the intracellular pathogen Mycobacterium leprae,
which is endemic in many countries: in 2019, WHO reported 202,185 new cases worldwide (1, 2).
The disease presents a complex clinical and immunopathological spectrum: at one end, tuberculoid
leprosy (TT), in which skin lesions are characterized by a classical epithelioid cell granuloma
formation, with a strong pro-inflammatory Th1/Th17 cellular immune response and consequent
bacterial growth control. On the opposite side, lepromatous leprosy (LL), is characterized by a
org September 2021 | Volume 12 | Article 727580196

https://www.frontiersin.org/articles/10.3389/fimmu.2021.727580/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.727580/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.727580/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.727580/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.727580/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:cristiana.macedo@cdts.fiocruz.br
https://doi.org/10.3389/fimmu.2021.727580
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.727580
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.727580&domain=pdf&date_stamp=2021-09-21


Nogueira et al. B Cells in Leprosy
complete absence of granuloma and epithelioid cells in active
lesions, the presence of humoral immune response and high
bacillary load. Between these poles, there are unstable borderline
forms: borderline tuberculoid (BT), borderline borderline (BB),
and borderline lepromatous (BL) (3). For clinical diagnosis and
treatment, WHO implemented an operational classification
according to the number of skin lesions: paucibacillary (PB),
patients with leprosy who present less than five lesions
(tuberculoid); and multibacillary (MB), with five or more
lesions (lepromatous) (4).

Patients with leprosy may present peripheral nerve
demyelination and axonal loss, resulting in an impaired neural
function, disfiguration, and deformities (5, 6). Leprosy reactions
are acute inflammatory episodes that may occur at any stage of
the clinical course of the disease (these reactions may affect 30–
50% of all patients with leprosy). The most common episodes are
Type I reaction (or reversal reaction-RR) and Type II reaction
(also known as erythema nodosum leprosum-ENL). Expression
levels of immunoglobulin receptors and B cell receptors during
RR and ENL, evaluated by a transcriptomic analysis of peripheral
blood mononuclear cells (PBMCs), support an antibody-
mediated immune response during both RR and ENL (7). ENL
is frequently associated with an intense infiltrate of neutrophils
in the profound dermis and hypodermis, accompanied by
macrophages, but skin fragments collected after 72 h of the
reaction demonstrated the presence of lymphocytes, plasma
cells, and mast cells (8).

The bacillus, and presumably similar breakdown products, are
involved in the onset of the reactional episodes. Phospholipids are
found in lepromatous tissues, as well as other bacillary breakdown
products (9, 10) which could contribute to the stimuli of humoral
responses in patients with LL. B-cells are activated by
microorganisms via antigen-specific B-cell receptors (BCR) or
non-specific pattern recognition receptors. The main mechanisms
leading to antibody production by B cells are largely known and,
Toll-like receptor (TLR) stimulation in B cells are associated with
the regulation of the magnitude of the antibody response and the
amount of antigen required for initiating BCR signaling (11, 12).

Antibody responses to specific M. leprae antigens have been
used to diagnose patients affected by leprosy. The antibody titers
generally increase as the disease progresses across the spectrum,
from the TT to LL form. Patients affected by ENL also present
higher titers of antibodies. In addition, the bacterial index is
positively correlated with the antibody titers (13, 14).

The s tudy of immune cel l s involved in leprosy
immunopathogenesis is fundamental to understanding the
phenomena that drive the evolution of subclinical to active leprosy
(15), and several studies demonstrated that there is a significant
increase in the risk of leprosy in contacts with an anti-PGL-I (anti-
phenolic glycolipid-I) seropositivity (16, 17). PGL-I, despite its
extreme lipophilicity due to its inherent phthiocerol dimycocerosyl
component, is highly antigenic evoking high title IgM antibodies in
patients affected by LL, attributable largely to the unique 3,6-di-O-
methyl-beta-D-glucosyl entity at the non-reducing terminus of its
trisaccharide (18). In the LL form of the disease higher titers of
antibodies, complement and B-cell-derived IL-10 are observed,
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although it is not clear if it is responsible for the increased
susceptibility in patients affected by LL (19–21). Additionally, IgG
immune complexes are associatedwith thepathogenesis of ENL (22).

Although the relevance of innate and cellular immune
responses in the pathogenesis of leprosy, several data suggest
the involvement of B cells (humoral response) not only in
reactional episodes, but in the pathogenesis of the disease.
There are only a few publications about phenotypic analysis of
peripheral B cells, restricted to some clinical presentations:
Negera et al. studied the total count and frequencies of naïve,
mature, and memory (resting, activated, and tissue-like) B cells
in patients with ENL (23). Other authors compared the
percentage of total B and of B1a cells, which are associated
with autoimmune diseases, between patients with LL and
uninfected subjects, and found that both are higher in the
former (24). Tarique et al. found a higher frequency of B
regulatory cells in antigen-stimulated PBMC of MB patients in
comparison to PB and uninfected subjects (25). The pathways
leading to B cell activation in leprosy are still unknown. Here, we
analyzed and compared different B cell phenotypes in leprosy
(multibacillary, paucibacillary and erythema nodosum
leprosum) to elucidate a possible role of these B cells in the
pathology of the disease.
MATERIALS AND METHODS

Patients With Leprosy
and Uninfected Subjects
Patients with leprosy were recruited from Souza Araújo Leprosy
Outpatient Unit (Oswaldo Cruz Foundation, Rio de Janeiro-RJ,
Brazil) from 2016 through 2019. Uninfected subjects, all
residents in the city of Rio de Janeiro (State of Rio de Janeiro,
Brazil), were selected according to the similarity of age (18 to 65)
and gender patient’s cohort. The patients were classified on the
leprosy spectrum clinically and histologically based on Ridley-
Jopling classification schemes (26). The present study comprised
55 voluntary participants divided into four groups of donors:
i) Patients with paucibacillary-PB (TT/BT) leprosy recruited
before the start of multidrug therapy (MDT); ii) Patients with
multibacillary-MB (LL/BL) recruited before the start of MDT
with no signs of leprosy reactions at the time of leprosy diagnosis;
iii) Patients clinically diagnosed with erythema nodosum
leprosum-ENL (diagnosed - without treatment); iv) Uninfected
subjects (Table 1; detailed information about patients and assays
on SI Table 1). Patients and uninfected subjects with chronic or
acute diseases unrelated to leprosy, diagnosed with other
infectious diseases, using immunosuppressive drugs, or during
pregnancy were excluded.
Ethics Statement
The use of samples was approved by the FIOCRUZ Research
Ethics Committee (CAAE 01247418.8.0000.5248). All
participants, including parents of minors, provided informed
written consent.
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Isolation of the Peripheral Blood
Mononuclear Cells and Flow
Cytometry Staining
Blood samples were layered on Ficoll-Hypaque (Sigma Aldrich,
USA) and mononuclear cells were isolated by centrifugation at
900 x g for 30 min, then stained with surface antibodies anti-
human -CD3 (ALX 700, clone:UCHT1, Biolegend); -CD19
(APCCy7, clone SJ25C1, BD); -CD38 (PerCP-C5.5, clone
HIT2, BD); -CD24 (FITC, clone ML5, BD); -CD27 (PECY7,
clone 1A4CD27, Beckman Coulter); -CD21 (PECY7, clone B-ly4,
BD); -IgM (BV510, clone g20-127, BD) and- IgD (PE, clone IA6-
2, Beckman Coulter) for 30 min at 4°C in the dark. Cells were
fixed with 2% paraformaldehyde and stored at 4°C. Data were
collected using FACSAria IIup (BD Biosciences) and analyzed
using FlowJo software (BD Biosciences) (17).

ELISA
The IgG levels were determined in all plasma samples using an
in-house ELISA. Briefly, MaxiSorp 96-well-plates (Nunc,
Rochester, NY, USA) were coated with PBS containing 1.5 mg/
ml of anti-human IgG (A0170, Sigma). After overnight
incubation at 4°C, the plates were then washed three times
with phosphate-buffered saline-0.05% Tween 20 (PBS-Tween)
and blocked for 1 h at 37°C with PBS-Tween containing 5%
nonfat-dried milk (PBS-Tween-M). Plasma samples diluted
1:1000 in PBS-Tween-M were added in duplicate wells
containing 5% nonfat-dried milk (PBS-Tween-M) were added
in duplicate wells. After 1 h at 37°C and three washings, specific
antibodies were detected by goat peroxidase-conjugated anti-
human IgG (Sigma, St. Louis) and followed by the addition of
3,3′,5,5′-tetramethylbenzidine (TMB) for 30 minutes. The
reaction was stopped with HCl 1M (Merck) and optical density
was measured at 450 nm using a SpectraMax microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).
The IgG level in each sample was calculated interpolating the
mean optical density value of the sample on a linear regression
graphic of recombinant IgG (ref. 15260) standard curve dilution
(ranging from 0.500 to 0.031 µg/mL) performed using the same
conditions described above (27).

Statistical Analysis
Differences in percentages of B cells, B cell subsets, and ELISA
were analyzed using the Kruskal-Wallis test. Graphs were
produced by GraphPad Prism version 8.0 for Mac (GraphPad
Software, CA, USA). The statistical significance level was set at
p<0.05; p<0.005; p<0.0005.
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RESULTS

Frequency of Different B Cell
Subpopulations in PBMCs From Patients
With Leprosy
To study peripheral B cell subpopulations, initially, lumps and
monocytes were excluded using the parameters of frontal dispersion
measured by area (FSC-A, forward scatter-area), versus frontal
dispersion measured by height (FSC-H, forward scatter-height).
Next, the lymphocyte region was selected by FSC-A and lateral
dispersion measured by SSC-A area (side scatter), and in this region
B cells (CD3-CD19+) were detected. The B cell subpopulation gate
strategies were applied to different leprosy manifestations and
uninfected subjects. No difference between the different clinical
forms and uninfected subjects was observed (Figure 1A). Using this
strategy, it was possible to identify four B cell subpopulations:
memory B cells (CD24++CD38-/+), transitional B cells
(CD24hiCD38hi), plasmablasts (CD24-CD38+) and mature B
cells (CD24intCD38int) (Figure 1B).

The transitional B cells and plasmablasts can also produce IL-
10 and regulate CD4+ T cell proliferation and differentiation
toward T helper (Th) effector cells (28). Our results showed that
there were no significant differences between patients and
uninfected subjects in both transitional and plasmablast B cells
(Figures 1C, D). Besides that, a larger frequency of mature B
cells was observed in patients with MB leprosy (mean_79.70;
range_30.10; p=0.0032) and ENL (mean_79.40; range_31.10;
p=0.0030) in comparison to uninfected subjects. Patients with
PB leprosy (mean_62.20; range_ 41.80; p=0.0450) in comparison
to ENL patients (differences between MB e PB were not
statistically significant) (Figure 1E). Memory B cells are
formed within the germinal centers from mature cells. These
cells also express higher affinity B cell receptors, which not only
strengthens the effector functions of the antibodies secreted by
their plasma cell progeny but also allows memory B cells to sense
very low antigen levels. A decrease in the frequency of memory B
cells in patients with MB leprosy, who present a higher bacillary
load (mean_9.37; range_31.98; p=0.0002) and ENL
(mean_10.50; range_29.90; p=0.0035) was observed in
comparison to uninfected subjects. This decrease was also seen
in patients with MB leprosy compared to those with PB leprosy
(p=0.0163) (Figure 1F).

Frequency of Memory B Cells in PBMCs
From Patients With Leprosy
Unswitched memory B cells (CD19+CD27+IgD+) are important
in the first line of defense against infections because of the quick
TABLE 1 | Baseline characteristics of patients and uninfected individuals whose B cells were analyzed by flow cytometry.

Characteristics Leprosy N = 35 PB N = 13 MB N = 12 ENL N = 10 Uninfected individuals N = 20

Mean age (Years) 47.9 48.7 47.5 45.8 36.53
Gender, males (%) 21 (60) 5 (38) 8 (66) 8 (80) 14 (70)
Gender, females (%) 14 (40) 8 (62) 4 (34) 2 (20) 6 (30)
Mean Logarithmic Index of Bacilli (LIB) – 0 4,61 3,66 –

Mean Bacilloscopic Index (BI) – 0 4,15 3,95 –
September 202
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production of low-affinity IgM (29). Figure 2A is a gating strategy
for selecting circulating memory B cells sorted by CD27 and IgD.
Our results showed that there was a decrease in the frequency of
unswitched memory B cells both in CD19+ B cells (CD27+IgD+)
of patients with MB leprosy (p=0.0064)/ENL (p=0.0095) in
comparison to uninfected subjects and patients with MB leprosy
(p=0.0007)/ENL (p=0.0010) in comparison to patients with PB
leprosy. This decrease was also seen within B memory cells (CD19
+CD24+CD38+) in patients with MB leprosy (p=0.0308)/ENL
(p=0.0222) in comparison to uninfected subjects and patients with
MB leprosy (p=0.0036)/ENL (p=0.0026) in comparison to patients
with PB leprosy (Figures 2B, E).
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We did not observe differences in switched memory B cells
between the different clinical profiles of the disease (Figures 2C,
D, F, G). Resting memory B cells (CD19+CD21+CD27+) can
produce antibodies in absence of T cell help, are highly
proliferative, and have increased cell turnover compared to
other B cell memory subpopulations (atypical memory and
activated memory).

Figure 3A shows the gating strategy for selecting circulating
memory B cells sorted by CD27 and CD21 (30). Our data did not
show significant differences between clinical forms and uninfected
subjects in both B cells total and B memory cells (Figures 3B, E).
We observed a reduced frequency in patients with MB leprosy and
with ENL both in total B cells (CD19+) and in memory cells (CD19
+CD24+CD38+/-) (Figures 3C, F) (23). No significant differences
on atypical memory B cells (CD19+CD21-CD27-) in total B cells
(CD3-CD19+) were observed (Figure 3D). However, we observed
an increase in expression (CD19+CD21-CD27-) within memory B
cells in patients with MB leprosy (p=0.0194) and with ENL
(p= 0.0173) in comparison to uninfected subjects (Figure 3G).

Lastly, total IgG levels were assessed to corroborate the
distinct profile of IgG antibody production in different clinical
scenarios. The median of IgG levels in the uninfected subject
group was 442.5 (range _ 966.1), 1539 in MB (range _ 3179),
319.7 in PB (IQ range _ 419.5), and 438.5 in ENL (range _ 589.4).
Despite the relatively low number of analyzed donors, a
significantly higher level of circulating IgG in patients with MB
leprosy compared to PB (p=0.0004) and patients with ENL
(p=0.0164) was observed (Figure 4). Moreover, all other
groups included in our study (PB, ENL, and uninfected
subjects) presented very similar levels of circulating IgG.
DISCUSSION

Leprosy is a complex and multifactorial disease in which the
immune system is pivotal for determining the clinical course of
the disease. Although several studies reinforce the importance of
T cells in the pathogenesis of the disease, as well as genetic factors
and the innate immune cells, the pathogenesis of leprosy is still
not fully understood.

M. leprae-specific immunoglobulin G1 (IgG1) antibodies in
patients with leprosy show a direct correlation with bacterial load
suggesting that IgG1 B-cell responses may be surrogate markers of
disease progression, although the role of B cells in the different
clinical forms of the disease needs to be elucidated. There are still
only few reports about the role of B cells in active leprosy lesions in
different spectral forms of the disease, although there are several
evidences of the involvement of B cells not only in the onset of
reactional episodes but also in the course of non-reactional leprosy.

Fabel and colleagues (31) have suggested that B cells might be
implicated in tuberculoid granuloma formation and type 1
reactions. They demonstrated that tuberculoid leprosy shows
more B cells and less plasma cells than lepromatous leprosy.
Here, we observed that there were no significant differences
between patients and uninfected subjects in both transitional and
plasmablast B cells, but a higher frequency of mature B cells was
observed in both groups of patients with MB and ENL.
A B

C D

E F

FIGURE 1 | Circulating CD19+ B cell subpopulations sorted by CD24 and
CD38 expression. PBMC of uninfected individuals (U), paucibacillary patients
(PB), multibacillary patients in type II reaction (ENL) or not (MB) were freshly
stained and analyzed by flow cytometry. (A) Frequency of CD19+ CD3- B cells
among lymphocytes for all groups described above in which All represents PB,
MB, and ENL. (B) Density plot profile for B cell subpopulations based on CD24
and CD38 expression in which memory B cells (MEM), transitional B cells
(TRANS), mature B cells (MAT), and plasmablasts (PLASM) are depicted.
Percentage of plasmablasts (C), transitional B cells (D), mature B cells (E), and
memory B cells (F) among CD19+ CD3- B cells. Each dot represents one
donor and lines represent median values for each group. Significant values (*)
were calculated by Kruskal-Wallis tests with Dunn’s multiple comparisons test.
*p < 0.05; **p < 0.005; ***p < 0.0005.
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We acknowledge that one limitation of the present study
is the absence of functional analysis but a previous
morphometric analysis of B cells and plasma cells in ENL
demonstrated a positive correlation with CD3-positive pan T
Frontiers in Immunology | www.frontiersin.org 5100
cells in the biopsy and a negative correlation with T regulatory
– T cell ratio (32).

Negera and colleagues reported that mature and memory B
cells on patients with MB leprosy have no different frequencies
A B C D

E F G

FIGURE 2 | Circulating memory B cells sorted by CD27 and IgD. PBMC of uninfected individuals (U), paucibacillary patients (PB), multibacillary patients in type II reaction (ENL) or
not (MB) were freshly stained and analyzed by flow cytometry. (A) Pseudocolor plot profile for CD19+ B cells (top) and MEM B cells (bottom) for CD27 and IgD expression.
Percentage of CD27+IgD+ (B), CD27+IgD- (C) and CD27-IgD- (D) cells among CD19+ B cell subpopulation or MEM B cell subpopulation (E–G, respectively). Each dot represents
one donor and lines represent median values for each group. Significant values (*) were calculated by Kruskal-Wallis tests with Dunn’s multiple comparisons test. *p < 0.05;
**p < 0.005; ***p < 0.0005.
A B C D

E F G

FIGURE 3 | Circulating B cells sorted by CD21 and CD27. PBMC of uninfected individuals (U), paucibacillary patients (PB), multibacillary patients in type II reaction
(ENL) or not (MB) were freshly stained and analyzed by flow cytometry. (A) Pseudocolor plot profile for CD19+ B cells (top) and MEM B cells (bottom) for CD21 and
CD27 expression. Percentage of CD27+CD21- (B), CD27+CD21+ (C), and CD27-CD21- (D) cells among CD19+ B cell subpopulation or MEM B cell subpopulation
(E–G, respectively). Each dot represents one donor and lines represent median values for each group. Significant values (*) were calculated by the Kruskal-Wallis test
with Dunn’s multiple comparisons test. *P < 0.05; **p < 0.005; ***p < 0.0005.
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from the ones in ENL (23). However, our data showed that,
during ENL, atypical B cells (CD27-CD21-) decreased whereas
activated B cells (CD27+CD21) increased in frequency. Despite
the lack of consensus, those two subpopulations of memory B
cells differ in function: activated B cells are readily prone to BCR
reactivation and atypical B cells may represent an exhausted/
anergic phenotype or a normal lineage of B cells with repeated
antigen encounters (33).

In addition, CD27+CD21+ resting memory B cells were
diminished in patients with MB leprosy, with only a slight
significant increase in atypical memory B cells. Several reports
point toward an increased subpopulation of atypical memory B
cells in diseases with chronic antigen stimulation and many
display a robust circulation of proinflammatory mediators (34,
35). However, multibacillary leprosy displays several anti-
inflammatory mechanisms that favor pathogen persistence
(15). It is well established that lipid mediators derived from the
metabolism of w3 and w6 polyunsaturated fatty acids (PUFAs)
are present in leprosy and its reactions and may play important
roles in the modulation of the innate and adaptive immune
responses (15, 36): patients with MB leprosy have higher levels of
lipid mediators (prostaglandin E2, leukotriene B4, lipoxin A4)
when compared to PB, and these substances can inhibit B cell
activation (37–39). Furthermore, it is known that lipoxin A4 can
inhibit the production of specific memory B cell antibodies (38).
Because only a slight increase in the frequency of atypical memory
B among the pool of total memory B cells was observed, we
hypothesize that these anti-inflammatory mechanisms may
impact memory B cell activation counterbalancing a high
antigen availability with low or refractory T cell help. Also, the
Frontiers in Immunology | www.frontiersin.org 6101
expansion of mature B cells may be the reason why atypical
memory B cells were only statistically significant when analyzed in
the memory cell pool. Our future studies will aim at the
identification of which memory B cells are diminished or
whether all phenotypes are equally diminished in patients with
MB leprosy.

CD27+IgD+IgM+ memory B cells are also called marginal
zone B cells and are pivotal to the response against encapsulated
bacteria (40). Here, a great reduction in this subpopulation was
observed in the multibacillary group. Indeed, some authors
report that M. leprae (41) and cell wall components (42) are
present in the blood. This high antigen availability may promote
an enhanced plasma cell differentiation chronically in a manner
that no great impact is immediately observed on plasmablast
frequencies, for changes in this compartment are transient and
detected easily during acute infections or vaccination (40).

Circulating memory B cells may also undergo apoptosis or be
redistributed to other compartments. For instance, B cells are
detected frequently in LL/BL lesions but sporadically observed in
BT granulomas (43), in which both mature and plasma cells were
found. Another hypothesis for the reduced frequencies of
circulating memory B cells could be inferred from the high
levels of total IgG observed in patients with MB leprosy. A state
of polyclonal activation would activate memory B cell clones
both nonspecific and M. leprae-specific to differentiate into
plasma cells and increase the production of antibodies by the
bone marrow resident cells. Indeed, the hypothesis of
hypergammaglobulinemia in leprosy was already suggested by
other groups (44, 45), although no specific antigen was
implicated. Recently, our group showed that bacterial histone-
like protein (hlp) and human DNA were increased in patients
with MB leprosy when B cells also had increased levels of TLR9
expression (46). One of the mechanisms of maintenance of
antibody levels is the induced recall by small quantities of
bacterial DNA which promotes antibody production of all
specificities and all subclasses (47). This serological memory is
kept by bone marrow-resident plasma cells and by memory B
cells, which are constantly restimulated by bystander cytokines
and TLR-triggering on B cells in an antigen-independent way
(48). Furthermore, both memory and naïve B cells could acquire
plasma-cell phenotype in vitro after CpG stimulation (49).
However, the persistence of M. leprae-derived circulating
antigens, especially the bacterial DNA-histone complex, could
impact memory and naïve B cell subpopulations. Therefore, we
hypothesized that a state of polyclonal B cell activation by
bacterial compounds would promote mature B cell expansion
and migration of memory B cells to bone marrow or infection
sites, reflected in increased numbers of the former and
diminished numbers of the latter in the circulating pool.

B cell homeostasis is a highly regulated process, in which bone
marrow is constantly producing B cells. Circulating B cells and
soluble factors are responsible for B cell frequency maintenance in
the peripheral tissues (50). Patients with MB leprosy have
increased circulating mature B cells, however, no impact in
transitional B cells was reported. Because the latter represents
recent egress cells from bone marrow, higher production of B cells
FIGURE 4 | Total IgG levels measured by ELISA in sera from uninfected
individuals (U), paucibacillary patients (PB), multibacillary patients in type II
reaction (ENL) or not (MB). Significant values were calculated by the Kruskal-
Wallis test with Dunn’s multiple comparisons test. A p-value < 0.05 was
considered statistically significant.
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would impact transitional B cell frequency (51). Therefore, we
cannot exclude the hypothesis that an increased production of
survival factors in the periphery may diminish naïve B cell death.

Type II reaction or ENL is a pathological process that may be
related to the break of M. leprae tolerance caused by MDT
treatment and viral infections, for example (52). It results in a
systemic inflammation to the bacillus which is often recurrent or
chronic and is treated with corticosteroid or thalidomide (22).
Negera et al. demonstrated that memory B cells are impacted
after ENL treatment in paired samples, suggesting that a
controlled inflammation has a role in B cell pool frequencies.
As bacterial killing is enhanced in patients with ENL (53), there
is a consequent increase in antigen availability, however, no
differences in all B cell frequencies among patients with MB and
ENL were observed here, but in total IgG levels. Those could be
explained by the increased formation of immune complexes
during ENL because of the high antigen availability (54).

The presence of different functionally active B-cell stages
within lesions of patients with leprosy, including BT patients,
which could secrete anti-M. leprae-specific antibodies were
described (43). Our data suggest that antigen availability that
occurs in patients with high bacillary load (MB and ENL) may be
associated with alterations in the frequency and function of B-cell
subpopulations (mature and memory B cells). It remains to be
clarified whether the impact on the B cell pool is directly
contributing to the clinical state of patients with MB leprosy or
is simply a consequence of a failure in the interferon gamma (IFN-
g) efficient response in those patients, especially because patients
with PB leprosy who can contain bacterial spread show similar B
cell frequencies as uninfected subjects. To the best of our
knowledge, it is the first study that demonstrates these different
B cell phenotypes in polar forms of leprosy and in ENL, which can
contribute to elucidate the role of B cell phenotypes in the disease.
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Phagosome-lysosome fusion in innate immune cells like macrophages and neutrophils
marshal an essential role in eliminating intracellular microorganisms. In microbe-
challenged macrophages, phagosome-lysosome fusion occurs 4 to 6 h after the
phagocytic uptake of the microbe. However, live pathogenic mycobacteria hinder the
transfer of phagosomes to lysosomes, up to 20 h post-phagocytic uptake. This period is
required to evade pro-inflammatory response and upregulate the acid-stress tolerant
proteins. The exact sequence of events through which mycobacteria retards
phagolysosome formation remains an enigma. The macrophage coat protein Coronin1
(Cor1) is recruited and retained by mycobacteria on the phagosome membrane to retard
its maturation by hindering the access of phagosome maturation factors. Mycobacteria-
infected macrophages exhibit an increased cAMP level, and based on receptor stimulus,
Cor1 expressing cells show a higher level of cAMP than non-Cor1 expressing cells. Here
we have shown that infection of bone marrow-derived macrophages with H37Rv causes a
Cor1 dependent rise of intracellular cAMP levels at the vicinity of the phagosomes. This
increased cAMP fuels cytoskeletal protein Cofilin1 to depolymerize F-actin around the
mycobacteria-containing phagosome. Owing to reduced F-actin levels, the movement of
the phagosome toward the lysosomes is hindered, thus contributing to the retarded
phagosome maturation process. Additionally, Cor1 mediated upregulation of Cofilin1 also
contributes to the prevention of phagosomal acidification, which further aids in the
retardation of phagosome maturation. Overall, our study provides first-hand information
on Cor1 mediated retardation of phagosome maturation, which can be utilized in
developing novel peptidomimetics as part of host-directed therapeutics
against tuberculosis.
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Saha et al. Mechanism of Cor1 Hindered Mycobacterial Phagosome Maturation
INTRODUCTION

Tuberculosis (TB) caused byMycobacterium tuberculosis (M. tb)
affects a quarter of the globe and has mortality over 1.5 million
every year (1). Lack of an environmental reservoir causesM.tb to
be an obligate intracellular parasite that predominantly chooses
alveolar macrophages as its host and evades the host immune
system. A significant setback in tuberculosis treatment is the
emergence of extreme and total drug-resistant M. tb arising out
of unregulated and discontinuous use of anti-mycobacterial in
socioeconomically backward populations (2). Host-directed
therapeutics are coming of age. Therefore, the need of the hour
is to identify new drug targets for which one must comprehend
the molecular intricacies between the host defense system and
mycobacterium. Mycobacterial pathogenesis involves the
secretion of several virulence factors (PknG, SapM, PtpA, Eis)
and the hijacking of host factors (Coronin1, Calcineurin, SOCS1,
CISH, LRG47, Gbp5) to establish its niche within themacrophages
(3). Evolutionarily, Coronins are a family of actin-binding proteins
that regulate several cellular functions such as cell migration,
cytokinesis, phagocytosis, cytoskeletal reprogramming, etc. (4, 5).

Cor1 is a 57-kDa, trimeric protein in mammals, explicitly
expressed in the hematopoietic cells and brain. The interaction of
Cor1 with F-actin has been established, but whether this interaction
has any role in mycobacterial pathogenesis remains to be elucidated
(6). Cofilin1 is another protein, which is activated through
dephosphorylation followed by F-actin depolymerization by
cooperatively binding along the sides of actin filaments and
inducing conformational changes in filament structure (7). Cor1
is known to activate Cofilin1 by activating the phosphatase
Slingshot and thereby affecting actin dynamics (8). Deletion of
Cor1 affects actin reorganization dynamics, thus influencing
phagocytosis (9). Trimeric Cor1 being a cortical protein is
recruited and retained by live pathogenic mycobacteria and it
hinders phagolysosome formation (6). Knockout of Cor1 does
not affect phagocytosis, but mycobacteria-containing phagosomes
in these cells are rapidly acidified and fuse with lysosomes.
Macrophage Cor1 gets upregulated in active TB patients (10),
while ectopic Cor1 expression in Cor1 non-expressing cells has
increased intracellular cAMP levels (11). Mycobacterial infection of
macrophages raises the intracellular cAMP levels, which then
impacts pathogenesis through yet unknown mechanisms.
Therefore, it remains to be revealed whether Cor1 mediated
activation of Cofilin1 and Cor1 mediated increase in threshold
levels of cAMP are two different events or part of an interlinked
signaling cascade promoting mycobacterial pathogenesis.

When immortalized bone-marrow-derived macrophages
(BMDM) were infected with live mycobacteria, the intracellular
cAMP levels were raised, but the same did not occur in Cor1
knockout macrophages. A mycobacterial infection-induced
nascent overexpression of Cor1 was also observed, which then
led to the activation of Cofilin1, which then increasingly
depolymerized F-actin at the vicinity of the phagosomes.
Consequently, phagosomal acidification was hindered, thus
hindering phagosome-lysosome fusion. Conversely, Cor1
knockout macrophages failed to activate Cofilin1 upon
mycobacterial infection, thus causing F-actin accumulation at
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the phagosomes that then promoted its acidification. For the
first time, this study elucidates the mechanism of Cor1 mediated
hindrance to phagosome maturation upon mycobacterial
infection. We ascribe that mycobacterial infection causes Cor1
mediated elevation of intracellular cAMP, followed by activation
of Cofilin1 and thereafter depolymerization of F-actin to hinder
phagosomal acidification and thus its maturation.
MATERIALS AND METHODS

Cell Lines
Immortalized murine BMDM (WT and Cor1-/-) as described in
Reference 12 were used in this study unless otherwise stated. All
macrophages were maintained in DMEM (Sigma-Aldrich)
supplemented with 10% heat-inactivated FBS (Gibco) at 37°C
in a humidified incubator with 5% CO2. Cells were
microscopically checked after every 24 hours and routinely
split into new cultures when they reach 70% confluence.
Mycobacterial Culture
M. tb H37Rv, M. bovis BCG (BCG), andM. smeg were grown on
7H9 liquid medium (Sigma) containing 0.08% Tween 80 and
supplemented with 10% OADC enrichment. Parallel sets of
mycobacterial cultures were maintained, and subcultures were
given from those with little to no mycobacterial clumps. M. tb
H37Rv cultures were carried out in a biosafety level 3 facility of
National Jalma Institute of Leprosy and Other Mycobacterial
Diseases (NJILOMD), Agra, and National Institute for Research
on Tuberculosis (NIRT), Chennai. All experiments with M. tb
were carried out according to institutional guidelines of
NJILOMD and NIRT. M. bovis BCG and M. smeg were cultured
inside biosafety class 2 type A2 cabinets at IIT Kharagpur as per
the institutional guidelines. Dead mycobacteria were prepared by
heating mycobacteria-containing cultures at 65°C for 30 min
followed by washing and resuspension in DMEM containing
2% FBS.
Reagents
Competitive cAMP-ELISA kits were procured from Cayman,
rabbit monoclonal anti-LAMP1, anti-EEA1, and anti-Coronin1
antibody was from cell signaling technology (CST), mouse
monoclonal anti-Cofilin1 antibody, rabbit monoclonal LAMP1,
and rabbit monoclonal anti-phospho Cofilin1 antibody was from
Sigma-Aldrich, and anti-cAMP antibody was from Santa Cruz
Biotechnology. Mouse monoclonal anti-atubulin antibody was
from Novus Biologicals. Secondary antibodies conjugated with
fluorophores AlexaFlour488 and 568 were from Life Technologies,
DRAQ5 from CST. KH7, Rolipram, Slingshot inhibitor D3 were
from Sigma-Aldrich. Protease inhibitor cocktail and phosphatase
inhibitor were from Roche. 5x Bradford Reagent was from Bio-
Rad, Supersignal West Pico chemiluminescent reagent, and
ProLong Gold Antifade was from Life Technologies.
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Isolation of Total RNA, Preparation of
cDNA, and Real-Time PCR Analysis
Total RNA was isolated from untreated or different inhibitor
treated BMDM with or without mycobacterial infection using
Roche Total RNA isolation kit as per manufacturers protocol.
The quality of total RNA was analyzed using a microvolume
spectrophotometer to 260/280 ratio. First-strand cDNA synthesis
was carried out using oligo dT (Roche) and Superscript II RT
(Thermo) as per manufacturers protocol. PCR amplification was
initially standardized before real-time analysis using the sense and
antisense primers TCGGACC TGTTCCAGGAGGA CTGGG
CTCTGGTGTAGC TCTT for Cor1 and CATCACTGCCA
CCCAGAAGACTG and ATGCCA GTGAGCTTCCCGTTCAG
for GAPDH, respectively. Next, real-time PCR was carried out
using BioRad SSO advanced master mix and in a BioRad CFX96
system. Relative mRNA expression was quantified using the DDCt
method (12).

To analyze Th1/Th2 response inside BMDM macrophages
upon infection with non-pathogenicM. smegmatis or pathogenic
M. tb (H37Rv) at 0-h and 3-h chase times, the cells were pelleted,
lysed, and total RNA was prepared and cDNA generated as
described previously. Next, sense and antisense oligonucleotides
for TNFa (GGTGCCTATGTCTCAGCCTCTT and GCCATAG
AACTGATGAGAGGGAG), IL-10 (CGGGAAGACAA
TAACTGCACCC and CGGTTAGCAGTATGTTGTCCAGC),
iNOS2 (GAGACAGGGAAGTCTGAAGCAC and CCAGC
AGTAGTTGCTCCTCTTC), and Arginase1 (AACACTCC
CCTGACAACCAG and CCAGCAGGTAGCTGAAGGTC)
were used for qPCR analysis having GAPDH as the
housekeeping gene and using BioRad SSO advanced master mix
and in a BioRad CFX96 system. Relative mRNA expression was
quantified using the DDCt method. The fold change in expression
over the GAPDH expression level was plotted. The experiments
were carried out in triplicate with each sample set being in
duplicate for each of the experiments.
Mycobacterial Infection
Mycobacterial infection of BMDM macrophages was carried out
as described elsewhere (13). Before infection, cells were plated in
a 10-cm dish or 6-well plates at 2.2 ×106 or 3×105 cells,
respectively. Log phase mycobacterial culture was taken in a
15-ml tube and centrifuged at 1000 g for 5 min to remove
clumped mycobacteria. After that, the supernatant was taken in a
fresh tube, centrifuged again at 4500 g for 5 min, followed by
three washes using DMEM containing 2% FBS, and finally
resuspended in it before adding it to BMDM cells and
thereafter kept at 37°C incubator with 5% CO2 for 1 h. Next,
mycobacteria were removed, and the cells were washed with
DMEM containing 10% FBS and incubated similarly for the
different time periods as indicated. Unless otherwise stated, an
MOI of 1:20 was used in our experiments, since at this MOI we
obtained appreciable viability as well as infectivity as compared
to MOI 1:10 where cell viability was higher but infectivity was
lower, while at MOI 1:40 the infectivity was higher but cell
viability was lower (Supplementary Figure 1A). Likewise,
measurements of cAMP levels showed that for different MOI
Frontiers in Immunology | www.frontiersin.org 3107
that were used, cells where an MOI of 1:20 was used for infection
appropriate levels of cAMP were observed, which also increased
with time of infection (Supplementary Figure 1B).

Cloning and Transfection
Total RNA isolated from wildtype BMDM cells was used to
generate cDNA as described earlier. Using the sense and
antisense primers AGGCGCGCCTATGAGCCGGCA GGTG
GTTCG and CGGCTCGAGCTACTTGGCCTGAAC AGTCT,
respectively, Coronin1 was amplified and cloned in the AscI and
XhoI sites of pCMV6-entry. The purified pCMV6-entry-Cor1
plasmid was mixed with Cor1-/- BMDM in Buffer E1 of the Neon
Transfection System, and transfection was carried out as per
manufacturers protocol using the 100-ml kit. The expression of
Cor1 in these transfectants was further confirmed through
immunoblot analysis (Supplementary Figure 2).

Competitive ELISA for Measurement of
Intracellular cAMP
Wildtype, Cor1-/-, or Cor1 transfected Cor1-/- BMDM cells
(5×105 cells/well of 6-well plates) were seeded for 24 h, after
which they were either left untreated or pretreated with KH7 or
Rolipram for 2 h. These cells were either kept uninfected or
infected withM. tb (H37Rv),M. bovis BCG, orM. smegmatis (M.
smeg) at different MOI (1:10, 1:20, 1:40) and chased for different
time periods as indicated. After this, cells were washed with PBS
three times to remove extracellular bacteria. After that, cells were
lysed, and cAMP ELISA was carried out as per manufacturer’s
protocol (Cayman). The indicated is an average of three
independent experiments.

Immunoblot Analysis
BMDM cells seeded at 5×105 cells/well of a 6-well plate for 24 h
were inhibitor-treated and thereafter infected with mycobacteria
at MOI of 1:20 for different time periods as indicated. In one set
of experiments, macrophages were pretreated with MG132
(5uM) for 1 h and infected with M. tb in the presence of the
same concentration of MG132 for indicated time points and
thereafter lysed and immunoblotted. Differentially treated and
infected macrophages were next washed with ice-cold 1X PBS
and subsequently incubated with RIPA lysis buffer containing
protease inhibitor cocktail for 20 min on ice. The lysed cells were
centrifuged at 16000 g for 20 min at 4°C, and the supernatant was
taken in a new tube. Protein estimation was done, and equal
amounts (30 mg) of protein corresponding to each sample were
electrophoresed in 10% SDS-PAGE, transferred to PVDF
membrane, blocked, and immunoblotted with different
antibodies as indicated. Primary antibodies of different
dilutions as standardized in 5% FBS containing PBS were used.
The membranes were washed with PBS-T three times before
incubation of species-specific secondary antibodies. The
membranes were thereafter rewashed three times with PBS-T,
followed by developing the membranes using Supersignal
WestPico chemiluminescent reagent (Thermo) and analyzed
under a LAS500 imager (GE). The best image out of three
independent experiments has been represented, while densitometry
analysis was carried out for the three experiments and the average
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data was plotted. The phospho-Cofilin1 specific densitometry values
were generated after normalization with respective total Cofilin1
protein intensity.

Immunofluorescence Microscopy
BMDM cells were seeded on Teflon-coated 10-well chamber
slides for 2 h before mycobacterial infection at an MOI of 1:20
was carried out. Cells were incubated with mycobacteria for
60 min followed by a chase period as indicated. These infected
cells were fixed using 4% paraformaldehyde for 15 min followed
by permeabilization with 0.02% saponin (Sigma-Aldrich) and
then blocked using 5% FBS in PBS for 1 h. After that, incubation
in primary antibody, diluted in 5% FBS containing PBS, was
carried out for 4 h, washed with PBS, incubated with respective
AlexaFluor conjugated secondary antibody for 1 h, and washed
again with PBS. The cells were counterstained with DRAQ5
(CST) when required to stain the nucleus. For staining
mycobacteria, rabbit anti-mycobacteria antibody and AF488
conjugated donkey anti-rabbit were used. For labelling LAMP1
or LAMP2 and Cor1, rat anti-LAMP1 or LAMP2 and goat anti-
Cor1 were used followed by counterstaining with AF568
conjugated donkey anti-rat and AF647 conjugated donkey
anti-goat antibodies, respectively. The cells were mounted
using ProLong Gold Antifade reagent and imaged under an
FV3000 confocal microscope (Olympus).

Measurement of Phagosomal Acidification
Upon Mycobacterial Infection
For phagosomal pH measurement, mycobacteria were double-
stained sequentially with 25 mM pH-sensitive pHrodo
succinimidyl ester (Invitrogen) for 60 min at 37°C and 20 mg/
mL pH insensitive Alexa Fluor 488 carboxylic acid (Invitrogen)
as per manufacturers protocol. Thereafter, stained mycobacteria
were washed three times with DMEM and resuspended in
DMEM containing 2% FBS. BMDM cells were next infected
using these labeled mycobacteria at an MOI of 1:20 for indicated
time points. Non-internalized mycobacteria were removed by
washing with PBS. Next, pH calibration was carried out by
incubating infected cells in 10 mM phospho-citrate buffer with
predetermined pH of 5 to 8. Finally, infected cells were fixed with
4% paraformaldehyde, and phagosomal pH was measured by
monitoring the change in fluorescence of pH-sensitive dye
pHrodo in a Cytation5 multimode reader (BioTek) against the
fluorescent Alexa Fluor 488 fluorescence. For calculation of
phagosomal pH, mean fluorescence intensity ratio of pHrodo
and Alexa Fluor 488 was considered. Three independent
experiments were carried out, and the average data were plotted.

Quantification of Nascent Coronin1
Upon Infection
BMDM cells were cultured in L-methionine-free DMEM
medium containing 10% dialyzed FBS for 2 h to deplete
intracellular methionine level. After that, L-AZA (4-Azido-L-
homoalanine, ortho analog of L-methionine) was added to the
medium and incubated for another 2 h before infection with
mycobacteria at MOI of 1:20. The presence of L-AZA instead of
Frontiers in Immunology | www.frontiersin.org 4108
methionine causes nascent expressed proteins to harbor L-AZA.
After infection for indicated time points for labelling of nascent
proteins, the cells were washed three times with PBS and lysed
with ice-cold lysis buffer containing 1% Triton-X-100. The lysate
was incubated with biotin-alkyne. By exploiting the “click
reaction” between Azide and alkyne, all the nascent expressed
proteins that had been L-AZA labelled were biotin-alkylated
(14). These proteins were next precipitated with Streptavidin-
agarose and, after that, electrophoresed and immunoblotted
using anti-Cor1 or anti-b-tubulin antibodies and processed as
described earlier.

Quantification of Mycobacterial
Degradation
Macrophages can degrade pathogens by rapidly transferring
them to lysosomes through the fusion of the phagosome and
lysosome. Pathogenic mycobacteria are known to hinder
phagosome maturation and fusion with lysosome while non-
pathogenic mycobacteria are rapidly transferred to the lysosomes
and degraded. Hence, in the context of our study we correlated
phagolysosome formation to mycobacterial degradation and
therefore the extent of phagolysosomes formation quantitated
based on colocalized green, fluorescent mycobacteria and red
fluorescent LAMP1 or LAMP2 stained lysosomes was observed
and represented as a percentage of infected cells that were
counted (n=100). The experiments were done in triplicate and
the averaged values were plotted.

Quantification of Phagosome Associated
F-Actin
BothWT and Cor1-/- BMDMwere infected with mycobacteria at
an MOI of 1:20 for indicated time periods followed by treatment
with 1% formaldehyde to crosslink all complexes as well as
phagosome-associated F-actin. After that, the cells were lysed
using a hypotonic lysis buffer and passed through a 22-gauge
needle to disrupt the large membrane complexes. This lysate was
layered on top of a discontinuous sucrose gradient, and the F-
actin crosslinked, mycobacteria-containing phagosomes were
isolated as described earlier (15). These phagosomes were
further processed for F-actin solubilization and immunoblotting,
as mentioned in Jayachandran et al. (16).

To stain intracellular F-actin, Alexa Fluor 488 conjugated
phalloidin was used. In order to obtain the extent of F-actin
polymerization around the mycobacteria-containing phagosomes,
a fixed line (denoted in red) specific fluorescence intensity
measurement was carried out both from infected WT and
Cor1-/- BMDM. Fluorescence intensity values corresponding to
two fixed lines were recorded from each image (n=50) and
thereafter these recorded arbitrary fluorescence units were
averaged and plotted for WT and Cor1-/- either untreated or
pretreated with slingshot inhibitor D3 prior to infection withM. tb.

Transmission Electron Microscopy
Wild type and Cor1-/- BMDM cells were infected with mycobacteria
having an MOI of 1:20 for 2 h. After that, the cells were fixed in 2%
glutaraldehyde in 0.2M sodium cacodylate buffer containing 0.12M
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sucrose for 1 h at 41°C. After washing, the cells were post-fixed in
osmium tetroxide (1.5%, w/v) and stained in 0.5% uranyl acetate.
Next, dehydration was carried out in ethanol, clearing in propylene
oxide, and embedding in Epon 812 was performed according to
standard procedures (17). Sections were stained in 5% (w/v) uranyl
acetate and 0.4% (w/v) lead citrate. These sections were taken on
copper grids by the floatation method.

Labelling was performed on the section by floating the grids
(section side down) on droplets of labelling reagent on Parafilm
M inside a humid chamber. Blocking was done with 0.5% BSA
containing PBS for 5 min, followed by incubation with
biotinylated-phalloidin for 1 h at RT. Next, the grids were
washed with blocking buffer 6 times with 2 min for each wash,
followed by incubation with streptavidin colloidal gold conjugate
for 40 min at RT (18). The grids were rewashed 4 times with
2 min for each wash using blocking buffer. The grids were
thereafter inserted into a Zeiss Orion TEM and visualized. In
case of immunogold transmission electron microscopy, gold
nanoparticle labelled target proteins appear as dense dots
against the background of stained cells.

Statistical Analysis
Results were analyzed with one-way ANOVA and post hoc
multiple comparison test (Tukey HSD). Data are represented
as mean ± SEM. p ≤ 0.05 was statistically significant. Significance
was shown as follows: *p ≤ 0.05, **p ≤ 0.01, NS, non significant,
graph plotted and statistical significance were shown using
Origin8 and GraphPad Prism 5 software.
RESULTS

Mycobacteria Infected Macrophages
Exhibit an Increased Level of cAMP in
Comparison to Uninfected Macrophages
Increased intracellular cAMP is known to suppress the innate
immune response and hinder phagosome maturation by interfering
with phagosomal actin assembly (19–21). Nevertheless, whether this
rise of intra-macrophage cAMP upon mycobacterial infection was
caused by mycobacteria alone (22) or if macrophage signaling plays
a role remained undeciphered. To investigate this, we infected
BMDM with mycobacteria and thereafter measured intracellular
cAMP by competitive ELISA. It was observed for uninfected
macrophages that there was no rise in cAMP levels with time but
when these BMDM were infected with M. tb there was an initial
burst of cAMP at 30 min, which increased significantly after
180 min of infection (Figure 1A). A similar observation was also
seen in the case ofM. bovis BCG. When BMDM were infected with
heat-killed mycobacteria, the initial level of cAMP at 30 min was
slightly higher than the uninfected control, but it declined to levels
similar to uninfected BMDM after 180 min of infection. This initial
surge of cAMP after 30 min was generated by macrophages alone as
the infecting mycobacteria were heat-killed, thus indicating that
macrophages do contribute toward the increased level of
intracellular cAMP upon mycobacterial infection. Next, when we
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carried out infection with non-pathogenicM. smeg, a similar initial
surge of cAMP at 30 min was observed and the levels were between
that of heat-killed mycobacteria and live pathogenic mycobacteria,
since M. smeg although being non-pathogenic does contribute
partly to the intracellular cAMP level. Non-pathogenic, M. smeg
containing phagosomes fuse with lysosomes by 180 min post-
infection. Hence, the cAMP levels also fall considerably at this time.

Compared to live M. tb or M. bovis BCG, heat-killed M. tb or
M. smeg fails to retain the Cor1 coat on the phagosome
membrane (23). When we infected BMDM with live
pathogenic and heat-killed M. tb, it was observed that both live
and heat-killed M. tb had Cor1 recruited to the respective
phagosomes at the 0-h time point but only live M. tb
containing phagosomes could retain the Cor1 coat after 3 h of
infection and heat-killed M. tb containing phagosomes fused
with lysosomes as it failed to retain the Cor1 coat around the
phagosome (Figure 1B). Therefore, the decrease of cAMP with
increasing time of infection in the case of heat-killed pathogenic
mycobacteria or non-pathogenic mycobacteria could be
attributed to its failure in retaining the Cor1 coat on the
phagosome membrane because Cor1 has earlier been shown to
increase cAMP levels (11).

Next, we pre-incubated cells with the adenylate cyclase
antagonist, KH7, and thereafter measured cAMP levels with or
without mycobacterial infection. The cAMP levels of KH7
pretreated BMDM at 30 min were lower than that in untreated
cells (Figure 1C). Although infection of KH7 pretreated BMDM
with M. tb and M. bovis BCG exhibited a rise of cAMP levels
compared to uninfected macrophages at 30 min, the levels were
much lower than that observed in untreated cells. A similar trend
was observed in the case of infection with heat-killed mycobacteria
or non-pathogenicM. smeg (Figure 1C). After 180 min of infection
of KH7 pretreated BMDMwithM. tb andM. bovis BCG, the cAMP
values did increase due to gradual reactivation of inhibited ACs with
time, but the levels were not sufficient in preventing phagolysosome
formation (Supplementary Figure 1C). Infection with heat-killed
mycobacteria or M. smeg at 30 min of infection exhibited reduced
cAMP levels compared to KH7 untreated cells but infected BMDM,
and the difference remained even after 180 min of infection. This
can be attributed to the lack of mycobacterial contribution toward
an increase of cAMP both for heat-killed mycobacteria or non-
pathogenic M. smeg (24–26). Concomitant to decreased levels of
cAMP after 180min of infection, the heat-killed mycobacteria orM.
smeg containing phagosomes fused with the lysosomes
(Supplementary Figure 1C). This could also be attributed to the
failure in retaining the Cor1 coat on the phagosome membrane.

BMDM cells exhibit a higher level of cAMP in Rolipram
treated cells owing to its inhibition of PDE4 (27), but the levels
reduced after 3 h due to reactivation of PDE4 (Figure 1D).
Infection of these Rolipram pretreated cells with M. tb or M.
bovis BCG exhibited a higher level of cAMP at 30 min, which
increases further after 3 h of infection (Figure 1D). Infection
with heat-killed mycobacteria or non-pathogenic M. smeg
exhibited cAMP levels slightly higher than that observed for
Rolipram treated but uninfected cells at 30 min, and the cAMP
level decreases considerably after 3 h of infection to levels lower
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Saha et al. Mechanism of Cor1 Hindered Mycobacterial Phagosome Maturation
than untreated levels for heat-killed mycobacteria but slightly
higher in M. smeg infected cells (Figure 1D). But these levels
were not sufficient to hinder phagolysosome formation
(Supplementary Figure 1C). This fall in cAMP levels and
concomitant phagolysosome formation could be attributed to
the inability of heat-killed M. tb or M. smeg to retain the initial
phagosome membrane-recruited Cor1. To ascertain this
hypothesis, we carried out similar cAMP assays in Cor1
knockout BMDM.

Apart from LAMP1, LAMP2 is another lysosomal marker and
sometimes a better determining factor in terms of phagolysosome
formation. Hence, we carried out colocalization studies of
mycobacteria with LAMP2 at indicated chase time points after
infection with non-pathogenic M. smeg or pathogenic M. tb.
Representative images as shown in Supplementary Figure 1D
show that lysosomes are located close to mycobacteria-containing
phagosomes at 0-h time point forM. smeg infected BMDM, and at
3 h phagosome-lysosome fusion has occurred in these cells. In
contrast, forM. tb infected cells from 0-h timepoint itself the Cor1
scaffold around the phagosome is observed and it stays at the 3-h
Frontiers in Immunology | www.frontiersin.org 6110
time point as well, thus hindering LAMP2 stained lysosomes to
fuse with these phagosomes. To further analyze the role of AC
inhibitor KH7 and PDE4 inhibitor Rolipram in the context of
phagolysosome formation with respect to decrease or increase in
the levels of intracellular cAMP, we pretreated cells with these
inhibitors prior to infection with non-pathogenic M. smeg or
pathogenic M. bovis BCG or M. tb. It was observed that
phagolysosome formation majorly occurred in the case of M.
smeg infection, and inhibition of PDE4 by Rolipram to increase
intracellular cAMP to some extent could not prevent this
phagolysosome formation (Supplementary Figure 1E). Infection
with pathogenic mycobacteria by virtue of its ability to retain the
Cor1 coat on the phagosome membrane could increase the cAMP
levels and together with mycobacteria-generated cAMP could
reach an above threshold level to hinder phagosome maturation.
But KH7 treatment hindered the Cor1-induced macrophage
cAMP production, thus reducing the intracellular cAMP level to
be below the required threshold and hence causing the
phagosomes to mature and fuse with lysosomes in the M. bovis
BCG and M. tb infected macrophages.
A B

DC

FIGURE 1 | (A) Intracellular cAMP concentration in uninfected and live M. tb, M. bovis BCG, M. smeg, heat-killed M. tb, and heat-killed M. bovis BCG infected
BMDM after the indicated time points using competitive ELISA. (B) Immunofluorescence analysis of mycobacteria-infected macrophages. WT-BMDM infected with
live M. tb or hk M. tb for indicated time points were stained for mycobacteria (green), lysosomes (LAMP1 in red), and Cor1 (blue). In the case of live M. tb-infected
macrophages Cor1, recruited around phagosomes at 0-h time point was retained even after 3 h of infection, while for hk M. tb-infected macrophages Cor1 was not
retained after 3 h of infection (scale:10 mm). (C, D) Competitive ELISA-based measurement of intracellular cAMP concentration in uninfected or live M. tb, M. bovis
BCG, M. smeg, heat-killed M. tb, and heat-killed M. bovis BCG infected BMDM for the indicated time points without and after pretreatment with (C) adenylate
cyclase inhibitor KH7 or (D) phosphodiesterase inhibitor Rolipram (n = 3). Data represents mean ± SEM; *p < 0.05, **p < 0.01, NS, non-significant.
September 2021 | Volume 12 | Article 687044

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Saha et al. Mechanism of Cor1 Hindered Mycobacterial Phagosome Maturation
Coronin1 Knockout Macrophages Exhibit
a Lower Level of cAMP
Cor1, being a cortical macrophage protein, gets automatically
recruited to mycobacterial phagosomes (16), but only live
pathogenic mycobacteria can retain it on the phagosomal
membrane through its secretion of lipoamide dehydrogenase
(23). Ectopic expression of Cor1 in Cor1 non-expressing cells is
known to exhibit increased cAMP levels upon GPCR triggering
(11). Results from Figures 1A, C, D show that apart from
mycobacteria, macrophages also contribute to the increase in
intracellular cAMP levels upon mycobacterial infection (24).
Hence, infection of Cor1-/- BMDM with live M. tb or M. bovis
BCG resulted in cAMP levels that were lower than that of WT
BMDM at 30 min. After 180 min of infection, Cor1-/- BMDM did
not exhibit any rise in cAMP levels while there was a significant
rise in cAMP levels of WT-BMDM infected macrophages
(Figure 2A). The difference in cAMP levels between WT and
Cor1-/- macrophages after 30 min of infection is indicative of the
initial contribution of Cor1 toward cAMP production upon
mycobacterial infection. The continued generation of cAMP
owing to the presence of phagosome membrane bound Cor1
along with the mycobacteria-generated cAMP results in the high
level of cAMP at 180 min post-infection. Thus, it was evident
that the phagosome retained Cor1 contributes toward cAMP
production with increasing time of infection and mycobacteria-
generated cAMP only helps to keep the cAMP level at a higher
Frontiers in Immunology | www.frontiersin.org 7111
threshold and static with increasing time of infection. Infection
of Cor1-/- BMDM with heat-killed mycobacteria did not produce
any appreciable amount of cAMP as compared to infected WT-
BMDM or live mycobacteria infected Cor1-/- BMDM, and non-
pathogenic M. smeg did not produce any appreciable amount of
cAMP compared to infection of Cor1-/- BMDM with live
mycobacteria or with infection of WT-BMDM with heat killed
M. tb. The difference in the cAMP levels between Cor1-/- BMDM
infected with live or heat-killed mycobacteria remained similar
after 180 min of infection, but the difference in cAMP levels
between WT and Cor1-/- BMDM infected with heat-killed
mycobacteria reduced after 180 min of infection. Similarly,
infection of Cor1-/- BMDM with non-pathogenic M. smeg after
30 min of infection exhibited a slightly lower level of cAMP
compared to infection of WT-BMDM and the difference was
non-significant after 180 min of infection.

Infection of KH7 pretreated Cor1-/- BMDM exhibited higher
levels of cAMP at 30 min compared to untreated and uninfected
Cor1-/- cells (Figure 2B), and this cAMP level increased
considerably after 180 min of infection. The cAMP levels of
untreated Cor1-/-BMDM when infected with live pathogenic
mycobacteria did not exhibit any increase, but there was a
significant rise in the cAMP levels from 30 to 180 min after
infection, between KH7 pretreated Cor1-/-. This could be
attributed to reduced initial level of cAMP in KH7 pretreated
Cor1-/- cells as compared to untreated Cor1-/- and thereafter a
A B

DC

FIGURE 2 | Competitive ELISA-based measurement of intracellular cAMP concentration in uninfected and live M. tb, live M. bovis BCG, live M. smeg, heat-killed M.
tb, and heat-killed M. bovis BCG infected (A) WT and Cor1-/- BMDM, (B) Cor1-/- BMDM without or after pretreatment with adenylate cyclase inhibitor KH7, and (C)
Cor1-/- BMDM without or after pretreatment with phosphodiesterase inhibitor Roliparm or (D) transfected with pCMV6-Coronin1 for indicated time points (n = 3).
Data represents mean ± SEM; *p < 0.05, **p < 0.01, NS, non-significant.
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gradual cAMP production by adenylate cyclase with time due to
the absence of KH7. The cAMP levels in KH7 pretreated Cor1-/-

BMDM, upon infection with heat-killed mycobacteria, were
similar to uninfected KH7 treated Cor1-/- BMDM. Interestingly,
KH7 pretreated Cor1-/- BMDM when infected with M. smeg
exhibited cAMP levels closer to KH7 pretreated Cor1-/- BMDM
infected with liveM. tb orM. bovis BCG at 30 min, but the cAMP
levels fell for the former and rose for the later after 180 min of
infection. This indicated that the initial level of cAMP at 30 min
was contributed through infection in general but M. smeg being
non-pathogenic failed to contribute toward cAMP production,
which in contrast was carried out by live M. tb or M. bovis BCG.

Next, when Cor1-/- BMDM were treated with Rolipram, the
cAMP level at 30 min was slightly elevated, and it decreased
significantly after 180 min and became similar to untreated cells
(Figure 2C). Since mycobacterial ACs generate an appreciable
amount of cAMP, the live mycobacteria-infected macrophages in
the Rolipram pretreated Cor1-/- BMDM exhibit a higher amount of
cAMP at 30 min compared to untreated but infected cells. The
cAMP level falls thereafter and becomes closely similar to that of
untreated but infected cells (Figure 2C). Similarly, significant
difference exists between the cAMP levels of untreated and
Rolipram treated Cor1-/- BMDM after 30 min of infection with
heat-killed mycobacteria or non-pathogenicM. smeg, but the cAMP
levels become similar after 180 min of infection. Therefore, it is
evident that the mycobacterial ACs, although capable of holding the
cAMP level, are not enough to maintain it above the required
threshold that is crucial for hindering phagosome maturation

Interestingly, when we expressed Cor1 inside Cor1-/- BMDM
(Supplementary Figure 2) and measured the cAMP level in
these transfectants with and without mycobacterial infection, it
was observed that the cAMP values were close to that obtained
from wild type BMDM, with and without mycobacterial
infection (Figure 2D). The time-wise trend of increase or
decrease of cAMP levels between that of (Cor1-/-+Cor1)
transfectant and Cor1-/- BMDM were similar to that observed
in Figure 2A between WT-BMDM and Cor1 BMDM. This
indicated that the differences observed in Cor1-/- were strictly
due to the absence of Cor1-mediated cAMP production.

Mycobacterial Infection Induced Nascent
Up-Regulation of Macrophage Coronin1
From the previous experiments, it is evident that mycobacterial
infection-induced increased cAMP inside the macrophages is
partly produced by mycobacteria and partly by the phagosome
recruited Cor1 and the rise in cAMP level is due to retention
of Cor1 on the phagosome by pathogenic mycobacteria.
To understand the mechanism of Cor1-mediated rise of
intracellular cAMP, we tested the transcript level of Cor1 in
M. tb, M. bovis BCG, or M. smeg-infected macrophages after 3 h
of infection using qRT PCR. Both live M. tb and M. bovis BCG
infected macrophages exhibit a ~2.4-fold and 2-fold increase in
Cor1 mRNA expression after 3 h of infection compared to
uninfected macrophages, while there was no notable change in
Cor1 expression upon infection with heat-killed mycobacteria or
with M. smeg (Figures 3A, B). Next, we wanted to see if this
Frontiers in Immunology | www.frontiersin.org 8112
increased level of Cor1 transcripts is also reflected at the protein
level. Surprisingly, immunoblotting of mycobacteria-infected
macrophage lysates did not exhibit any significant change in
expression of Cor1 (Supplementary Figure 3A).

We assumed that the subtle difference in Cor1 level upon
infection could be masked due to the long half-life of the
abundant level of existing Cor1 in the cell or part of Cor1
could exist in a state of dynamic equilibrium of expression and
degradation, and the increased expression of Cor1 is required to
replenish the continuously degrading Cor1. If Cor1 gets degraded
continuously, the hint for the same would be obtained by
immunoblotting mycobacteria-infected macrophages that had
been pretreated and also in the presence of the proteasomal
degradation inhibitor MG132. Such an experiment exhibited a
gradual increase in the level of Cor1 above that of the constitutive
gene control. Pre-incubation as well as the presence of MG132
inhibited the 26S proteasome thus hindering degradation of both
Cor1 as well as the constitutive gene b-tubulin. If mycobacterial
infection increased the nascent expression of Cor1, then inhibition
of the 26S proteasome would be exhibited by a greater increase in
Cor1 level over the increase observed for the constitutive b-
tubulin. From Supplementary Figure 3B we observed that a
similar result was obtained and the nascent expression of Cor1
over control was plotted in the densitometry analysis. We next
decided to study the nascent changes in Cor1 expression upon
infection, using a non-radioactive L-AZA mediated assay as
described in the Materials and Methods section. From this
experiment, the difference in the expression level of nascent
Cor1 was evident in the case of live mycobacteria and not heat-
killed mycobacteria-infected macrophages (Figures 3C, D).
Therefore, it can be stated that macrophages infected with live
pathogenic mycobacteria not only recruit and retain Cor1 onto the
phagosomal membrane but also bring about a nascent increase in
Cor1 expression. This nascent increase of Cor1 expression is
required to replenish the decreasing level of Cor1 on the
phagosome membrane and thereby initiate cAMP production.
Thus, the cumulative effect of retained Cor1 and increased Cor1
expression contributes toward the rise in cAMP levels above
threshold values required to hinder phagosome maturation.

From the above data it is evident that mycobacterial infection
leads to nascent overexpression of Cor1, which is essential to
maintain the macrophage-generated cAMP essential to reach a
threshold level of cAMP along with mycobacterial cAMP to hinder
phagosome maturation. Whether such nascent overexpression has
any implication in the Th1/Th2 response of the macrophage, when
pretreated with AC inhibitor KH7 or PDE4 inhibitor Rolipram
prior to infection with M. smeg or M. tb, must be determined. As
markers of Th1 or pro-inflammatory response, we chose tomonitor
TNFa and iNOS2 expression, while markers chosen for Th2 or anti-
inflammatory response were IL-10 and Arginase1 (Arg1). Indeed, it
was observed that infection withM. smeg had higher levels of TNFa
and iNOS2, which is indicative of a pro-inflammatory Th1 response
in the context of the infected macrophages while infection with
M. tb exhibited a higher IL-10 and Arg1 levels, which is indicative of
a Th2 or anti-inflammatory response in the context of the
macrophages (Supplementary Figure 4). Interestingly, BMDMs
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pretreated with KH7 prior to M. tb infection shifted the balance
from Th2 to Th1 response as evident from higher TNFa and iNOS2
levels in comparison to IL-10 and Arg1 levels. This could be the
reason behind the phagosomal maturation and lysosomal fusion in
these cells irrespective of infection with pathogenicM. tb. Although
Rolipram is known to downregulate TNFa levels and dampen Th1
response (28), pretreatment of BMDM with Rolipram, although
increasing the cAMP levels inM. smeg infected BMDMs, could not
achieve a Th1 to Th2 switch. Hence, phagolysosome formation was
not hindered in these cells. The inability of M. smeg to retain Cor1
on the phagosome could be playing a role as well. Therefore, we
wanted to understand the role of Cor1-induced increased level of
cAMP at the vicinity of the phagosome.

Cofilin1 Is Activated by Mycobacterial
Infection-Induced Overexpressed
Coronin1
The role of Cor1 is essential in hindering phagosome-lysosome
fusion (29). Our data suggest that Cor1 has a significant
contribution to the rise of cAMP inside macrophages upon
mycobacterial infection. Previous literature suggests an increase in
intracellular cAMP level activates the actin-binding protein Cofilin1
by dephosphorylating it (30). Ubiquitous Coronin2 is known to
Frontiers in Immunology | www.frontiersin.org 9113
activate Cofilin1 by inducing its dephosphorylation through the
engagement of the phosphatase Slingshot, and general activation of
Cofilin1 occurs through its dephosphorylation by protein
phosphatase 2A (8). Considering all these data, we hypothesized
that mycobacterial infection-induced phagosome recruited Cor1
causes a rise in intracellular cAMP, which then activates a
phosphatase to dephosphorylate Cofilin1 and thereby activate it.
To address this possibility, we studied Cofilin1 dephosphorylation
through immunoblotting. A continuous decrease in the level of
phospho-Cof1 with increasing time of infection with M. tb was
observed, where there was no decrease in phospho-Cof1 in the
uninfected BMDM (Figure 4A). Densitometry analysis shows
an ~80% decrease in the level of phospho-Cof1 after 3 h of
macrophage infection with mycobacteria (Figure 4B). Contrary
to this, no reduction of phosphor-Cof1 was observed in
mycobacteria infected Cor1-/- BMDM cells (Figure 4A), and
densitometry analysis also shows the same (Figure 4B). Total
Cof1 remains constant both in the case of mycobacteria-infected
WT and Cor1-/- BMDM cells, thus indicating that mycobacterial
infection-induced activation of Cof1 occurs only in WT BMDM.

Next we pretreated wild type BMDMwith Slingshot Inhibitor D3
and thereafter either kept them uninfected or infected them with
M. tb for the indicated time points. Immunoblot analysis showed
A

B D

C

FIGURE 3 | (A) Relative Cor1 expression against control b-tubulin expression in BMDM when kept uninfected, KH7 treated or (A) live M. tb, heat-killed M. tb infected
or (B) live M. bovis BCG, heat-killed M. bovis BCG, or live M. smeg infected BMDM. Infection was carried out with MOI of 1:20 for 3 h (n = 3). (C) Nascent proteins
labelled with L-AZA and thereafter biotinylated were immunoprecipitated using streptavidin=agarose and then immunoblotted with anti-Cor1. Immunoblots and their
corresponding densitometric analysis were carried out for BMDM, which were either untreated or treated with KH7 or (C) (i), (ii) infected with live M. tb, heat-killed M. tb,
or (D) (i), (ii) infected with live M. bovis BCG, heat-killed M. bovis BCG, or live M. smeg, respectively (n = 3). Data represents mean ± SEM; **p < 0.01.
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that the level of phosphor-Cof1 in uninfected but D3 pretreated
macrophages remained constant. In contrast, D3 pretreated and
infected macrophages exhibited only a negligible increase in infection
time (Figure 4C), and the same is also observed in the densitometry
analysis (Figure 4D). These results indicated that mycobacteria
recruited Cor1 leads to the activation of the phosphatase, Slingshot,
to dephosphorylate Cof1, thereby activating it. Pretreatment with
Slingshot Inhibitor D3 prevented this dephosphorylation and thereby
the activation of Cof1 upon infection.
Frontiers in Immunology | www.frontiersin.org 10114
Mycobacterial infection recruits and retains Cor1 on the
phagosome membrane, contributing to the rise of intracellular
cAMP. We next wanted to study whether this increased level of
cAMP is required to activate Cof1. For this, we pretreated
BMDM cells with adenylate cyclase inhibitor KH7 and then
either kept them uninfected or infected them with mycobacteria
for the indicated time periods. Immunoblot analysis showed that
the KH7 treatment does not exhibit any change in the level of
phosphor-Cof1. Simultaneously, there was an appreciable
A B

D
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C

FIGURE 4 | Immunoblot analysis (A, C, E) and its corresponding densitometric analysis (B, D, F) for Cofilin1 phosphorylation that were carried out in (A) untreated and
uninfected BMDM (left panel), (A, B) untreated but M. tb infected WT (middle panel) or Cor1-/- (right panel) BMDM, (C, D) D3 pretreated (left panel) or D3 pretreated and
M. tb infected (right panel), (E, F) KH7 pretreated (left panel) or KH7 pretreated and M. tb infected wild-type BMDM, respectively (n = 3). Infections were carried out at an
MOI of 1:20 for indicated time points. Immunoblots of Cofilin1 and b-tubulin served as loading control for these experiments. Data represents mean ± SEM; **p < 0.01.
September 2021 | Volume 12 | Article 687044

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Saha et al. Mechanism of Cor1 Hindered Mycobacterial Phagosome Maturation
reduction in the extent of Cof1 dephosphorylation with time
upon KH7 pretreatment before mycobacterial infection
(Figure 4E), thus indicating that hindering cAMP production
does impede the activation of Slingshot, which then reduces the
extent of Cof1 dephosphorylation and thereby its activation.
Densitometry analysis shows that after 3 h of mycobacterial
infection, there is only an ~40% decrease in phospho-Cof1 level
in KH7 pretreated cells compared to untreated cells where
an ~80% decrease was observed (Figure 4F). These data
indicate that the mycobacteria-containing phagosome retained
Cor1 increases the intracellular cAMP level, leading to the
activation of Slingshot, which then dephosphorylates Cof1 and
activates it. Hence, next we wanted to study the consequence of
Cof1 activation upon infection.

Activated Cofilin1 Depolymerizes F-Actin
at the Vicinity of Mycobacteria-Containing
Phagosome
Fusion of mycobacteria-containing phagosomes with lysosomes
requires F-actin tracks that guide the phagosome toward the
lysosome (31). Activated Cof1 is known to associate with F-actin
filaments and induce its depolymerization (19, 21). Hence, we
wanted to check if Cor1 induced cAMP production upon
mycobacterial infection results in activation of Cof1, which
prevents phagosome lysosome fusion by causing F-actin
depolymerization at the vicinity of the phagosomes. For this,
we infected WT and Cor1-/- BMDM with mycobacteria for the
indicated time points, followed by crosslinking of cellular
protein, lysis of these cells, phagosome isolation, and thereafter
immunoblotting. The obtained results showed a slight decrease
in F-actin level for the wild-type infected macrophages with
increasing time of infection (Figure 5A). In contrast, in the case
of Cor1-/- macrophages, an increased amount of F-actin was
observed on the phagosomes with increasing infection time.
Since lack of Cor1-/- failed to increase intracellular cAMP,
Cof1 remains phosphorylated and at the vicinity of the
phagosomes, thus getting crosslinked and isolated along with
the phagosomes. This then allowed F-actin polymerization. The
presence of Cor1 on the phagosomes of M. tb infected WT-
BMDM resulted in an increased level of cAMP that then led to
dephosphorylation of Cof1. Hence, the dephosphorylated form
of Cof1 was isolated along with the phagosomes as the same
could prevent actin polymerization. Interestingly, immunoblotting
with lysosomal marker LAMP1 shows that only in Cor1-/-

macrophages phagolysosome fusion occurs due to increased F-
actin polymerization at the vicinity of the phagosome.

This F-actin polymerization at the vicinity of the phagosome
was further studied using immunogold transmission electron
microscopy, where biotin-conjugated phalloidin was used to
bind F-actin and gold nanoparticle conjugated streptavidin was
used to label the F-actin that had bound by biotinylated
phalloidin. In the case of immunogold transmission electron
microscopy, gold nanoparticle-labelled target proteins appear as
dense dots against the background of stained cells. Since we
targeted F-actin, which is an abundant protein in the cell, there
were numerous dense dots corresponding to intracellular,
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polymerized F-actin visible through immunogold electron
microscopy. But an increased amount of dense dots
corresponding to gold nanoparticle-labelled polymerized F-
actin was observed at the vicinity of the mycobacteria-
containing phagosome of Cor1-/- BMDM (Figure 5C) as
compared to mycobacteria-containing phagosomes inside WT
BMDM (Figure 5B) after 2 h of infection. This clearly indicated
that an appreciable amount of F-actin polymerization was
occurring around the mycobacteria-containing phagosomes of
Cor1-/- macrophages, which was due to the failure of Cor1-/-

macrophages to increase intracellular level of cAMP, thus
causing Cof1 to stay phosphorylated and therefore no
hindrance to F-actin polymerization. When similar studies
were carried out with Alexa Fluor 488 conjugated phalloidin,
similar F-actin polymerization was observed only around the
mycobacteria-containing phagosomes inside Cor1-/- BMDM, not
around the mycobacteria-containing phagosomes inside WT
BMDM (Figure 5D). Fluorescence intensity calculations were
next carried out, where intensity of Alexa Fluor 488 fluorescence
corresponding to the presence of polymerized F-actin around the
mycobacteria-containing phagosome was measured using a fixed
line (denoted in red in Figure 5D). Such arbitrary fluorescence
units that were obtained from 50 cells were averaged and plotted.
It was observed that compared to mycobacteria infected WT
BMDM, mycobacteria infected Cor1-/- BMDM exhibited
significantly higher levels of fluorescence intensity values
(Figure 5E). This indicated that after 2 h of mycobacterial
infection there was considerable amount of F-actin polymerization
around the mycobacteria-containing phagosomes of Cor1-/- BMDM
alone (Figure 5E). When both WT and Cor1-/- BMDM were
pretreated with Slingshot Inhibitor D3 before mycobacterial
infection, there was a considerable increase in F-actin
polymerization around the phagosomes of WT BMDM
macrophages in comparison to untreated but mycobacteria
infected WT BMDM, but there was no significant increase in F-
actin polymerization in the D3 pretreated Cor1-/- BMDM upon
mycobacterial infection compared to the untreated but mycobacteria
infected Cor1-/- BMDM (Figure 5E). From these data, it is evident
that Cor1-induced increase of cAMP-mediated activation of Cof1
through its dephosphorylation by Slingshot is required to prevent F-
actin polymerization at the vicinity of the mycobacteria-containing
phagosome, which thereby prevents its fusion with the lysosome and
allows mycobacterial survival.

Coronin1 Activated Cofilin1 Also Hinders
Phagosome Acidification
Prevention of lysosomal delivery is essentially associated with
inhibition of phagosome acidification (31). Cor1 mediated
activation of Cofilin1, through the rise of intracellular cAMP,
hinders lysosomal delivery of mycobacteria-containing phagosome.
We asked whether it is solely due to inhibition of F-actin
polymerization or does Cofilin1 prevent the acidification of
mycobacteria-containing phagosomes? For this, mycobacteria
were dual-labelled with pH-sensitive, pHrodo, and pH insensitive
Alexa Fluor 488, followed by infection of macrophages and analysis
of phagosome pH in a multimode reader. A pH standard curve
September 2021 | Volume 12 | Article 687044
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(Supplementary Figure 5) was generated following the protocol
stated in the Materials and Methods section. The pH of
mycobacteria-containing phagosomes remains 6.4 after 3 h of
infection, while in the case of Cor1-/- BMDM, the mycobacteria-
containing phagosome pH falls to 5.3 at a similar time point after
infection (Figure 6A). In terms of phagosome acidification and
fusion with lysosomes, this fall of pH to 5.3 is significantly high.
Further pretreatment of WT BMDM with Slingshot Inhibitor D3
before infection resulted in acidification of the mycobacteria-
containing phagosomes in 3 h post-infection. Hence, the pH falls
from 6.4 to 5.6. In the case of the Cor1-/- BMDM, D3 pretreatment
prior to mycobacterial infection results in a further drop of
phagosomal pH compared to untreated cells. The fall in pH in
both WT and Cor1-/- BMDM upon pretreatment with D3 prior to
mycobacterial infection was similar to that observed in the case of
the untreated cells. Additionally, pretreatment of macrophages
with vacuolar H+-ATPase inhibitor Concanamycin A (ConA)
maintains mycobacteria-containing phagosome pH above 7 for
WT and above 6 for Cor1-/- BMDM, respectively, which is
significantly higher than the pH values of the untreated but
infected cells (Figure 6B). This indicated that ConA, by
inhibiting the vacuolar H+-ATPase, can prevent the pumping of
H+ ions into the phagosome and thereby hinder phagosome
acidification. To check if F-actin polymerization plays a role in
phagosome acidification, next we pretreated macrophages with
Frontiers in Immunology | www.frontiersin.org 12116
actin-depolymerizing agent Latrunculin B (LatB) before
mycobacterial infection. After that, when phagosome pH was
monitored (Figure 6B), it was observed that for LatB treated WT
BMDM macrophages infected with mycobacteria, the phagosome
pH rose to ~6.7 from ~6.3 for that of untreated WT BMDM
macrophages infected with mycobacteria, while for LatB treated
Cor1-/- BMDM macrophages infected with mycobacteria the
phagosome pH rose to ~5.9 from ~5.4 for that of untreated
Cor1-/- BMDM macrophages infected with mycobacteria. Thus,
by inducing actin depolymerization, LatB could hinder the
acidification of the phagosome as evident from a higher
phagosome pH value upon LatB treatment. Therefore, the above
data show that Cor1 activated Cof1 prevents phagosome
acidification and thereby hinders phagosome-lysosome fusion.
DISCUSSION

With the turn of every century, there has been a rise and fall of
one pandemic or another. Tuberculosis continues to plague
humanity and is a leading cause of mortality worldwide. The
success of its causative agent, mycobacteria, lies in its ability to
continuously adapt to its ever-changing environment, leading to
several paradigm shifts in its pathogenesis (3). Previously, it was
believed that mycobacteria could recruit the macrophage coat
A B

D
E C

FIGURE 5 | (A) (i) Immunoblot of F-actin, Cor1, pCof1, LAMP1, and EEA1 and (ii) densiometric analysis of F-actin, all crosslinked to isolated phagosomes from
M. tb infected [A (i) left panel] wild type and [A (i) right panel] Cor1-/- BMDM. Infection was carried out at MOI 1:20 for indicated time points. (B, C) Immunogold
transmission electron microscopy for F-actin was carried out in M. tb infected (B) WT and (C) Cor1-/- BMDM. Infection was carried out at MOI 1:20 for 90 min. Blue
arrows indicate M. tb-containing phagosomes in both cell types with dense dots corresponding to F-actin around mycobacteria-containing phagosomes in Cor1-/-

BMDM. (D) Immunofluorescence analysis of F-actin (phalloidin-Alexa Fluor 488-green) around mycobacteria-containing phagosomes in M. tb infected WT (left panel)
and Cor1-/- (right panel) BMDM. Green arrows in the brightfield indicate mycobacteria-containing phagosomes, while the red line corresponds to the arbitrary
fluorescence units (AFU) corresponding to polymerized F-actin around phagosomes (scale: 10 mm). (E) AFU values corresponding to the number of 50 cells were
averaged and plotted. Representation for wild type or Cor1-/- BMDM either untreated or pretreated with D3 and after that infected with M. tb at MOI of 1:20 for
90 min was carried out. Data represents mean ± SEM; **p < 0.01, NS, non-significant.
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protein Cor1 on the phagosome membrane and thereby prevent
its maturation. Recent studies show that in active TB,
mycobacteria hinder the process of phagosome maturation
until it can overexpress proteins that enable it to withstand
acid stress of the lysosome (32). Contrary to this, perhaps when
mycobacteria fail to hinder phagosome maturation, it secretes
proteins that disrupt the phagosome membrane and allows the
cytosolic escape of the infected mycobacteria. Once in the
cytosol, mycobacteria engage the autophagic pathway,
whereinafter autophagosomes and autophagolysosomes are
formed gradually, thus providing time for mycobacteria to
overexpress their acid-tolerant proteins (33).

Ensuing mycobacterial infection, macrophage Cor1 acts as the
sentinel, and by being a cortical protein is present on the phagosome
coat. Through its secretion of lipoamide dehydrogenase,
mycobacteria can retain Cor1 on the phagosome membrane (23).
Cor1-induced rise of intracellular Ca2+ upon mycobacterial
infection causes the phosphatase calcineurin activation and
thereby hinders phagosome maturation (16). However, this study
did not explain how Cor1 directly or indirectly through calcineurin
can delay phagosome maturation. It has also been shown that
cAMP induces actin depolymerization at the vicinity of
mycobacteria-containing phagosomes (21) thus preventing actin
tracts from forming. Such actin tracts are required for the process of
phagosome acidification by fusing with vacuolar H+-ATPase
containing vesicles and also thereafter for fusing with lysosomes.
However, this study did not state the varied source for this
increasing cAMP concentration and the mechanism through
which cAMP prevents actin polymerization at the vicinity of the
phagosome. To answer these questions, we carried out our study
where we first found that apart from the soluble adenylate cyclases
secreted by mycobacteria, macrophages also contribute primarily
Frontiers in Immunology | www.frontiersin.org 13117
toward the increasing intracellular cAMP concentration upon
infection. This cAMP production is dependent on macrophage
Cor1 as the same is absent in Cor1-/- macrophages. Cor1 has been
implicated in increased cAMP production upon stimulation of
GPCRs (11). The intracellular cAMP level in the uninfected
condition is not high. Still, it rises only upon mycobacterial
infection, thus indicating that like GPCR signaling, mycobacterial
infection and its concomitant recruitment and retention of the Cor1
coat on the phagosome membrane act as triggers for Cor1 induced
cAMP production inside the macrophage. Such Cor1 mediated rise
of intracellular cAMP levels can be prevented by pretreatment of
cells with AC inhibitor KH7 prior to mycobacterial infection. This
then leads to a Th2 to Th1 conversion and phagosome maturation
to predominantly eliminate the intracellular mycobacteria.
Intracellular cAMP levels are known to be increased by inhibition
of PDE4 (34). Hence, pretreatment with PDE4 inhibitor Rolipram
prior tomycobacterial infection, although generated a higher level of
cAMP, was not sufficient to prevent phagosome maturation of M.
smeg containing phagosomes, possibly due to the inability of M.
smeg to retain Cor1 on its phagosome and thus lacking Cor1
mediated cAMP production at the vicinity of the phagosome.
Additionally, mycobacterial infection is known to increase
intracellular Ca2+ level in a Cor1 dependent manner at the
vicinity of the phagosome membrane, and this increased Ca2+

after that activates the phosphatase calcineurin. Increased Ca2+

can also activate phospholipase C (PLC) and diacylglycerol, of
which PLC is known to trigger cAMP production. So, whether a
mycobacterial infection-induced increase in intracellular cAMP is
generated directly and indirectly through Cor1 remains to
be determined.

An increased intracellular cAMP would activate the cAMP/
PKA pathway, which then would induce phosphorylation
A B

FIGURE 6 | Phagosome pH was monitored using pHrodo in WT and Cor1-/- BMDM upon being either (A) kept untreated or D3 pretreated before infection with
M. bovis BCG for 3 h. (B) Similarly, WT or Cor1-/- macrophages were either kept untreated or pretreated with either ConA or LatB before infection with M. bovis for
3 h, followed by measurement of phagosome pH. The phagosome pH values were obtained from the standard curve generated using pHrodo in different pH buffers.
Data represents mean ± SEM; *p < 0.05, **p < 0.01.
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mediated activation of MAPK to induce IFNg secretion by T-
cells upon mycobacterial infection of macrophages (35, 36). But
M. tb via its LAM is known to activate SOCS and CISH proteins
that dampen IFNg signaling inside mycobacteria infected
macrophages. Hence, activated MAPK in M. tb infected cells
fails to induce a Th1 response as compared to that in M. smeg
infected cells. Hence, despite the MAPK activation in both M. tb
and M. smeg infected cells, the former has means to prevent the
Th1 response of the macrophages while the later exhibits
the same.

We also observed that mycobacterial infection retains Cor1
on the phagosome membrane and induces its overexpression.
The burning question that arose was why Cor1 expression would
increase and, if so, why does immunofluorescence or
immunoblotting analysis with increasing time of infection not
exhibit this? We postulated that phagosome retained Cor1 gets
degraded continuously, and to replenish this degrading Cor1, an
increased expression of Cor1 was observed. Thus, Cor1 could be
in a state of dynamic equilibrium where it is constantly getting
degraded and replenished. Previous studies have shown that
mycobacterial infection induces Cor1 mediated influx of Ca2+,
which activates calcineurin, PLC, and DAG. The latter is known
to activate PKC and activated PKC has been shown to delocalize
Cor1 from the cortical surface by phosphorylating it at the C-
terminus (37). PKC-mediated phosphorylation renders Cor1
monomeric, which then is scaffolded by RACK1 and shuttled
by cargo carrier protein 14-3-3z (38). The monomeric Cor1
might be getting degraded in a condition where the macrophage
is infected with mycobacteria, and semblance to this is observed
when pretreatment with proteasomal inhibitor MG132 before
infection exhibited an increase in Cor1 concentration.
Additionally, studies of nascent protein expression could also
indicate increased Cor1 expression with increasing infection
time. The natural question would be if Cor1 is getting
Frontiers in Immunology | www.frontiersin.org 14118
phosphorylated and degraded, and therefore to maintain its
concentrat ion around the phagosome, i t must be
overexpressed. Then what induces its overexpression? Our yet
unpublished data show that calcineurin triggers this
overexpression of Cor1 and thus maintains it in a dynamic
equilibrium around the phagosome.

This Cor1 induced, increased intracellular cAMP levels upon
mycobacterial infection causes a concomitant activation of
Cofilin 1 through its dephosphorylation by activated
phosphatase Slingshot. Cof1 is known to prevent actin
polymerization in its active dephosphorylated form, while
cAMP has been shown to induce F-actin depolymerization at
the vicinity of mycobacteria-containing phagosomes (Figure 7).
So, it had to be determined whether the increased intracellular
cAMP can directly influence the depolymerization of F-actin or
the phosphatase, Slingshot-mediated activation of Cof1 causes
F-actin depolymerization. Adenylate cyclase inhibitor-treated
cells failed to dephosphorylate Cof1, thus indicating that
increased intracel lular cAMP was required for the
dephosphorylation mediated activation of Cof1. Additionally,
cells pretreated with Slingshot Inhibitor D3 also hindered Cof1
activation, thereby indicating the activation of Slingshot as the
phosphatase for Cof1. Maturing phagosomes require
continuously polymerizing F-actin tracts that bring them in
proximity to vacuolar H+-ATPase containing vesicles for
acidification and also in proximity to lysosomes to enable
fusion and phagolysosome formation. Phagolysosome
formation is hindered in the absence of such F-actin tracts.
Previously, it was shown that increased intracellular cAMP could
delay F-actin polymerization and thus prevent such tract
formation (21), but the mechanism behind this was unknown.
Here we show that cAMP, by activating Cof1, increases actin
depolymerization, thereby hindering phagosome acidification
and phagolysosome formation.
FIGURE 7 | Schematic representation of Cor1-mediated increase of intracellular cAMP upon mycobacterial infection leading to activation of the phosphatase
Slingshot and thereby dephosphorylation mediated activation of Cofilin1 to induce the depolymerization of F-actin to hinder the phagosome maturation and the
absence of such pathway in Cor1-/- macrophages.
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Thus, phagosome retained Cor1 increases the intracellular
cAMP levels and thereby activates the phosphatase Slingshot,
which then dephosphorylates Cof1 and activates it, such that it
can depolymerize F-actin tracts presumably more at the vicinity
of the phagosome and to some extent on other intracellular
vesicles and organelles thus hindering phagosomal acidification
as well as its maturation. Based on the present paradigm, the goal
of infected mycobacteria is to delay phagosome acidification and
its maturation to provide it with the required time to express the
acid stress-tolerant proteins. Our study provides a mechanism
through which mycobacteria achieve this. Mycobacteria retained
Cor1 scaffold on the phagosome membrane is in a state of
dynamic equilibrium, and it also induces F-actin depolymerization
around the phagosome, thereby enabling very slow acidification
where a semblance of F-actin brings in V-H+-ATPase to the
phagosome membrane and allows its access in between the phase
of degradation of phosphorylated Cor1 and replenishment by newly
synthesized Cor1. This slow and gradual access would retard the
acidification process considerably, thus enabling mycobacteria to get
adapted to the acid stress, such that it can later thrive inside
the phagolysosome.

Taken together, this study, for the first time, explicitly
provides knowledge on the missing links in the context of
Cor1 mediated hindrance to phagosome maturation and the
role of cAMP in the context of retarded phagosome maturation.
It brings to light the sequence of events that leads to the bumpy
ride of mycobacteria-containing phagosome and thereby retards
its maturation. It also provides an insight into the objective
behind this event. Such studies on the causes and consequences
of hindered phagosome maturation in the context of
mycobacterial pathogenesis would enable us to curb the TB
menace by purporting host-directed immunomodulatory
therapeutics through the use of peptidomimetics.
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Supplementary Figure 1 | (A) Analyzing the extent of infectivity corresponding to
viability. WT-BMDM were infected with M. tb at indicated MOI followed by analysis
of cell viability and extent of M. tb infection in these viable cells (n = 50).
(B) Competitive ELISA-based measurement of cAMP production of BMDM at
indicated MOI of M. tb infection at indicated time points. (C) Extent of
phagolysosome formation in live M. tb, M. bovis BCG, M. smeg, heat-killed M. tb,
and heat-killed M. bovis BCG infected BMDM after 3 h of infection, without and
after pretreatment with KH7 or Rolipram (n = 50). Data represents mean ± SEM;
*p < 0.05, **p < 0.01, NS, non significant. (D) Immunofluorescence analysis of
mycobacteria-infected macrophages. BMDM were infected with live M. smeg or
M. tb for indicated time points and thereafter stained for mycobacteria (green),
lysosomes (LAMP2 in red), and Cor1 (blue). In case ofM. smeg, Cor1 fails to form a
scaffold around the phagosome, which leads to phagosome-lysosome fusion at
3 h, while for M. tb-infected macrophages, the Cor1 scaffold around the
phagosome hinders its maturation and hence it does not fuse with lysosomes
(scale: 10 mm). (E) Extent of phagolysosome formation inM. smeg orM. tb infected
BMDM after 3 h of infection and without and with pretreatment with KH7 or
Rolipram (n = 100). Data represents mean of triplicates ± SEM.

Supplementary Figure 2 | Immunoblotting of WT, Cor1-/-, and c-myc tagged
Cor1 transfected Cor1-/- BMDM with anti-Cor1 and anti-c-myc antibodies exhibits
expression of Cor1 in WT and Cor1-/- transfected with Cor1 and band
corresponding to c-myc was observed only in Cor1 expressing Cor1-/- cells,
indicating successful transfection. b-tub was used as loading control.

Supplementary Figure 3 | (A) Immunoblot of Cor1 from BMDM whole-cell
lysates that were either kept uninfected or infected with live or heat-killed M. tb, M.
bovis BCG, or liveM. smeg did not exhibit the apparent increase of Cor1 expression
upon infection. (B) Immunoblot and its corresponding densitometry analysis for
Cor1 expression in WT-BMDM infected with M. tb after being pretreated and in the
presence of MG132. Gradual increase in Cor1 expression normalized over that of b-
tub control is observed (n = 3). Data represents mean ± SEM; *p < 0.05, **p < 0.01.

Supplementary Figure 4 | qPCR analysis of Th1/Th2 response in BMDMs upon
infection with M. smeg or M. tb, without and with pretreatment with KH7 and
Rolipram. Based on the overexpression of (A) TNFa and (C) iNOS2, Th1 response
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was evident in M. smeg infected macrophages without or with KH7 or Rolipram
pretreatment and partly in KH7 pretreated and M. tb infected macrophages.
Overexpression of (B) IL-10 and (D) Arg1 in M. tb infected cells without and with
Rolipram pretreatment is indicative of Th2 response in these macrophages.
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Supplementary Figure 5 | Mycobacteria labelled with pH-sensitive pHrodo and pH-
insensitive Alexa Fluor 488 were grown in 7H9 buffer of pH 4.5-8.5. The ratio of pHrodo
to Alexa Fluor 488 fluorescence in different buffers was plotted to obtain the pH standard
curve and used to measure phagosomal pH upon mycobacterial infection (n = 3).
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Mycobacterium abscessus by
Mediating NOD2-Induced Production
of Nitric Oxide in Macrophages
Jae-Hun Ahn1, Ji-Yeon Park1, Dong-Yeon Kim1, Tae-Sung Lee1, Do-Hyeon Jung1,
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Mycobacterium abscessus (MAB) is one of the rapidly growing, multidrug-resistant non-
tuberculous mycobacteria (NTM) causing various diseases including pulmonary disorder.
Although it has been known that type I interferons (IFNs) contribute to host defense
against bacterial infections, the role of type I IFNs against MAB infection is still unclear. In
the present study, we show that rIFN-b treatment reduced the intracellular growth of MAB
in macrophages. Deficiency of IFN-a/b receptor (IFNAR) led to the reduction of nitric oxide
(NO) production in MAB-infected macrophages. Consistently, rIFN-b treatment enhanced
the expression of iNOS gene and protein, and NO production in response to MAB. We
also found that NO is essential for the intracellular growth control of MAB within
macrophages in an inhibitor assay using iNOS-deficient cells. In addition, pretreatment
of rIFN-b before MAB infection in mice increased production of NO in the lungs at day 1
after infection and promoted the bacterial clearance at day 5. However, when alveolar
macrophages were depleted by treatment of clodronate liposome, rIFN-b did not promote
the bacterial clearance in the lungs. Moreover, we found that a cytosolic receptor
nucleotide-binding oligomerization domain 2 (NOD2) is required for MAB-induced
TANK binding kinase 1 (TBK1) phosphorylation and IFN-b gene expression in
macrophages. Finally, increase in the bacterial loads caused by reduction of NO levels
was reversed by rIFN-b treatment in the lungs of NOD2-deficient mice. Collectively, our
findings suggest that type I IFNs act as an intermediator of NOD2-induced NO production
in macrophages and thus contribute to host defense against MAB infection.
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INTRODUCTION

Mycobacterium abscessus (MAB) is one of the rapidly growing
non-tuberculous mycobacteria (NTM) causing chronic
pulmonary infection and skin and soft tissue infection (SSTI)
in immunosuppressed patients (1). MAB has been well-known
for being multidrug resistant, and cases of recurrent infection
have been reported despite macrolide, amikacin, cefoxitin, and
imipenem treatment (2). Recent Canadian studies have shown
that the number of patients infected with MAB is increasing
every year and about four times higher than the incidence of
tuberculosis (3). As an intracellular pathogen, MAB can survive
within innate immune cells such as macrophages and escape host
immune response. Thus, understanding the exact molecular
mechanism of antimicrobial effect within macrophages against
MAB infection is essential for prevention and treatment of MAB
infection (4).

Type I interferons (IFNs) are well-known cytokines that play
an important role in host antiviral responses, and there are 13
different type I IFN subfamilies (5). The genes encoding type I
IFNs are located in the same chromosomal locus; and the IFN-b
gene, one of the subfamily, is known as a primordial gene of type
I IFN family (6). Microbial pathogen or damage-associated
molecular pattern (DAMP) stimulates pattern recognition
receptor (PRR), and this stimulation produces type I IFNs
through TANK binding kinase 1 (TBK1)–IFN regulatory factor
(IRF) signaling cascade (7). Consequently, type I IFNs, including
IFN-b, is recognized by the IFN-a/b receptor (IFNAR), and this
recognition leads to the transcription of various IFN-stimulated
gene (ISG) mediating antiviral effects and various immune
responses (6). Nucleotide-binding oligomerization domain 2
(NOD2) is a member of cytosolic nucleotide-binding
oligomerization domain (NOD)-like receptor family (8). Upon
detecting muramyl dipeptide (MDP) or bacterial peptidoglycan
component, NOD2 initiates innate immune response against
various microbial pathogens (9). Unlike other bacterial
pathogens, mycobacteria produce characteristic enzyme called
N-acetyl muramic acid hydroxylase (NamH) that converts the
N-acetylated glycan chain of MDP to N-glycolylated chain (10).
Moreover, N-glycolyl MDP exerts higher NOD2 activity than
N-acetyl MDP and induces more potent immune response (11).
For this reason, the essential role of NOD2 in host innate and
adaptive immune responses against infections with
Mycobacterium spp. has been extensively studied (12–15).
Furthermore, we previously identified that NOD2 enhances the
antimicrobial effect of macrophage against MAB infection by
amplifying NO production, through in vitro and in vivo
experiments (16).

Recently, several studies have been reported on the role of
type I IFNs in host immune responses against bacterial infection
(17). Interestingly, the role of type I IFNs in the aspect of
antimicrobial effect is still controversial depending on bacterial
species. In the case of systemic infection of Streptococcus
pneumoniae and Escherichia coli, IFNAR-deficient mice
maintained higher bacterial load in blood than did wild-type
(WT) mice, which means that type I IFN signaling enhances
bacterial clearance (18). Similarly, in case of Helicobacter pylori
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oral infection, IFNAR-deficient mice exhibited higher bacterial
load in the stomach than did WT mice (19), correlating with the
higher mortality in IFNAR-deficient mice in cecal ligation
puncture-induced mouse sepsis model (20). On the contrary,
IFNAR- or IFN-b-deficient mice exhibited lower bacterial load
than did WT mice in the cases of Francisella tularensis,
Salmonella typhimurium, and Listeria monocytogenes infection
(21), indicating that type I IFNs exerted detrimental effects on
host antimicrobial responses. In the case of mycobacterial
infection, though belonging to the same genus, each species
showed different phenotypes depending on the presence or
absence of type I IFN signaling. INFAR-deficient mice infected
with Mycobacterium tuberculosis exhibited lower bacterial loads
in lung than the WT mice (22). On the other hand, the bacterial
load of Mycobacterium avium complex and Mycobacterium
smegmatis remained higher in IFNAR-deficient mice than WT
mice (23). Even for the studies on M. tuberculosis infection, the
impact of type I IFNs on bacterial clearance is different from
study to study (24). For these reasons, it is important to identify
the varying roles of type I IFN in host defense in the context of
different experimental conditions such as bacterial species,
infection dose, and infection route.

Likewise, the controversial roles of type I IFNs in MAB
infection have been reported in two recent publications (25,
26). These two studies provided the conflicting results in
antimicrobial responses of macrophages depending on the
presence and absence of type I IFN signal. The first study
reported that type I IFNs augment the cell-to-cell spread of
MAB by increasing cytotoxicity of infected macrophages
resulting in IFNAR-deficient macrophages that exhibited lower
bacterial load as compared with the WT macrophages (26). The
other reported that type I IFNs increased the production of NO
in MAB-infected macrophages and that, consequently, IFNAR-
deficient macrophages showed higher bacterial load than the WT
macrophages in their study (25). Furthermore, there has been no
study that elucidates the role of type I IFNs in in vivo model of
MAB infection.

In this study, we aimed to i) clarify the antimicrobial
mechanism of type I IFNs during MAB infection in
macrophages and ii) elucidate the role of type I IFNs in in vivo
MAB pulmonary infection model.
MATERIALS AND METHODS

Cell Culture and Medium
Bone marrow-derived macrophages (BMDMs) were derived
from murine femur–tibia bone marrow and prepared as
previously described (27). In summary, isolated BMDMs were
incubated at 5% CO2, 37°C in complete Iscove’s modified
Dulbecco’s medium (IMDM; Gibco, Grand Island, NY, USA)
supplemented with 12.5 ng/ml of recombinant mouse M-CSF
Protein (R&D Systems, Minneapolis, MN, USA), 10% fetal
bovine serum (FBS), 1% sodium pyruvate, 1% MEM Non-
Essential Amino Acids (MEM NEAA), and 1% penicillin/
streptomycin (P/S). After 3 days, 5 ml of fresh same medium
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was added, and the cells were cultured under the same conditions
for 3 days and then used in the experiment. For the treatment of
bacteria and reagents, medium (hereafter referred to as treat
medium) was supplied to IMDM with 2% FBS, 1% MEM NEAA,
and 1% sodium pyruvate without antibiotics.

MH-S mouse alveolar macrophage (AM) cells purchased
from American Type Culture Collection (ATCC, Manassas,
VA, USA) were cultured in Roswell Park Memorial Institute
(RPMI) 1640 (WELGENE, Gyeongsan, Republic of Korea)
supplemented with 10% FBS, 50 mM of 2-mercaptoethanol,
and 1% P/S at 37°C in 5% CO2 conditions. Treat medium was
supplied to RPMI 1640 with 2% FBS and 50 mM of 2-
mercaptoethanol without antibiotics.

Murine primary AMs were cultured as previously described
(28). Briefly, 8- to 15-week-old male mice with C57BL/7
background were anesthetized, and bronchoalveolar lavage fluid
(BALF) was obtained by flushing 1 ml of cold Dulbecco’s
phosphate-buffered saline (D-PBS, WELGENE, Gyeongsan,
Korea) containing 1 mM of EDTA. Collected BALFs from each
mouse were pooled and centrifuged with 4°C and 250 relative
centrifugal force (RCF). After the supernatant was discarded,
pellets were dissolved with red blood cell (RBC) lysis buffer and
incubated at room temperature for 10 min. After being washed
twice with D-PBS, AMs were dissolved with DMEM high-glucose
medium containing 10% FBS, 1% P/S, 1% HEPES, and 1% sodium
pyruvate. AMs were seeded on a 48-well plate, 200 ml per well, with
a concentration of 5 × 105 cell/ml. After 12 h, the time to stabilize
cells after attaching to plate, intracellular bacterial growth assay was
performed with the same method of BMDMs and MH-S cells.
Treat medium was supplied to DMEM high-glucose medium with
2% FBS, 1% HEPES, and 1% sodium pyruvate without antibiotics.

Reagents
The following reagents were used. Mouse recombinant IFN-b (PBL
Biomedical Laboratories, Piscataway, NJ, USA; Cat# 12401-1).
Ultrapure lipopolysaccharide from E. coli O111:B4 (LPS; InvivoGen,
San Diego, CA; Cat# tlrl-eblps), NG-Nitro-L-arginine methyl ester
(L-NAME; Sigma Aldrich, St. Louis, MO, USA, Cat# 51298-62-5), and
BX795 (InvivoGen, San Diego, CA, USA, Cat# tlrl-bx7).

Mice
WT, Ifnar−/−, Inos−/−, and Nod2−/− mice on a C57BL/6
background were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). Female mice aged 8–10 weeks were used for
animal experiments. Animal experiments were performed under
protocols approved by the Institutional Animal Care and the Use
Committee of Chonnam National University (Approval No.
CNU IACUC-YB-2017-56 and 2019-31).

Bacterial Culture and In Vitro
Infection Dose
Bacterial culture of the isogenic rough variant of M. abscessus
ATCC19977T (Manassas, VA, USA) were prepared as previously
described (29). Briefly, the bacterium was cultivated in 7H9 broth
supplemented with 0.5% glycerol, 10% oleic acid, dextrose,
albumin, and catalase (OADC; BD Biosciences, San Jose, CA,
USA). For seed culture, 1 ml of frozen bacterial stock (3 × 108
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CFU) was added in 10 ml of culture medium, and the cells were
allowed to grow for 7 days at 37°C with shaking at 130 rpm. For
main culture, the entire cells from seed culture were added to 200
ml of culture medium and incubated for three more days. The
cells were centrifuged at 4,500 RCF and washed three times with
D-PBS. For single-cell suspension, the cells were dissolved in D-
PBS and sonicated for 1 s at 40 kHz, 100 W. The cells aggregated
by sonication were removed by passing through 40-mm mesh.
This process was repeated three times. The seed lots dissolved in
D-PBS (contained 40% glycerol) were kept at −80°C until use. In
all in vitro experiments, the number of macrophages to the
number of bacteria was set as 1:25 multiplicity of infection
(MOI). This infection dose was determined in our previous
study (16). Except the assessment of TBK1 phosphorylation
(Western blotting), extracellular MAB was washed out after 1
h post infection, and cells were incubated with gentamicin
(Sigma Aldrich, St. Louis, MO, USA) containing fresh medium
for indicated times in all experiments

Intracellular Bacterial Growth Assay and
Colony-Forming Unit Measurement
BMDMs and MH-S cells were seeded on a 48-well plate, 200 ml
per well, with a concentration of 1 × 106 cell/ml. After 12 h, the
time to stabilize cells after attaching to plate, MAB diluted in
treat medium was infected for 200 ml per well with MOI 25. After
1 h, which is a sufficient time for phagocytosis, cell culture
supernatant was washed out by D-PBS and replaced with fresh
treated medium containing 100 mg/ml of gentamicin. Cell culture
supernatant was washed out by D-PBS on indicated time, and
attached cells were lysed with 100 ml of 1% Triton X-100. The
bacterial colony-forming unit (CFU) of cell lysate was
determined by the spread plate technique, as follows. The cell
lysate or lung lysate (in vivo) samples containing bacteria were
diluted with D-PBS as proper detectable levels. Fifty microliters
of diluted samples was uniformly spread through glass beads on
the Middlebrook 7H10 agar (Difco, Detroit, MI, USA) plate
containing ampicillin, and plates were incubated for 96 h at 37°C.
The number of colony was counted and converted to log value.
The CFU value of the tissue sample was normalized to tissue
weight (g).

Real-Time Quantitative Polymerase
Chain Reaction
BMDMs and MH-S cells were seeded on a 6-well plate, 2 ml per
well, with a concentration of 1 × 106 cell/ml. After 12 h, the time to
stabilize cells after attaching to plate, infection and reagent
treatment were performed with each indicated conditions. RNA
was extracted using 1 ml of easy-BLUETM Total RNA Extraction
Kit (iNtRON Biotechnology, Seongnam, Korea). cDNA was
synthesized from 1 mg of RNA using ReverTra Ace® qPCR RT
Master Mix (TOYOBO Biotechnology, Osaka, Japan). Real-time
qPCR samples were prepared using the SYBR Green PCR Kit
(Qiagen GmbH, Hilden, Germany). The primer sequences were as
follows: iNOS; sense, 5′-GCATTGGAAGTGAAGCGTTTC-3′ and
antisense, 5′-GGCAGCCTGTGAGACCTTTG-3′. IFN-b; sense
5′-ATGAACTCCACCAGCAGACAG-3′, and antisense,
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5′-ACCACCATCCAGGCGTAGC-3′. CRAMP; sense 5′-
AAGGAACAGGGGGTGGTG-3′ and antisense, 5′-CC
GGGAAATTTTCTTGAACC-3 ′ . NOX2 ; s en s e 5 ′ -
ACTCCTTGGAGCACTGG and an t i s e n s e 5 ′ -GT
TCCTGTCCAGTTGTCTTC-3 ′ . b -Ac t in ; s ense 5 ′ -
AGGCCCAGAGCAAGAGAG-3′ and antisense, 5′-TC
AACATGATCTGGGTCAT-3′. PCR was conducted by a Rotor-
Gene Q real-time PCR system (Qiagen) using a two-step protocol
of 40 cycles of 95°C for 10 s followed by 60°C for 45 s. Normalized
gene expression levels were indicated as the ratio between the
mean value for the target gene and that for the b-actin.

Western Blotting
BMDMs were seeded on a 12-well plate, 1 ml per well, with a
concentration of 1 × 106 cell/ml. After 12 h, the time to stabilize cells
after attaching to plate, infection and reagent treatment were
performed with each indicated conditions. Cells were lysed using
lysis buffer containing Nonidet P‐40, complete protease inhibitor
cocktail (Roche, Mannheim, Germany), and 2 mM of dithiothreitol.
Cell lysates were separated using sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulosemembranes. Themembranes were incubated at 4°C
with anti-iNOS (1:2,000 dilution) (BD Biosciences, San Jose, CA,
USA), anti-phospho-TBK1 (1:1,000 dilution) (Cell Signaling
Technology, Beverly, MA, USA), anti-total-TBK1 (1:1,000
dilution) (Cell Signaling Technology, Beverly, MA, USA), and
anti‐b‐actin (1:2,000 dilution) (Santa Cruz Biotechnology, Santa
Cruz, CA) for 24 h. After the primary antibody is attached, the
relevant secondary antibodies were attached at room temperature
for 2 h. Proteins were detected by an enhanced chemiluminescence
reagent (iNtRON Biotechnology, Seongnam, Korea).

Measurement of Nitric Oxide Levels in Cell
Culture Supernatants
BMDMs and MH-S cells were seeded on a 48-well plate, 200 ml per
well, with a concentration of 1 × 106 cell/ml. After bacterial
infection and reagent treatment according to each condition, cell
culture supernatants were harvested, and NO concentrations were
measured via the Griess reaction assay as previously described (30).

Enzyme-Linked Immunosorbent Assay
To investigate the difference in inflammatory cytokine
production depending on the presence or absence of type I
IFN signal in the lung of MAB-infected mice, IL-6 (assay range
15.6–1,000 pg/ml), TNF-a (assay range 31.2–2,000 pg/ml), IL-10
(assay range 31.2–2,000 pg/ml), and IL-1b (assay range 15.6–
1,000 pg/ml) cytokines from the supernatant of lung lysate were
measured by ELISA kits (R&D System, Minneapolis, MN, USA)
according to the manufacturer’s instructions. The cytokine value
of the tissue sample was normalized to tissue weight (g).

Lactate Dehydrogenase Assay
To elucidate the difference in cytotoxicity depending on the
presence or absence of type I IFN signal in the MAB infection,
BMDMs and MH-S cells were seeded on a 48-well plate, 200 ml
per well, with a concentration of 1 × 106 cell/ml. After bacterial
infection and reagent treatment according to each condition, cell
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culture supernatant was harvested, and lactate dehydrogenase
(LDH) levels were measured by CytoTox 96® Non-Radioactive
Cytotoxicity Assay kits (Promega, Madison, WI, USA) according
to the manufacturer’s instructions.

Mouse Infection Model
For intranasal inoculation or administration, mice were
anesthetized with combination of xylazine (10 mg/kg) and zoletil
(30 mg/kg). Mice were inoculated with 2 × 107 CFU (in 40 ml of D-
PBS) of MAB intranasally. Eight hundred units (in 40 ml of D-PBS)
per mouse of rIFN-b was administered in the same way as bacterial
inoculation. At indicated day post infection, mice were sacrificed,
and lung tissues were harvested in a sterilized condition. The rest of
the lobes except the left lobe were homogenized with 500 ml of D-
PBS, and the lysate was used for CFU measurements. The
remaining lysate was centrifuged for 10 min at 4,000 RCF, and
the supernatant was harvested for NO measurement and cytokine
analysis. NO concentrations were measured by the Griess reaction
assay, and cytokines were analyzed by ELISA. The left lung lobe was
used for the histological examination.

Clodronate Liposomes and Macrophage
Depletion
Clodronate liposomes and control liposomes were purchased
from LIPOSOMA (Amsterdam, Netherlands, Cat# CP-005-005).
Animal experiments for the depletion of macrophages in the
lungs were performed as follows: 50 ml of clodronate liposomes
or control liposomes was administrated intranasally under
anesthesia once a day for 3 days. The administration of rIFN-b
and bacterial infection were performed according to the schedule
indicated in diagram of result section.

Flow Cytometry
The left lobes of the lung tissue were pooled by each group and
slightly chopped using a pair of scissors in cold RPMI 1640
containing 1 mg/ml of dipase II (Sigma Aldrich, St. Louis, MO,
USA). Samples were incubated at 37°C, 1,100 RPM shaking
chamber. After 1 h, samples were placed on 40-mm cell strainer
and homogenized using syringe rubber to obtain the single cells.
RBCs were lysed using RBC lysis buffer, and flow cytometry assay
was performed as previously described (31). In briefly, cells were
stained with anti-CD45-APC (BD Biosciences, San Jose, CA,
USA), anti-CD11c-PE (BD Biosciences), and anti-F4/80-FITC
(Invitrogen, Carlsbad, CA, USA). Analysis was performed by
using MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Histopathological Examination
The left lobe of the lung was fixed in 10% neutral formalin for 24 h,
followed by tissue processing and paraffin embedding. The
paraffin blocks were sectioned at 2 mm and stained with H&E.
Histopathological examination was performed under microscopy.
Histopathological severity was scored blindly by two experts in a
field of laboratory animal pathology with an arbitrary scoring
index based on the degree of inflammatory cell infiltration and the
extent of the lesion area (0, normal; 1, mild; 2, mild to moderate; 3,
moderate; 4, moderate to severe; and 5, severe).
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Statistical Analysis
The statistical significance of differences between two groups was
determined by unpaired t-test. In case of more than three groups,
the statistical significance was determined by one-way ANOVA
followed by Tukey’s post-hoc test for comparisons between groups
(GraphPad Prism 5; GraphPad Software Inc., La Jolla, CA, USA).
p-Values <0.05 were considered statistically significant.
RESULTS

Mycobacterium abscessus Induces
Interferon-b Gene Expression of
Macrophages in TANK Binding Kinase
1-Dependent Manner, Which Promotes
Intracellular Bacterial Clearance
We first examined whether MAB induces gene expression of type
I IFNs in macrophages. Consistent with previous studies (25, 26),
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MAB upregulated IFN-b gene expression approximately 125-
fold compared with 0 h in BMDMs as well as fivefold in MH-S
cells, a murine AM cell line, at 3 h after infection (Figures 1A, B).
Various PRR signaling mediates type I IFN expression by
activating TBK1 (5). As expected, infection with MAB induced
phosphorylation of TBK1 in both BMDMs and MH-S cells
(Figures 1C, D). Pretreatment with BX795, a TBK1-specific
inhibitor, suppressed MAB-induced TBK1 phosphorylation
and IFN-b gene expression in a dose-dependent manner in
BMDMs (Figures 1E, F), indicating that MAB induces gene
expression of type I IFNs in macrophages via TBK1-
dependent manner.

There has been an extreme controversy on the role of type I
IFNs in the intracellular survival of MAB within macrophages
(25, 26). To clarify this, we examined the intracellular bacterial
CFUs under various experimental conditions. Compared with
WT BMDMs (6.05 log CFU/ml), the bacterial CFUs were higher
in IFNAR-deficient BMDMs (6.32 log CFU/ml) at 72 h after
BA
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FIGURE 1 | MAB induces IFN-b gene expression of macrophages in TBK1-dependent manner, which promotes intracellular bacterial clearance. (A, B) BMDMs and
mouse alveolar macrophage cell line MH-S cells were infected with MAB at multiplicity of infection (MOI) 1:25 for indicated times. mRNA was extracted, and the
expression levels of IFN-b gene were determined by real-time PCR. (C) BMDMs and (D) MH-S cells were infected with MAB for indicated times. (E) BMDMs were
infected with MAB for 1 h in the absence or presence of BX795 (2 h pretreated). (C–E) The levels of indicated proteins were determined by Western blotting.
(F) BMDMs were infected with MAB for 6 h in the absence or presence of BX795 (2 h pretreated). The mRNA was extracted, and the expression levels of IFN-b
gene were determined by real-time PCR. (G–J) Cells were infected with MAB in the absence or presence of recombinant IFN-b (1,000 units/ml, 2 h pretreated).
Intracellular bacterial CFU on indicated times were evaluated by intracellular bacterial growth assay. (A–J) The results are from one representative experiment of two
independent experiments (**p < 0.01, ***p < 0.001). MAB, Mycobacterium abscessus; IFN, interferon; TBK1, TANK binding kinase 1; BMDMs, bone marrow-derived
macrophages; CFU, colony-forming unit. NS, Not Statistically Significant.
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infection (Figure 1G). In addition, treatment of recombinant
IFN-b (rIFN-b) enhanced the bacterial clearance from 6.34 log
CFU/ml to 5.66 log CFU/ml in WT BMDMs, but not in IFNAR-
deficient cells (Figures 1H, I) at 72 h after infection. In MH-S
cells, the bacterial clearance was accelerated by rIFN-b from 6 log
CFU/ml to 5.55 log CFU/ml at 72 h after infection (Figure 1J).
These results suggest that type I IFNs inhibit the intracellular
growth of MAB in macrophages.

Type I Interferons Augment
Mycobacterium abscessus-Induced
Production of Nitric Oxide in Macrophages
Antimicrobial peptides (AMPs), reactive oxygen species (ROS),
and NO are the major factors involved in the removal of
intracellular pathogens in macrophages (32). We sought to
determine whether type I IFNs regulate expression of those
factors in response to MAB in macrophages. IFNAR deficiency
did not affect the gene expression of CRAMP and NOX2
Frontiers in Immunology | www.frontiersin.org 6127
(Figures 2A, B), whereas iNOS expression was mostly abolished
in IFNAR-deficient BMDMs (Figure 2C). Treatment with
rIFN-b also enhanced MAB-induced iNOS expression in WT
BMDMs, but not in IFNAR-deficient BMDMs (Figure 2D).
Moreover, rIFN-b also increased MAB-induced iNOS expression
in MH-S cell (Figure 2E). The protein expression of iNOS
induced by MAB was reduced in IFNAR-defic ient
macrophages versus the WT cells (Figure 2F), and rIFN-b
enhanced MAB-induced expression of iNOS protein in
BMDMs (Figure 2G) and MH-S cells (Figure 2H), but not in
IFNAR-deficient BMDMs (Figure 2G). Our previous study
revealed that MAB alone could not produce detectable level of
NO in BMDMs, but at the presence of the type II IFN, IFN-g, the
bacterium led to substantial level of NO production (16).
Consistently, at the presence of IFN-g, MAB induced NO
production in WT BMDMs, which were mostly abolished in
IFNAR-deficient cells (Figure 2I). Unlike BMDMs, MAB alone
could produce detectable levels of NO in MH-S cells, which were
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FIGURE 2 | Type I IFNs augment MAB-induced production of nitric oxide in macrophages. (A–C) WT and IFNAR-deficient BMDMs were infected with MAB at a
MOI 1:25 for indicated times. (D, E) BMDMs and MH-S cells were pretreated with or without rIFN-b (1,000 units/ml) for 2 h and additionally infected with MAB for
(D) 12 h or (E) indicated times. (A–E) mRNA was extracted, and the expression levels of each gene were determined by real-time PCR. (F) BMDMs were infected
with MAB for indicated times. (G) BMDMs and (H, J) MH-S cells were pretreated with or without rIFN-b (1,000 units/ml) for 2 h and additionally infected with MAB
for (G, H) 24 h or (J) indicated times. (I) BMDMs were incubated for 24 h with indicated conditions. (F–H) Cellular proteins were extracted, and the levels of
indicated proteins were determined by Western blotting. (I, J) Nitric oxide concentration in cell culture supernatant was measured by Griess reaction. (A–J) The
results are from one representative experiment of two independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). MAB, Mycobacterium abscessus; IFN,
interferon; WT, wild type; IFNAR, interferon-a/b receptor; BMDMs, bone marrow-derived macrophages; MOI, multiplicity of infection. NS, Not Statistically Significant.
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also enhanced by rIFN-b (Figure 2J). These results suggest that
type I IFN signaling may contribute to MAB-induced NO
production in macrophages.

Type I Interferons Inhibit the Intracellular
Mycobacterium abscessus Growth in
Macrophages by Regulating Nitric Oxide
Production
It has been reported that NO is critical for the restriction of
intracellular MAB growth in macrophages (16, 25, 33). As type I
IFNs enhanced the intracellular MAB clearance and MAB-
induced NO production in BMDMs at the presence of IFN-g
and MH-S cells, we sought to clarify whether NO is a key factor
for type I IFN-mediated inhibition of the bacterial growth. In the
presence of L-NAME, a non-selective nitric oxide synthase
(NOS) inhibitor, there was no significant difference in the
bacterial CFUs between WT and IFNAR-deficient BMDMs
(Supplementary Figure 1A). Treatment of rIFN-b also did not
affect the intracellular growth of MAB in L-NAME-treated or
iNOS-deficient BMDMs (Supplementary Figures 1B, C). As
shown in Figure 3A, L-NAME reduced MAB-induced or rIFN-
b-enhanced NO production in MH-S cells. Treatment with L-
NAME or rIFN-b did not affect the phagocytosis of MH-S cells
(Figure 3B). Consistent with the result presented in Figure 1J,
rIFN-b inhibited the MAB growth 3.8-fold compared with
medium in MH-S cells, which was restored by L-NAME
treatment (Figure 3C). This phenomenon was also confirmed
in primary isolated murine AMs. The intracellular growth of
MAB was 1.86-fold higher in L-NAME-treated AMs compared
with medium-treated AMs at 72 h post infection (Figure 3D).
Also, while rIFN-b inhibited the growth of MAB 1.91-fold
compared with medium control, in the presence of L-NAME,
rIFN-b did not suppress the intracellular growth of MAB in
AMs, 72 h after infection (Figure 3D). These results indicate that
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type I IFNs suppress the intracellular survival of MAB by
promoting NO production in macrophages.

Intranasal Pretreatment of rIFN-b
Augments Nitric Oxide Production and
Promotes the Mycobacterium abscessus
Clearance in the Lungs of Mice
Next, we sought to determine in vivo role of type I IFNs against
pulmonary infection of MAB by pre-exposure to rIFN-b. The
experimental schedule is depicted in Figure 4A. NO levels in the
lung homogenate of mice pretreated (i.n.) with rIFN-bwere higher
than those of the mice treated with PBS at day 1 after infection,
although the difference between the two groups was not observed
at day 5 (Figure 4B). Pretreatment of rIFN-b also reduced the
bacterial CFUs in the lung homogenates of MAB-infected mice at
day 5, but not at day 1 (Figure 4C). To determine the in vivo effect
of type I IFN-induced NO on the growth control of MAB, we
repeated the experiment using iNOS-deficient mice. As presented
in Figure 4D, intranasal pretreatment with rIFN-b did not
influence the MAB growth in the lungs of iNOS-deficient mice
(Figure 4D), strongly supporting the notion that intranasal pre-
exposure to rIFN-b contributes to in vivo growth control of MAB
by promoting NO production in macrophages. However,
administration of rIFN-b after MAB infection did not improve
the bacterial clearance in the lungs of MAB-infected mice
(Supplementary Figures 2A, B). To determine the impact of
type I IFNs on host defense against MAB infection, we compared
the bacterial CFUs in the lungs of WT and IFNAR-deficient mice.
Unexpectedly, the bacterial CFUs at day 5 were significantly lower
in IFNAR-deficient mice as compared with WT mice
(Supplementary Figures 3A, B), suggesting that type I IFNs can
exert a harmful effect in host defense against MAB infection,
although prophylactic administration of type I IFNs improves
in vivo growth control of MAB.
BA C D

FIGURE 3 | Type I IFNs inhibits the intracellular MAB growth in macrophages by regulating NO production. (A–C) MH-S cells were incubated with MAB and
indicated reagents (2 h pretreated). (A) Nitric oxide concentration in cell culture supernatant was measured by Griess reaction at 24 h post infection. Intracellular
bacterial CFU on (B) 1 h and (C) 72 h were evaluated by intracellular bacterial growth assay. (D) AMs were incubated with MAB (MOI 1:25) and indicated reagents
(2 h pretreated, L-NAME 1 mM, rIFN-b 1,000 units/ml). Intracellular bacterial CFU on 72 h was evaluated by intracellular bacterial growth assay. (A–D) The results are
from one representative experiment of two independent experiments (**p < 0.01, ***p < 0.001). MAB, Mycobacterium abscessus; IFN, interferon; CFU, colony-
forming unit; AMs, alveolar macrophages; MOI, multiplicity of infection. NS, Not Statistically Significant.
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Macrophages Are Responsible for rIFN-b
Response in Mycobacterium abscessus-
Induced Nitric Oxide Production and the
Bacterial Clearance In Vivo
We investigated whether macrophages are involved in the in vivo
protective effect of rIFN-b against the pulmonary infection of
MAB. Schedule of clodronate injection and MAB infection is
depicted in Figure 5A. The bacterial CFUs in the lungs were
examined at day 5 after infection and NO production at day 1.
Flow cytometry analysis showed that MAB infection increased
the ratio of the CD45+F4/80+CD11c+ AM in the lungs from 4%
to 18%, which was rescued to 4% by the treatment with
clodronate liposome (Figure 5A). In mice treated with
clodronate, rIFN-b treatment did not suppress the bacterial
growth in the lungs, whereas the bacterial CFUs were
decreased by rIFN-b treatment in mice with PBS liposome
(Figure 5B). Moreover, rIFN-b treatment could not elicit NO
production in mice treated with clodronate liposome
(Figure 5C). Based on these data, it is likely that macrophages
are essential for the protective effect of rIFN-b against
MAB infection.

Type I Interferons Act as an Intermediator
in a Cytosolic Receptor NOD2-Mediated
Nitric Oxide Production in Response to
Mycobacterium abscessus
Our previous study demonstrated that NOD2 contributes to in
vivo and in vitro bacterial clearance against MAB infection by
promoting NO production (16). In addition, Pandey et al.
reported that NOD2-Ripk2 signaling is involved in induction
of type I IFNs against M. tuberculosis infection through bacterial
ESX-1- and host TBK1-IRFs-dependent pathways (34). Thus, we
hypothesized that NOD2 mediates MAB-induced type I IFN
expressions, which results in NO-mediated killing of MAB.
NOD2 deficiency diminished MAB-induced phosphorylation
of TBK1 in BMDMs (Figure 6A). In addition, the gene
expression of IFN-b in response to MAB was significantly
Frontiers in Immunology | www.frontiersin.org 8129
reduced in NOD2-deficient BMDMs as compared with WT
cells (Figure 6B). The protein expression of iNOS was also
decreased in NOD2-deficient BMDMs, which was restored by
the addition of rIFN-b (Figure 6C). In an in vivo experiment,
MAB-induced NO production was decreased in NOD2-deficient
mice at day 1, which was also restored by rIFN-b (Figure 6D).
The bacterial clearance in the lungs was impaired in NOD2-
deficient mice at day 5 (Figure 6E). However, intranasal
administration of rIFN-b reduced the bacterial CFUs in the
lungs of NOD2-deficient mice, exhibiting comparable levels of
CFUs as in WT mice (Figure 6E). These results suggest that
NOD2 signaling contributes to the clearance of MAB by
promoting type I IFN-mediated NO production in macrophages.
DISCUSSION

Macrophages play an essential role in host innate immune
responses against intracellular bacterial infection (32). In the
current investigation, we examined the impact of type I IFNs on
bactericidal activity of macrophages and confirmed that IFNAR
deficiency causes attenuation of bacterial clearance inmacrophages
underMAB infection.Moreover, pretreatment ofmicewith rIFN-b
enhanced the bactericidal activity of macrophages. In fact, to
evaluate the dose dependence of rIFN-b on MAB growth control,
weused twodosesof rIFN-b (500 and1,000units/ml).However, the
500 units/ml of rIFN-b inhibited theMAB growth at the same level
of 1,000 units/ml in BMDMs (data not shown). As shown in
Figure 6C, rIFN-b strongly increased iNOS protein expression
even at a low dose (250 units/ml). Therefore, to see a dose-
dependent response of rIFN-b on MAB growth inhibition, it
seems that an experiment using much lower concentrations
(below 250 units/ml) should be performed. In addition, our
results suggested that type I IFNs promote production of NO
against MAB infection and that MAB clearance is facilitated in a
NO-dependent manner within macrophages. These results are
consistent with the previous finding of the role of type I IFNs in
BA C D

FIGURE 4 | Intranasal pretreatment of rIFN-b augments NO production and promotes the bacterial clearance in the lungs of mice infected with MAB.
(A) The administration of rIFN-b and bacterial infection were performed according to the schedule indicated in the diagram. (B–D) WT or iNOS-deficient mice were
administrated with PBS or rIFN-b (800 units per mouse) intranasally under anesthesia. After 1 day, mice were infected with 2 × 107 CFU of MAB per mouse
intranasally; and the bacterial loads and nitric oxide levels in the lung lysate were determined at indicated days. (B–D) The results are merged data of two
independent experiments (n = 4–6) (***p < 0.001). MAB, Mycobacterium abscessus; WT, wild type; PBS, phosphate-buffered saline; CFU, colony-forming unit. NS,
Not Statistically Significant.
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M. tuberculosis-infected macrophages (35). Interestingly, we found
that type I IFN signaling engaged in the robust production ofNOat
the early stage of MAB infection. However, the difference in
intracellular bacterial CFUs depending on the presence or
absence of type I IFN signaling was observed at least 48 h post
infection. These results are in line with previous studies (16) that
showed bactericidal activity ofmacrophage byNOproduction after
at least 48-h mycobacterial infection. This phenomenon may be
related to the virulence mechanisms ofMycobacterium spp., which
survive within phagosome as an immune evasion strategy (36).

Recently, controversial and complex roles of type I IFNs in
MAB-infected macrophages have been reported from different
research groups. MAB can lead to various types of cell death such
as necrosis, apoptosis, and pyroptosis in macrophages (37–39).
Previous studies revealed that rough morphotype of MAB (MAB-
R), lacking cell surface glycopeptidolipids, is more proapoptotic
than smooth morphotype (MAB-S) and releases more LDH (26, 38,
39). In addition, Kim et al. reported that type I IFNs augment the
cell-to-cell spread of MAB by increasing cytotoxicity of infected
macrophages (26). As a result, IFNAR-deficient macrophages
exhibited lower levels of bacterial load compared with the WT
macrophages (26). In this study, we also evaluated the effect of type I
IFNs on cytotoxicity of MAB-infected macrophages by measuring
LDH release. There was no significant difference in LDH release
between the WT and IFNAR-deficient BMDMs in response to
MAB (Supplementary Figure 4A) and pretreatment of the cells
Frontiers in Immunology | www.frontiersin.org 9130
with rIFN-b slightly increased during the release of LDH only in
WT BMDMs at 72 h post infection, but not in MH-S cells
(Supplementary Figure 4B). Consistent with the results from our
laboratory, Ruangkiattikul et al. reported that type I IFNs increased
the production of NO in MAB-infected macrophages (25).
Consequently, IFNAR-deficient macrophages showed higher
bacterial load than the WT macrophages in their study (25). In
this study, we confirmed that NO production is clearly amplified by
type I IFNs, which correlated with the enhancement of bactericidal
activity in MAB-infected macrophages.

Although the role of type I IFNs in MAB infection has been
reported in several previous publications that utilized in vitro assays,
none of these studies evaluated the role of type I IFNs in animal
models (25, 26, 38). In the current study, the host defensive effect of
type I IFNs against MAB pulmonary infection in mouse model was
evaluated. Since administration of rIFN-b at 1 or 5 days post
infection did not affect the bacterial load in the lungs, we
established a model that employed administration of rIFN-b at 1
day before infection. Correlating with the in vitro results, rIFN-b-
administered mice exhibited deceased bacterial loads in lung lysate
samples compared with the PBS-administered control mice at
5 days post infection. Administration of rIFN-b also augmented
production of NO in lung samples of MAB-infected mice at 1 day
post infection. This host defensive effect of type I IFNs against MAB
infection in mice was established in a NO-dependent manner
evidenced by the inability to enhance bacterial clearance following
BA

C

FIGURE 5 | Macrophages are responsible for rIFN-b response in MAB-induced NO production and the bacterial clearance in vivo. (A) The administration of
reagents and bacterial infection were performed according to the schedule indicated in the diagram. Flow cytometric plot showing the population of
CD45+CD11c+F4/80+ alveolar macrophage in lung total cell at 1 day post infection. (B) Mice were administrated with indicated reagents intranasally under
anesthesia. After 1 day, mice were infected with 2 × 107 CFU of MAB per mouse intranasally, and the bacterial loads in the lung lysate were determined at 5 days
post infection. (C) Nitric oxide levels were measured on 1 day post infection in the lung lysate supernatant. (A) The results are one representative data of two
independent experiments (n = 4). (B, C) The results are merged data of two independent experiments (n = 4–5) (**p < 0.01, ***p < 0.001). MAB, Mycobacterium
abscessus; CFU, colony-forming unit. NS, Not Statistically Significant.
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rIFN-b administration in iNOS-deficient mice. There was no
difference in NO levels between rIFN-b and PBS-administered
mice at 5 days post infection, and this is presumably due to the
compensation mechanisms of immune homeostasis system such as
anti-inflammatory response-mediated downward standardization
(40–42).

From the perspective of host defense immune system against
bacterial infection, enhancement of immune response can lead to
fatal damage in host tissue (43). Hence, histological assessment
was performed on lung samples from the MAB-infected mice.
Although there was no significant difference in histological
assessment via H&E staining (Supplementary Figures 5D, E),
lung inflammatory cytokine levels were slightly diminished in
rIFN-b-administered mice (Supplementary Figures 5A–C). It is
presumed that the diminished lung bacterial load leads to the
alleviation in the production of inflammatory cytokines.

Next, we confirmed that clodronate-induced macrophage
depletion leads to the increase in the susceptibility to MAB
pulmonary infection in mice. Moreover, rIFN-b did not enhance
the bacterial clearance nor the production of NO within
clodronate-administered mice. These findings suggest that the
increased bactericidal activity by type I IFN–NO axis in AM is
crucial for the host defense innate immune system against MAB
infection. In fact, as significant efficacy was verified in several
clinical trials (44–47), NO is a crucial host defense factor against
MAB pulmonary infection in humans. Our results suggest that
the administration of exogenous type I IFNs, at the early stage of
infection, could be considered as a therapeutic candidate for
MAB-infected patients. Meanwhile, interstitial macrophages as
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well as AMs are present in the lung tissue and exhibit various
biological functions (48). According to previous reports,
administration of clodronate liposomes does not eliminate
interstitial macrophages (49, 50). In addition, it is known that
interstitial macrophages exist with a lower proportion than AMs
in the lung parenchyma and that their ability to produce ROS
and NO is also much lower than that of AMs (51). Accordingly,
the role of interstitial macrophages is not expected to be
significant in type I IFN-induced NO production in the lungs,
although we did not check the change of the population of
interstitial macrophages by clodronate liposomes.

In contrast to our results, several previous studies reported
that type I IFNs negatively affect in vivo antimicrobial response
against most of intracellular bacterial infection (17). Indeed, we
also verified the difference in bacterial loads in lung samples
between WT and IFNAR-deficient mice. Interestingly,
inconsistent with the observed phenotypes of rIFN-b
administered mice, IFNAR-deficient mice displayed lower
bacterial loads than did the WT mice at 5 days post infection
(Supplementary Figure 3B). Our ongoing hypothesis is that,
unlike the pre-exposure of rIFN-b, which is a single excessive
stimulation, type I IFN signal is permanently blocked in IFNAR-
deficient mice. Therefore, it could lead to a decrease in NO
production in the incipient innate immune response. However, it
would possible that the absence of type I IFN signal affects a
certain adaptive immune response in the later phase of infection.
In fact, several previous studies have reported that type I IFNs are
associated with Th1-type adaptive immune response in M.
tuberculosis infection (52–54).
BA

E

C

D

FIGURE 6 | Type I IFNs act as an intermediator of a cytosolic receptor NOD2-mediated NO production in response to MAB. (A) BMDMs were infected with MAB
for indicated times. Cellular proteins were extracted, and the levels of each protein were determined by Western blotting. (B) BMDMs were infected with MAB for
indicated time. mRNA was extracted, and the expression levels of IFN-b gene were determined by real-time PCR. (C) BMDMs were incubated for 24 h with
indicated conditions. The levels of each protein were determined by Western blotting. (D) Nitric oxide levels were measured on 1 day post infection in the lung lysate
(same conditions with Figure 4). (E) The bacterial load in the lung lysate was determined at 5 days post infection. (A–C) The results are from one representative
experiment of two independent experiments. (D, E) The results are merged data of two independent experiments (n = 5) (**p < 0.01, ***p < 0.001). MAB,
Mycobacterium abscessus; IFN, interferon; BMDMs, bone marrow-derived macrophages.
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Previously, our laboratory reported that NOD2 enhances the
antimicrobial effect of macrophage against MAB infection by
augmenting NO production (16). It has also been reported that
NOD2 contributes to the induction of type I IFNs (34). In the
current study, we identified the decrease in TBK1 phosphorylation
and IFN-b gene expression in MAB-infected NOD2-deficient
BMDMs compared with WT cells. In addition, as demonstrated
in our previous study (16), NOD2-deficient mice showed higher
bacterial load in lung lysates than didWTmice due to the reduced
NO production. In the present study, we demonstrated that the
administration of rIFN-b improves the impaired bacterial
clearance of NOD2-deficient mice by increasing NO production.
These results suggest the novel host defense mechanism mediated
by NOD2-type I IFN–NO axis against bacterial infections.

Collectively, these data in combination with our hypothesis on
IFNAR-deficient mice infection model and MAB-infected NOD2-
deficient mice would also have to show lower bacterial load in
lungs at 5 days post infection, because the attenuation of type I
IFN signal in NOD2-deficient mice might also affect adaptive
immune response, especially T-cell response (55). However, the
production of type I IFNs by MAB infection is induced through
not only NOD2 but also other PRRs such as toll-like receptor
(TLR)2 and TLR4 (25). In fact, it has been reported that type I IFN
signaling is critical for LPS-induced iNOS expression and NO
production in macrophages (56) and that MAB possesses TLR-
stimulating potential (25, 29, 57, 58). Therefore, it is likely that, in
the early stage of infection, the attenuated type I IFN signal by the
deficiency of NOD2 leads to the decrease in NO production and
thus impairs the bacterial clearance. In mid-later stages of
infection, however, the attenuated type I IFN signal by the
NOD2 deficiency would be sufficiently compensated by the
operation of other PRRs such as TLR2 and TLR4. Meanwhile, it
was reported that type I IFN signaling exerts synergism in NO
production through paracrine/autocrine effect of IFN-b (59). For
this reason, NOD2-deficient mice would not show the same
phenotypes as IFNAR-deficient mice. Currently, researches are
ongoing in our laboratory to test this hypothesis.

In summary, we described here that MAB induces iNOS
expression and NO production in macrophages via type I IFN-
mediated signaling, which contribute to the intracellular growth
control of the bacteria. In addition, a cytosolic receptor NOD2 is
involved in MAB-induced expression of type I IFNs. The NOD2-
type I IFN–NO axis may play an important role in host defense
against MAB infection. However, there are several limitations in
our study. Type I IFNs exert diverse biological functions on
bacterial infection by modulating the expression of various
cytokines as well as iNOS (5, 18). Several previous studies
demonstrated that type I IFNs modulate the production of IL-
10, IL-1, and TNF-a and that these cytokines influence the
antimicrobial responses on M. tuberculosis infection by
regulating the immune cell activation and recruitment (60–63).
In fact, we evaluated cytokine production in the presence or
absence of type I IFNs in MAB-infected BMDMs, and we
confirmed that type I IFN amplified the production of TNF-a
and IL-10 and inhibi ted the product ion of IL-1b
(Supplementary Figures 6A–C). To date, the effect of TNF-a,
Frontiers in Immunology | www.frontiersin.org 11132
IL-1b, and IL-10 on MAB infection is still unknown. It is
necessary to further investigate the effect of these cytokines on
host defense against MAB infection. In addition, although we
clearly showed that the prophylactic administration of rIFN-b
improves in vivo MAB clearance, the bacterial loads were rather
lower in the lungs of IFNAR-deficient mice as compared with
WT mice, suggesting that type I IFNs can exert a harmful effect
on host defense against MAB infection. Further studies are
strongly recommended to clarify the precise role of type I IFNs
on MAB infection.
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Mycobacteriosis, mostly resulting fromMycobacterium tuberculosis (MTb), nontuberculous
mycobacteria (NTM), and Mycobacterium leprae (M. leprae), is the long-standing
granulomatous disease that ravages several organs including skin, lung, and peripheral
nerves, and it has a spectrum of clinical-pathologic features based on the interaction of
bacilli and host immune response. Histiocytes in infectious granulomas mainly consist of
infected and uninfected macrophages (Mjs), multinucleated giant cells (MGCs), epithelioid
cells (ECs), and foam cells (FCs), which are commonly discovered in lesions in patients with
mycobacteriosis. GranulomaMj polarization or reprogramming is the crucial appearance of
the host immune response to pathogen aggression, which gets a command of endocellular
microbe persistence. Herein, we recapitulate the current gaps and challenges during Mj
polarization and the different subpopulations of mycobacteriosis.

Keywords: mycobacteriosis, granuloma, macrophages, multinucleated giant cells, epithelioid cells, foam cells
INTRODUCTION

Mycobacteriosis is a contagious disease ravaging the skin tissue, respiratory system, and peripheral
nerves, which results from Mycobacterium tuberculosis (MTb), nontuberculous mycobacteria
(NTM), and Mycobacterium leprae (M. leprae). Tuberculosis (TB), caused by the MTb complex,
has plagued humanity when it has killed billions of populations over the past two centuries (1).
Cutaneous TB, including 1% to 2% of all cases, is a rare clinical manifestation of MTb or M. bovis
infection. Rapidly growing mycobacteria, such as M. abscessus group, M. fortuitum group,
M. mucogenicum, and M. smegmatis and slow-growing mycobacteria, such as M. avium
complex, M. kansasii, and M. marinum, are compose of NTM (2). NTM cutaneous infection is
unwonted, and predisposing factors, such as skin injury (such as gardening and fish-related injuries,
injections, and surgery) or immunosuppression make up 95% of cases (3). Leprosy, Hansen’s
disease, is a remarkable public health problem, especially in countries such as Brazil, India, and
Indonesia (4). Leprosy is a neglected tropical disease encountered by M. leprae or M. lepromatosis.
At present, effective vaccines against infection and markers for beneficial immunity are not available
(5, 6). The inability to eradicate the bacteria can result in infection in the immune system in a
org November 2021 | Volume 12 | Article 7526571135
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granuloma structure. Macrophages (Mjs), primary effectors of
inherited response, are considered essential pathophysiologic
factors in wide-spread disease procedures involved with
chronic inflammation. The heterogeneity of Mjs, either due to
their developmental origin or their particular activation
morphologies, is becoming increasingly distinct with regard to
their diverse roles within infection of microbes (7). As a central
part of the innate immunity and as the paramount host of infectious
granuloma pathogens, Mjs have been the central focus of
mycobacteriosis investigation.
INFECTIOUS GRANULOMA

Granuloma is a highly structured and organized collection of Mjs,
often with phenotypic switches and other immune cells recruited,
including multinucleated giant cells (MGCs), epithelioid cells (ECs),
and foam cells (FCs). Someone claimed a new ex vivo granuloma
culture technique to study granuloma consolidation (8).
Mechanistically, Cronan et al. have found that in the existence of
robust interferon-gamma (IFN-g) signaling immune response,
confronting interleukin (IL)-4 and IL-13 signals were associated
with Mj epithelial transition. IL-4/13 signaling, induced by stat6,
was required for epithelioid transformation and granuloma
architecture. Apart from stat6 function required in the new
granuloma formation, persistent stat6 pathway was required to
maintain the expression of E-cadherin and granuloma (9).
MAB_4780, encoding a dehydratase, was required for intracellular
M. abscessus growth and to avoid lysosome-mediated degradation,
which compromises survival of DMAB_4780 in Mjs and
granuloma formation (10). In granuloma transformation, IFN-g
and tumor necrosis factor-alpha (TNF-a) were deemed to be
effective regulators, whereas IL-10 was a passive effector.
Intriguingly, etanercept and adalimumab, the human monoclonal
anti-TNF-a IgG1, exacerbated M1 polarization and delayed MGC
generation in granuloma (11). Magically, there are two types of
granulomas in leprosy. At one pole of leprosy, the presence of
MGCs and granuloma configuration in tuberculoid leprosy (TT)
contributes to the containment of M. leprae proliferation and
transmission (Figure 1A). At the other pole, lepromatous leprosy
(LL) has phagocytic FCs heavily parasitized with freely multiplying
intracellularM. leprae (Figure 1B) (12). Ma et al. have constructed a
map via integrating single-cell RNA sequencing with spatial
sequencing to identify that the primary cell types, consisting of T
cells, Mjs, keratinocytes, endothelial cells, and fibroblasts, were
described to research the cellular composition and status
discrepancies between reversal reactions and LL, and LGCs are
more frequent in both lesions. IL-1b and IFN-gwere supposed to be
important upstream effectors of the pseudo time trajectory and the
activation of Mjs in granulomas to product genes contributing to
antimicrobial responses in human leprosy granulomas (13).

Granuloma is a leading gateway for the host immune
response to microorganisms and shape immune interplays,
disease progression, and degeneration (14). The granuloma is a
functional paradox, for example, it contains the bacilli in a local
Frontiers in Immunology | www.frontiersin.org 2136
reservoir, preventing mycobacterial dissemination to near
normal tissues of the host, or to shield itself from host’s
immunologic killing mechanisms and antimicrobial response (15).
Mj PHENOTYPES IN MYCOBACTERIOSIS

Mjs show the increment of plasticity, and they can be
differentiated into two contrary subsets: M1 Mjs and M2 Mjs.
The network of molecular mediators is regulated in response to
the diversity of stimulus. Binding of IFN-g to its cellular surface
receptor, for example, induces the activation of receptor-linked
JAKs, which trigger STAT1 to dimerize and translocate to the
nucleus where it initiates gene transcription that skew toward
M1-correlated functions such as promoted microbicidal activity
and proinflammatory cytokine production (Figure 1C). By
contrast, IL-4 and IL-13 activate STAT6 to promote M2 profile
inhibiting these effects (Figure 1D) (16). Furthermore, Yun−Ji
et al. have shown that c-JUN N-terminal kinase (JNK)-mediated
M1 plasticity was important in the elimination of bacilli via p53-
mediated apoptosis by Mjs. Similarly, virulent MTb H37Rv
infection can induce M2 Mjs and in turn restrain p53 by the
activation of mouse double minute 2 (MDM2). These
consequences elucidated that M2 population decreases p53-
elicited cell death by MDM2 induction (17). In addition, early
secreted antigenic target of 6 kDa (ESAT6), a prerequisite step to
support the formation of granuloma, was one of the effectors
used by MTb to facilitate the proinflammatory M1 Mj at the
primo-infection and then triggered the switch of M1 to M2 Mj
at a later infection phase (18). In particular, proinflammatory
environment or bacterial product could perturb the classical M1
or M2 phenotypes. Bénard et al. recently showed that type I IFN
hyperproduction by MTb-stimulated B cells drove an altered
Mjs polarization toward a regulatory/anti-inflammatory profile,
namely, M2 Mj, during TB which associated with increased
MTb burden in lungs (19). Moreover, Mj polarization may
augment antimicrobial response against MTb in the existence of
vitamin D (20).

Furthermore, high-mobility group N2 (HMGN2) regulates anti-
NTM-inherited response function of Mj. In addition, HMGN2 is
triggered in NTM and IFN-g-primed M1-skewed subpopulation
polarization (21). Yet, M. abscessus infection robustly induced p38
MAPK-dependent heme-oxygenase-1 (HO-1) induction in the
THP-1 cells. HO-1 production was important for M. abscessus
growth during the early stages of infection, and that the HO-1
producted bilirubin and biliverdin, perhaps through modulation of
intracellular ROS levels, may be involved (22). Glycopeptidolipids
limited the virulence of M. abscessus among Mjs by inhibition of
apoptosis and spreading of bacteria (23). In TT, the activation of the
classical signal by M1 Mjs results in the expression of TNF-a,
IFN-g, and iNOS, which trigger the multiplication of free radicals
that remove Bacillus (24). Moreover, the LL shows a superiority of
M2 Mjs that promotes the expression of IL-10, transforming
growth factor-b, fibroblast growth factor-b, Arg-1, CD206, and
CD163, causing immunosuppressive response and tissue
November 2021 | Volume 12 | Article 752657
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repairment (25, 26). M. leprae could then utilize infected Mjs by
two mechanisms: first, M. leprae-infected Mjs preferentially
activated Treg but not Th1 or cytotoxic T-cell responses; second,
M. leprae-infected Mjs were effective in escaping CD8+ T-cell-
primed cytotoxicity (27).

Other than the M1 and M2 subpopulations, a M3 switch profile
exists. The M3 Mj could be divided into two subsets such as the
M1/2 paradigm, which in response to a reprogramming factor M1
(RF-M1) skews toward M2 Mj, and the M2/1 dichotomy, which
responding to RF-M2 favors M1Mj (28). In murine mesothelioma
microenvironment, flow cytometry disclosed that themixture ofM1
and M2 phenotypes (CD11b+ F4/80+ Ly6Chi CX3CR1hi), that was,
M3 Mj, secreted IL-10 and TNF-a. Jackaman et al. have suggested
that the shifts of M1 to M2 Mj and vice versa could occur through
Frontiers in Immunology | www.frontiersin.org 3137
the M3 changing formation (Figure 1E) (29). The M3mediator can
be triggered by upregulation of M1-reprogramming signals with
coinstantaneous suppression of the M2 Mj transcription factors,
STAT3, STAT6, and/or SMAD3 in Ehrlich ascites carcinoma (30).
Nevertheless, the role of M3 Mj in mycobacteriosis remains
undetailed, and more studies are required for further investigation.

Unluckily, the part of M4 macrophages following M3
macrophages in Mj phenotypes in mycobacteriosis notably,
considerable evidence for another subpopulation of Mf,
namely, M4 Mf, was frequently observed. In the presence of
CXCL4, M0 Mf changed to M4 Mf, expressing CD206, CD68,
matrix metallo proteinase (MMP) 7, myeloid-related protein 8
(MRP8) and S100A8, producing IL-6, TNF-a, MMP7, and
MMP12 in atherosclerosis and cardiac remodeling (31–33).
A B

D

E F

C

FIGURE 1 | The granuloma and macrophages subsets. (A, B) Two frameworks of mycobacterial infection granuloma. (C–F) Reprogramming of macrophages and
main markers of M1, M2, M3 and M4 Mf. Created with BioRender.com.
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At date, de Sousa et al. have also characterized the existence of
M4 Mf in leprosy. Immunostaining determined that the
expression of CD68, MRP8 and MMP7 was significantly
higher, while IL-6 and TNF-a was significantly lower in the LL
group compared with the TT group. The higher expression of
M4 profile in LL lesions implied that the subpopulation was
ineffective in the removal of bacilli, resulting in the development
of multibacillary form and microbes replication (Figure 1F) (34).
Further work is necessary to robustly establish this mechanism.
Notwithstanding, the role of the new subset in TB and NTM
is unclear.
MGCs IN MYCOBACTERIOSIS

Specific lineage of MFs, particularly MGCs containing a
horseshoe-shaped ring of nuclei, contributes to the core of
granulomas. Previously, cells with three nuclei and the
expression of iNOS were markers for MGC transformation
(35). In addition, the formation of MGC, involving cell fusion
(36), was a Mj-specific, evolutionarily ancient program that
proceeds in response to the persistence of extrinsic and intrinsic
stimuli (37). Mjs or monocytes can be transformed into MGCs
under several statuses, including cultivating with IL-4 or IL-13,
GM-CSF combined with IL-4, IFN-g bounding with IL-3, or
bacterial glycolipids. E-cadherin is a necessary player in fusion,
and its production can be stimulated by the activation of STAT6
through IL-4 or IL-13 pathway, similar to epithelialization under
the circumstance of schistosome granulomas (38). However, the
development of polyploid MGCs involves cell autonomous
affliction of Toll-like receptor-elicited DNA damage, cell
autonomous cell-cycle alterations, and impairment of p53
function by the potent antimicrobial effector, namely, NO,
driving mitotic defects and multinucleation (35, 39). Wang
et al. have corroborated experimental evidence that IL-15
primes M1 Mj transformation, reprograms peripheral blood
mononuclear cells in humans to transform into MGCs via direct
activation of T cells and myeloid cells (40). Queval et al. have
shown that out of the four infection combinations (blood-
derived primary human and bovine Mfs [hMf or bMf,
respectively] infected with M. bovis and MTb), bMf infected
withM. bovis promotes the formation of MGCs. Mechanistically,
they have distinguished the functional differences between M.
bovis and MTb host-pathogen interplay and demonstrated that
MPB70 from M. bovis and extracellular vesicles released by M.
bovis-infected bMf promote Mf multinucleation (41).
Startlingly, local adaptive immune response, particularly
programmed cell death ligand-1, fatty acid, and cholesterol
metabolism could take part in containing granuloma
progression in human lung TB (42, 43).

Unfortunately, the distinct role of MGCs in mycobacterial
infection immune response remains as major gaps. MGCs may
restrict mycobacterial cell-to-cell dissemination, involve in
mycobacterial latency, or promote tissue destruction because of
their high expression of extracellular matrix-degrading
Frontiers in Immunology | www.frontiersin.org 4138
epithelioid macrophage marker molecules (EMMMs) (38, 43).
The maturation of MGCs supplies a restrictive environment for
M. bovis. The major lysosomal degradative signals remain
functional within MGC transition. In addition, the increase of
M. bovis in acidified compartments and correlation with LC3B in
matured MGCs indicates that MGCs presented a restrictive
milieu for microorganism replication (41). Nonetheless, the
role of MGCs in NTM and leprosy remains an elusive issue.
ECs IN MYCOBACTERIOSIS

Microscopic analysis discloses that tightly interdigitated cell
membranes are formed in zipper-like arrays to resemble
epithelioid histiocytes. Nevertheless, none of the fusion
molecules is strictly required to give rise to ECs, and the
procedure is complicated. Epithelial differentiation can occur
during days of granuloma transformation. Using the M.
marinum-zebrafish model, Cronan et al. have found recently
that granuloma Mjs undergo reprograming, which involves E-
cadherin-dependent formation of fusogenic epithelial cell (44).
In TB, ESAT6 plus TLR2 can activate iNOS/NO and ROS
signaling to reduce the trimethylation of H3K27, thereby
promoting the expression of EMMM that improved the
transformation of Mjs into ECs (45).

The EC functions are amphibolous and nebulous from being
repleted with organelles and strongly phagocytic and
microbicidal to being nonphagocytic cells with secretory
functions, which might be adjunctive in granuloma function.
Notwithstanding, some people have demonstrated by electron
microscopy that the ECs in TB are “primarily biosynthetic rather
than phagocytic” (46). However, ECs control the multiplication
of mycobacteria at least in one experimental model. Previous
dates, therefore, have elucidated that interference to E-cadherin
production, a tight junction protein among ECs, enhanced the
transformation of untightly structured granuloma, resulting in
unrestricted MTb motion and leads to MTb regeneration and
dissemination (47). In NTM, EC surrogates restrain M. avium
growth and serves as APCs in vitro and in vivo. ECs were
commonly seen in TT and borderline tuberculoid leprosy (BT).
Inconceivably, ECs from TT granulomas exhibited the M1
phenotype (CD68+ CD163−), whereas Mjs in LL granulomas
showed the M2 phenotype (CD68+ CD163+) (48).
FCs IN MYCOBACTERIOSIS

FCs, with deregulated lipid metabolism, are a manifestation of
maladaptive responses in chronic inflammatory statuses (49, 50).
The biogenesis of FCs varies with underlying diseases. FC
biogenesis is involved in the disruption of cholesterol
homeostasis and consequent endocellular accumulation of
cholesteryl esters in atherosclerosis, but it is linked to
triglyceride accumulation in hMjs infected with MTb that is
elicited by TNF receptor pathway via downstream activation of
November 2021 | Volume 12 | Article 752657

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ge et al. Macrophage Subtypes in Mycobacteriosis
the caspase cascade and mammalian target of rapamycin
complex 1 (51). In comparison, Genoula et al. suggested that
alternatively activated Mjs were loath to the accumulation of
lipid droplets (LDs) via the STAT6, which facilitated the
degradation of lipids. However, MTb offsets lipolysis via
switching alternatively activated Mj metabolism to accumulate
LDs due to the HIF-1a activation (52). Similarly, the zebrafish-
M. marinum granuloma contained FCs and the mycobacterial
ESX1 pathogenicity locus thought to elicit the morphology
switch of Mjs to FCs (53). The biogenesis of FCs in leprosy
remains a challenging enigma.

Diverse, and in part controversial, we summarize the current
findings in the role of FCs in mycobacteriosis. First, Mj ontology
may be a major paramount factor of the inherited response in the
containment of MTb infection. LDs may take part in inherent
immunity against MTb by directly eliminating intracellular MTb
and modulate metabolism to infection (54). Strikingly, PPAR
signaling is responsible for lots of adipocyte differentiation-
correlated genes, leading to amassing of intracellular lipids to
accommodate M. leprae parasitization in host FCs (55, 56).
Furthermore, the formation of LD may support the host by
averting access of MTb to host’s fatty acids (FAs) while favoring
native immune responses (54). In comparison, unlike other
programs, FC formation reduced the avidity of host cell and the
phagocytosis of MTb while protecting the cells from death. The
protective effect is associated with enhanced inflammatory
potential of FCs and cause slower proliferation of MTb. Also,
the balance of TNF-a, IL-1b, IL-6, and NF-kB innate
inflammatory responses was altered in response to MTb vs. LPS
in FCs compared with uninfected controls (57). Additionally, FCs
triggered the formation of necrotic core by releasing triglyceride-
rich content into the caseum (51), resulting in progressive lung
tissue destruction and pulmonary function loss in infected rabbits
and marmosets and in individuals with active TB (50).

Lastly, FCs may result in TB pathogenesis by enhancing MTb
persistence and drug resistance. Moreover, a lipid-rich diet
rather than nutrient deprivation in caseum rewires the
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condition of MTb toward drug resistance (58). In addition, IL-
10/STAT3 axis primed FC differentiation during MTb infection,
favoring pathogen persistence (59). Palma et al. have shown that
controlled caloric restriction protected murine model against
pulmonary MTb infection by decreasing bacterial load and FC
proliferation to reduce lung damage and limit MTb spreading
(60). Thus, the reduction of LDs in MTb-infected FCs might
restrain the endocellular survival of MTb (61). Likewise,
ultrastructural analysis of demic leprosy tissue showed
colocalization between cholesterol-laden lipid bodies and M.
leprae-containing phagosomes in FCs. The mechanisms of
leprosy indicate that lipid abundance has a pathophysiological
effect on the persistence of microbes in the host. The function of
FCs remains the unsolved mystery of NTM.
DISCUSSION

Mycobacterium-infected disease is an infectious granuloma
disease with a spectrum of clinical and pathological features.
Granuloma formation and immune mechanism are primarily
observed in mycobacteriosis. Different cellular immune and
clinical manifestations are primed by Mj polarization or
reprogramming. Different Mj subphenotypes may be
positively correlated with the number of germs and host
immune response. The increment of M2 Mfs and FCs and a
low degree of MGCs are more likely to attribute to the bacillary
multiplies and impaired innate immune. Conversely, the results
reveal a positive correlation between high-level M1 Mjs and
MGCs, the diminution of FCs, and a limited bacterial load and
immunocompetent innate immune response. Particularly, ECs
are commonly seen in TT and borderline BT, FCs are mostly a
commonly factor in leprosy, particularly LL. Now, we
recapitulate the main findings of Mjs, MGCs, ECs, and FCs in
mycobacterial infection (Table 1). Mj reprogramming or
markers can shed light on the cell immune response in
mycobacteriosis. Moreover, the mycobacterial granuloma
TABLE 1 | Main findings described in Mjs, MGCs, ECs, and FCs.

Cell
types

Stimulus Main cyto/chemokines and
enzymes

Functions/Immune responses References

M1 Mj IFN-g/STAT1, p53, ESAT6 iNOS, IFN-g, TNF-a, CD86, IL-6, and
HMGN2

Microbicidal activity and proinflammatory cytokine
production

(16–18, 24)

M2 Mj IL-4 plus IL-13/STAT6, ESAT6, type I IFN Arg-1, IL-10, TGF-b, fibroblast growth
factor-b, CD206, CD163

Immunosuppressive response and tissue repairment (16–19, 25,
26)

M3 Mj RF-M1/2 IL-10, TNF-a, CD11b, F4/80, Ly6Chi

CX3CR1hi
Undetailed (28, 29)

M4 Mj CXCL4 CD68, MRP8, MMP7 Weak phagocytosis, favoring bacillus regeneration (35–38)
MGC IL-4 or IL-13, GM-CSF plus IL-4, IFN-g plus

IL-3, E-cadherin, IL-15
iNOS, EMMMs, PD-L1 Inhibiting mycobacterial cell-to-cell spread or tissue

destruction and mycobacterial latency
(39, 42, 45–

47)
EC ESAT6 plus TLR2 CD68+ CD163-, CD68+ CD163+ Strongly phagocytic and microbicidal or nonphagocytic

cells with secretory functions
(49, 52)

FC PPAR, IL-10 TNF-a, IL-1b, IL-6 Favoring inherited response or pathogen persistence,
Less-bactericidal, Less-phagocytic

(59–61)
November 2021 | Volume 12 | A
Arg-1, arginase-1; CXCL, C-X-C motif ligand; ECs, epithelioid cells; EMMMs, extracellular matrix-degrading epithelioid macrophage marker molecules; ESAT6, early secreted antigenic
target of 6-kDa; FCs, foamy cells; HMGN2, high-mobility group N2; IFN-g, interferon-gamma; IL, interleukin; iNOS, inducible nitric oxide synthase; IRF, Interferon regulatory factors; Mjs,
macrophages; MGCs, multinucleated giant cells; MMP, matrix metallo proteinase; MRP8, myeloid-related protein 8; PD-L1, programmed cell death ligand-1; RF-M1, reprogramming
factor M1; STAT, signal transducer and activator of transcription; TGF-b, transforming growth factor beta; TNF-a, tumor necrosis factor-alpha.
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model may delineate the development of alternative vaccines for
mycobacteriosis. Accordingly, these researches prompt that
Mjs, especially M1 Mj and LGCs represent a therapeutic
target for the emergence of antibacterial immunity. Together,
therapies targeting some particular cells are being studied as
novel therapies for TB, leprosy, and other bacterial infections.
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The host immune system plays a pivotal role in the containment of Mycobacterium
tuberculosis (Mtb) infection, and host-directed therapy (HDT) is emerging as an effective
strategy to treat tuberculosis (TB), especially drug-resistant TB. Previous studies revealed
that expression of sirtuin 7 (SIRT7), a nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylase, was downregulated in macrophages after Mycobacterial
infection. Inhibition of SIRT7 with the pan-sirtuin family inhibitor nicotinamide (NAM), or
by silencing SIRT7 expression, promoted intracellular growth of Mtb and restricted the
generation of nitric oxide (NO). Addition of the exogenous NO donor SNAP abrogated the
increased bacterial burden in NAM-treated or SIRT7-silenced macrophages.
Furthermore, SIRT7-silenced macrophages displayed a lower frequency of early
apoptotic cells after Mycobacterial infection, and this could be reversed by providing
exogenous NO. Overall, this study clarified a SIRT7-mediated protective mechanism
against Mycobacterial infection through regulation of NO production and apoptosis.
SIRT7 therefore has potential to be exploited as a novel effective target for HDT of TB.

Keywords: Mycobacterium tuberculosis, SIRT7, nitric oxide, apoptosis, macrophages
INTRODUCTION

Tuberculosis (TB) is one of the top 10 causes of death worldwide. Globally in 2019, an estimated
8.9–11.0 million people fell ill with TB. Especially the drug-resistant tuberculosis is the most serious
challenges in the clinical treatment of tuberculosis due to lack of effective drugs (1). Consequently,
there is an urgent need for new strategies to control TB. Most individuals infected with
Mycobacterium tuberculosis (Mtb) remain healthy, with less than 10% of individuals with latent
TB eventually developing active TB (2). Thus, symptomatic tuberculosis is the result of the host
immune system failing against Mtb. While Mtb has evolved diverse strategies to escape the host
immune response, host-directed therapies (HDTs) have emerged as a promising area of research to
fight TB (3).
org December 2021 | Volume 12 | Article 7792351142
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Histone acetyltransferases (HATs) and histone deacetylases
(HDACs) have central roles in regulating acetylation
modification of both histone and non-histone substrates.
Acetylation, an important post-translational modification that
regulates gene expression, is involved in the regulation of cancer,
cell stress, metabolism, aging, and infectious diseases (4).
HDACs can be divided into four classes based on their protein
structure and sequence homology. Sirtuins belong to the class III
HDACs, which are NAD+-dependent enzymes with protein
deacetylase and ADP-ribosylase activities, and comprise the
members SIRT1 to SIRT7 (5). SIRT7—the least-studied sirtuin
to date—is capable of deacetylation activity (6–8) and has also
been shown to exhibit desuccinylation (9), deacylase (10),
depropionylation (11), and deglutarylation activities (12).

Nitric oxide (NO) is instrumental in the pathogenesis of TB.
NO and O−

2 combine to form highly Reactive Nitrogen Species
(RNS) such as NO−

3  and NO
−
2 within infected macrophages to

drive bacterial death (13). Besides the direct activity against Mtb,
NO also mediate apoptosis of activated macrophages to kill
intracellular Mtb (14). NO regulating apoptosis appears to be
specific to the type of cells, NO activates apoptosis in many cell
types including macrophages, pancreatic islets, neurons, and
thymocytes (15).

In this study, the role of SIRT7 in the pathogenesis of TB was
deciphered using a pan-sirtuin family inhibitor NAM and
SIRT7-knockdown macrophages. Mycobacterial infection led
to downregulation of SIRT7, and inhibition of SIRT7 activity
by nicotinamide (NAM) or knockdown of SIRT7 expression
increased the risk of Mycobacterial infection. Concurrently,
inhibition of SIRT7 activity by NAM or knockdown of SIRT7
expression also suppressed NO release and apoptosis of
macrophages after Mycobacterial infection. Furthermore, this
effect of SIRT7 inhibition could be alleviated by addition of the
NO donor SNAP, and the level of apoptosis was also enhanced
by adding SNAP. In conclusion, this study revealed a novel anti-
TB mechanism, with SIRT7 restricting both intracellular
Mycobacteria growth by NO release and NO-dependent
apoptosis. These findings indicate that SIRT7 could be
exploited as a HDT against Mycobacterial infection.
RESULTS

Mycobacterial Infection Downregulates
SIRT7 Expression
The sirtuins (SIRTs) family comprises seven members (SIRT1–7)
that are dispersed amongst different cellular compartments. The
expression level of each member of the SIRT family was detected
in Raw264.7 cells by RT-PCR. SIRT2 and SIRT7 exhibited the
highest levels of expression (Figure 1A), thus further
experiments focused on the role of SIRT2 and SIRT7 in
Mycobacterial infection. A time-dependent reduction in SIRT7
mRNA expression was observed in Raw264.7 cells infected with
the Mtb virulent strain H37Rv, while there were no significant
changes in SIRT2 mRNA expression before and after infection
(Figures 1B, C). Raw264.7 cells were subsequently infected with
Frontiers in Immunology | www.frontiersin.org 2143
virulent Mtb H37Rv, avirulent Mtb H37Ra or M. bovis BCG for
24 h, and no significant differences in SIRT2 and SIRT7
expression levels were detected between the Mycobacteria of
differing virulence (Figures 1D, E). Similar results were detected
in human cell lines THP1 (Supplementary Figures 1A, B).
Furthermore, human monocyte-derived macrophages
(hMDMs) obtained from peripheral blood mononuclear cells
(PBMCs) of patients with active TB also displayed reduced
SIRT7 mRNA expression relative to healthy controls
(Figure 1F, The information of the patients and healthy
controls was shown in Table 1). In summary, Mycobacterial
infection downregulates SIRT7 expression, indicating an
important disease-related effect of SIRT7 on Mtb infection.

SIRT7 Inhibitor NAM Increases the
Mycobacteria Burden in Macrophages
To determine whether SIRT7 was essential for controlling
Mycobacteria growth, the SIRT7 inhibitor NAM was used to
treat Mycobacteria-infected cells. NAM non-selectively inhibits
the sirtuin family through competition binding to the NAD+
binding site of the sirtuins (16). The safety of the NAM has been
verified and the IC50 value was 19.75 mM in Raw264.7 cells
(Figure 2A). To evaluate whether NAM affected the
Mycobacteria burden in macrophages, Raw264.7 cells were
pretreated and maintained with 0.01, 1, or 10 mM NAM for
24 h and then infected with a BCG fluorescent reporter strain
that expresses GFP (BCG-GFP, MOI 10:1) and analyzed by flow
cytometry at 4h, 24h respectively. The results showed that NAM
had no significant impact on the phagocytosis rate, but NAM at a
concentration of 10 mM increased the Mycobacteria burden in
Raw264.7 cells, while lower concentrations of NAM (0.01 and 1
mM) had no effect on the Mycobacteria burden of the cells as
indicated by the percentage of GFP-positive cells (Figures 2B,
C). The number of colony-forming units (CFUs) from lysed
Raw264.7 cells infected with H37Rv were also tested at 4h, 48h
after infection. The results were consistent with the experiment
using BCG-GFP (Figure 2D). These findings suggest that SIRT7
restricts intracellular Mycobacteria growth and can be inhibited
by the non-selective inhibitor NAM.

SIRT7 Knockdown Increases the
Mycobacteria Burden While
Overexpression of SIRT7 Protects Cells
From Mycobacteria
To further explore whether SIRT7 was essential for controlling
mycobacterial growth, SIRT7-deficient Raw264.7 cells were
constructed. Lentivirus particles containing SIRT7 shRNA and
scrambled control were transduced into Raw264.7 cells,
and SIRT7 expression was determined by quantitative RT-PCR
and Western blotting after filtering and selecting stably
expression cells using puromycin (4 μg/ml) (Figure 3A). Flow
cytometry analysis of BCG-GFP-infected cells 24h after infection
and CFU counts of H37Rv-infected cells 48h after infection
revealed that SIRT7 knockdown macrophages had higher
bacillary loads compared with those of the control cells
(Figures 3B–D). But there was no significant differences at 4h
December 2021 | Volume 12 | Article 779235

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Sirtuin 7 Regulates NO Production and Apoptosis
after infection between the control and SIRT7 knockdown cells
(Supplementary Figures 2A–C). In addition, SIRT7 and vector
were transduced into Raw264.7 cells by lentivirus (Figure 3E).
As expected, overexpression of SIRT7 inhibited the growth of
intracellular Mycobacteria as indicated by flow cytometry
analysis and CFU counts (Figures 3F–H) but had no
significant impact on the phagocytosis rate (Supplementary
Figures 2D–F). Together, these data indicate that SIRT7
contributes to the control of Mycobacteria growth in
Raw264.7 cells.

SIRT7 Regulates the Generation of NO in
Mycobacteria-Infected Macrophages
NO is a key anti-mycobacterial molecule, and production of NO
was increased in H37Rv-infected Raw264.7 cells (Figure 4A),
Frontiers in Immunology | www.frontiersin.org 3144
consistent with reports in the literature (17). To explore whether
SIRT7 had a role in NO production, the function of SIRT7 in
Raw264.7 cells was inhibited by NAM (10 mM) and then the
cells were infected with H37Rv for 24 h and the NO level was
measured by Griess reagent method. Addition of NAM
downregulated NO production in Raw264.6 cells, similar to the
effect of NO synthase inhibitors L-NAME and L-NMMA
(Figure 4B). The expression level of the NO synthase gene
iNOS was also downregulated by NAM (Figure 4C). Further
experiments were conducted to determine whether SIRT7
knockdown could inhibit NO production, and these
experiments revealed that NO production after H37Rv infection
was significantly decreased by SIRT7 knockdown (Figure 4D).
The NO production-related gene iNOSwhich metabolize arginine
to NO and citrulline was also downregulated by SIRT7
TABLE 1 | Characteristics of patients with active TB and healthy controls.

Healthy Active TB P-value

Sample size (no.) 16 19 –

Age (years) (mean ± SD) 44.5 ± 16.22 51.32 ± 19.2 0.2700
Sex (M/F) 10/6 14/5 0.4777
December 2021 | Volume 12 | Article
F, Female; M, male. The level of significance was evaluated by unpaired student t-test or Chi-square test. P-value < 0.05 was considered statistically significant.
A B C

E FD

FIGURE 1 | Mycobacteria infection downregulates SIRT7 expression as determined by quantitative RT-PCR analysis. (A) Expression levels of sirtuin family members
in Raw264.7 cells. (B, C) SIRT2 and SIRT7 mRNA expression in Raw264.7 cells at 6, 12, 24, and 48 h after infection with H37Rv (MOI 10:1). (D, E) SIRT2 and
SIRT7 mRNA expression in Raw264.7 cells infected with Mycobacterial strains with differing virulence. Cells were infected with BCG, H37Ra, and H37Rv,
respectively (MOI 10:1) for 4 h, then SIRT2 and SIRT7 expression levels were analyzed 24 h after infection. (F) Differences in expression of SIRT7 in hMDMs from
healthy individuals and patients with TB. Data are representative of three independent experiments with similar results and are presented as means ± SD. Two way
ANOVA was performed in (B, C), One way ANOVA was performed in (D, E), Unpaired Student’s t-test was used in (F). *p < 0.05; **p < 0.01; ***p < 0.001; ****p<
0.0001.
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knockdown (Figure 4E). Moreover, overexpression of SIRT7
increased the generation of NO (Figure 4F) and the expression
of iNOS (Figure 4G) in Raw26.47 cells. Furthermore, we detected
the Arg-1 which hydrolyzes arginine to ornithine and urea
expression levels. The Arg-1 expression could also be
downregulated by SIRT7 knockdown an upregulated by SIRT7
overexprssion (Supplementary Figures 3A, B). However, the
enhancement in iNOS levels was around one thousand times
higher compared to that of Arg-1 in Mycobacteria-infected
Raw264.7 cells (Supplementary Figure 2C), so we considered
iNOS to play the major role in NO production modulation in
Mycobacteria-infected Raw cells. Additionally, it was also
reported that high Arg-1 expression preceded the increased
induction of iNOS at early time points of infection with
mycobacteria (18). These findings confirm that SIRT7-mediated
inhibition of Mycobacteria in macrophages is NO dependent.

The NO Donor SNAP Abrogates the NAM
or SIRT7 Knockdown-Induced Increase
Mycobacteria Burden in Macrophages
To confirm whether SIRT7 controlled Mycobacteria growth via
NO, the NO donor SNAP (200 mM) was added to suppress the
increase in bacterial load caused by NAM (10 mM), which
inhibits the function of SIRT7. Compared with the group
Frontiers in Immunology | www.frontiersin.org 4145
treated with NAM, flow cytometry analysis of BCG-GFP-
infected cells and CFU counts of H37Rv-infected cells both
revealed that SNAP alleviated the NAM-induced increase of
Mycobacteria burden in Raw264.7 cells (Figures 5A–C).
Correspondingly, SNAP addition also alleviated the SIRT7
knockdown-induced increase of Mycobacteria burden in
Raw264.7 cells (Figures 6A–C). Earlier experiments in the
current study suggested that SIRT7 regulated NO production
in Mycobacteria-infected macrophages, and these findings
confirm that SIRT7 restricts intracellular Mycobacteria growth
by promoting NO release.

SIRT7 Promoted Elimination of
Intracellular Mycobacteria by
NO-Dependent Apoptosis
Given that NO was reported to enhance apoptosis in
macrophages (19), and apoptosis is usually considered to play
a vital role in the host defense against Mtb (20), the ability of
SIRT7 to regulate apoptosis in Mycobacteria-infected
macrophages was evaluated. Following infection of cells with
H37Rv for 24 h, the percentage of apoptotic cells was assessed by
Annexin V/propidium iodide (PI) staining assay. Compared
with the control group (Raw264.7 cells with scrambled control
NC-pLKO.1), SIRT7-knockdown cells had markedly lower
A

B

C D

FIGURE 2 | SIRT7 inhibitor NAM increases Mycobacteria burden in Raw264.7 cells. (A) Dose-dependent cytotoxicity and IC50 values of NAM in Raw264.7 cells.
(B, C) Raw264.7 cells were pretreated with the indicated doses of NAM 24 h before infection with BCG-GFP (MOI 10:1), and then analyzed by flow cytometry at 4h
and 24 h after infection. Representative flow cytometry images of BCG-GFP-positive Raw264.7 cells were captured (B) and the percentage of cells positive for GFP
were calculated using Flow Jo software (C). (D) Colony-forming unit (CFU) counts from Raw264.7 cells treated with or without NAM (10 mM) after 4h and 48h
infected with H37Rv. Data represent means ± SD for three independent experiments. Two way ANOVA was performed in (C, D). **p < 0.01; ****p< 0.0001.
December 2021 | Volume 12 | Article 779235
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percentages of apoptotic cells in total (AnnexinV+) and early
(AnnexinV+/PI–) apoptotic ratios, but there were no significant
changes in late apoptotic ratios (Figures 7A–D). These findings
suggested that SIRT7 promotes elimination of intracellular
Mycobacteria by inducing apoptosis in macrophages. Earlier
experiments in the study showed that SIRT7 promoted NO
generation and increased the apoptosis ratio in macrophages,
therefore an experiment was conducted to test whether NO
played a role in the apoptosis of macrophages induced by
SIRT7. SIRT7-knockdown Raw264.7 cells were treated with the
NO donor SNAP (200 mM) and then infected with Mtb strain
H37Rv. Addition of the NO donor led to significant increases in
Frontiers in Immunology | www.frontiersin.org 5146
early apoptotic ratios, but there were no significant changes in
late and total apoptotic ratios (Figures 7E–H). These findings
confirm that SIRT7 promotes elimination of intracellular
Mycobacteria by NO-dependent apoptosis.
DISCUSSION

Since Mtb has evolved diverse strategies to escape immune
surveillance, HDTs that enhance Mtb-specific immunity are
urgently needed. Sirtuins are a conserved family of proteins
A B

C ED

F HG

FIGURE 3 | SIRT7 knockdown increases the risk of Mycobacteria infection, while overexpression of SIRT7 protects cells from Mycobacteria. (A–D) Raw264.7 cells
stably expressing scrambled control (NC-pLKO.1) and two independent SIRT7 shRNAs (sh1-SIRT7 and sh2-SIRT7), respectively, were established. SIRT7
expression levels in these cells were measured by quantitative RT-PCR and Western blot analysis (A). Representative flow cytometry images (B) and percentage
(C) of GFP-positive cells were recorded in the scrambled control and SIRT7-knockdown cells 24 h after infection with BCG-GFP (MOI 10:1). (D) Colony-forming unit
(CFU) counts in scrambled control and SIRT7-knockdown cells after 48h infection with H37Rv. (E–H) Raw264.7 cells stably overexpressing SIRT7 (OE-SIRT7) and
vector control (NC-LV6) were established. SIRT7 expression levels in these cells were measured by quantitative RT-PCR and Western blot analysis (E).
Representative flow cytometry images (F) and percentage (G) of GFP-positive cells were recorded in control and SIRT7-overexpressing cells 24 h after infection with
BCG-GFP (MOI 10:1). (H) CFU counts in vector control and SIRT7-overexpressing cells after 48h infected with H37Rv. Data are representative of three independent
experiments with similar results and are presented as means ± SD. One way ANOVA was performed in (A, C, D), Unpaired Student’s t-test was used in (E, G, H).
*p < 0.05; **p < 0.01; ***p < 0.001; ****p< 0.0001.
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(seven recognized members to date) that are NAD+-dependent
deacetylases (21). There are previous reports describing anti-Mtb
activity of sirtuins. For example, activation of SIRT1 reduced
intracellular growth of drug-susceptible and drug-resistant
strains of Mtb and induced phagosome-lysosome fusion and
autophagy in a SIRT1-dependent manner (22). SIRT1
suppressed TAK1 activation and the subsequent production of
inflammatory cytokines via the MAPK and NF-kB pathways to
fine-tune the excessive inflammatory response to Mtb infection
(23). Furthermore, SIRT3 played an anti-Mtb role through
coordinating mitochondrial and autophagic cell death
functions (24–26), while SIRT2 was reported to play the
opposite role in anti-Mtb activities. The SIRT2 inhibitor AGK2
reduced the bacillary load of both drug-sensitive and drug-
resistant strains of Mtb (27). However, there remains a
different view due to the absence of SIRT2 in myeloid cells not
impacting lung cellular responses to Mtb (28). Furthermore,
SIRT5 deficiency did not worsen endotoxemia, pneumonia
caused by Klebsiella pneumoniae or Streptococcus pneumoniae,
Escherichia coli-induced peritonitis , l isteriosis, and
staphylococcal infection (29). Therefore, different members of
Frontiers in Immunology | www.frontiersin.org 6147
the sirtuin family have different roles in fighting Mtb infections.
In the current study, the role of SIRT7 in Mtb infection was
investigated for the first time. SIRT2 and SIRT7 were the
members of the sirtuin family with dominant expression in
macrophages. Mtb infection suppressed SIRT7 expression, but
there were no significant changes in expression of SIRT2 after
Mtb infection, congruent with results reported by Smulan et al.
(28). Inhibition of SIRT7 activity by NAM or knockdown of
SIRT7 expression increased the risk of Mtb infection. In
addition, overexpression of SIRT7 inhibited the growth of
intracellular Mtb.

The molecular mechanism of SIRT7 in the host immune
response has been explored in recent years. SIRT7 deacetylated
and promoted SMAD4 degradation to antagonize TGF-b
signaling (30). TGF-b1 exhibited immunosuppressive activity
and accelerated the progression of pulmonary TB (31). Loss of
SIRT7 decreased expression of TNF, which was essential for
protection against Mtb (32, 33). Furthermore, SIRT7 also
suppressed the NF-kB signaling pathway to attenuate excessive
inflammatory responses (34). In the current study, a new
mechanism of SIRT7 anti-Mtb activity was discovered. SIRT7
A B C

E F GD

FIGURE 4 | SIRT7 inhibitor NAM or SIRT7-knockdown inhibits nitric oxide (NO) production in Raw264.7 cells. (A, B) NO production in Raw264.7 cells was
measured by Griess reaction assay 24 h after infection with H37Rv (MOI 10:1) (A) or after pretreatment of cells with NAM (10 mM) or NOS inhibitors L-NMME (500
mM) and L-NMMA (500 mM) (B). (C) Quantitative RT-PCR analysis of iNOS expression levels in infected Raw264.7 cells pretreated with or without NAM. mRNA was
collected from the cells 24 h after infection with H37Rv. (D, E) NO concentration (D) and quantitative RT-PCR analysis of iNOS (E) expression levels in Raw264.7
cells stably expressing scrambled control (NC-pLKO.1) or two independent SIRT7 shRNAs (sh1-SIRT7 and sh2-SIRT7). (F, G) NO concentration (F) and quantitative
RT-PCR analysis of iNOS (G) in Raw264.7 cells stably overexpressing SIRT7 (OE-SIRT7) and vector control (NC-LV6). Data are representative of three independent
experiments with similar results and are presented as means ± SD. One way ANOVA was performed in (B–E), Unpaired Student’s t-test was used in (A, F, G). **p <
0.01; ***p < 0.001; ****p< 0.0001.
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restricted intracellular Mtb growth by promoting NO release
from macrophages. The pan-sirtuin family inhibitor NAM and
SIRT7 knockdown both downregulated the NO concentration
and the expression level of NO release-related genes in
macrophages. In contrast, overexpression of SIRT7 increased
the generation of NO in macrophages. Furthermore, the NO
donor SNAP abrogated the NAM- or SIRT7-knockdown-
induced increase in Mtb burden in macrophages. These data
further supported that SIRT7 restricts intracellular Mtb growth
by promoting NO release.

In addition to its function as a reactive free radical to execute
direct anti-Mtb activities (35), NO is also involved in innate
immunity by inducing macrophage apoptosis (36). Thus, the
mechanism of apoptosis regulation by SIRT7 was further
explored. SIRT7 knockdown in macrophages suppressed early
apoptosis of Mtb-infected Raw264.7 cells, while the NO donor
SNAP promoted early apoptosis ratios after Mtb infection.

Overall, this study demonstrated for the first time, that SIRT7
has a crucial role in Mtb infection, and aside from regulating NO
release to directly kill Mtb, SIRT7 also promoted elimination of
intracellular Mtb by NO-dependent apoptosis. However, the
molecular mechanism underlying SIRT7 regulation of NO
release has yet to be elucidated, and the candidate substrate
which SIRT7 directly deacetylates in TB pathogenesis remains
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unclear. These are the scientific questions that will be addressed
in our future work. The findings from the current study suggest
there is potential to target SIRT7 in the development of
innovative HDTs to improve TB treatment outcomes.
MATERIALS AND METHODS

Cell Culture
Mouse macrophage Raw264.7 cells were purchased from
National Collection of Authenticated Cell Cultures, China, and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, 11965-092) supplemented with 10% fetal bovine serum
(FBS, Gibco, 10091148) and 1% penicillin- streptomycin (Gibco,
15140122). Cells were cultured in a humidified incubator at 37°C
and 5% CO2. In infection experiments, no antibiotic was used.

Bacteria Culture
M. bovis BCG-green fluorescent protein (BCG-GFP) and Mtb
standard strains H37Rv, H37Ra, BCG were grown in
Middlebrook 7H9 broth (BD Biosc iences , 271310)
supplemented with 10% Oleic Acid-Dextrose-Catalase (OADC)
(BD Biosciences, 212240), 0.5% glycerol, and 0.05% Tween 80 at
A

B C

FIGURE 5 | Nitric oxide (NO) donor SNAP abrogates the NAM-induced increase in Mycobacteria burden in Raw264.7 cells. (A, B) Raw264.7 cells were pretreated
with NAM (10 mM) and/or SNAP (200 mM) 24 h before infection with BCG-GFP (MOI 10:1) and were then analyzed by flow cytometry 24 h after infection.
Representative flow cytometry images (A) were recorded and the percentage of BCG-GFP-positive Raw264.7 cells (B) were calculated by Flow Jo software.
(C) Colony-forming unit (CFU) counts from Raw264.7 cells treated with NAM (10 mM) and/or SNAP (200 mM) 48h after infection. Data represent means ± SD for
three independent experiments. One way ANOVA was performed in (B, C). *p < 0.05; **p < 0.01; ****p< 0.0001.
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37°C for 5 to 7 days to achieve mid-logarithmic phase (optical
density at 600 nm [OD600] = 0.3 to 0.8), Cultures were harvested,
resuspended in PBS with 0.05% Tween 20, 25% glycerol, and
stored at -80°C. One vial of the stock was thawed to calculate
CFU per milliliter. On the day of infection, mycobacteria were
thawed, washed, and sonicated before use.

Preparation of hMDM
This study was approved by the Ethics Committee of Shenzhen
Third People’s Hospital (approval number: 2019-038). Informed
written consents were obtained from participants prior to venous
blood collection. Human peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll density gradient centrifugation
(Axis-Shield, AS1114547) and differentiated at 1x106 cells/ml in
complete 1640 culture medium supplemented with 30 ng/ml
human M-CSF (Gibco, PHC9501) for approximately 7 days.

Drug Administration
Raw264.7 cells were pre-treated with nicotinamide (NAM)
(Sigma, 72340) 10mM, or SNAP (MedChemExpress, HY-
121526) 200mM, or L-NAME (MedChemExpress, HY-18729A)
500 mM and L-NMMA (MedChemExpress, HY-18732A) 500
mM for 24h before Mtb infection.
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Cell Viability Assay
The Raw264.7 cells were seeded at 5x104 cells/well in a 96-well
plate in complete DMEM. Different concentration of NAM were
added and cultured for an additional 24 h, CCK-8 reagent
(Vazyme, A311-02) was added into the well (10 ml/well) and
incubated at 37°C for 2 h to measure cell viability. The
absorbance was detected at 450nm with a Varioskan LUX
Multimode Microplate Reader(Thermo Fisher, Varioskan LUX
Multimode Microplate Reader). The cell viability rate (%) of
three independent experiments was calculated as the follows:

Cell viability rate ( % )

=
OD of treated cells − OD of background
OD of control cells − OD of background

� 100%

IC50 values were calculated using a four-parameter logistic curve
(GraphPad Prism 7.0).
Lentiviral Vector Construction and
Lentivirus Packaging
Targeted sequences - homologous to SIRT7 (GenBank: 209011)
and scrambled sequences which had no homology with the
A B

C

FIGURE 6 | Nitric oxide donor SNAP abrogates the SIRT7-knockdown-induced increase in Mycobacteria burden in Raw264.7 cells. (A, B) SIRT7-knockdown
Raw264.7 cells were pretreated with SNAP (200 mM) 24 h before infection with BCG-GFP (MOI 10:1) and were then analyzed by flow cytometry 24 h after infection.
Representative flow cytometry images (A) were recorded and the percentage of BCG-GFP positive Raw264.7 cells (B) were calculated by Flow Jo software.
(C) Colony-forming unit (CFU) counts of SIRT7-knockdown Raw264.7 cells treated with or without SNAP (200 mM) 48h after infection. Data represent means ± SD
for three independent experiments. Two way ANOVA was performed in (B, C). *p < 0.05; **p < 0.01; ***p < 0.001; ****p< 0.0001.
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FIGURE 7 | SIRT7 promotes elimination of intracellular Mycobacteria by nitric oxide-dependent apoptosis. Scrambled control (NC-pLKO.1) and SIRT7-knockdown
(sh1-SIRT7 and sh2-SIRT7) Raw264.7 cells were infected with H37Rv and apoptosis was detected by Annexin V and propidium iodide (PI) staining. (A, E) Representative
flow cytometry images of apoptotic cells. (B–D) Percentage of apoptotic cells (early, late, and total, respectively) in the scrambled control and SIRT7-knockdown cells.
(F–H) Percentage of apoptotic cells (early, late, and total, respectively) in the SIRT7-knockdown cells pretreated with or without SNAP (200 mM). The percentages of early,
late, and total apoptotic cells were calculated by Flow Jo software. Data are representative of three independent experiments with similar results and are presented as
means ± SD. Two way ANOVA was performed in (B–D), One way ANOVA was performed in (F–H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p< 0.0001.
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mouse gene—were synthesized, annealed, and cloned in the
lentiviral expression vector pLKO.1-TRC (Addgene: 10878).
SIRT7 whole length CDS was cloned in the lentiviral
expression vector pLVML-3×HA-MCS-IRES-Puro using
Homologous Recombination strategy (Vazyme, C115), The
primers were synthesized in Sangon Biotech (Guangzhou,
China) and showed in Supplementary Table 1. HEK293T cells
were co-transfected with the lentiviral expression vector,
packaging vector psPAX2 and envelope vector pMD2.G using
Lipofectamine 3000 (Invitrogen, L3000015). Culture
supernatants were harvested at 48h, filtered with a 0.45-μm
pore size filter.

Raw264.7 Stable Cell Line Construction
Raw264.7 cells were infected with viral supernatants collected
from HEK293T cells transfected with lentiviral constructs for
24h, Then washing three times with prewarmed sterile
phosphate-buffered saline (PBS) to remove extracellular
lentivirus. After 72 h, stable cell lines were sorted by
puromycin(2 mg/ml), and the efficiency of knockdown or
overexpress was determined by Western blotting.

Mtb Infection and Enumeration of
Colony Forming Units (CFU)
Raw264.7 cells were seeded at 2x105 cells/well in a 24-well plate
in complete DMEM and infected with Mtb strains H37Rv at a
multiplicity of infection (MOI) of 10 for 4h. Then washing three
times with prewarmed sterile PBS to remove extracellular
bacteria, and cultured with complete DMEM at 37°C and 5%
CO2. After 4h and 48h, Cells were lysed with PBS containing
0.1% SDS, and the lysates were gradient diluted on Middlebrook
7H10 agar (BD Biosciences, 262710) supplemented with 10%
OADC, 0.5% glycerol plates and incubated vertically at 37°C for
2-3 weeks. Bacterial colonies were counted and colony-forming
unit (CFU) were estimated as per dilution.

BCG-GFP Infected Cells Analysis by
Flow Cytometry
Raw264.7 cells were infected with BCG-GFP at a multiplicity of
infection (MOI) of 10 for 4h. Then washing three times with
prewarmed sterile PBS to remove extracellular bacteria, and
cultured with complete DMEM at 37°C and 5% CO2. Cells
were collected in FACS tubes and the percentages of GFP
positive cells were measured by flow cytometry (BD Biosciences,
Canton II) after 4h and 24h infection and analyzed by FlowJo X
10.0.7 according to the manufacturer’s protocol.

Nitric Oxide Assay
The levels of NO were measured by commercial kits (Beyotime,
S0021S) according to the manufacturers’protocols. Mtb infection
method as was mentioned above, the supernatants were collected
for detection after 48h infection. Griess Reagent I 50ml and Griess
Reagent II 50ml were added to 50ml supernatants in order. Nitrite
concentration was determined by spectrophotometry (540 nm)
from a standard curve (0-100 mmol/L) derived from NaNO2.
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Apoptosis Assay
The apoptotic cells were measured by FACS using FITC Annexin
V Apoptosis Detection Kit (BD Biosciences, 556547). Mtb
infection method as was mentioned above, cells were washed
twice with cold PBS and stained with the Annexin V- PI reagent.
Cellular apotosis levels were detected by flow cytometry (BD
Biosciences, Canton II) and analyzed by FlowJo X 10.0.7
according to the manufacturer’s protocol.

Quantitative RT-PCR
Total RNA was isolated from cells using Total RNA Kit I
(OMEGA, R6834-02) according to the manufacturer’s
instructions. cDNA was synthesized using ClonExpress Ultra
One Step Cloning Kit (Vazyme, C115-02) followed by qRT-PCR
using SYBR Green HiScript II Q RT SuperMix for qPCR Kit
(Vazyme, R223-01). Real-time quantitative RT-PCR analysis was
performed using ABI ViiA7 Real-Time thermal cycler (Thermo
Fisher, ABI). The primers used in the study were synthesized in
Sangon Biotech (Guangzhou, China) and showed in
Supplementary Table 2. The mRNA expression levels were
normalized to b-actin, and fold induction was calculated by
the DDCT method. RT-qPCR was performed in triplicate.

Western Blot
Cells were harvested and lysed in RIPA lysis buffer (Beyotime,
P0013B) for 5 min on ice.The protein concentration of the
resultant lysates was measured with a bicinchoninic acid
(BCA) protein kit (Beyotime, P0010S). Equal amounts of
protein from each sample were separated by SDS–PAGE and
electro-blotted onto PVDF membranes. The membrane was
blocked with 5% skim milk powder solution in PBS with
Tween 20 (PBST) for 2h at room temperature and incubated
with primary antibodies overnight at 4°C. The membranes were
then incubated with relevant secondary antibodies at room
temperature for 1 h and visualized by using ECL detection
solution (Beyotime, P0018AS). The digital images of the
protein bands were acquired using a ChemiDoc MP Imaging
System (Bio-rad, ChemiDoc MP). The primary antibodies used
in the present study were anti-SIRT7 (Invitrogen, PA5-87543),
anti-b-actin (CST, 4970L).

Statistical Analysis
All the presented data and results were confirmed in at least three
independent experiments. The data were represented as the
mean ± SD and analyzed using GraphPad Prism 7.0 software
(San Diego, CA). Statistical significance was analysised by One-
way ANOVA, Two-way ANOVA or unpaired Student’s t-tests. ∗
p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001; ∗∗∗∗ p< 0.0001.
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GSK-3a/b Activity Negatively
Regulates MMP-1/9 Expression to
Suppress Mycobacterium
tuberculosis Infection
Xinying Zhou†, Linmiao Lie†, Yao Liang, Hui Xu, Bo Zhu, Yingqi Huang, Lijie Zhang,
Zelin Zhang, Qianna Li , Qi Wang, Zhenyu Han, Yulan Huang, Honglin Liu , Shengfeng Hu,
Chaoying Zhou, Qian Wen and Li Ma*

Institute of Molecular Immunology, School of Laboratory Medicine and Biotechnology, Southern Medical University,
Guangzhou, China

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) infection is the deadliest
infectious disease and a global health problem. Macrophages (Mjs) and neutrophils that
can phagocytose Mtb represent the first line of immune response to infection. Glycogen
synthase kinase-3a/b (GSK-3a/b) represents a regulatory switch in host immune
responses. However, the efficacy and molecular mechanisms of how GSK-3a/b
interacts with Mtb infection in Mjs remain undefined. Here, we demonstrated that Mtb
infection downregulated GSK-3a/b activity and promoted matrix metalloproteinase-1
(MMP-1) and MMP-9 expressions in Mjs derived from acute monocytic human leukemia
THP-1 cells (THP-1-Mjs). We confirmed the upregulation of MMP-9 expression in tissues
of TB patients compared with patients of chronic inflammation (CI). In THP-1-Mjs and
C57BL/6 mice, GSK-3a/b inhibitor SB216763 significantly increased MMP-1/9
production and facilitated Mtb load, while MMP inhibitors blocked MMP-1/9 expression
and Mtb infection. Consistently, GSK-3a/b silencing significantly increased MMP-1/9
expression and Mtb infection, while overexpression of GSK-3a/b and constitutive
activated GSK-3a/b mutants significantly reduced MMP-1/9 expression and Mtb
infection in THP-1-Mjs. MMP-1/9 silencing reduced Mtb infection, while
overexpression of MMP-1/9 promoted Mtb infection in THP-1-Mjs. We further found
that GSK-3a/b inhibition increased Mtb infection and MMP-1/9 expression was blocked
by ERK1/2 inhibitor. Additionally, we showed that protein kinase C-d (PKC-d) and
mammalian target of rapamycin (mTOR) reduced GSK-3a/b activity and promoted
MMP-1/9 production in Mtb-infected THP-1-Mjs. In conclusion, this study suggests
that PKC-d-mTOR axis suppresses GSK-3a/b activation with acceleration of MMP-1/9
expression through phospho-ERK1/2. These results reveal a novel immune escape
mechanism of Mtb and a novel crosstalk between these critical signaling pathways in
anti-TB immunity.
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INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb)
infection remains a global health problem (1). TB pathogenesis is
driven by a complex interplay between host immune system
and survival strategies of the bacterium. Mtb replicates
intracellularly, mainly within innate immune cells including
macrophages (Mjs) and neutrophils, which act as the early
immune responders against Mtb infection. The successful
establishment of long-term Mtb infection rests upon its ability
to convert Mjs into a permissive cellular niche to circumvent
host immune response, which ultimately leads to the
development of TB (2). Therefore, understanding of how Mtb
infection regulates host factors may facilitate the development of
novel targets for TB therapy.

Glycogensynthasekinase-3a/b (GSK-3a/b) is amultifunctional
serine/threonine kinase capable of phosphorylating and
inactivating glycogen synthase (GS) (3). Under basal cellular
conditions, GSK-3a/b is a constitutively active serine/threonine
kinase (3). Upon cellular stimuli, GSK-3a and GSK-3b can be
phosphorylated on Serine 21 and Serine 9, resulting in loss of kinase
activity. GSK-3a/b plays vital roles in host immune responses
through regulating different signaling pathways of immune cells
(3, 4). Therefore, the dysregulation of GSK-3a/b has been linked to
diverse diseases, including infectious disease, cancer, Alzheimer’s
disease, bipolar disorder, and diabetes (3). In infectious disease, on
one hand, GSK-3a/b activation can be detrimental to the host
response against Francisella tularensis LVS infection by restraining
inflammatory cytokine response (5). On the other hand, GSK-3a/b
can be beneficial to the host immune response against virus
infection through activating IRF3 and NF-kB signaling pathways
and IFN-b induction (6). It is reported that Mtb tyrosine
phosphatase PtpA led to dephosphorylation of GSK-3a (7). In
humanprimary dendritic cells (DC),Mtb infectionmodulated pro-
and anti-inflammatory cytokine production throughmTOR/GSK-
3b axis (8). However, the exact efficacy andmolecular mechanisms
as how GSK-3a/b interacts with Mtb infection in Mjs
remain undefined.

Enzymes of matrix metalloproteinases (MMPs) family play key
roles in host immune response against TB (9). Among numerous
MMPs secreted from monocytes and macrophages infected with
Mtb, MMP-1, MMP-2, MMP-3, MMP-8, and MMP-9 are most
extensively studied isotypes with critical roles in host defense
against Mtb infection (10). In our study, only expression of
MMP-1 and MMP-9 was regulated by GSK-3a/b in Mjs. Most
of studies pay close attention to collagen breakdown and alveolar
destruction mediated by MMP-1 production from Mjs, and
initiation of recruitment of new monocytes to develop granuloma
mediated byMMP-9 production (11).MMP-1/9 expression can be
regulated by multiple signaling pathways. Specifically, extracellular
signal-regulated kinase 1/2 (ERK1/2) has been identified in charge
of MMP expression, and the phosphorylation status of ERK1/2 is
proposedbeing regulatedbyGSK-3 in severaldiseases (12–16).This
raised our curiosity as to how GSK-3a/b interacts with MMP-1/9
and ERK1/2 in combating Mtb infection in Mjs.

Evidence indicates that GSK-3a/b represents a point of
convergence of different signal transduction pathways of the
Frontiers in Immunology | www.frontiersin.org 2155
immune system (3). Inhibition of mammalian target of
rapamycin (mTOR) increased GSK-3b activity to regulate pro-
and anti-inflammatory cytokine production in LPS-stimulated
Mjs (17). Protein kinase C (PKC) has been identified as a key
regulatory factor to stimulate mTOR activation (18). PKC
activation can also lead to reduction of GSK-3b activity
independent of mTOR to control lysosome (19). Thus, it is of
an intriguing question whether PKC-mTOR axis plays a crucial
role in regulating GSK-3a/b activity and anti-TB immunity. In
this study, we show that Mtb infection downregulates GSK-3a/b
activity and promotes MMP-1/9 expression in human Mjs.
Further investigation identifies that GSK-3a/b combats Mtb
infection through MMP-1/9 production, which is regulated by
upstream of PKC-mTOR axis and ERK1/2 phosphorylation.
These results revealed a novel immune escape mechanism of
Mtb in Mjs and a novel crosstalk mechanism between these
critical signaling pathways in anti-TB immunity.
MATERIALS AND METHODS

Ethics Approval
This study was approved by the Ethics Committee of Southern
Medical University with written informed consent from all
subjects. All patients with active pulmonary TB (PTB),
lymphatic TB, and chronic inflammation (CI) enrolled in this
study have written informed consent. The protocol was approved
by the ethics committee of the Southern Medical University. The
animal ethical certification and animal handling procedures were
approved by the Animal Experimental Center in Southern
Medical University. Highly pathogenic microorganism
laboratory management commitment letter was approved by
Southern Medical University.

Patients
Patients with active PTB, lymphatic TB, and CI were diagnosed
in and recruited from the Guangzhou Chest Hospital
(Guangzhou, Guangdong, China). We collected six patients
with active PTB (4 males and 2 females), six patients with
lymphatic TB (2 males and 4 females), and eleven patients
with CI (7 nales and 4 females).

Cell Culture
Human acute monocytic leukemia cells (THP-1) were purchased
from CELLCOOK (CC1904, Guangzhou, China) and cultured in
RPMI-1640 medium (Corning, NY, USA) containing 10% heat-
inactivated FBS in 5% CO2 cell culture incubator at 37°C. THP-1
cells were stimulated with 100 ng/ml phorbol-12-myristate-13-
acetate (PMA) (Pepro Tech, NJ, USA) for 48 h to turn into
mature Mjs (THP-1-Mjs). THP-1-Mjs were maintained in
complete RPMI-1640 medium without PMA treatment for 24 h
for further experiments.

Mycobacteria Culture and Infection
Highly pathogenic microorganism laboratory management
commitment letter was approved by Southern Medical
University. All Mtb infection experiments have been operated
January 2022 | Volume 12 | Article 752466
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in BSL-3 lab of Southern Medical University. Mtb strain H37Rv
(American Type Culture Collection) was cultured in 7H9 broth
(Becton Dickinson, New Jersey, USA) with 10% OADC (0.06%
(v/v) oleic acid (SIGMA, St. Louis, MO, USA), 5% albumin
(SIGMA, St. Louis, MO, USA), 100 mM glucose (GHTECH,
Guangzhou, China), 0.003% catalase (SIGMA, St. Louis, MO,
USA), and 145 mM NaCl (GHTECH, Guangzhou, China) at
37°C with 5% CO2. Grinded the clumps of bacteria into bacterium
suspension and measured the concentration of bacteria at OD600

absorbance. Mtb at multiplicity of infection (MOI) of 5 has been
applied to infect THP-1-Mjs for colony-forming assay (CFU),
and MOI of 2 has been used to infect THP-1-Mjs for other
experiments. Mtb infected mice are kept in biosafety cabinet. The
experimental treatment or anatomical operation was carried out
on the negative pressure ultra clean table. The infected animals
were carried out in the isolation cover and placed on the plate. The
experimental area of infected animals is equipped with an electric
steam autoclave to disinfect and sterilize various items. Mice
excreta, bedding and residual feed can only be discarded after
thorough disinfection and sterilization. After the sacrifice, the mice
were sent to animal center of Southern medical university and
sterilized by high-pressure disinfection and then sealed and
packaged for incineration. Cages and experimental equipment
were cleaned after high-pressure sterilization.

Treatment of Reagents in Mjs
THP-1-Mjs were pretreated with specific inhibitor of SB216763
for GSK-3a/b (20 µM) (Selleck, Houston, USA), BB94 for MMPs
(20 µM) (Selleck, Houston, USA), SB3CT for MMP-9 (Selleck,
Houston, USA), GO6983 for PKCs (1 µM) (Selleck, Houston,
USA), rapamycin for mTOR (1 µM) (Selleck, Houston, USA),
U0126 for ERK (10 µM) (Selleck, Houston, USA), activator of
PMA for PKCs (20 µM) (Selleck, Houston, USA), and
dimethylsulfoxide (DMSO) as solvent control for 2 h before
Mtb infection for 24 or 48 h.

Cell Viability
The Trans Detect Cell Counting Kit-8 (CCK-8) (TransGene
Biotech, Beijing, China) was based on the conversion of a
water-soluble tetrazolium salt, and 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt (WST-8) was used to detect
cytotoxicity of THP-1-Mjs. Cells were cultured in 96-well
plates at density of 1 × 105 cells/ml for 24 and 48 h. The
culture medium was replaced with fresh complete medium
containing 10% CCK-8 solution, followed by further
incubation for 1–4 h at 37°C. The Varioskan Flash (Thermo
Fisher Scientific, Carlsbad, CA, USA) was used to measure
absorbance at 450 and 630 nm within 30 min. The relative cell
viability was calculated as a percentage of control values (blank).

Small Interfering RNA Transfection
and Transfection
Transient small interfering RNA (siRNA) targeting GSK-3a
(NM_019884.2), GSK-3b (NM_001146156.2), PKC-a
(NM_002737 . 3 ) , PKC-b (NM_002738 . 7 ) , PKC- g
(NM_002739.5) , PKC-d (NM_001354680.2) , PKC-ϵ
Frontiers in Immunology | www.frontiersin.org 3156
(NM_005400 .3) , MMP-1 (NM_002421 .4 ) , MMP-3
(NC_002422.5), MMP-9 (NM_004994.3) and si-NC (negative
control) were synthesized by RiboBio according to NCBI gene
database. The siRNA target sequences involved in this study were
as follows: GSK-3a (1: GAACCCAGCTGCCTAACAA; 2:
GATTGGCAATGGCTCATTT; 3: CAAGTTCCCTCAGATT
AAA), GSK-3b (1: GGAAGCTTGTGCACATTCA; 2:
GGACTATGTTCCGGAAACA; 3: GGACCCAAATGTCA
AACTA), MMP-1 (1: GCTTGAAGCTGCTTACGAA; 2:
GGACCATGCCATTGAGAAA; 3: GCACATGACTTTCCT
GGAA), MMP-3 (1: GAGAAATCCTGATCTTTAA; 2:
GCAAGGACCTCGTTTTCAT; 3: GCCAGGGATTAATG
GAGAT), MMP-9 (1: GTACCGCTATGGTTACACT; 2:
GGTTCCAACTCGGTTTGGA; 3: GCAACGTGAACATCTT
CGA), PKC-a (1 : GCACAACGTTTCCTATCCA; 2:
GAAGGGTTCTCGTATGTCA; 3: GGACTGGGATCGAACA
ACA), PKC-b (1: GAAGGACGTTGTGATCCAA; 2:
GGATGAAACTGACCGATTT; 3: GCTGCTTTGTGGTGCA
CAA), PKC-d (1 : GCTTCAAGGTTCACAACTA; 2:
GCAAGTGCAACATCAACAA), PKC-g (1: CTCGGAACC
TGACGAAACA; 2: CATCGACGATGCCACGAAT; 3:
CCCGTAACCTAATTCCTAT), PKC-ϵ (1: GACGTGGA
CTGCACAATGA; 2: GAGTGTATGTGATCATCGA; 3:
GGGCAAAGATGAAGTATAT). Lipofectamine 2000 (Thermo
Fisher Scientific, Carlsbad, CA, USA) and optiMEM (Gibco, Life
Technologies, NY, USA) as transfection reagent were used to mix
with siRNAs at final concentration of 100 nM. The mixed
transfection reagents were incubated at room temperature for 20
min and added dropwise into THP-1-Mjs containing RPMI-1640
medium. After incubation for 4–6 h, the culture medium was
replaced with fresh complete medium and cells were incubated for
another 48 h for further experiments.

Lentiviral-Mediated Overexpression
The X-tremeGENE HP DNA transfection reagent (Roche, Basel,
Switzerland) was used and operated according to the
manufacturer’s instruction. For GSK-3a/b overexpression,
pSLenti-SFH-EGFP-P2A-Puro-CMV-MCS-3xFLAG-WPRE
vector (OBiO Technology, Shanghai, China) was used as empty
lentivirus, pSLenti-SFH-EGFP-P2A-Puro-CMV-GSK3A(S21A)/
GSK3B(S9A)-3xFLAG-WPRE were used for GSK-3a/b and
GSK-3aS21A/GSK-3bS9A overexpression. For MMP-1, MMP-
2, and MMP-9 overexpression, pLVX-Puro vector of MMP-1
(NM_002421.4), MMP-2 (NM_004994.3), and MMP-9
(NM_004994.3) with C-terminal Flag tag were used (OBiO
Technology, Shanghai, China). Third-generation lentiviral
packaging system with helper plasmids of pLP1, pLP2, and
pLP/VSVG were applied. Lentiviral pseudoparticles were
generated in HEK293T cells, and virus-containing medium was
collected after 72 h posttransfection and concentrated with
Lenti-Concentin Virus Precipitation Solution 5× (exCELL
EMB810A-1, Beijing, China). Lentiviral pseudoparticles were
stored at −80°C for further experiments. THP-1 cell lines were
cultured in 6-well plates at a density of 5 × 105 cells per well and
transduced with lentiviral pseudoparticles at 37°C for 72 h. After
culturing the passaging cells for 7 days, we collected all the cells
by flow cytometry (BD Biosciences, San Jose, CA, USA) to select
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the green fluorescent protein (GFP)-marked positive ones. GFP-
marked THP-1 cells transfected with empty lentivirus has been
used as control cells.

RNA Extraction and Quantitative
Real-Time PCR
RNA of macrophages lysed with TRIzol (Thermo Fisher
Scientific, Carlsbad, CA, USA) was quantified by Nanodrop
2000c (Thermo Fisher Scientific, Carlsbad, CA, USA) and
reverse transcribed into the same amount of cDNA by the
TransScript One-Step gDNA Removal and cDNA Synthesis
SuperMix kit (TransGen Biotech, China). mRNA level of
individual gene was quantified by quantitative real-time PCR
(qRT-PCR) using a SYBR® Premix Ex TaqTM II (Tli RNaseH
Plus) (TaKaRa, Beijing, China) on a LightCycler 480
thermocycler (Roche, Basel, Switzerland). After initial
denaturation at 95°C for 2 min, targeted genes were amplified
and quantitated (95°C for 15 s, 60°C for 15 s) for 45 cycles,
followed by a final extension at 68°C for 20 s. After normalizing
all PCR products with respect to GAPDH transcript and using
the 2−△△CT method to calculate, the expression level of
individual genes can be expressed as fold change. The
complete primers are GAPDH (F: GTCTCCTCTGAC
TTCAACAGCG, R: ACCACCCTGTTGCTGTAGCCAA);
TNF-a : ( F : CTCTTCTGCCTGCTGCACTTTG, R :
ATGGGCTACAGGCTTGTCACTC); IL-1b (F: CCACAGAC
CTTCCAGGAGAATG , R : G TGCAGTTCAGTG
ATCGTACAGG); IL-6 (F: AGACAGCCACTCACCTCT
TCAG, R: TTCTGCCAGTGCCTCTTTGCTG); IL-10 (F:
TCTCCGAGATGCCTTCAGCAGA, R: TCAGACAA
GGCTTGGCAACCCA); IFN-a (F: TGGGCTGTGATCTG
CCTCAAAC, R: CAGCCTTTTGGAACTGGTTGCC); IFN-b
(F: CTTGGATTCCTACAAAGAAGCAGC, R: TCCTC
CTTCTGGAACTGCTGCA); IFN-g (F: GAGTGTGGAGA
CCATCAAGGAAG, R: TGCTTTGCGTTGGACATTCAA
GTC); IRF1 (F: GAGGAGGTGAAAGACCAGAGCA, R:
TAGCATCTCGGCTGGACTTCGA); Mx1 (F: GGCTGTT
TACCAGACTCCGACA, R: CACAAAGCCTGGCAGC
TCTCTA); Rsad2 (F: CCAGTGCAACTACAAATGCGGC, R:
CGGTCTTGAAGAAATGGCTCTCC ) ; I SG1 5 ( F :
CTCTGAGCATCCTGGTGAGGAA, R: AAGGTCAG
CCAGAACAGGTCGT); MMP-1 (F: ATGAAGCAGCCCA
GATGTGGAG, R: TGGTCCACATCTGCTCTTGGCA);
MMP-2 (F : AGCGAGTGGATGCCGCCTTTAA, R :
CATTCCAGGCATCTGCGATGAG); MMP-3 (F: CACTCA
CAGACCTGACTCGGTT, R: AAGCAGGATCACAGT
TGGCTGG); MMP-8 (F: CAACCTACTGGACCAAGCACAC,
R: TGTAGCTGAGGATGCCTTCTCC); MMP-9 (F: GCCAC
TACTGTGCCTTTGAGTC, R: CCCTCAGAGAATCG
CCAGTACT); GSK-3a (F: GCAGATCATGCGTAAGCTG
GAC, R: GGTACACTGTCTCGGGCACATA); GSK-3b (F:
CCGACTAACACCACTGGAAGCT, R: AGGATGGTAG
CCAGAGGTGGAT); PKC-a (F: GCCTATGGCGTCCTGTTG
TATG, R: GAAACAGCCTCCTTGGACAAGG); PKC-b (F:
GAGGGACACATCAAGATTGCCG, R : CACCAAT
CCACGGACTTCCCAT); PKC-g (F: CCGCCTGTATTTCG
TGATGGAG, R: CGATAGCGATTTCTGCCGCGTA); PKC-d
Frontiers in Immunology | www.frontiersin.org 4157
(F: GCTGACACTTGCCGCAGAGAAT, R: GCCTTTG
TCCTGGATGTGGTAC); PKC-ϵ (F: AGCCTCGTTCACGG
TTCTATGC, R: GCAGTGACCTTCTGCATCCAGA).

Western Blot Analysis
After washing twice with PBS, cells were lysed with basic lysis
buffer (composed of 455 mM Tris HCl (pH 6.8) (Sangon Biotech,
Shanghai, China), 41.6 mM SDS (Zhuosheng Biotech, Shanghai,
China), 26.9 mM bromophenol blue (Solarbio, Beijing, China),
30% (v/v) glycerol (SIGMA, St. Louis, MO, USA), and 10 mM DL-
dithiothreitol (DTT) (SIGMA, St. Louis, MO, USA) to obtain
total proteins. The proteins were denatured by heating at 100°C
for 5 min, separated by SDS-PAGE and transferred to the PVDF
membrane. Then the target protein membranes were cut out
according to the precision plus protein TM standards (BIORAD,
Hercules, CA, USA). Membranes were blocked with PBS-T
(0.1% Tween-20 (GHTECH, Guangzhou, China) containing
5% (w/v) BSA (SIGMA, St. Louis, MO, USA) at room
temperature for 1 h and inoculated with primary antibodies at
4°C for 16 h with gentle shaking. After washing for three times
with PBS-T, the membranes were incubated with HRP-
conjugated goat antirabbit or goat antimouse secondary
antibodies (Cell Signaling Technology, Danvers, MA, USA) at
room temperature for 1 h and washed for another three times
with PBS-T. The separated protein band was visualized using
Immobilon Western Chemiluminescence HRP substrate (ECL;
Thermo Fisher Scientific, USA). Each measurement was
performed in triplicate with similar results, and one
representative result was shown. The integrated density of
blotting bands was quantitatively analyzed by Image J software
(National Institutes of Health, Bethesda, MD, USA) and
normalized to 1.0 with GAPDH as a control. The antibodies
used in this study are listed in Supplementary Table S1.

Enzyme-Linked Immunosorbent Assay
Supernatants were harvested from the infected cells and mouse
tissues centrifuged at 12,000 × g for 10 min to remove cell debris
after grinding. Samples were assayed using enzyme-linked
immunosorbent assay (ELISA) kits for MMP-1 (MultiSciences,
Hangzhou, China) and MMP-9 (MultiSciences, Hangzhou,
China). All procedures were performed according to the
manufacturer’s instructions. The ELISA kits were equilibrated
to room temperature in advance, and after dissolving and
diluting the standard according to the standard curve, the
sample supernatant was diluted to appropriate multiple
dilutions. Diluted sample supernatant at 100 ml and the
standard solution at different concentrations were added to the
corresponding wells. Antibody solution (50 ml, 1:100) was then
added to each well and all the samples were incubated at room
temperature for 2 h. After washing for six times with washing
buffer, enzyme solution (100 ml, 1:100) was added to each well
and incubated at room temperature for 45 min. After washing
repeatedly for six times, chromogenic substrate (100 ml) was
added to all wells and incubated for 5–15 min avoiding light.
Finally, 100 ml stop solution was added to stop the reaction. We
measured the absorbance at 450 and 630 nm within 30 min by a
Varioskan Flash (Thermo Fisher Scientific, Carlsbad, CA, USA).
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The concentration of the samples was calculated according to the
standard curve and the OD value of the samples.

Immunohistochemistry Assay
Archived human lymph node and lung tissues were fixed in 10%
formalin, embedded in paraffin wax and deparaffinized in xylene.
For immunohistochemical staining, parraffin sections (4 µm)
were heated with 0.01 M citric acid of pH 6.0 for 3 min for
antigen retrieval. The slices were treated with 3% H2O2 for 10
min to react with endogenous peroxidase. Sections were
incubated with MMP-9 (1:500, Abcam Cambridge, UK) Ab
overnight and secondary biotinylated anti-mouse (1: 50)
followed by DAB substrate (UniCureLab). The slices were
counterstained by hematoxylin and dehydrated by gradient
alcohol. For slices of lungs, because the cells are relatively
scattered and few, immunohistochemical staining for MMP-9
was quantified by positive cell rate analysis by using Image Pro
Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
We analyzed the number of positive cells with the same brown-
yellow cell nucleus and the total number of cells in each photo,
then the percentage of positive cells was calculated. Positive rate
(%) is equal to the number of positive cells divided with the total
number of cells multiplied with 100. For slices of lymph nodes,
because the density and quantity of cells are relatively large,
immunohistochemical staining for MMP-9 was quantified by
area density analysis by using Image Pro Plus 6.0 software
(Media Cybernetics, Inc., Rockville, MD, USA). The
accumulated optical density (IOD) and the area of tissue pixels
(area) of each photo are obtained. The area density = IOD/area.
Higher area density is representative of the higher positive
expression level. The antibodies used in this research are listed
in Supplementary Table S1.

Colony-Forming Unit Assay
THP-1-Mjs were infected with H37Rv of MOI = 5 for 1 h at
37°C (5% CO2). Cells were then washed with PBS for three times
to remove extracellular bacteria, and complete medium was
added to culture at different time points. Cells were lysed in
ddH2O containing 0.01% Triton X-100. After serial dilution, 50
µl bacteria solution (1:1,000) was evenly spread on the 7H10 agar
plate (Becton Dickinson, New Jersey, USA) and then cultured for
21–28 days at 37°C (5% CO2). To detect the direct effect of
inhibitors on Mtb infection, H37Rv of 1 × 106 was incubated
with various inhibitors for 2 h. Mtb suspension was then washed
with PBS for three times to remove inhibitors, and complete
medium was added to culture at 48 h. A total of 50 µl bacterial
solution (1:1,000) was evenly spread on the 7H10 agar plate
(Becton Dickinson, New Jersey, USA) and then cultured for 21–
28 days at 37°C (5% CO2).

Animal Treatment
Wild-type female C57BL/6 mice (6 weeks old) were obtained
from the Laboratory Animal Center of Southern Medical
University. Mice were randomly divided into four groups (n =
4/group) as follows: (1) intraperitoneal saline + DMSO, (2)
intraperitoneal saline + SB216763 (20 mg/kg) (Selleck,
Houston, TX, USA) dissolved in DMSO, (3) intraperitoneal
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saline + SB3CT (20 mg/kg) (Selleck, Houston, TX, USA)
dissolved in DMSO, and (4) intraperitoneal saline + SB3CT
(20 mg/kg) + SB216763 (20 mg/kg) dissolved in DMSO. To
establish a pulmonary tuberculosis model, mice were injected
H37Rv intraperitoneally with 1 × 106 CFU/mouse on day 0.
SB216763-treated mice were administered with saline +
SB216763 dissolved in DMSO intravenously at day 0 and then
intraperitoneally twice a week until day 28. SB3CT-treated mice
were intraperitoneally injected with saline + SB3CT dissolved in
DMSO daily until day 28. The control group was injected with
saline + DMSO as vehicle control. The mice were sacrificed on
days 7 and 28, and lung and spleen tissues were grinded for CFU
assay. The supernatant of lung and spleen tissue grinding was
used to detect the expression of MMP-9 by ELISA assay.

Statistical Analysis
Statistical analysis was performed with Graphpad Prism 5.0
Software. Results are presented as means ± SD or means ±
SEM of at least three independent experiments. Statistical
analysis was performed using unpaired Mann-Whitney U test.
*p ≤ 0.05 and **p ≤ 0.01 were considered statistically significant.
RESULTS

GSK-3a/b Suppresses Mtb Infection in
Mjs and in Mice
To investigate the role of GSK-3a/b activity in TB, we first
detected the expression of phosphorylated GSK-3a/b (Ser21/9
and Tyr216/279) and phosphorylated GS in THP-1-Mjs upon
Mtb infection by Western blot assay. The results showed that
both Ser21/9 and Tyr216/279 phosphorylation of GSK-3a/b
were significantly decreased, making it difficult to estimate how
GSK-3a/b activity is affected by Mtb infection. We then found
that Mtb infection decreased the ratio of phosphorylation level
(activated form) to total protein expression of GS, indicating
GSK-3a/b activity was inhibited by Mtb infection (Figure 1A).
Next, GSK-3a/b inhibitor SB216763 was used to evaluate the
effect of GSK-3a/b onMtb infection. SB216763 suppressed GSK-
3a/b activity indicated by the decreased ratio of activated GS to
total GS upon Mtb infection at different time points (Figure 1B).
CFU assay showed that SB216763 significantly increased Mtb
infection in THP-1-Mjs upon 48 h of infection (Figure 1C).
These results were found not related to enhancement of cell
proliferation with SB216763 treatment by CCK-8 assay
(Supplementary Figure S1A) or direct increase of Mtb
infection (Supplementary Figure 1B). Two siRNAs targeting
GSK-3a and GSK-3b were used to knock down GSK-3a and
GSK-3b. As expected, GSK-3a and GSK-3b silencing decreased
mRNA and protein expression without off-target effects between
each other, and also decreased GSK-3a/b activity indicated by
the ratio of activated GS to total GS upon 48 h of Mtb infection
(Figure 1D). Correspondingly, GSK-3a and GSK-3b silencing
led to a significant increase of Mtb load upon 48 and 72 h Mtb
infection (Figure 1E). Subsequently, we constructed THP-1-Mjs
that stably expressed GSK-3a and GSK-3b, and constitutively
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FIGURE 1 | GSK-3a/b suppresses Mtb infection in Mjs and in mice. (A) Expressions of GSK-3a/b, phospho-GSK-3a/b, GS, and phospho-GS were detected in
THP-1-Mjs upon Mtb infection at indicated time points by Western blot analysis. The ratio of expression of phosphorylated GS to total GS is shown in graph.
(B) Expressions of GSK-3a/b, phospho-GSK-3a/b, GS, and phospho-GS were detected in THP-1-Mjs with pretreatment of 20 mM SB216763 for 2 h upon Mtb
infection at indicated time points by Western blot analysis. The ratio of expression of phosphorylated GS to total GS is shown in graph. (C) The intracellular mycobacteria
load was detected in THP-1-Mjs with pretreatment of SB216763 at 24 and 48 h.p.i. of Mtb by CFU assay (means ± SD, n = 3 independent experiments with each 4
replicates). (D) GSK-3a- and GSK-3b-silenced THP-1-Mjs were detected for GSK-3a/b mRNA expression by qRT-PCR, and expressions of GSK-3a/b, phospho-
GSK-3a/b, GS, and phospho-GS by Western blot analysis upon 48 h of Mtb infection (means ± SD, n = 3 independent experiments with each 4 replicates). The ratio of
expression of phosphorylated GS to total GS is shown in graph. (E) The intracellular Mtb load was determined by CFU analysis in GSK-3a/b-silenced THP-1-Mjs at 48
and 72 h.p.i. of Mtb (means ± SD, n = 3 independent experiments with each 4 replicates). (F) THP-1-Mjs overexpressing GSK-3a, GSK-3b, GSK-3aS21A, and GSK-
3bS9A were detected for GSK-3a/b mRNA expression by qRT-PCR, and expressions of GSK-3a/b, phospho-GSK-3a/b, GS, and phospho-GS by Western blot
analysis upon 48 h of Mtb infection (means ± SD, n = 3 independent experiments with each 4 replicates). The ratio of expression of phosphorylated GS to total GS is
shown in graph. (G) The intracellular bacteria load was detected by CFU analysis in THP-1-Mjs overexpressing GSK-3a, GSK-3b, GSK-3aS21A, and GSK-3bS21A at
48 and 72 h.p.i. of Mtb (means ± SD, n = 3 independent experiments with each 4 replicates). (H) Mice infected of H37Rv were treated with SB216763 (20 mg/kg, n =
5) or DMSO (n = 5), and the bacterial load of lungs and spleens were detected by CFU analysis at 1 and 4 weeks postinfection (means ± SD, n = 3 independent
experiments with each 4 replicates). For Western blot assay, GAPDH served as internal control. Data presented are from one of at least three independent experiments
with similar results. The numbers below immunoblot correspond to band-integrated density ration of target protein to GAPDH. *p ≤ 0.05 and **p ≤ 0.01 were considered
statistically significant. SB216763: GSK-3a/b inhibitor.
Frontiers in Immunology | www.frontiersin.org January 2022 | Volume 12 | Article 7524666159

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhou et al. GSK-3a/b Suppresses Mtb Infection
active forms of GSK-3a/b (GSK-3aS21A, GSK-3bS9A) with
lentiviral vectors. Overexpressing both wildtype and mutations
of GSK-3a/b potently increased levels of mRNA, protein, and
the ratio of activated GS to GS (Figure 1F) and significantly
attenuated intracellular Mtb infection upon 48 and 72 h of
infection (Figure 1G). These results were not due to the off-
target effect of GSK-3a and GSK-3b overexpression because they
did not interact with each other by detecting their protein
expression respectively (Supplementary Figure S1C).
Moreover, both wildtype and mutations of GSK-3a/b could
inhibit Mtb infection induced by SB216763 treatment for 48 h
(Supplementary Figure S1D).

We further investigate the effects of GSK-3a/b on Mtb
infection in mice. CFU assay showed that SB216763 treatment
led to significant increase of bacterial load in lungs and spleens of
mice after 1 and 4 weeks of Mtb infection (Figure 1H). These
data indicated that Mtb infection suppressed in GSK-3a/b plays
an important role in Mtb eradication in macrophages and
in mice.

GSK-3a/b Inhibits MMP-1/9 Expression in
Mtb-Infected Mjs
Autophagy, proinflammatory, and anti-inflammatory cytokines
including interferons (IFNs) and IFN-stimulated genes (ISGs)
are important host immune responses downstream of GSK-3a/b
signaling (2). Upon SB216763 treatment, the conversion of LC3-I
to LC3-II indicated by ratio of LC3-II/LC3-I expression was
decreased at 8 and 12 hours postinfection (h.p.i.), and modestly
increased at 48 h.p.i. Expression of p62 protein increased at 12,
24, and 48 h.p.i. (Supplementary Figure S2A). These results
indicated that GSK-3a/b activity irregularly regulated
autophagy. Expression of IL-6, TNF-a, IL-1b, and IL-10
mRNA was detected in Mtb-infected THP-1-Mjs at 4, 8, 12,
24, and 48 h.p.i. with SB216763 treatment. We found that
expression of IL-6 and TNF-a significantly decreased at 48
h.p.i.; however, expression of IL-1b and IL-10 significantly
increased at 24 and 48 h.p.i. These cytokines were irregularly
regulated by SB216763 treatment (Supplementary Figure S2B).
We further demonstrated that expression of IFN-a and IFN-g, as
well as Mx1, Rsad2, and ISG15, was not influenced by SB216763
treatment. IFN-b and IRF1 expressions were significantly
decreased at 48 h.p.i. (Supplementary Figure S2C). Our
previous study showed that IRF1 did not affect MMP
expression (20). We speculated that GSK-3a/b suppressing
Mtb infection might be independent of autophagy,
inflammatory cytokine production, and IFN signaling. To
further investigate how GSK-3a/b activity affects Mtb
infection, MMPs including expression of MMP-1, MMP-2,
MMP-3, MMP-8, and MMP-9 were analyzed. We found that
Mtb infection significantly increased MMP-1, MMP-3, MMP-8,
and MMP-9 but decreased MMP-2 mRNA expression with time
(Supplementary Figure S3A). Next, we observed that mRNA
expression of MMP-1, MMP-3, and MMP-9 was significantly
increased by GSK-3a and GSK-3b silencing in THP-1-Mjs
upon Mtb infection; however, MMP-3 protein expression was
not influenced (Supplementary Figures S3B, C). Additionally,
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MMP-3 silencing did not affect Mtb infection in THP-1-Mjs
(Supplementary Figures S3D, E). For this reason, we further
investigate the molecular mechanism of how GSK-3a/b regulates
MMP-1 and MMP-9 upon Mtb infection. We further observed
that SB216763 treatment resulted in significant increase of
intracellular mRNA and protein expression as well as
extracellular supernatant production of MMP-1 and MMP-9
(Figure 2A). Inversely, GSK-3a/b overexpression (Figure 2B)
and its constitutively active forms (GSK-3aS21A, GSK-3bS9A)
(Figure 2C) significantly decreased intracellular expression and
supernatant production of MMP-1 and MMP-9 in Mtb-infected
THP-1-Mjs. Subsequently, we demonstrated that SB216763
treatment could decrease the ratio of activated GS to total
GS caused by GSK-3a/b and GSK-3aS21A/GSK-3bS9A
overexpression, while SB216763 treatment restored intracellular
expression and supernatant production of MMP-1 and MMP-9
reduced by GSK-3a/b and GSK-3aS21A/GSK-3bS9A
overexpression in THP-1-Mjs (Figures 2D–F). These results
suggest that GSK-3a/b activation inhibits MMP-1/9 expression
in Mtb infection in Mjs.

GSK-3a/b Suppresses Mtb Infection
Through Inhibiting MMP-1 and MMP-9
Expressions
Next, we found that Mtb infection significantly increased
intracellular and supernatant MMP-1 and MMP-9 expressions in
a time-dependent manner in THP-1-Mjs (Figure 3A). Increased
MMP-9 protein expression has also been observed in lungs of six
patients with pulmonary tuberculosis and in lymph nodes of
six patients with lymphatic tuberculosis, compared with that in
patients of chronic inflammation by immunohistochemistry
analysis (Figure 3B). These results suggested that MMP-1/9
might play key roles in host response against Mtb infection. We
applied BB94, which is a broad spectrum for MMPs including
MMP-1/9, to further explore direct effect of MMP-1/9 on
tuberculosis. As expected, BB94 reduced Mtb-induced
intracellular and supernatant MMP-1 and MMP-9 expressions
(Figure 3C). CFU assay showed that BB94 treatment significantly
decreased intracellular Mtb infection (Figure 3D). We exclude the
possibility that BB94 inhibited cell growth to suppress Mtb
infection because BB94 treatment did not affect cell proliferation
detected by CCK-8 assay (Supplementary Figure S1A). BB94 did
not decrease Mtb infection directly as detected by CFU assay
(Supplementary Figure S1B). Three siRNAs targeting MMP-1/9
were transfected in THP-1-Mjs, and MMP-1/9 silencing showed
potent decrease of MMP-1/9 mRNA and protein expression
(Figure 3E). CFU assays showed that MMP-1/9 silencing
significantly decreased bacterial load in THP-1-Mjs at 48 h
postinfection (Figure 3F). Correspondingly, overexpression of
MMP-1, MMP-2, and MMP-9 in THP-1-Mjs showed a
significant increase of MMP-1, MMP-2, and MMP-9 expression
(Figure 3G), but only MMP-1 andMMP-9 overexpression showed
a significant increase of Mtb infection detected by CFU assay
(Figure 3H). Next, the association of GSK-3a/b with MMP-1/9 in
Mtb-infected Mjs and the effect of MMP-1/9 on Mtb infection
prompted us to further explore whether GSK-3a/b inhibits Mtb
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infection through inhibiting MMP-1/9 expression. Our results
showed that BB94 obviously diminished MMP-1/9 protein
expression promoted by SB216763 treatment (Figure 3I).
Similarly, BB94 treatment significantly blocked the increased
Frontiers in Immunology | www.frontiersin.org 8161
intracellular Mtb infection by SB216763 treatment in THP-1-
Mjs upon 48 h of Mtb infection by CFU assay (Figure 3J).
These results suggest that GSK-3a/b activity negatively regulates
MMP-1/9 production to facilitate Mtb infection in Mjs.
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FIGURE 2 | GSK-3a/b inhibits MMP-1/9 expression in Mtb-infected Mjs. (A) Intracellular mRNA, protein expression, and secretion of MMP-1/9 were detected in
THP-1-Mjs pretreated with SB216763 for 2 h before 48 h of Mtb infection by qRT-PCR, Western blot, and ELISA analyses (means ± SD, n = 3 independent
experiments with each 4 replicates). (B, C) Intracellular mRNA, protein expression, and secretion of MMP-1/9 were detected in THP-1-Mjs overexpressing GSK-3a,
GSK-3aS21A, GSK-3b, and GSK-3bS9A with H37Rv infection for 48 h by qRT-PCR, Western blot, and ELISA analyses (means ± SD, n = 3 independent experiments
with each 4 replicates). (D–F) SB216763 was used to treat THP-1-Mjs overexpressing GSK-3a, GSK-3aS21A, GSK-3b, and GSK-3bS9A upon 48 h of Mtb infection,
and intracellular mRNA, protein expression, and secretion of MMP-1/9 were detected by qRT-PCR, Western blot, and ELISA analyses (means ± SD, n = 3 independent
experiments with each 4 replicates). For Western blot assay, GAPDH served as internal control. Data presented are from one of at least three independent experiments
with similar results. The numbers below immunoblot correspond to band-integrated density ration of target protein to GAPDH. *p ≤ 0.05 was considered statistically
significant. SB216763: GSK-3a/b inhibitor.
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FIGURE 3 | Continued
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FIGURE 3 | GSK-3a/b suppresses Mtb infection through inhibiting MMP-1/9 expression. (A) Intracellular mRNA, protein expression, and secretion of MMP-1/9 in
THP-1-Mjs infected with Mtb at indicated time points were detected by qRT-PCR, Western blot, and ELISA analyses (means ± SD, n = 3 independent experiments
with each 4 replicates). (B) Representative example of immunohistochemical staining for MMP-9 in lung biopsies of six patients with active pulmonary TB (PTB) and
six patients with chronic inflammation (CI). Data are quantified by positive cell rate analysis (left). Scale bars, 50 mm. Representative example of immunohistochemical
staining for MMP-9 in lymph node biopsies of six patients with lymphatic TB and five patients with chronic inflammation (CI). Data are quantified by area density
analysis (right). Scale bars, 20 mm. (C) Intracellular mRNA, protein expression, and secretion of MMP-1/9 were analyzed in THP-1-Mjs pretreated with 20 mM BB94
for 2 h at 48 h.p.i. by qRT-PCR, Western blot, and ELISA analysis (means ± SD, n = 3 independent experiments with each 4 replicates). (D) CFU assay was applied
to detect Mtb infection in THP-1-Mjs pretreated with 20 mM BB94 for 2 h at 48 h.p.i. (means ± SD, n = 3 independent experiments with each 4 replicates).
(E) Intracellular mRNA and protein expression of MMP-1/9 were detected in MMP-1- and MMP-9-silenced THP-1-Mjs at 48 h.p.i. by qRT-PCR and Western blot
analysis (means ± SD, n = 3 independent experiments with each 4 replicates). (F) CFU assay was applied to detect intracellular Mtb load in MMP-1 and MMP-9
silencing THP-1-Mjs at 48 h.p.i. (means ± SD, n = 3 independent experiments with each 4 replicates). (G) MMP-1, MMP-2, and MMP-9 expressions and (H)
intracellular Mtb infection were detected in THP-1-Mjs with stable overexpression of MMP-1, MMP-2, and MMP-9 by qRT-PCR, Western blot analysis, and CFU
assay (means ± SD, n = 3 independent experiments with each 4 replicates). (I) MMP-1/9 protein expression and (J) intracellular Mtb infection were detected in THP-
1-Mjs pretreated with SB216763, BB94, or combination for 2 h upon 48 h Mtb infection by Western blot analysis and CFU assay (means ± SD, n = 3 independent
experiments with each 4 replicates). Mtb-infected mice were treated with DMSO (n = 4), SB216763 (20 mg/kg, n = 4), SB3CT (20 mg/kg, n = 4), and combination of
SB216763 with SB3CT (20 mg/kg, n = 4) for 4 weeks. (K) MMP-9 expression in the supernatant of lungs and spleens were detected by ELISA analysis. (L) H37Rv
infection of lungs and spleens were detected by CFU assay (means ± SD, n = 3 independent experiments with each 4 replicates). For Western blot assay, GAPDH
served as an internal control. Data presented are from one of at least three independent experiments with similar results. The numbers below immunoblot
correspond to band-integrated density ration of target protein to GAPDH. *p ≤ 0.05 and **p ≤ 0.01 were considered statistically significant. BB94, MMP inhibitor;
SB3CT, MMP-9 inhibitor; SB216763, GSK-3a/b inhibitor.

Zhou et al. GSK-3a/b Suppresses Mtb Infection
As mice do not express MMP-1 orthologue, we further
investigated whether the effect of GSK-3a/b on Mtb infection
is related to MMP-9 expression in mice (9). Treating with GSK-
3a/b inhibitor SB216763 for 4 weeks significantly increased
MMP-9 production in the supernatant of lungs and spleens of
Mtb-infected mice, whereas MMP-9 inhibitor SB3CT-blocked
SB216763 increased MMP-9 expression (Figure 3K).
Consistently, CFU assay showed that SB3CT significantly
decreased bacterial load in the lungs and spleens after 4 weeks
of Mtb infection and diminished Mtb infection increased by
SB216763 treatment (Figure 3L). However, SB3CT did not
directly affect Mtb infection as detected by CFU assay
(Supplementary Figure S1B). These results indicated that
GSK-3a/b suppresses Mtb infection through inhibiting MMP-
9 expression in mice.

GSK-3a/b Suppresses MMP-1/9
Expression to Inhibit Mtb Infection
Through Phospho-ERK1/2
MAPK ERK1/2 is a key regulatory factor in controlling MMP-1/
9 expression (21). We found that SB216763 treatment markedly
enhanced phosphorylation of ERK1/2 upon Mtb infection at
different time points in THP-1-Mjs (Figure 4A). To investigate
whether GSK-3a/b suppresses MMP-1/9 expression and Mtb
infection through ERK1/2 phosphorylation, we used ERK1/2
inhibitor U0126 to treat THP-1-Mjs. The results showed that
inhibition of ERK1/2 phosphorylation dramatically suppressed
intracellular and supernatant MMP-1/9 expression upon Mtb
infection for 48 h (Figure 4B). Most importantly, intracellular
and supernatant MMP-1/9 expressions induced by SB216763
were totally abolished by U0126 treatment (Figure 4C).
Consistently, U0126 treatment blocked the increase of Mtb
infection mediated by SB216763 treatment at 48 h.p.i.
(Figure 4D). U0126 or its combination with SB216763 did not
affect cell proliferation determined by CCK-8 assay
(Supplementary Figure S1A). U0126 and SB216763 did not
directly influence Mtb infection as detected by CFU assay
Frontiers in Immunology | www.frontiersin.org 10163
(Supplementary Figure S1B). These results suggest that GSK-
3a/b exerts antimicrobial effect through negatively regulating
ERK1/2 phosphorylation and subsequent MMP-1/9 expression
in Mjs.

MTOR Inhibits GSK-3a/b Activity to
Promote Phospho-ERK1/2 Mediated
MMP-1/9 Expression During Infection
MTOR has been reported as an important moderating factor of
GSK-3a/b activity (22). To investigate whether mTOR
participates in regulating GSK-3a/b activity and MMP-1/9
expression, we pretreated THP-1-Mjs with rapamycin of
mTOR inhibitor. The results showed that rapamycin
suppressed mTOR phosphorylation and intracellular and
supernatant MMP-1/9 expressions but promoted GSK-3a/b
activity indicated by the increased ratio of activated GS to total
GS (Figure 5A). Furthermore, we demonstrated that MMP-1/9
expression and ERK1/2 phosphorylation inhibited by rapamycin
were restored with SB216763 treatment while rapamycin
increased GSK-3a/b activity was reduced with SB216763
treatment (Figure 5B). Moreover, the recovery effect of
SB216763 treatment on MMP-1/9 expression inhibited by
rapamycin was further blocked by U0126 treatment
(Figure 5C). These results were found not to be related to
regulatory cell proliferation with SB216763, rapamycin, or/and
U0126 treatment (Supplementary Figure S1A). These results
suggested that mTOR negatively regulated GSK-3a/b activity to
promote ERK1/2 phosphorylation mediated MMP-1/9
expression in Mtb-infected Mjs.

PKC-d-mTORC Axis Negatively Regulated
GSK-3a/b Activity to Promote Phospho-
ERK1/2 Mediated MMP-1/9 Expression
It has recently been reported that PKC kinase activity is required
for mTOR activation (23), thus we further studied the relationship
between PKC and mTOR in regulating GSK-3a/b activity and
MMP-1/9 expression. We exploited pan-PKC inhibitor GO6983
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to treat THP-1-Mjs. We observed that GO6983 increased the
ratio of activated GS to total GS, and it reduced PKC expression,
phosphorylation of mTOR and MMP-1/9 expression, indicating
that PKCs function upstream of mTOR signaling to regulate GSK-
3a/b activity and MMP-1/9 expression (Figure 6A). SB216763-
abrogated GO6983 enhanced GSK-3a/b activity and restored
GO6983-suppressed ERK1/2 phosphorylation and MMP-1/9
expression (Figure 6B). Consistently, PKC agonist PMA
increased mTOR phosphorylation and MMP-1/9 expression;
however, such elevation of MMP-1/9 expression was blocked by
rapamycin treatment (Figure 6C). These results were also not
related to cell proliferation (Supplementary Figure S1A).

Such results prompted us to further explore which PKC
subtypes affect GSK-3a/b activity and MMP-1/9 expression.
We used different siRNAs targeting various PKC subtypes to
Frontiers in Immunology | www.frontiersin.org 11164
knock down PKC-a, PKC-b, PKC-g, PKC-d, and PKC-ϵ,
respectively, and detected mRNA expression of them in THP-
1-Mjs upon Mtb infection. All of them were silenced by their
own siRNAs according to significant decrease of mRNAs of
PKC-a, PKC-b, PKC-g, PKC-d, and PKC-ϵ (Supplementary
Figure S4 and Figure 7A). Among these PKC subtypes, only
silencing of PKC-d apparently suppressed mRNA expression of
MMP-1/9, while silencing of other PKC subtypes showed no or
little effect on MMP-1/9 expression (Supplemental Figure S4).
We further confirmed that PKC-d silencing decreased
intracellular and supernatant MMP-1/9 expression and mTOR
phosphorylation and increased GSK-3a/b activity (Figures 7A,
B). Furthermore, we found that SB216763 treatment restored
ERK1/2 phosphorylation and reduced MMP-1/9 expression via
PKC-d silencing (Figure 7C). Importantly, such recovery effects
A

B

D

C

FIGURE 4 | GSK-3a/b suppressed MMP-1/9 expression to inhibit Mtb infection through phospho-ERK1/2. (A) Phosphorylation of GSK-3a/b (Ser21/9 and Tyr216/
279) and ratio of total GS to phosphorylated GS were detected 2 h pretreated with U0126 in THP-1-Mjs upon Mtb infection at 48 h by Western blot analysis.
Intracellular mRNA, protein expression, and secretion of MMP-1/9 were analyzed in THP-1-Mjs (B) pretreated with 10 mM U0126 or (C) pretreated with 20 mM
SB216763, 10 mM U0126, and combination of both for 2 h at 48 h.p.i. by qRT-PCR, Western blot, and ELISA analysis. Expression of ERK1/2 and phospho-ERK1/2
were detected by Western blot analysis (means ± SD, n = 3 independent experiments with each 4 replicates). (D) Intracellular Mtb load was measured by CFU
assays at 48 h.p.i. (means ± SD, n = 3 independent experiments with each 4 replicates). For Western blot assay, GAPDH served as an internal control. Data
presented are from one of at least three independent experiments with similar results. The numbers below immunoblot correspond to band-integrated density ration
of target protein to GAPDH. *p ≤ 0.05 was considered statistically significant. U0126, ERK1/2 inhibitor; SB216763, GSK-3a/b inhibitor.
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of SB216763 on MMP-1/9 expression was further blocked by
U0126 treatment (Figure 7D). Thus, we conclude that PKC-d-
mTOR negatively regulated GSK-3a/b activity to promote
phospho-ERK1/2 mediated MMP-1/9 expression during Mtb
infection in Mjs.
Frontiers in Immunology | www.frontiersin.org 12165
DISCUSSION

While Mjs and neutrophils represent the first-line responders to
Mtb infection, they also provide a major habitat for Mtb to reside
in the host. Through a long-term battle with the host, Mtb
A

B

C

FIGURE 5 | MTOR inhibits GSK-3a/b activity to promote phospho-ERK1/2 mediated MMP-1/9 expression during infection. Intracellular mRNA, protein expression,
and secretion of MMP-1/9 were analyzed in THP-1-Mjs with 2 h pretreatment with (A) 1 mM rapamycin, (B) SB216763, rapamycin, or their combination,
(C) SB216763, U0126, rapamycin, or their combination by qRT-PCR, Western blot, and ELISA analysis at 48 h postinfection. Expression of GS, ERK1/2, mTOR,
and phosphorylation of GS, ERK1/2, and mTOR were detected by Western blot analysis (means ± SD, n = 3 independent experiments with each 4 replicates). For
Western blot assay, GAPDH served as an internal control. Data presented are from one of at least three independent experiments with similar results. The numbers
below immunoblot correspond to band integrated density ration of target protein to GAPDH. *p ≤ 0.05 was considered statistically significant. U0126, ERK1/2
inhibitor; rapamycin, mTOR inhibitor; SB216763, GSK-3a/b inhibitor.
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develops various strategies to regulate host factors and counter
the bactericidal activity of the host’s immunity, resulting in its
survival and proliferation in Mjs (24). In the present study, we
find that Mtb infection downregulates GSK-3a/b activity and
upregulates MMP-1/9 expression in THP-1-Mjs. MMP-9
expression remarkably increases in both lungs of patients with
Frontiers in Immunology | www.frontiersin.org 13166
pulmonary tuberculosis and lymph nodes of patients with
lymphatic tuberculosis. However, it cannot be excluded that
upregulated MMP-9 was secreted by other host immune cells
such as neutrophils in both lung and lymph nodes of TB patients.
Macrophage marker can be costained with MMP-9 protein to
identify that macrophage-secreted MMP-9 by TB patients for
A

B

C

FIGURE 6 | PKCs play a key role in mTOR-regulated GSK-3a/b activity in THP-1-Mjs. Intracellular mRNA, protein expression, and secretion of MMP-1/9 were
analyzed in THP-1-Mjs with 2 h pretreatment with (A) 1 mM GO6983 and (B) SB216763, GO6983, or their combination at 48 h postinfection by qRT-PCR, Western
blot, and ELISA analysis. Protein expression of GS, ERK1/2, mTOR, and PKC and phosphorylation of GS, ERK1/2, and mTOR were detected by Western blot
analysis (means ± SD, n = 3 independent experiments with each 4 replicates). (C) Protein expression of MMP-1/9, mTOR, and PKC and phosphorylation of mTOR
were detected in THP-1-Mjs pretreated with PMA or the combination of PMA with rapamycin at 48 h.p.i. by Western blot analysis. For Western blot assay, GAPDH
served as an internal control. Data presented are from one of at least three independent experiments with similar results. The numbers below immunoblot
correspond to band integrated density ration of target protein to GAPDH. *p ≤ 0.05 was considered statistically significant. GO6983, PKC inhibitor; PMA, PKC
activator; SB216763, GSK-3a/b inhibitor.
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further study. These results are in agreement with previous
observat ions that Mtb tyros ine phosphatase PtpA
dephosphorylated GSK-3a to modulate host Mjs immune
responses against Mtb infection (7). Our results also support
Frontiers in Immunology | www.frontiersin.org 14167
the findings that MMP-9 expression was strongly upregulated in
TB lesions and distal regions of the lung biopsies (25).
Additionally, MMP-1 was demonstrated as the principal
secreted collagenase and upregulated in the sputum and
A B

D

C

FIGURE 7 | PKC-d-mTORC axis negatively regulated GSK-3a/b activity to promote phospho-ERK1/2 mediated MMP-1/9 expression. (A) PKC-d expression of
mRNA and protein levels were determined in PKC-d silenced THP-1-Mjs upon 48 h Mtb infection by qRT-PCR and Western blot analysis (means ± SD, n = 3
independent experiments with each 4 replicates). Intracellular mRNA, protein expression, and secretion of MMP-1/9 were analyzed in (B) silencing PKC-d,
(C) silencing PKC-d, SB216763, or their combination, (D) silencing PKC-d, SB216763, U0126, or their combination in THP-1-Mjs at 48 h postinfection by qRT-
PCR, Western blot, and ELISA analysis. Protein expression of GS, mTOR, ERK1/2, and PKC-d and phosphorylation of GS, mTOR, and ERK1/2 were detected by
Western blot analysis (means ± SD, n = 3 independent experiments with each 4 replicates). For Western blot assay, GAPDH served as an internal control. Data
presented are from one of at least three independent experiments with similar results. The numbers below immunoblot correspond to band-integrated density ration
of target protein to GAPDH. *p ≤ 0.05 was considered statistically significant. U0126, ERK1/2 inhibitor; SB216763, GSK-3a/b inhibitor.
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bronchoalveolar lavage fluid of TB patients (9). Further
investigation identify that Mtb infection promotes MMP-1/9
expression, which further facilitates Mtb infection, while GSK-
3a/b suppresses Mtb infection through inhibiting MMP-1/9
expression in Mjs and mice (Figure 8). Taken together, these
findings have provided a new perspective as how Mtb escapes
from host immune responses. However, it is still unknown
whether heat-killed Mtb or avirulent mutants including an
ESX-1 mutant and an ESX-5 mutant can evade the immune
responses as an active strategy. In addition, how Mtb initiates the
signaling pathway in Mjs remains unclear in this study. Specific
ligands including TLR2, TLR4, TLR9, and cGAS-STING agonists
should be applied for further investigation.

As a multifunctional kinase involved in an array of critical
cellular processes, GSK-3a/b deserved an important component
of host defense system (3). Recent studies, for example, have
shown that GSK-3b promotes Mjs inflammatory activation by
inhibiting the immune regulatory signaling of AMP-activated
protein kinase (AMPK) (26). Human natural killer (NK) cells
significantly increased production of TNF and IFN-g, elevated
natural cytotoxicity, and increased antibody-dependent cellular
cytotoxicity in the presence of a GSK-3a/b inhibitor ex vivo (27).
GSK-3b could interact with PD-L1 and play an important role in
antitumor T-cell immunity of breast cancer (28). Importantly,
autophagy machinery and inflammatory response, representative
pivotal host immune strategies in combating Mtb infection, have
been identified under the regulation of GSK-3a/b (3, 29–32). In
our study, we have detected autophagy and proinflammatory and
anti-inflammatory cytokines including IFNs and ISGs upon Mtb
infection with treatment of SB216763 in THP-1-Mjs.
Autophagy was not regulated by SB216763 treatment in a
time-dependent manner. We know that IL-6, TNF-a, and IL-
1b are proinflammatory cytokines which can play anti-Mtb
Frontiers in Immunology | www.frontiersin.org 15168
infection role and IL-10 is an anti-inflammatory cytokine
which can promote Mtb infection. Here, we demonstrated that
expression of IL-6 and TNF-a significantly decreased 48 h.p.i.;
however, expression of IL-1b and IL-10 significantly increased 24
and 48 h.p.i. with SB216763 treatment. Therefore, whether GSK-
3a/b regulates Mtb infection though these cytokines needs to be
further investigated. Expression of IFN-a and IFN-g, as well as
Mx1, Rsad2, and ISG15, was not influenced by SB216763
treatment. IFN-b and IRF1 expression was significantly
decreased at 48 h.p.i. IFN-b production plays a probacterial
role in host-Mtb interactions (33). Our previous study showed
that IRF1 did not affect MMP expression upon Mtb infection
(20). Thus, we speculate that autophagy, inflammatory cytokine
production, and IFN signaling are not the main regulators of
GSK-3a/b to suppress Mtb infection in Mjs.

Several MMPs stimulated by Mtb infection have been
associated with the initiation and progression of TB. Among
them, MMP-1 andMMP-9 are most extensively studied owing to
their roles in the creation of the granuloma and destruction of
lung tissue (10, 34). It has been reported that MMP-1 plays an
important role in the immunopathology of TB. It promotes the
collagen breakdown that lead to pulmonary tissue destruction in
TB (9). Other studies have shown that MMP-9 enhanced the
recruitment of newer Mjs and was associated with nascent
granuloma maturation and bacterial growth (35). Previous
studies showed that mice treated with MMP inhibitor BB94
exhibited either a delay in granuloma induction (36, 37) or
formed smaller granulomas with more collagen (38), suggesting
the crucial role of MMPs in regulating cell migration and
granuloma formation upon Mtb infection. Furthermore,
adjunctive treatment with MMP inhibitors along with front-
line anti-TB drugs including isoniazid and rifampin significantly
reduced Mtb survival in the lungs by preventing maturation of
FIGURE 8 | Illustration of model of PKC-d-mTOR axis negatively regulated GSK-3a/b activity, inhibiting Mtb infection through phospho-ERK1/2 mediated MMP-1/9
expression in Mjs.
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granulomas and minimizing the matrix degradation and cavitary
lesions (39–41). This new regimen of improved TB treatment by
inhibition of MMP activity will help with minimizing the TB-
associated morbidity and mortality. Consistently, our current
study demonstrates that Mtb infection promoted MMP-1/9
expression and significantly facilitates Mtb survival in Mjs.
MMP-9 inhibitor of SB3CT exhibits a significant decrease of
Mtb infection in lungs and spleens of mice. Although the
potential specific mechanism of MMPs on Mtb infection needs
further studies, our study makes a crucial sense in revealing the
importance of MMP-1/9 in regulating the immune pathology of
Mtb infection.

MMPs have been demonstrated as can be regulated by
different signaling pathways especially GSK-3a/b, ERK1/2,
JNK, p38 MAPK, or/and NF-kB/AP-1 activation in various
diseases (15, 16, 42–44). GSK-3b-regulated MMP expression,
for example, was involved in SLFN5-controlled inhibition of
cancer cell migration and invasion (45). MMP-9 expression
mediated by dysregulation of GSK-3b activity has dramatic
consequences on synaptic alterations and dendritic spine
morphology (46). In addition, TNF-a and GM-CSF-induced
GSK-3a/b inhibition determined the increase of MMP-1
production through a mechanism involving ERK1/2 activation
by monocytes (47). Similarly, GSK-3b inhibition mediated
ERK1/2 activation followed by the induction of MMP-9
expression in rat primary astrocytes (13). In our study, we find
a novel mechanism for GSK-3a/b activity mediated ERK1/2
phosphorylation to exert anti-Mtb effect through suppressing
MMP-1/9 expression in Mjs.

Given the fact that GSK-3a/b lies in the crossroads of various
signal pathways, we have explored the upstream regulators of
GSK-3a/b in Mtb infection. PKC and mTOR pathways represent
the most common pathways implicated in the regulation of GSK-
3a/b activity. For example, PKC suppressed GSK-3a/b activity,
resulting in ERK1/2 phosphorylation, which was essential for
MMP-1 production from monocytes (47). Inhibition of mTOR
attenuated GSK-3b activity to increase NF-kB p65-associated
CREB-binding protein and modulate balance of pro- and anti-
inflammatory cytokines (17). In agreement with these findings,
this study demonstrated that PKC-d-mTOR axis promotes ERK
phosphorylation-mediated MMP-1/9 expression through
suppressing GSK-3a/b activity in Mjs. However, some studies
have shown results completely opposite to those of our study
regarding how mTOR activity affects MMP expression during
Mtb infection (48). These differences might be due to the type of
Mjs studied. The exact mechanisms associated with these
differences require further investigation. Interestingly, it was
reported that GSK-3a/b is involved in the regulation of PKC-d
and mTOR activity. GSK-3a/b decreased PKC-d activity,
attenuating the induction of ERK1/2 phosphorylation by GSK-
3a/b inhibition (12). Moreover, GSK-3b regulates mTOR
activity as well as in cancer research in hepatocellular
carcinoma (HCC) (49). Our study mainly indicated that the
PKC-d-mTOR axis inhibits the activity of GSK-3a/b through
ERK1/2 phosphorylation to upregulate the expression of MMP-
1/9; the in-depth mechanism whether GSK-3a/b has a negative
Frontiers in Immunology | www.frontiersin.org 16169
feedback mechanism for PKC-d and mTOR requires
further research.

In conclusion, we demonstrate that Mtb can escape from host
immunity by suppressing GSK-3a/b activation and promoting
MMP-1/9 production. Furthermore, GSK-3a/b activity
regulated by PKC-d-mTOR axis inhibits Mtb infection through
suppressing phospho-ERK1/2-mediated MMP-1/9 expression in
Mjs. This study sheds new light on the molecular insight of host-
Mtb interaction and bears significant implications in the
development of novel therapeutic approaches for TB.
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