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Reductive evolution has endowedMycobacterium tuberculosis (M. tb) with moonlighting

in protein functions. We demonstrate that RipA (Rv1477), a peptidoglycan hydrolase,

activates the NFκB signaling pathway and elicits the production of pro-inflammatory

cytokines, TNF-α, IL-6, and IL-12, through the activation of an innate immune-receptor,

toll-like receptor (TLR)4. RipA also induces an enhanced expression of macrophage

activation markers MHC-II, CD80, and CD86, suggestive of M1 polarization. RipA

harbors LC3 (Microtubule-associated protein 1A/1B-light chain 3) motifs known to be

involved in autophagy regulation and indeed alters the levels of autophagy markers

LC3BII and P62/SQSTM1 (Sequestosome-1), along with an increase in the ratio of

P62/Beclin1, a hallmark of autophagy inhibition. The use of pharmacological agents,

rapamycin and bafilomycin A1, reveals that RipA activates PI3K-AKT-mTORC1 signaling

cascade that ultimately culminates in the inhibition of autophagy initiating kinase

ULK1 (Unc-51 like autophagy activating kinase). This inhibition of autophagy translates

into efficient intracellular survival, within macrophages, of recombinant Mycobacterium

smegmatis expressing M. tb RipA. RipA, which also localizes into mitochondria,

inhibits the production of oxidative phosphorylation enzymes to promote a Warburg-

like phenotype in macrophages that favors bacterial replication. Furthermore, RipA also

inhibited caspase-dependent programed cell death in macrophages, thus hindering

an efficient innate antibacterial response. Collectively, our results highlight the role of

an endopeptidase to create a permissive replication niche in host cells by inducing

the repression of autophagy and apoptosis, along with metabolic reprogramming, and

pointing to the role of RipA in disease pathogenesis.
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INTRODUCTION

Mycobacterium tuberculosis (M. tb) is an intracellular human
pathogen that interacts with macrophages through multiple
phagocytic receptors, including pattern recognition receptors.
The interaction of its cell wall and protein components to
these receptors initiate pro-inflammatory cascade (1–3). Toll-like
receptors (TLRs) include TLR2 and TLR4 signals through the
NFκB signaling pathway. Activation of these receptors through
the engagement of M. tb antigens leads to the secretion of pro-
inflammatory cytokines, such as TNF-α, IL-6, and IL-12 (4, 5).
This activates the innate, and later, adaptive cellular milieu to
aid in pathogen clearance along with other antibacterial strategies
(6, 7).

Intracellular pathogens have evolved multiple strategies
for evading host defense mechanisms. The tactics include
inhibition of various pathways like phagosome maturation,
antigen processing/presentation, IFN-γ signaling pathway, and
autophagy (8, 9). Of late, autophagy has gained a special
interest in host-pathogen interaction. Autophagy is a cellular
process that maintains intracellular quality control in the
face of various stressors that, in normal conditions, play
a housekeeping role. Autophagy is a part of both innate
and adaptive immunity. Autophagy initiates the formation of
new vesicles, i.e., phagophore, which is enlarged, elongated,
and generated into a double membrane-bound organelle, the
autophagosome. The autophagosome, thereafter, fuses with the
lysosome and matures into a phagolysosome for recycling or
degradation. It serves as an essential host defense mechanism
that can also eliminate invading intracellular bacteria like
Streptococcus, Shigella, Legionella, and Salmonella typhimurium,
which was thus termed as xenophagy (10–14). Studies involving
autophagy-deficient mice have demonstrated that autophagy
protects against active tuberculosis by reducing the bacterial load
and inflammation (15, 16). However, to persist inside the host
cells, many of the bacterial pathogens have evolved strategies to
escape this process of selective host autophagy (17).

Multiple pieces of evidence show that M. tb too avoids
autophagic degradation and may exploit this process for
its advantage by utilizing various effector proteins (18, 19).
M. tb encodes a wide range of effector molecules that can
trigger immune responses or manipulate signaling pathways
within the host to promote its persistence (20). M. tb antigens,
NuoG, ESAT-6, Hsp16.3, and Eis, have been already shown
to downregulate the host autophagic process (21–25).
Conversely, one of the mycobacterial TLR2 ligand, the 19
kDa lipoprotein, strongly activates autophagy in monocytes
and macrophages, whereas Ag85B has been shown to induce
autophagy in antigen-presenting cells. It has already been
demonstrated that pathogenic M. tb can be targeted by

selective autophagy through the activation of the ESX-I

type VII secretion system (26). Recently, a mycobacterial
surface protein PE-PGRS29 has been implicated in recruiting
autophagy receptor p62 to deliver mycobacteria into LC3-
associated autophagosomes (27). These reports indicate
a diverse role of the autophagy process in mycobacterial
virulence (28).

RipA (Rv1477) is an essential endopeptidase that acts as a
peptidoglycan hydrolase. Previously, we have shown that RipA
requires the ATP-dependent chaperone, MoxR1, for its secretion
through the twin-arginine secretion system (29). It has been
proposed that after secretion, RipA interacts with mammalian
cell entry protein, Mce2B, and may, therefore, be targeted to
the host macrophage. As RipA is a secretory protein, M. tb may
utilize secreted RipA to modulate host–pathogen interaction, as
a moonlighting function (30), besides its enzymatic role (31).
However, the role of RipA in immune-modulation and host–
pathogen interaction remains unexplored. The in-silico analysis
revealed an LC3 interacting motif in RipA, which suggested
its role in autophagic modulation. In the present study, we
report that RipA inhibits cellular autophagy in RAW264.7
cells by the activation of PI3K-AKT-mTORC1 signaling axis
mediated by the innate immune receptor TLR4. We show that
RipA induces the expression of macrophage activation markers
and the secretion of pro-inflammatory cytokines through the
activation of TLR4. We also show that RipA localizes to the
mitochondria and regulates the levels of mitochondrial enzymes
to induce metabolic reprogramming of macrophages. It also
inhibits caspase-dependent programmed cell death to favor
pathogen survival. Our findings provide mechanistic insights
into the strategies adopted byM. tb to manipulate host functions
to ultimately assist bacterial infection.

MATERIALS AND METHODS

Cell Culture and Growth Conditions
The mouse macrophage 1TLR1, 1TLR2, 1TLR4, 1TLR6,
1Myd88, and 1Myd88/TRIF knockout cell lines were obtained
through BEI Resources Repository (NIAID, NIH, USA). These
cell lines, as well as RAW264.7 and human epithelial cell
line HEK293T, were grown in the Dulbecco’s Modified Eagle’s
medium (DMEM) medium (Gibco, Invitrogen). The cell culture
medium was supplemented with 10% fetal bovine serum (Gibco)
and 1% antibiotic-antimycotic solution (Gibco), and cells were
grown and maintained under the standard tissue culture
conditions of 37◦C and 5% CO2. All experiments in the various
cell lines were performed within 8 passages after the seeding of
the original frozen stocks.

Molecular Cloning, Expression, and
Purification of RipA (ripA) Gene
The cloning of ripA in pET28a and pST-2K plasmid has
been described previously (29). Briefly, the ripA gene was
cloned in Escherichia coli and mycobacteria shuttle vector
pST-2K to study its function in native condition (32). The
expression of RipA in recombinant Mycobacterium smegmatis
was verified by Western blot analysis using RipA specific anti-
serum (Supplementary Figure 2E). For cloning in EGFP-N1 and
pcDNA3.1+ plasmids, the ripA gene was amplified using M. tb
H37Rv DNA as a template and inserted between EcoRI-KpnI, and
HindIII-Not1 restriction enzyme sites. Primer pairs, plasmids,
and bacterial strains used are given in Supplementary Tables 2,
3. The plasmids were transformed into E. coli BL21 (DE3)
cells for recombinant protein expression and purification
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(pET28a-RipA), and into DH5α for plasmid maintenance
and propagation for transfection studies (EGFP-N1-RipA
and pcDNA3.1+-RipA). Briefly, for RipA overproduction, the
recombinant protein expression was induced with 1mM IPTG
(MP Biomedicals, USA) for 3 h at 37◦C in Luria-Bertani (LB)
broth containing kanamycin 50µg/ml. Protein purification
was carried out as described earlier (29). The purity of
recombinant RipA was checked by using SDS-PAGE and
Western blot analysis, which revealed 2 bands that correspond
to unprocessed (along with signal sequence) and processed
form (signal sequence cleaved) (Supplementary Figures 2A,B).
Possible endotoxin contamination was removed by incubating
the purified protein with polymyxin-B agarose beads (Sigma,
USA) as described previously (33). The endotoxin content
of the purified recombinant RipA was measured using the
limulus amebocyte lysate assay kit (PierceTM LAL Chromogenic
Endotoxin Quantitation Kit, Thermo Fisher, USA). No detectable
amount of endotoxin contamination was observed in the protein
fractions incubated with Polymyxin-B agarose beads.

Cytokines Estimation From Culture
Supernatants of RAW264.7 and TLR
Mutant Mouse Macrophage Cells
RAW264.7, 1TLR1, 1TLR4, 1TLR2, 1TLR6, 1Myd88, and
1Myd88/TRIF mouse macrophage cells were seeded (∼1 ×

106 cells per well) in a 12-well-culture plate and left for 2 h
at 37◦C for adherence. After adherence, cells were treated with
various concentrations of recombinant RipA protein (0.5, 1, and
2µg/ml) or lipopolysaccharide (LPS) (1µg/ml; positive control)
(Sigma, USA). The protein treatment dose was pre-standardized
for optimal release of cytokines and other cellular markers. Heat-
inactivated (HI) RipA protein-treated cells were used as negative
controls for cytokine production. After 24 and 48 h of treatment,
supernatants were collected and stored at −80◦C until used. The
estimation of pro-inflammatory cytokines, such as TNF-α, IL-6,
and IL-12, and anti-inflammatory cytokine, IL-10, was performed
using mouse ELISA kit (BD Biosciences, San Jose CA, USA)
following the manufacturer’s instructions.

Flow Cytometry Analysis
The surface expression of macrophage activation markers, such
as MHC-II, CD80, CD86, and TLR4, was determined using RAW
264.7 cells (0.5 × 106) treated with various concentrations of
RipA (1 and 2µg/ml). Cells were seeded in 24-well-culture plates.
After 2 h of seeding, cells were treated with RipA, harvested
after 24 h, and incubated with anti-mouse Alexa Fluor 488-
MHCII, PE-CD80, APC-CD86, and PE-TLR4. The samples
were processed as per protocol provided by the supplier (BD
Biosciences, San Jose CA, USA). LPS-treated cells (100 ng/ml)
were used as a positive control for the TLR4 expression. For
Annexin V/PI apoptosis assay, 0.5 million cells were seeded
in a 24-well-culture plate. After 2 h of adherence, cells were
treated with various concentrations of RipA (1 and 2µg/ml) and
then harvested after 24 h. Staurosporine-treated cells (0.1µM,
Sigma, USA) were used as a positive control. About 2µM pan-
caspase inhibitor Z-VAD-FMK (MP Biomedicals, USA) was

used for 24 h. The samples were processed as instructed by
the manufacturer of the assay kit (BD Biosciences, San Jose
CA, USA). Fluorescence intensity was measured using the BD
FACSVerse flow cytometer (BD Biosciences, San Jose, CA, USA).
Untreated and HI RipA-treated samples were taken as negative
controls in both the assays. The data were analyzed by FlowJo
software (Tree Star Inc., USA).

Western Blot Analysis
For Western blot analysis, ∼2 million RAW264.7 cells and
1TLR4 knockout were seeded in 6-well-culture plates and
treated with RipA (1 and 2µg/ml) after 2 h of seeding.
A separate set of the same number of cells was infected
with M. smegmatis (wild type, RipA transformed, and vector
transformed; MOI-1:10) after 12 h of seeding. After 24 h
of treatment, cells were harvested in 2.5X-SDS loading
buffer (25% glycerol, 0.125M Tris-HCl, pH 6.8, 5% SDS,
0.1% bromophenol blue, with 100mM dithiothreitol added
fresh each time). An equal volume of protein samples was
loaded in SDS-PAGE and transferred onto a polyvinylidene
difluoride (PVDF) membrane. These were incubated with
primary antibodies against RipA (1:4,000), NFκB1, Caspase
3 (Cloud-Clone Corp, USA), P-65 (ThermoFisher Scientific,
USA), LC3B, P62/SQSTM1, Beclin 1, Rab7, pPI3K, pAKT,
pmTORC1, pMDM2 (Mouse double minute 2 homolog),
pULK1, pJNK 1/2, tJNK 1/2 cytochrome C, CoxIV, succinate
dehydrogenase, pyruvate dehydrogenase, HSP60, PDI (Protein
disulfide isomerase), BIP (Immunoglobulin heavy-chain-binding
protein) (Cell Signaling, USA), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and β-actin antibodies (Santa Cruz
Biotechnology Inc., USA). HRP conjugated secondary antibodies
(anti-mouse or anti-rabbit) were used for signal generation
(Sigma, USA). For studying cellular autophagy in the presence
of rapamycin and bafilomycin A1 (Sigma, USA), macrophage
cells were treated with 200 nM rapamycin and 50 nM bafilomycin
A1 for 6 h in the presence of RipA. PVDF membranes
were developed by enhanced chemiluminescence substrate ECL
(DSS Takara Bio India Pvt. Ltd.). Images were captured
using the BioRad ChemiDoc MP imaging system (Bio-Rad
Laboratories India Pvt. Ltd.). The band intensity was quantified
densitometrically by using ImageJ software (34) and normalized
to GAPDH or β-actin (Santa Cruz Biotechnology Inc., USA).

Immunofluorescence Microscopy
HEK293T cells were grown in 24-well-tissue culture plates on
sterile poly-L lysine coated glass coverslips (Sigma, USA). Cells
were transfected with pcDNA3.1+, pcDNA3.1+-RipA, EGFP-
N1, or EGFP-N1-RipA using Lipofectamine 3,000 Transfection
Reagent (ThermoFisher Scientific, USA). After 24, 48, and 72 h
of transfection, cells were treated with 300 nm of MitoTracker
Deep Red FM (ThermoFischer Scientific, USA) for 45min in
incomplete DMEM. In another experiment, RAW264.7 cells were
treated with RipA (0.5, 1, and 2µg/ml) for 24 h. After fixation
and permeabilization, cells were blocked and coverslips were
incubated with anti-RipA (1:500), and various other primary
antibodies (anti-LC3B, anti-NFkB, anti-CoxIV, and anti-TLR4)
as desired. Alexa Fluor 488 and Alexa Fluor 594-conjugated
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secondary antibodies were added at 1:500 dilution for 2 h at
room temperature. Finally, coverslips were sealed with ProLong
Glass Antifade mountant (Thermo Fisher, USA). Samples were
visualized at 60 and 63X through Nikon’s Confocal microscope
and Carl Zeiss Fluorescence microscope equipped with oil
immersion objectives. Images were captured and processed using
NIS Elements 5.21.00 and an Axio Cam Hrm digital camera and
Axio-Vision-4.8 software. Punctate foci representing LC3 were
counted manually from 10 different fields and data presented are
a representative count from 50 cells.

Structural Modeling of RipA and
RipA-TLR4 Complex
The amino acid sequence of M. tb RipA (O53168) was
retrieved from theUniProtKB database. The retrieved amino acid
sequence was subjected to a protein–protein BLAST (BLASTp)
search against the Protein Data Bank (PDB) to identify suitable
template structures for comparative modeling. The 3D structure
prediction was performed using i-Tasser (35–37). The resultant
z-scores were analyzed to check the likelihood that the domains
had correct folds and tertiary structure. The final model was
also checked for its quality using Ramachandran plot and
ProSA analysis. Further, the modeled structure was subjected
to molecular dynamic (MD) simulations for 100 ns before
docking. For the modeling of (TLR4)2-(RipA)2 heterotetramer,
the previously modeled RipA as a ligand was docked onto the
TLR4 dimer (TLR4)2, (PDB id: 3vq2) receptor using the ClusPro
2.0 protein–protein docking engine (38–40).

MD Simulations
Molecular dynamic simulation of (TLR4)2 alone and (TLR4)2-
(RipA)2 were performed using GROMACS 5.1 and GROMOS
54a7 all-atom force field, employing periodic boundary
conditions (41–43). The starting models were solvated in a
periodic box with an SPC/E water model and with 10 nm
spacing from each edge of protein. Counter ions were added
to neutralize and maintain the ionic concentration of 0.1M in
both systems. Subsequently, these were energy minimized using
the steepest descent protocol followed by an equilibration run
of 1 ns for both NVT and NPT ensembles with restraints on
the protein atoms. Systems were simulated at 310K maintained
by a Berendsen thermostat and pressure coupling employing a
Parrinello-Rahman barostat using a 1 bar reference pressure with
the compressibility of the 4.5e−5 bar using the isotropic scaling
scheme. Electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) summation with a two-fs time step
for each run of 50 ns. The resultant trajectories were analyzed
using standard GROMACS tools. Images were constructed
using PyMol.

Principal Component Analysis (PCA)
For removing high-frequency background motions from
simulation trajectories, PCA was performed to collect low
amplitude dynamics. Briefly, it was done by calculating and
diagonalizing the mass-weighted covariance matrix for the
C-α atoms of the (TLR4)2 alone and in the compound state
with RipA. The resultant trajectories were projected onto the

first eigenvector, and the fluctuations were calculated between
extreme projections. Finally, porcupine plots were generated
using PyMol.

Computational Analysis of RipA Sequence
Information
The RipA protein sequence was analyzed for its antigenic
potential and the presence of B cell epitopes using the
Scratch Protein Predictor (http://scratch.proteomics.ics.uci.edu/)
and B Cell Epitope Prediction Tools (http://tools.iedb.org/
main/bcell/). Mitochondrial targeting sequence in RipA was
predicted using MITOPROT (https://ihg.gsf.de/ihg/mitoprot.
html), TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/),
and PSORT II (https://psort.hgc.jp/form2.html). The presence of
functional LC3 interacting region motifs in RipA was predicted
using iLIR (http://repeat.biol.ucy.ac.cy/cgi-bin/iLIR/iLIR_cgi).

Statistical Analysis
The Student’s t-test was used for the analysis of the results
wherever required. The data were represented as the mean
of replicates ± SD. p < 0.05 was considered as statistically
significant. Data analysis was carried out using Microsoft
Excel software.

RESULTS

RipA Induces Macrophage Activation by
the Enhanced Expression of Surface
Markers and Stimulates the Production of
Pro-inflammatory Cytokines
Our in silico computational analysis revealed that RipA
has comparable antigenic properties to known secretory
antigens of M. tb, such as ESAT-6, CFP-10, and PST-
S1 (Supplementary Figures 1A,B). Therefore, we were
interested in deciphering whether recombinant RipA
(Supplementary Figures 2A–E) can modulate the functional
capability of macrophages. In the absence of any information
regarding in-vitro/in-vivo physiological concentrations of RipA,
we pre-standardized an optimal range of concentrations for
the treatment of RAW264.7 cells (0.5, 1, and 2µg/ml). This
range of concentration was non-toxic for cells that led to
optimum (minimal to saturation) release of cytokines and
expression of other cellular markers. Treatment of macrophage
cells with endotoxin-free RipA protein-induced enhanced
surface expression of antigen-presenting MHC-II molecules
along with co-stimulatory molecules, CD80 and CD86, in a
concentration-dependent manner (Figures 1A,B). The observed
changes in the expression were most significant for CD80 and
MHC-II (P < 0.001), followed by the CD86 molecule (p <

0.01). A similar enhanced expression of MHC-II and CD80 was
observed when phorbol 12-myristate-13-acetate differentiated
THP-1 cells were treated with RipA (Supplementary Figure 2F).
Moreover, to analyze the effect of RipA on macrophages, we
quantitated pro-inflammatory and anti-inflammatory cytokines
by treating macrophage cells with various concentrations
of RipA (0.5, 1, and 2µg/ml). RipA-stimulated RAW264.7
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FIGURE 1 | RipA enhances the expression of macrophage activation markers and induces pro-inflammatory cytokines secretion. (A) The enhanced expression of

surface markers of RAW264.7 cells (MHC-II, CD80, and CD86) at 24 h after treatment with medium alone, 1µg/ml RipA, 2µg/ml RipA, and HI RipA. The expression

level was determined by FACS analysis using A488, PE, and APC-linked monoclonal antibodies, respectively. Purified RipA was treated with polymyxin B agarose for

the removal of endotoxin, and 1 aliquot was digested with proteinase K, followed by heat inactivation at 100◦C for 4 h. (B) Quantitative representation of the

expression of MHC-II, CD80, and CD86 on the surface of RAW264.7 cells. (C) RAW264.7 cells were treated with RipA (0.5, 1, and 2µg/ml), LPS 1µg/ml, and HI

RipA (2µg/ml). After 24 and 48 h of treatment, cell culture supernatants were collected, followed by quantification of TNF-α, IL-6, and IL-12 levels by sandwich ELISA.

LPS was used as a positive control for the induction of pro-inflammatory cytokines. Untreated and HI treated cells were used as negative controls. Data are

representative of 3 independent experiments (3 replicates per experiment) and expressed as means ± SD. **p < 0.01, and ***p < 0.001 vs. controls.

cells secreted high levels of TNF-α and IL-6 and moderate
levels of IL-12 in a dose- and time-dependent manner. In
contrast, untreated or HI RipA treated cells produced negligible
amounts of these cytokines (Figure 1C). We did not observe any
significant change in the secretion profile of IL-10. These results
demonstrate that RipA elicits the secretion of pro-inflammatory
cytokines, TNF-α, IL-6, and IL-12, by macrophages in a dose-
and time-dependent manner.

RipA Activates Canonical NFκB Signaling
Pathway
Activation of the canonical NFκB pathway is essential in the
production of pro-inflammatory cytokines (44). We accordingly
analyzed the activation status of NFκB in response to
RipA treatment. RAW264.7 cells were treated with purified
recombinant RipA protein at various concentrations (0.5,
1, and 2µg/ml). The expression and nuclear translocation
of NFκB1 (P-50) along with phosphorylation (Ser536) and
nuclear translocation of the RelA (P-65) subunit were analyzed.
As shown in Figures 2A,B, the level of the P-50 subunit
increased with an increase in the concentration of RipA,

indicating an enhanced activation of pro-inflammatory response.
Immunofluorescence microscopy revealed that RipA-induced
nuclear translocation of the P-50 subunit in a dose-dependent
manner which suggested its activation (Figure 2C). P-50 and
P-65 subunits form the most common heterodimeric activated
form of NFκB (45). Also, IKK-β mediated phosphorylation at
Ser536 of the P-65 subunit is critically essential for the activation
of the canonical NFκB pathway (45). We, therefore, looked
at the phosphorylation of the P-65 subunit by Western blot
analysis and its nuclear translocation by immunofluorescence
microscopy. RipA elicited the phosphorylation of the P-
65 subunit as evident from the concentration-dependent
increase in its phosphorylation status (Figures 2D,E). It also
induced increased nuclear translocation in a dose-dependent

manner which is suggestive of its activation status (Figure 2F).

These findings show that RipA-induced enhanced expression

and activation of canonical NFκB subunits to maintain
sustained activation of the pro-inflammatory response. These
observations, thus, suggest the involvement of RipA-mediated
NFκB signaling in macrophage activation and secretion of
pro-inflammatory cytokines.
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FIGURE 2 | RipA activates the canonical NFκB signaling pathway. (A) Western blots showing the expression level of NFκB1 (P-50) subunit in RipA-treated RAW264.7

cells. RAW264.7 cells were treated with RipA (1 and 2µg/ml) for 24 h. The size and positions of the bands are marked on the figure. (B) Densitometric analysis of the

P-50 subunit of NFκB. P-50 protein level was expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [%]. (C) Immunofluorescence microscopic

images depicting nuclear translocation of P-50. Concentrations of RipA and antibody used are marked on the figure. (D) Western blots showing the level of the

phosphorylated pP-65 subunit of NFκB in RipA treated RAW264.7 cells. (E) Densitometric analysis of pP-65 subunit. The pP-65 level was expressed relative to

GAPDH [%]. (F) Immunofluorescence microscopic images showing nuclear translocation of phosphorylated P-65. DAPI was used to stain the nucleus. Untreated and

HI treated cells were used as negative controls. Lipopolysaccharides (LPS) treatment was used as a positive control. GAPDH was used as a loading control. Data are

representative of 3 independent experiments and quantification plot expressed as means ± SD. *p < 0.05 vs control. A488 conjugated secondary antibody was used

for signal generation. Scale bar indicates 10µm.

RipA Induces Overexpression and
Membrane Organization of TLR4 in
Macrophage Cells
Macrophages organize the primary innate immune defense
against M. tb infection using TLRs and play an essential
role during the early immune response (46). To determine
the specific binding of RipA to TLR4, we first investigated
whether RipA exerts its effect through this cell surface
localized receptor. For this purpose, we treated RAW264.7
cells with purified recombinant RipA and froze the interaction
by chemical cross-linking. Surface localization of RipA was
visualized by probing the location of RipA using the anti-
RipA antibody. As shown in Figure 3A, RipA was found on
the cell surface of treated macrophage cells. On the contrary,
there was no signal present when we used TLR4 knockout
mouse cell line. We also observed that RipA treatment of
macrophage cells induced an enhanced surface expression
and membrane organization of TLR4 in a concentration-
dependent manner (Figures 3B–D). These findings suggest
that RipA interacts with a surface immune receptor TLR4
and induces its enhanced expression to initiate downstream
signaling cascades.

RipA Induces Production of
Pro-inflammatory Cytokines by
Macrophages in a TLR4 and Myd88
Dependent Manner
Our observation that RipA induces the secretion of pro-
inflammatory cytokines by macrophages (Figure 1C) prompted
us to explore whether this process is TLR4 dependent. To confirm
this, we treated mouse macrophage 1TLR1, 1TLR2, 1TLR4,
1TLR6, 1Myd88, and 1Myd88/TRIF knockout cells with RipA
(0.5, 1, and 2µg/ml). RipA significantly stimulated the secretion
of pro-inflammatory cytokines by 1TLR1, 1TLR2, and 1TLR6
mouse macrophage knockout cells, whereas no detectable levels
of these cytokines were observed in 1TLR4, 1Myd88, and
1Myd88/TRIF cells (Figures 3E–G). These findings implicate
that RipA recognition by TLR4 can trigger macrophages to
secrete TNF-α, IL-6, and IL-12. Next, we investigated whether
the activation of the NFκB signaling pathway also depends on
TLR4 by analyzing the level of the P-50 subunit. We performed
the Western blot analysis of the cell lysates prepared from the
1TLR4mouse macrophage cells treated with RipA.Western blot
analysis showed no significant change in the expression pattern of
the P-50 subunit of NFκB (Figures 3H,I). These results suggest
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FIGURE 3 | RipA induces enhanced expression of toll-like receptor (TLR)4 in treated macrophage cells. (A) RAW264.7 and 1TLR4 cells were treated with purified

RipA (2µg/ml). After 2 h of treatment, cells were fixed with 4% formaldehyde to freeze the interaction of RipA to the cell surface localized receptor. Cells were washed

and probed with polyclonal anti-RipA antibody (1:500) for 2 h. After treatment with primary antibody, cells were probed with anti-rabbit A488 conjugated secondary

antibody, mounted on ProLong Anti Fade Glass mountant, and visualized using Carl Zeiss fluorescence microscope. Scale bar indicates 10µm. (B) FACS analysis

was used to study the expression level of TLR4 on RipA-treated macrophage cells. Monoclonal anti-TLR4 antibody conjugated to PE fluorophore was used in the

FACS experiment. (C) The quantification of TLR4 expression is shown as a bar graph. Data are representative of 3 independent experiments (3 replicates per

experiment) and quantification plot expressed as means ± SD. *P < 0.05 and **P < 0.01 vs. controls. (D) Immunofluorescence microscopic images showing

membrane organization and expression of TLR4 in RipA treated macrophage cells. The anti-rabbit TLR4 monoclonal antibody was used to probe the localization of

TLR4. A488 conjugated secondary antibody was used for signal generation. DAPI was used to mark the positions of the nucleus. Untreated and heat-inactivated (HI)

treated cells were used as negative controls. LPS treated cells were used as a positive control. Scale bar indicates 10µm. Mouse macrophage knockout cells 1TLR1,

1TLR4, 1TLR2, 1TLR6, 1Myd88, and 1Myd88/TRIF were treated with RipA (0.5, 1, and 2µg/ml). LPS 1µg/ml and HI RipA (2µg/ml) were treated with proteinase K

(PK; 50 mg/ml), followed by heat inactivation at 100◦C for 4 h served as controls. After 24 h of treatment, cell culture supernatants were collected and TNF-α, IL-6,

and IL-12 levels were measured by sandwich ELISA. (E–G) TNF-α, IL-6, and IL-12 secretion by macrophages derived from 1TLR1, 1TLR4, 1TLR2, 1TLR6,

1Myd88, and 1Myd88/TRIF mice knockout cell lines after 24 h of treatment as measured by ELISA (H,I). Western blot showing the level of NFkB and its

densitometric quantification in 1TLR4 cells. Data are representative of 3 independent experiments (3 replicates per experiment) and expressed as means ± SD. *p <

0.05 and **p < 0.01 vs. controls.

that RipA activates the canonical NFκB signaling pathway in
RAW264.7 cells via TLR4 activation.

In-silico Analyses Reveals That RipA
Interacts With the Ligand-Binding Pocket
of TLR4
Further, to show its specific interaction with TLR4, we
used homology modeling, docking, and MD simulation
studies. The Ramachandran plot, ProSA, and PROCHECK
analysis of modeled and simulated RipA confirmed its stable
architecture for further protein–protein modeling studies (47–
49) (Figures 4A–C). Protein–protein docking results showed
that the C-terminal globular domain of RipA monomers
snugs into the ligand-binding pocket of TLR4 dimer. The
top-scoring model from ClusPro docking of (TLR4)2-(RipA)2
heterotetramer was used as the initial structure for MD

simulations (Figures 4D–G). The stability of TLR4 was assessed
in terms of backbone RMSD and gyration radius (Rg), which
indicates changes in fold architecture of protein during the
simulation period. MD simulations stabilized its backbone
RMSD and Rg (Figures 4B,C) as evident by the extensive

hydrogen bond networks between 2 proteins (Figures 4H–J).

Assuming that the native (TLR4)2 dimer architecture in the

presence of its co-receptor MD2 and LPS (PDB id: 3vq2) is

the active form which regulates downstream signaling, we

analyzed structural integrity of the RipA bound dimer (50). The

stability was assessed by constructing free energy landscapes
(FEL) projected onto backbone RMSD vs. Rg followed by the
PCA of Cα fluctuations averaged over the whole trajectory
(Figures 4I,J).

In simulations of (TLR4)2 alone, the FEL projections showed
broad distributions with 2 dominant low free energy basins
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FIGURE 4 | C-terminal domain of RipA interacts with the ligand binding pocket of TLR4 dimer. (A) RipA monomeric unit (dark gray) showing its N- and C-terminal

domains and aligned structurally with its available individual crystal structures of N-terminal domain (Golden, PDB id: 6ewy) and C-terminal domain (Green, PDB id:

3pbc). (B,C) Variations in backbone RMSD (B) and gyration radius (Rg) (C) during 100 ns simulation of RipA alone. Marginal changes in RMSD and Rg indicate a

stable architecture for further experiments. (D) (TLR4)2-(RipA)2 hetero-tetrameric model of the top-scoring structure obtained through ClusPro protein-protein

docking. (E) Ramachandran plot of the RipA model. (F) ProSa based residue-wise energy estimation of the RipA model. (G) Top scoring protein-protein docking

model obtained from ClusPro docking of TLR4 dimer receptor with RipA. Docking results showed predominant interaction of the C-terminal domain of RipA within the

ligand-binding pockets of TLR4 dimer. (H) Variation in H-bond network between RipA and ligand-binding pocket of TLR4. (I) Free energy landscapes (KJ/mol)

projected as a function of 2 principal macroscopic components Rg and backbone RMSD for (TLR4)2 alone and (TLR4)2-(RipA)2. Arrows indicate multiple low free

energy basins corresponding to metastable states achieved by (TLR4)2 in both sets of simulations. (J) Porcupine plots deduced from MD simulations of (TLR4)2 alone

and (TLR4)2-(RipA)2 complex. RipA binding to (TLR4)2 reduced overall atomic fluctuations more pronounced at the C-terminal end indicated through the length of the

associated arrows. (K) Pictorial representation of domain organization and positions of LC3 interacting motif regions (LIRs) present in RipA indicated by an arrowhead.

CC, coiled-coil domain; SP, signal peptide. (L) Pictorial representation of the amphipathic nature of RipA mitochondrial targeting sequence. Colors depicting the

nature of amino acids are shown.

corresponding to metastable states achieved by dimer. The
states were characterized by high RMSD (∼0.8 nm) and low
Rg (∼4.1–4.15 nm) compared to starting (TLR4)2 structure
(∼4.25 nm). However, in the presence of RipA, the FEL
showed free energy basins corresponding to structures with low
RMSD (∼0.4 nm) and Rg values (∼4.25–4.27 nm) comparable to
starting (TLR4)2 architecture. These variations were identically
reflected in the porcupine analysis of both systems (Figure 4J).
Correspondingly, minimal Cα fluctuations were observed in
RipA bound dimer, while these were substantially higher in

(TLR4)2 alone, suggesting the overall stabilization effect of RipA.

This stabilization could be attributed to a persistent H-bond

network within the ligand-binding pocket of (TLR4)2 during the
entire simulation period (Figure 4H; Supplementary Table 1).
These results suggest that RipA interacts with the ligand-binding
pocket of surface innate immune receptor TLR4 and likely
involved in its increased expression and membrane organization.

RipA Inhibits Cellular Autophagy in
RAW264.7 Cells
In-silico analysis of RipA protein sequence revealed the presence
of LC3 interacting motifs, which are known to play an essential
role in autophagy regulation (Figure 4K). Thus, we further
proceeded to understand the possible mechanistic details by
which RipA subverts host cell functions to modulate the
cellular autophagy pathway. RAW264.7 macrophage cells were
treated with RipA, and cellular autophagy activity was analyzed
using Western blot by measuring 4 classical parameters: the
conversion of LC3BI to LC3BII along with the levels of autophagy
substrate P62/SQSTM1, Beclin 1, and Rab7 (Figures 5A–E).
RipA treatment significantly decreased LC3BII and Rab7 levels
and caused the accumulation of autophagy substrate P62. In
contrast, no significant change in Beclin 1 levels was observed,
indicating that cellular autophagy activity is repressed in the
presence of RipA (Figures 5B–E). To further strengthen this
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FIGURE 5 | RipA inhibits autophagy in RAW264.7 cells in a TLR4 dependent manner. (A) Western blots demonstrating the inhibitory effect of RipA on cellular

autophagy of RAW264.7 cells using autophagy markers. RAW264.7 cells were treated with RipA (1 and 2µg/ml) for 24 h. Samples were prepared, run in SDS-PAGE,

proteins were transferred onto polyvinylidene difluoride (PVDF) membrane and probed with indicated antibodies. The size of the protein bands is indicated. (B–F)

Densitometric quantification of the protein bands (LC3BII, Beclin 1, Rab7, P62, and the ratio of P62/Beclin 1) are shown. Protein levels were represented as [%] to

GAPDH. (G) Western blots showing the levels of autophagy markers in TLR4 knockout cells. Untreated and HI treated cells were used as negative controls. GAPDH

was used as a loading control. (H–K) Densitometric quantitation of LC3BII, P62, Beclin1, and the ratio of P62/Beclin1 in treated 1TLR4 cells. Protein levels of

autophagy markers in 1TLR4 cells were expressed as [%] to GAPDH. n.s indicates not significant. Data are representative of 3 independent experiments and

expressed as means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. controls. n.s, not significant.

finding, we calculated the P62/Beclin 1 ratio and observed an
increase in the ratio in a dose-dependent manner (Figure 5F).
Next, we checked whether the inhibitory effect of RipA on
cellular autophagy is also dependent on TLR4. The Western
blot analysis of RipA-treated lysates from the 1TLR4 cells
to measure the cellular levels of LC3BII, P62, Beclin 1, and
P62/Beclin 1 ratio revealed no significant changes in the levels of
these autophagy markers in 1TLR4 cells (Figures 5G–K). These
results demonstrate that RipA inhibits autophagy mediated by
innate immune receptor TLR4.

RipA Abolishes the Autophagy Inducing
Effect of Rapamycin and Potentiates
Bafilomycin A1
To understand the molecular mechanism of how RipA
impairs autophagy, we analyzed the cellular autophagy level in
RAW264.7 cells in the presence of rapamycin and bafilomycin
A1. Rapamycin is an inhibitor of autophagy master regulator
mTORC1 kinase; therefore, the treatment of macrophage cells
with rapamycin will induce autophagy. RipA, being an inhibitor

of autophagy, is expected to mitigate the effect of rapamycin.
Bafilomycin A1 is an inhibitor of autophagy which inhibits
the fusion of autophagosomes to lysosomes at the late stage
of autophagy and is used to study autophagic flux. Treatment
with bafilomycin A1 leads to an increased expression of LC3BII
due to inhibition of its degradation. The RipA treatment of
macrophage cells also reduces the autophagic flux that could
be visualized by reduction in the effect of bafilomycin A1. We
treated macrophage cells with RipA (2µg/ml) in the presence
of rapamycin (200 nM) or bafilomycin A1 (50 nM) followed
by Western blot analysis. Conversion of LC3BI to LC3BII and
utilization of autophagy substrate P62 were measured. RipA
significantly inhibited autophagy in the presence of rapamycin
and bafilomycin A1, as indicated by the lower conversion of
LC3BI to LC3BII and decreased consumption of substrate P62
(Figures 6A–C). To further confirm the inhibitory effect of
RipA on cellular autophagy, we employed immunofluorescence
microscopic analysis and measured the LC3BII puncta formation
in the presence of these pharmacological agents. Significantly
reduced numbers of punctate foci, the indicator of autophagic
membranes, were observed in RipA treated samples. The
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FIGURE 6 | RipA inhibits autophagy initiation in RAW264.7 cells. (A) Western blots showing the levels of autophagy markers LC3BII and P62 in RAW264.7 cells

treated with RipA in the presence of rapamycin (200 nM) and bafilomycin A1 (50 nM). Untreated and HI treated cells were used as negative controls. GAPDH was used

as loading control. (B,C) Densitometric quantifications of LC3BII and P62 bands are shown relative to GAPDH [%] as bar graphs. (D) Immunofluorescence

microscopic images demonstrating the LC3 foci in untreated, Rapamycin (200 nM) treated, HI + Rapamycin treated, and RipA + Rapamycin treated RAW264.7 cells.

DAPI was used to stain the nucleus. Untreated and rapamycin-treated cells were used as negative and positive controls. (E) The average number of LC3 foci were

counted and represented as a bar graph. (F) Immunofluorescence microscopic images showing the LC3 foci in untreated, HI treated, and RipA-treated RAW264.7

cells in the presence of bafilomycin A1 (50 nM). Untreated and bafilomycin A1 treated cells were used as negative and positive controls. (G) The average number of

LC3 foci were counted and represented as a bar graph. (H) RAW264.7 cells were infected with recombinant M. smegmatis containing RipA or vector alone harboring

plasmids (MOI-1:10) for 24 h in the presence of rapamycin (200 nm) and bafilomycin A1 (50 nm) or without drug. Colony-forming unit (CFU) of vector alone and RipA

transformed recombinant M. smegmatis were determined after 24 h of infection and represented as Log10 CFU/ml. Data are representative of 3 independent

experiments and expressed as means ± SD. *p < 0.05, **p < 0.01 and***p < 0.001 vs. controls.

number of punctate foci were counted in various fields
and represented as bar graphs (Figures 6D–G). These results
suggest that RipA inhibited the cellular autophagy initiation in
RAW264.7 cells by repressing the formation of LC3BII associated
membrane structure.

Mycobacterium smegmatis is a very commonly used model
organism to understand the functional attributes of M. tb genes
which are essential and therefore cannot be knocked out (51–
53). ripA is an essential gene of M. tb; therefore, we employed
recombinantM. smegmatis strain expressing RipA to validate our
in-vitro observations (54).M. smegmatis infection of macrophage
cells induces robust activation of the autophagy pathway which
mediates its clearance (55). Our observation (Figures 5, 6) that
RipA inhibits cellular autophagy in RAW264.7 cells prompted
us to investigate these effects in M. smegmatis, a surrogate
model of M. tb. Though M. smegmatis also contains RipA;
however, it was interesting to observe that it does not harbor
the highly conserved canonical LC3 interacting region (LIR)
motif, suggestive of its inherent incapability to modulate host
autophagy machinery. On the contrary, M. tb RipA has a high

binding affinity LIR motif that may enable it to regulate the
autophagy mediated innate defense (Supplementary Figure 3).
Recombinant M. smegmatis constitutively expressing RipA was
generated by cloning into shuttle vector pST-2K (32) to study
its function in native condition. The RipA expression was
confirmed by theWestern blot analysis using anti-RipA antibody
(Supplementary Figure 2E). ThoughM. smegmatis also encodes
RipA, the sequence identity with M. tb homolog was found
to be <65%, which possibly led to the functional divergence
of the pathogenic protein. All the results implicated M. tb
RipA in the observed effects with no role of endogenous
RipA expression in M. smegmatis. Infection of macrophage
cells with recombinant M. smegmatis expressing M. tb RipA
showed enhanced intracellular survival (Figure 6H), whereas
wild-type M. smegmatis and M. smegmatis transformed with
vector control were cleared at similar rate. We further analyzed
the survival of recombinant M. smegmatis in macrophage cells
by analyzing the colony-forming unit (CFU) in the absence or
presence of rapamycin and bafilomycin A1. RipA increased the
survival of M. smegmatis in macrophages, and the treatment of
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rapamycin reduces the CFU. On the other hand, bafilomycin A1
treatment increased the survival supporting our Western blot
results (Figure 6H). The decreased LC3BI lipidation and P62
utilization suggest that the virulence factor RipA may attenuate
the early step of autophagy initiation by activating the signaling
cascade that is involved in autophagy repression. These results
suggest that RipA interrupts the initiation of cellular autophagy
in RAW264.7 cells.

RipA Activates PI3K-AKT-mTORC1
Signaling Axis Mediated by TLR4 Activation
Previous studies have established that an active PI3K-AKT-
mTORC1 signaling cascade has an inhibitory effect on autophagy
(56). Given the fact that RipA inhibits the initiation of autophagy,
we hypothesized that the virulence factor RipA might activate
the PI3K-AKT-mTORC1 signaling pathway for the inhibition
of autophagy initiation. We analyzed the activation and
repression status of PI3K-AKT-mTORC1 and ULK1 by detecting
activator and inhibitory phosphorylation using phospho-specific
antibodies in the Western blot analysis. We observed that
treatment with RipA consistently stimulated activation of PI3K-
AKT-mTORC1 and inhibition of ULK1 protein kinases in a
dose-dependent manner, as evident from phosphorylation status.
The phospho-activation of PI3K-AKT-mTORC1 induces the
phosphorylation of ULK1 culminating in the repression of
autophagy, which is indicated by the dose-dependent increase
in its inhibitory phosphorylation (Figures 7A–E). These results
suggest that RipA induced the activatory phosphorylation
of PI3K-AKT-mTORC1 and inhibitory phosphorylation of
autophagy kinase ULK1. Reduced activation of PI3K-AKT-
mTORC1 and minimal inhibition of ULK1 were observed when
denatured protein (HI) was incubated with cells. However, the
treatment of RipA to 1TLR4 cells did not show any change
in the activation status of AKT, one of the kinases of the pro-
survival pathway (Figures 7F,G). Therefore, we conclude that
RipA activates TLR4-dependent PI3K-AKT-mTORC1 signaling
pathway involved in the inhibition of autophagy initiation.

RipA Localizes to the Mitochondria and
Inhibits the Production of Electron
Transport Chain Proteins in Macrophages
RipA interacts with mammalian cell entry protein Mce2B
(29), suggesting that RipA is targeted to the host macrophage
cells to modulate host-pathogen interaction. Thus, to explore
its localization inside the mammalian cells, we employed
transient transfection of C-terminal GFP-tagged RipA into
HEK293T cells and analyzed its localization using fluorescence
microscopy. GFP-tagged RipA localized into the cytoplasm as
punctuated foci, indicating that it might be targeted to a specific
organelle (Supplementary Figure 4). On the contrary, the vector
alone transfected cells displayed diffuse signal all across the
cytoplasm. In-silico analysis by various localization servers like
MITOPROT, PSORTII, and TargetP predicted the presence of N-
terminal mitochondrial targeting sequence in RipA and possible
mitochondrial localization with high probability. Mitochondrial
targeting sequences are amphipathic, and upon analysis, we

observed that half of the RipA mitochondrial targeting sequence
is formed by the predominantly positively charged amino
acids followed by hydrophobic amino acids demonstrating its
amphipathic nature (Figure 4L). We used untagged RipA to
study its co-localization to the mitochondria assessed using
MitoTracker Deep Red FM dye and CoxIV. After transient
transfection of untagged RipA or pcDNA 3.1+ vector alone,
we observed that RipA is co-localized along with mitochondria
(Figure 8A).

To confirm this observation, untagged RipA cloned in pc-
DNA3.1+ vector or vector alone were transfected in HEK293T
cells, and the location of RipA was studied at 24, 48, and 72 h
post-transfection using a polyclonal anti-RipA antibody. Analysis
of immunofluorescence images showed that RipA co-localized
along with MitoTracker Deep Red stained mitochondria
(Supplementary Figure 5A). Statistical quantitation of RipA
and MitoTracker Deep Red stained mitochondria is shown
in Supplementary Figure 5B. Colocalization of untagged RipA
to the mitochondria suggest that RipA is a mitochondria-
targeted protein. Vector alone transfected cells determined the
specificity of the anti-RipA antibody by depicting the regular
distribution of mitochondria in the cytoplasm (Figure 8A).
This observation prompted us to explore the role of RipA
in regulating mitochondrial function. We examined the levels
of oxidative phosphorylation enzymes, such as succinate
dehydrogenase (SDHA) cytochrome C, CoxIV, and pyruvate
dehydrogenase, as well as HSP60 in RipA treated cells. As
shown in Figures 8B–G, treatment with RipA resulted in
lower levels of SDHA, cytochrome C, CoxIV, and pyruvate
dehydrogenase of the mitochondrial oxidative phosphorylation
as well as chaperone HSP60. These results demonstrate that
RipA localizes to the mitochondria and possibly hampers normal
mitochondrial function.

RipA Inhibits Caspase-Dependent
Apoptosis Through the Activation of MDM2
and the Map Kinase JNK 1/2
We have shown in previous results that RipA activates PI3K-
AKT-mTORC1 pro-survival signaling cascade of the host that
results in the inhibition of programmed cell death/apoptosis
(57). It prompted us to explore the role of RipA in regulating
apoptosis by determining the activation status of caspase 3,
AKT downstream target MDM2, Map kinase JNK 1/2, and
surface exposure of phosphatidylserine. RAW264.7 cells were
treated with RipA alone (1 or 2µg/ml) or with Z-VAD-FMK
and staurosporine. After 24 h of incubation, the cells were
stained with Annexin V/PI, or the Western blot analysis was
performed. RipA treatment significantly reduced the executioner
caspase 3 cleavage (Figures 9A,B). RipA also decreased Annexin
V or Annexin V+PI double-positive cells (Figure 9C and
Supplementary Figure 6). RipA treatment of macrophage cells
resulted in an enhanced activation of AKT downstream target
MDM2, which is a regulator of the P53 dependent apoptotic
pathway as well as inhibition of MAP kinase JNK 1/2. β-
actin and total JNK 1/2 were used as loading controls in
Western blot analysis. Phosphorylated MDM2 and JNK 1/2

Frontiers in Immunology | www.frontiersin.org 11 March 2021 | Volume 12 | Article 636644

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


Shariq et al. RipA Enhances M. tb Virulence

FIGURE 7 | RipA activates PI3K-AKT-mTORC1 signaling cascade mediated by TLR4. (A) Western blots showing levels of phospho PI3K, p-AKT, p-mTORC1, and

p-ULK1 kinases in RipA-treated RAW264.7 cells. GAPDH was used as a loading control. (B–E) Quantitation of the p-PI3K, p-AKT, p-mTORC1, and p-ULK1 protein

bands are shown as bar graphs. Protein bands are normalized to GAPDH or β-actin and represented as [%] protein level to GAPDH or β-actin. (F) Western blots

showing the expression level of phospho AKT in RipA-treated 1TLR4 cells. Untreated and HI treated cells were used as negative controls. (G) Densitometric analysis

of phospho AKT bands in 1TLR4 cells is shown as a bar graph. Phospho AKT levels were expressed as relative protein levels to GAPDH [%]. Data are representative

of 2 independent experiments and expressed as means ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. controls. n.s, not significant.

were normalized to respective β-actin and total JNK 1/2 and
represented as bar graphs. As shown in (Figures 9D–F), RipA
induced the phosphorylation and activation of MDM2, whereas
it inhibited the phosphorylation of MAP kinase JNK 1/2, which
is suggestive of its inhibitory role. These results demonstrate the
anti-apoptotic potential of RipA on macrophage cells, which can
be exploited by the pathogen for its survival and dissemination.

RipA Modulates Endoplasmic Reticulum
Stress Response by Inhibiting Unfolded
Protein Response Pathway
The role of RipA in metabolic reprogramming and inhibition
of apoptosis led us to explore its role in the unfolded
protein response (UPR) pathway that is indicative of ER stress.
Macrophages were infected with recombinant M. smegmatis
bacteria expressing RipA constitutively to study the modulation
of the ER stress response. Downregulation of CHOP in
recombinant bacteria-infected macrophages suggested ER stress
mitigation by RipA (Figure 9G). Consequent to it, the levels
of the UPR pathway proteins, BIP and PDI, were analyzed,
which also depicted the downregulation after 24 h of infection
(Figure 9G). Our earlier observation that RipA inhibited
apoptosis support these findings. The infection of macrophage
cells with M. smegmatis induces robust activation of the UPR
mediated apoptosis pathway for its clearance. Inhibition of UPR

markers by recombinantM. smegmatis containing RipA suggests
that RipA inhibits the activation of ER-mediated UPR response.

Further, to confirm the role of UPR in cell survival, we used
tunicamycin as an agent to induce the general UPR pathway
of ER. Tunicamycin inhibits glycosylation into the ER lumen.
Macrophage cells infected with recombinant M. smegmatis
or vector transformed were treated with tunicamycin, and
bacterial survival was measured in terms of CFU. Tunicamycin
treatment leads to the killing of intracellular M. smegmatis
(wild-type and vector transformed M. smegmatis); however,
the killing was markedly reduced in the case of recombinant
M. smegmatis (Figure 9H). The higher CFU in tunicamycin
treated recombinant M. smegmatis suggested that RipA inhibits
tunicamycin induced UPR. These observations confirm the role
of RipA in stress reduction, which is evidenced by a lower
expressions of the UPR pathway chaperones, BIP and PDI, as well
as a reduced expression of CHOP. These findings suggest that the
inhibition of the UPR response is yet another role of RipA in cell
survival response.

DISCUSSION

We demonstrate that an M. tb secretory protein RipA activates
macrophages to produce pro-inflammatory cytokines, TNF-α,
IL-12, and IL-6, via the activation of TLR4. These results, along
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FIGURE 8 | RipA localizes to the mitochondria and treatment of RipA to RAW264.7 cells lead to decreased protein levels of electron transport chain enzymes. (A)

Confocal microscopic images showing mitochondrial co-localization of untagged RipA at 48 h after transfection. Colocalization of untagged RipA (probed with

anti-RipA antibody, 1:500) with mitochondria stained with MitoTracker Deep Red FM dye and CoxIV. Vector alone transfected cells were used as the negative control.

Scale bar indicates 100µm. Anti-RipA antibody was used to probe the localization of RipA. Mitochondrial positions were marked using MitoTracker Deep Red FM dye

and CoxIV protein of mitochondrial electron transport chain. DAPI was used to stain the nucleus. A488 and A594 conjugated secondary antibodies were used for

signal detection. (B) Western blots showing the levels of electron transport chain enzymes in RipA treated RAW264.7 cells. Untreated and HI treated cells were used

as negative controls. (C–G) Densitometric quantification of SDHA, cytochrome C, CoxIV, pyruvate dehydrogenase, and HSP60 are shown as bar graphs. Data are

representative of 2 independent experiments and expressed as means ± SD. n.s, not significant. *p < 0.05 and **p < 0.01 vs. controls.

with the enhanced expression of co-stimulatory and antigen-
presenting molecules, demonstrate that RipA likely stimulates
the development of Th1 immune response via macrophage M1
polarization. Our results also demonstrate that RipA stimulates
the overexpression of TLR4 and enhances its membrane
organization, which is a hallmark feature of TLR4 activation.
MD simulations exhibited that RipA acts as a stabilizing agonist
of (TLR4)2 dimer. This pro-inflammatory response via TLR4
activation could be reminiscent of the canonical host immune
strategy to arm the immune system against pathogens by
exploiting antigenic regions of virulence factors (58). However,
pathogens can also exploit the enhanced inflammatory response
to induce host immunopathology for their dissemination (59,
60). Increased TNFα levels account for unwanted inflammatory
effects and an unusual clinical deterioration (61). Furthermore,
recent advances in tuberculosis (TB) immunity have revealed
that granulomatous inflammation in TB infection is highly
dynamic and the early influx of neutrophils may lead to excessive
inflammation and pulmonary cavitation, which provide niches
for M. tb not only to survive but also to spread to other sites. It
is worthwhile to note that, even though the host can evoke pro-
inflammatory responses against a protein, these virulence factors

deceive the host by modulating the host defense mechanism for
their survival.

Autophagy and apoptosis are two critical innate defense
mechanisms against invading intracellular bacterial pathogens.
These two innate defense pathways are linked both positively
and negatively, and extensive crosstalk exists between the two
processes. Generally, the activation of autophagy blocks the
induction of apoptosis, whereas apoptosis-associated caspase
activation shuts off the autophagic process (62, 63). However,
during intracellular infection, host cells could activate both
autophagy and apoptosis for the clearance of the pathogen.
RipA inhibits autophagy so that host cells are not able to
activate autophagy adaptors to induce xenophagy. Moreover,
due to autophagy inhibition, the host cell is not able to adapt
to the pathogen mediated stress that aids in pathogen survival.
Intriguingly, RipA also ensures the inhibition of apoptosis
that acts as a canonical innate defense strategy to inhibit the
intracellular survival of the pathogen. In the present study, we
used a combination of in-silico analyses, in-vitro mammalian
cell transfection experiments, and recombinant M. smegmatis,
a surrogate of M. tb, to describe a previously uncharacterized
mechanism of autophagy blockade by the M. tb secretory
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FIGURE 9 | RipA inhibits caspase-dependent apoptosis of RAW264.7 cells. (A) Western blots showing the level of active caspase 3 in RipA treated samples.

Untreated and HI treated cells were used as negative controls. (B) Densitometric quantitation of active caspase 3 in RipA treated samples. (C) Flow cytometric

analysis of early apoptotic cells in RipA treated macrophages. HI-treated cells were used as a negative control, whereas staurosporine and ZVAD-FMK served as

controls for caspase-dependent apoptosis induction and repression. (D) Western blots showing the level of activated phospho MDM2 and inhibited phospho JNK

1/2, and total JNK 1/2. Total JNK 1/2 and β-actin were used as controls. (E,F) Densitometric quantification of pMDM2 and pJNK 1/2 protein bands are shown as bar

graphs. (G). Western blots showing the levels of ER stress markers BIP, PDI, and CHOP. (H) RAW264.7 macrophage cells (2 × 106 cells) were infected with

recombinant M. smegmatis expressing M. tb RipA and vector alone at MOI-1:10. Colony-forming units were determined after 24 h of infection. Recombinant M.

smegmatis containing RipA showed higher survival inside macrophages in untreated, as well as tunicamycin treated cells demonstrating higher infectivity and

virulence capacity of recombinant M. smegmatis containing RipA. Data are representative of 3 independent experiments and expressed as means±SD. *p < 0.05, **p

< 0.01, and ***p < 0.001 vs. controls.

effector protein, RipA. The use of rapamycin and bafilomycin A1
identified that RipA acts as an inhibitor of autophagy initiation as
it reduced the effect of rapamycin as well as decreased autophagic
flux that diminished the effect of bafilomycin A1. This autophagy
inhibition involves the TLR4 mediated activation of the PI3K-
AKT-mTORC1 signaling pathway (64). Interestingly, we also
observed that RipA treated RAW264.7 cells exhibited a low
level of Rab7, a member of small GTPases. Rab7 is one of
the most important molecules that modulate the maturation of
autophagosomes and is an effective multifunctional regulator
of autophagy (65). These findings possibly indicate that RipA
inhibits autophagy initiation through the activation of PI3K-
AKT-mTORC1 signaling axis and autophagosomes maturation
by inhibiting the production of Rab7. The innate immune
receptor TLR4 has also been known to mediate LPS-induced
autophagy (66), but similar to our observation, it also mediated
the inhibition of autophagy in various cases (67, 68). The
activation of receptor along with downstream signaling and
properties of the ligand ultimately translates into the desired
effect. LPS activates TLR-mediated autophagy that is TRIF

dependent and Myd88 independent. We observed that RipA-
induced the inhibition of autophagy by TLR4 activation that is
Myd88 dependent.

RipA stimulated macrophages also displayed the inhibition
of caspase-mediated apoptosis via the suppression of active
caspase 3 and MAP kinase JNK 1/2 along with the activation
of AKT downstream target ubiquitin ligase MDM2. This
observed an inhibitory effect of RipA on apoptosis, which may
likely be through the activation of MDM2 by AKT. These
findings suggest that M. tb RipA dampens two of the crucial
host-mediated defense pathways, autophagy and apoptosis, to
favor the survival of pathogen inside the infected host (69).
Several of the M. tb proteins are known to inhibit/induce
host cell apoptosis or autophagy. PE_PGRS41 is the only
other known protein that has been demonstrated to inhibit
apoptosis as well as autophagy (70). NuoG, a type I NADH
dehydrogenase of M. tb, inhibits extrinsic apoptosis and
autophagy, whereas ESAT-6 is involved in the inhibition of
autophagy and induction of apoptosis (23, 24, 71). Eis, another
protein of M. tb, is involved in suppressing autophagy in a
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FIGURE 10 | A schematic model of RipA depicting possible interaction of RipA with surface immune receptor TLR4 and emanating downstream cascades. After

interaction with TLR4, RipA activates a downstream PI3K-AKT-mTORC1 signaling pathway that ultimately culminates in the repression of autophagy and apoptosis.

RipA recognition by TLR4 activates canonical NFκB signaling pathways and induces the production of pro-inflammatory cytokines. RipA also inhibits the production of

oxidative phosphorylation enzymes resulting in metabolic reprogramming.

redox-dependent manner and also inhibits caspase-independent
cell death (22).

Our observation that RipA inhibits the production of UPR
pathway chaperones, BIP, and PDI, as well as CHOP, suggest
that RipA represses the ER-mediated UPR pathway to inhibit
apoptosis for increased bacterial survival. ER-mediated stress
response or activation of the UPR pathway plays a significant role
in reducing the survival of M. tb and in suppressing apoptosis.
We observed that RipA increased the survival of recombinant
M. smegmatis expressing RipA within the macrophages. The
recombinant bacteria also exhibited enhanced resistance to
ER stress inducer tunicamycin, thereby reiterating the role of
RipA in repressing apoptosis and causing increased survival
within macrophages.

Reduced levels of oxidative phosphorylation enzymes SDHA,
cytochrome C, and CoxIV in RipA-treated macrophages suggest
that M. tb RipA promotes Warburg-like effect or metabolic
repurposing. It may provide the M. tb, a favorable niche for
replication, possibly through rewiring TCA cycle intermediates,
such as citrate and succinate for biosynthetic pathways of

the pathogen. It has been earlier demonstrated that M. tb
provokes Warburg-like metabolic effects by inhibiting oxidative
phosphorylation and inducing aerobic glycolysis (72, 73).
However, the role of individual effector proteins of M. tb has
not yet been elucidated. M. tb inevitably uses a battery of
virulence factors like RipA to target the cellular physiology to
perturb the immunometabolic machinery. Mitochondria being
the power house of cells are target of intracellular pathogens
like M. tb that ensures rewiring of host metabolites for better
intracellular survival. The downregulation of electron transport
chain and Tricarboxylic acid cycle enzymes by RipA marks
an energy quiescent cell that is permissive to mycobacterial
infections. The Warburg-like effect induced by RipA translates
into increased glucose uptake and glycolysis along with the
deviation of glycolytic intermediates to fatty acids, which acts as
a source of nutrition for intracellular mycobacteria. The classical
foamy phenotype of infected macrophages is due to rewiring of
the glycolytic pathway toward ketone body and lipid synthesis.
Infected macrophages switch from pyruvate oxidation to the
reduction of pyruvate into lactate that serves as an additional
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carbon substrate forM. tb (74–76). Although, yet to be validated,
these effects point to TLR4-mediated HIF1-α activation possibly
lead to the inhibition of oxidative phosphorylation and the
activation of glycolysis to promote metabolic reprogramming.
RipA is also localized to mitochondria where it can likely impair
cellular bioenergetics. Further definitive studies are warranted
to delineate the role of RipA targeted to the mitochondria in
the regulation of its function and metabolic reprogramming.
In addition to inhibition of the production of mitochondrial
oxidative phosphorylation enzymes, RipA also inhibited the
production of stress-activated mitochondrial chaperone HSP60,
which plays an unequivocal role in the mitochondrial protein
import and quality control along with mitigation of host
stress (77).

Summarizing these observations, we propose a model
(Figure 10) in which M. tb RipA interacts with the surface
immune receptor, TLR4. Interaction of RipA to TLR4 results
in the activation of host pro-survival signaling cascade (PI3K-
AKT-mTORC1) that, in turn, represses two of the host defense
pathways, autophagy, and apoptosis. RipA also inducesmetabolic
repurposing of macrophages and the modulation of autophagy
and apoptosis that may represent a key virulence strategy used
by M. tb through RipA to replicate within macrophages and
cause successful pathology. Though the findings were interesting,
these need to be validated in RipA deletion mutant of M.
tb. The multifaceted role of this protein ought to be further
correlated with the pathophysiology of the M. tb infection.
The suggested effect on metabolic reprogramming demands
validation and correlation with the suppression of cell death
pathways. Further, correlation of observed effects with actual
physiological concentration of RipA during the in-vivo infection
will aid in better understanding the moonlighting effect of
this protein. Multi-tasking and protein promiscuity (78, 79) is
emerging as a common strategy for pathogens that have evolved
by genomic reduction (80, 81). A recent report also showed the
role of RipA in persistence of M. tb in mice suggestive of its
role as a virulence factor and potential drug target (82). This
corroborates our observation of the pro-pathogen role of RipA,
wherein we speculate that this virulence factor possibly leads a
multipronged attack to subdue host defense. While one of the
emphasis of this work revolves around autophagy, the other
substantial moonlighting functions, like disruption in cellular
bioenergetics and immune modulation, lead to a multipronged
attack to dampen host response point to RipA as a crucial
virulence factor. Being an endopeptidase, it catalyzes a crucial
step in cell wall synthesis that is one of the major virulence
determinants of M. tb. Moreover, RipA is critical for virulence
as M. tb 1RipA failed to establish the infection in macrophages
as well as the mouse model of TB (82). This is an avid example
of functional fluidity in pathogenic proteins that we believeM. tb
has gained after reductive evolution. Thus, we firmly believe that
RipA is a potential drug target and further studies on this protein
can provide insights into pathomechanisms employed by chronic
pathogens like M. tb. Further studies in this area could delineate
the RipA mediated pathology for better understanding of disease
pathomechanism apart from a potential cell wall targeting drug
againstM. tb.
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Supplementary Figure 1 | Analysis of antigenic potential and B cell epitopes of

RipA. (A) The antigenic propensity of RipA was analyzed using the Scratch protein

predictor tool and compared with known antigenic molecules of Mycobacterium

tuberculosis (M. tb) such as ESAT-6, CFP-10, and PSTS1. As shown in the

pictorial representation, RipA displays the comparable antigenic potential to the

well-known antigenic molecules of M. tb. (B) B-cell epitope prediction was

performed using a B-cell epitope prediction tool. As shown in the figure, RipA

harbors sequence stretches that form B-cell epitopes. B-cell epitopes present in

RipA were similar to known proteins that have abundant B-cell epitopes such as

ESAT-6, CFP-10, and PSTS1.

Supplementary Figure 2 | Protein purification profile of RipA and its effect on cell

survival of RAW264.7 cells. (A) SDS-PAGE profile of affinity-purified RipA. (B)

Western blot showing the specificity of the anti-RipA antibody and purity of RipA
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protein. (C) MTT assay was used to study the effect of RipA on the survival of

RAW264.7 cells. RAW264.7 cells were treated with various concentrations of RipA

(1, 2, 5, and 10µg/ml), and cell survival was measured using MTT assay after 24 h

of treatment. Untreated cells were used as control. Cell survival in the presence of

RipA was analyzed as compared to untreated cells and represented as [%]

survival of RAW264.7 cells. (D) Western blot showing proteinase K digested and

heat-inactivated (HI) protein samples as well as purified RipA alone probed using

anti-RipA antibody. One aliquot of purified RipA was subjected to proteinase K

digestion followed by heat inactivation at 100◦C for 4 h. Proteinase K digested and

HI sample was used as a negative control in each experiment as HI RipA. (E)

Western blot showing the expression level of RipA in M. smegmatis transformed

with pST-2K vector alone and pST-2K containing ripA. Western blot was

performed using anti-RipA polyclonal sera. The enhanced expression of surface

markers on THP-1 cells (MHC-II and CD80) at 24 h after treatment with medium

alone, and 2µg/ml RipA. The expression level was determined by FACS analysis

using A488 and PE linked monoclonal antibodies, respectively. (F) Graphical

representation of MHC-II. Quantitative representation of MHC-II. Graphical

representation of CD80. Quantitative representation of CD80 expression on the

surface of THP-1 cells. Data are representative of three independent experiments

and expressed as means ± SD. ∗p < 0.05 and ∗∗p < 0.01vs. controls.

Supplementary Figure 3 | M. tb RipA contains two canonical LIR motifs. (A) The

RipA protein sequence of M. tb and Mycobacterium smegmatis was analyzed

using iLIR web-server (www.repeat.biol.ucy.ac.cy/cgi-bin/iLIR/iLIR_cgi). M. tb

RipA was found to encompass a high scoring LC3 interacting motif region (LIR)

motif (RAWDGL) that was absent in M. smegmatis RipA. (B) Multiple Sequence

Alignment of M. tb RipA and M. smegmatis RipA reveals the divergence of the 2

proteins, more specifically in the LIR motif containing region.

Supplementary Figure 4 | RipA localizes in the cytoplasm of transfected

HEK293T cells as punctuated foci. HEK293T cells were transfected using GFP

tagged RipA harboring plasmids or vector alone. Twenty four hours

post-transfection cells were fixed and the localization of RipA was analyzed using

fluorescence microscopy. As shown in the figure, RipA was localized in the

cytoplasm and forms punctuate foci (marked by arrows). EGPN-1 vector alone

transfected cells were used as a control and show diffuse signal all across the

cytoplasm. DAPI was used to mark the nucleus. Scale bar indicates 10µm.

Supplementary Figure 5 | RipA localizes to mitochondria in transfected

HEK293T cells. (A) Immunofluorescence microscopic images showing

mitochondrial colocalization of untagged RipA at 24, 48, and 72 h

post-transfection. Vector alone transfected cells (lower panel) showing the

distribution of mitochondria and the anti-RipA antibody specificity. Scale bar

indicates 10µm. Anti-RipA antibody was used to probe the localization of RipA.

Mitochondrial positions were marked using Mitotracker Deep Red FM dye. DAPI

was used to stain the nucleus. A488-conjugated secondary antibody was used

for signal detection. Vector alone transfected cells were used as the negative

control. (B) Analysis of confocal microscopic image for colocalization of RipA and

mitochondria using Nikon NIS element software version 5.21.00. Colocalization

parameters were shown in the tabulated form at the right of the picture.

Supplementary Figure 6 | RipA inhibits apoptosis of macrophage cells. Flow

cytometric analysis of early and late apoptotic cells of RipA treated macrophages.

HI-treated cells were used as a negative control, whereas staurosporine and

ZVAD-FMK served as controls for caspase-dependent apoptosis induction and

repression. Briefly, RAW2647.7 cells were seeded in a 6-well-tissue culture plate,

after 2 h of adherence at 37◦C, the cells were treated with RipA (2µg/ml), HI RipA

(2µg/ml), 0.1µM staurosporine, and 2µM pan caspase inhibitor Z-VAD-FMK.

After completion of the treatment, cells were harvested and processed as

instruction given by the manufacturer (BD Biosciences, San Jose, USA). Samples

were analyzed using BD FACSVerse machine and FlowJo software.

Supplementary Table 1 | Details of specific H-bonds at the end of simulations

between RipA (Bold) and toll-like receptor (TLR)4.

Supplementary Table 2 | Primers used in this study.

Supplementary Table 3 | Bacterial strains and plasmids used in this study.
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