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A B S T R A C T

The success of Mycobacterium tuberculosis as a pathogen largely contributes to its ability to infect, modify and
persist within the host cells. M. tuberculosis Rv0177 is a gene of the mce1 operon (Mammalian cell entry), en-
coding a conserved hypothetical protein, essential for M. tuberculosis survival and up-regulated within murine
macrophages. To explore its function, Rv0177 was heterologously expressed in M. smegmatis. The recombinant
protein was located in the cell wall. M. smegmatis recombinant strain expressing Rv0177 altered sliding motility,
its cell wall architecture and the permeability. Moreover, M. smegmatis expressing Rv0177 could up-regulate
MCP-1 and downregulate the IL-6 expression in RAW264.7 macrophages in comparison to the control.
MS_Rv0177 increased the expression of MCP-1 inducible protein (MCPIP) and a C/EBP homologous protein
(CHOP) owing to MCP-1. In addition, the JNK signaling pathway was engaged in the interplay between
MS_Rv0177 and macrophages. The macrophage caspase-3 activation and cell apoptosis were induced by the
recombinant. This provided novel functional cues for the MCE-associated Rv0177.

1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis remains a
formidable threat to the global public health with millions of deaths
and around 9 million of infections each year [1]. M. tuberculosis viru-
lence factors have been extensively characterized [2–6]. However, the
roles of the mce operons still remain elusive although several mce
proteins are reported to be involved in the pathogenesis of M. tu-
berculosis.

M. tuberculosis H37Rv genome has mce1–4 operons, each including
two yrbE genes (yrbEA and yrbEB) and six mce genes (mceA, mceB, mceC,
mceD, mceE and mceF) [7,8]. The mce1–4 operons encode ABC-like
transporter is important for the lipid homeostasis of M. tuberculosis [9].
The mce4 encodes a cholesterol import system, essential for M. tu-
berculosis to persist within IFN-γ activated macrophages and in the
lungs of animals during chronic infection [10]. The recombinant LprN
protein of mce4 operon can increase the production of TNF-α and IFN-γ
to induce Th-1 type response in the BALB/c mice [11]. The Mce3E
protein of mce3 operon suppressed the expression of TNF-α and IL-6 via

reducing the phosphorylation and inhibiting the translocation of ERK
1/2 in RAW 264.7 murine macrophages [12]. M. bovis mce2-phoP
double knockout as candidate vaccine against the M. bovis [13]. 13
genes (Rv0166-Rv0178) of mce1 operon were co-transcribed and ne-
gatively regulated by Mce1R (Rv0165) in vivo [14,15]. Fatty-acyl-CoA
synthetase FadD5 is crucial for the metabolism of mycolic acid [16].
Polystyrene latex microspheres coated with the purified recombinant
Mce1A (Rv0167) protein are more readily uptake by HeLa cells [17].
The disruption of mce1 operon resulted in accumulation of free myco-
lates (mainly alpha, methoxy and keto mycolates) in the cell wall
[18–20]. The hypervirulent mutant reduced the cellular production of
TNF-α, IL-6 and nitric oxide (NO) through the Toll-like receptor 2
[21–24].

Rv0177 is one of the 54 predicted proteins involved in the host-
pathogen interaction [25]. To explore its roles, the Rv0177 re-
combinant M. smegmatis was constructed. The results show that the
Rv0177 gene could alter the cytokines profile of the RAW264.7 murine
macrophages, and induce cell apoptosis.
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2. Materials and methods

2.1. Bacterial strains, plasmids and culture conditions

Escherichia coli DH5α and Mycobacterium smegmatis mc2 155 strains
were preserved by the Institute of Modern Biopharmaceuticals. We used
pNIT-Myc plasmid (Mycobacterium shuttle vector) constructed from
pNIT-1 harboring a Myc-tag for Western blotting [26]. M. smegmatis
mc2 155 was grown in Middlebrook (MB) 7H9 liquid medium supple-
mented with 0.05% (v/v) Tween 80, 0.5% (v/v) glycerol and 0.2% (w/
v) glucose or Middlebrook (MB) 7H10 agar plates. When necessary, the
culture media were supplemented with the antibiotic kanamycin
(25 μg/ml for Mycobacterium and 50 μg/ml for E. coli) and ampicillin
(50 μg/ml).

2.2. Construction of recombinant M. smegmatis expressing Rv0177

The primers used in our study are listed in Table 1. The full-length
of the gene was amplified by PCR using the gene-specific primers from
theM. tuberculosis H37Rv genome. The PCR fragments were digested by
EcoRI and SphI, then purified and ligated into the modified pNIT-Myc
shuttle vector. The plasmids (pNIT-Rv0177-Myc and pNIT-Myc) were
electroporated into the nonpathogenic M. smegmatis mc2 155, respec-
tively. The recombinant strain colonies were selected on MB 7H10 agar
plates containing the antibiotic kanamycin (25 μg/ml). The successfully
transformed constructs were further confirmed by PCR amplification.
The recombinant M. smegmatis strains harbored pNIT_Rv0177_Myc or
pNIT_Myc vector was grown in MB 7H9 medium supplemented with
25 μg/ml kanamycin and 28mM ε‑caprolactam inducer (Aladdin,
China). After induction, the bacterial pellets were harvested and soni-
cated. The samples were subjected to SDS-PAGE and further detected by
Western blotting with the anti-Myc antibody (TIANGEN, China). The
blots were formed after incubation with the secondary antibody, a goat
anti-mouse IgG-HRP monoclonal antibody labeled with horseradish
peroxidase (TIANGEN, China).

2.3. Subcellular localization of Rv0177 protein in M. smegmatis

Subcellular localization of the Rv0177 protein was identified by
using the methods previously reported [27,28]. Briefly, the MS_Rv0177
and MS_Vec were grown to OD600= 0.6–0.8, adding 28mM ε-capro-
lactam for 16 h induction. Bacterial cell pellets were harvested and
sonicated, then the whole lysates were centrifuged at 3000×g for 5min
at 4 °C to separate the intact cells and cell debris. The supernatant was
centrifuged at 27,000×g for 40min at 4 °C, the cell wall fraction, cell
membrane and cytoplasmic fraction were collected separately, followed
by SDS-PAGE and Western blotting to determine the expression and
location of the Rv0177 protein. GroEL2 was a cytoplasmic control from

native M. smegmatis containing an endogenous histidine. The anti-His
tag antibody (TIANGEN, China) was used for the assay [29].

2.4. Sliding motility measurement

For the sliding motility assay, 7H9 media supplemented with 0.3%
agarose was prepared. Then 3 μl of cell culture at an OD600 of 0.4 with
ten-fold serial dilutions was carefully spotted onto the center of the
plates. The scale of cell motility was measured after 5–6 days.

2.5. Transmission electron microscopy (TEM)

For TEM, MS_Rv0177 and MS_Vec were induced, washed and col-
lected at 4000×g for 10min. The bacterial cells were separated gently,
continuously centrifuged at 1000×g for 15min and then fixed with 4%
glutaraldehyde for 2 h at 4 °C. Ultra-thin sections (50–70 nm) were
made with a glass knife on ultra-microtome. Specimens were examined
by the H-7500 transmission electron microscopy (Hitachi).

2.6. Permeability assay

The ethidium bromide (EB), low molecular fluorescent dye, can
readily penetrate the bacterial cells. The induced recombinant strains
were washed with 1× PBS containing 0.05% Tween80 (PBST). The
bacterial cells were stained with 2 μg/ml EB (Sigma) in 96-well plates.
The plates were read by excitation at 544 nm and emission at 590 nm at
an interval of 5min for 1 h on a microplate reader (BMG Labtech) to
determine the fluorescence intensity of intracellular EB. The mean
value from three independent repeats.

2.7. Intracellular survival

RAW264.7 macrophages were cultured in RPMI-1640 medium
containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, 100 μg/ml streptomycin (Invitrogen) and 2mM glutamine.
Then RAW264.7 macrophages were maintained in a humidified in-
cubator supplemented with 5% CO2 at 37 °C.

RAW264.7 cells were seeded at 1× 106 per well in 12-well tissue
culture plates. After 18 h, the macrophages were infected with
MS_Rv0177 and MS_Vec at a multiplicity of infection (MOI) of 10:1.
After 4 h of infection, cells were washed three times with sterilized 1×
PBS, then fresh RPMI-1640 medium was added containing 10% FBS
supplemented with 250 nM IVN (Sigma) dissolved in DMSO and
100 μg/ml hygromycin B (Roche, USA). After 6 h, 24 h, 48 h and 72 h of
infection, cells were washed three times and lysed with sterilized
0.025% (w/v) SDS in water. The lysed macrophages were spotted on
the MB 7H10 plates at ten-fold dilution and colonies were enumerated
after 3–4 days at 37 °C.

2.8. Cell viability and cell cytotoxicity

RAW264.7 cells were plated in the 96-well plates. The cells were
infected with the recombinant strains and collected at different time
6 h, 24 h, and 48 h after infection, the samples were harvested and 10 μl
MTT (3‑(4‑5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl tetrazolium bromide,
5mg/ml) was added to each well and incubated for 3 h at 37 °C. The
intracellular accumulated formazan from the reduced MTT was dis-
solved by DMSO and measured at 570 nm on the microplate reader.

RAW264.7 cells were seeded at 1× 106 per well in 12-well tissue
culture plates. The macrophages were infected with MS_Vec and
MS_Rv0177 at MOI= 10:1 and the culture supernatants were collected
at 6 h and 24 h. The release lactate dehydrogenase (LDH) activity of
RAW264.7 macrophages was measured with the Cytotox96
Cytotoxicity Assay Kit (Promega, USA) to evaluate the cytotoxicity
[30].

Table 1
The primers used in this study.

Primers Sequences (5′-3′)

pNIT-Rv0177 -For GAATTCATGAGCCCCCGTCGTAAGTTTG
pNIT-Rv0177 -Rev GCATGCGATCACCGGAAGCAGACTG
MCP-1-For CTTCTGGGCCTGCTGTTCA
MCP-1-Rev CCAGCCTACTCATTGGGATCA
IL-6 -For CTGCAAGAGACTTCCATCCAG
IL-6- Rev AGTGGTATAGACAGGTCTGTTGG
MCPIP-For CCCCCTGACGACCCTTTAG
MCPIP-Rev GGCAGTGGTTTCTTACGAAGGA
CHOP-For CATCACCTCCTGTCTGTCTC
CHOP-Rev AGCCCTCTCCTGGTCTAC
GRP78-For AGGATGCGGACATTGAAGAC
GRP78-Rev AGGTGAAGATTCCAATTACATTCG
β‑actin-For AGAGGGAAATCGTGCGTGAC
β‑actin-Rev CAATAGTGATGACCTGGCCGT
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2.9. Apoptosis analysis

The apoptotic cells were detected using the Annexin V-FITC/PI
Apoptosis Detection Kit (Shanghai, PR China). The cells were washed
with sterilized 1× PBS buffer three times and stained with 10 μl
Annexin V-FITC and 5 μl propidium iodide (PI) for 10min at 37 °C in
the dark. The stained cells were observed using a fluorescence micro-
scope.

2.10. Assay for cytokine production

Total RNA was collected with the bacterial/cell RNA extraction kit
(TIANGEN, China) according to the manufacturer's instructions. The
DNAase treated total RNA (1 μg) was transcribed into cDNA and
quantitative RT-PCR was performed with the indicated primers for
β‑actin, MCP-1, IL-6, MCPIP, GRP78 and CHOP genes (Table 1). Then
the concentration of cytokines in the infected RAW264.7 cells super-
natant was determined by the ELISA kits for MCP-1 and IL-6 as the
manufacturer's protocols (Shanghai, China).

2.11. Statistical analysis

The data was analyzed using Student's two-tailed t-test. Significance
was defined as P values (*P < 0.05, **P < 0.01, ***P < 0.001,
ns= not significant). Error bars represent standard deviation.

3. Results

3.1. M. tuberculosis Rv0177 can be heterologously expressed in M.
smegmatis

Rv0177 is a member of mce1 operon conserved among M. tubercu-
losis, M. bovis, M. leprae, M. marinum and non-pathogenic M. smegmatis
(Fig. S1). The 555 bp M. tuberculosis Rv0177 gene encodes a 20 kDa
protein. In our study, two recombinant M. smegmatis strains were con-
structed. The MS_Rv0177 strain harbored the recombinant
pNIT_Rv0177_Myc vector, while the MS_Vec only harbored pNIT_Myc.
Both MS_Rv0177 and MS_Vec, were grown in 7H9 medium supple-
mented with kanamycin. The PCR product of Rv0177 gene was con-
firmed (Fig. 1A). The 25 kDa Rv0177_Myc fusion protein was identified
by Western blotting but it was absent in MS_Vec (Fig. 1B).

3.2. Rv0177 protein is cell wall localized in the recombinant strain

Rv0177 protein is highly conserved in mycobacterial strains with a
predicted transmembrane domain in bioinformatics. To determine its
subcellular location, the induced MS_Vec and MS_Rv0177 bacterial
pellets were sonicated, fractioned and subjected to Western blotting.
The data showed that Rv0177 protein was exclusively present in the
cell wall fraction while absent in the cytoplasmic and membrane frac-
tion. The control heat-shock protein GroEL2 was present in the M.

smegmatis cytoplasm (Fig. 2).

3.3. The Rv0177 recombinant shows altered sliding mobility

In relation to the pathogenesis of M. tuberculosis, we detected the
sliding behavior to explore the physiological effect of Rv0177. The in-
creased sliding motility on the 7H9 plate supplemented with 0.3%
agarose was observed for the Rv0177 recombinants (Fig. 3). According
to the previous reports, sliding mobility of mycobacteria was closely
associated with an alteration in the profile of glycopeptidolipids (GPLs)
and mycolic acids within the mycobacterial cell wall [31,32]. We per-
formed cell wall lipid analysis, however, overexpression of Rv0177
protein did not significantly affect the fatty acid compositions and GPLs
detected by GC–MS assay (Fig. S2) and TLC analysis (data not shown),
respectively.

3.4. Rv0177 protein expression alters cell wall structure and decreases its
permeability

To further explore the alterations of the cell wall architecture, we
performed the transmission electron microscopy (TEM) analysis.
MS_Vec recombinant showed indistinct cell wall surface (Fig. 4Aa, b),
while MS_Rv0177 recombinant cell wall was more compact (Fig. 4Ac,
d), consistent with the divergent sliding motility in both recombinants.
Ethidium bromide (EB) is a small diffusible fluorescence dye; it could
penetrate into the bacterial cell wall and membrane freely. The EB
uptake assay was performed to check the cell wall permeability. As the
result, the accumulation of the intracellular EB of MS_Rv0177 was
significantly lower than MS_Vec after 1-hour treatment (Fig. 4B). This
suggests that the overexpression of Rv0177 significantly decreased the
cell envelope permeability, which further confirmed that the cell wall
localization of Rv0177 altered the cell wall architecture in M. smeg-
matis.

3.5. Rv0177 reduces the survival of M. smegmatis in RAW264.7
macrophages

Mce1A-coated polystyrene latex microspheres can be more readily
uptaken by non-phagocytic HeLa cells [17]. M. tuberculosis Δmce1
mutant is hypervirulent in C57BL/6 mice, with a higher bacterial load
in liver, spleen, and lung [21,23]. However, when RAW264.7 macro-
phages were infected with MS_Rv0177 and MS_Vec for 4 h at a MOI of
20:1, there was no difference in the invasion ability (Fig. 5C).
MS_Rv0177 survival within RAW264.7 macrophages at 24 h post-in-
fection is weaker than the MS_Vec (Fig. 5B). In addition, the growth
characteristics of MS_Rv0177 and MS_Vec were also similar in the 7H9
medium in vitro (Fig. 5A). Therefore, we speculated that Rv0177

Fig. 1. Overexpression of Rv0177 in recombinant M. smegmatis. (A) The colony
bacteria PCR amplification of the recombinant strains using the design primers.
(B) Lysates were prepared from the bacterial cells and subjected to Western
blotting analysis to detect the Myc-tag Rv0177 fusion protein by using the
mouse anti-Myc antibody.

Fig. 2. Rv0177 protein is associated with Mycobacterium cell wall. The re-
combinant strain of M. smegmatis was induced to express Rv0177 protein lo-
calized in the cell wall fractions. Subcellular fractions were separated by SDS-
PAGE and Rv0177 was detected with an anti-Myc antibody. GroEL2 was de-
tected with an anti-His antibody as a cytoplasmic control of M. smegmatis. CP/
CM (cell cytoplasm and cell membrane fraction), CW (cell wall fraction).
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Fig. 3. Assay for the sliding motility for recombinant M. smegmatis on 7H9 solid plates supplemented with 0.3% agarose.

Fig. 4. (A) The transmission electron microscope (TEM) analysis for recombinant M. smegmatis. MS_Vec and MS_Rv0177 were grown in the 7H9 medium, collected
and fixed by 4% glutaraldehyde for analysis. (a) and (b) were imaged at 40,000× and 100,000× amplification for MS_Vec specimen, respectively; (c) and (d) for
MS_Rv0177 specimen. (B) The relative accumulation of the intracellular EB of recombinant M. smegmatis. The induced MS_Vec and MS_Rv0177 strains were treated
with 2 μg/ml EB and the relative fluorescence units (RFU) of the intracellular EB was measured at an interval of 5 min and consider PBST as a negative control.
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reduces the survival of M. smegmatis within macrophages.

3.6. MS_Rv0177 alters the macrophage cytokine profile

To explore the role of Rv0177 in the virulence of M. tuberculosis,
RAW264.7 cells were infected with the recombinant M. smegmatis
strains (MS_Rv0177 and MS_Vec). Transcriptional and translational

levels were detected by RT-PCR and ELISA, respectively.
Transcriptional levels of TNF-α and IL-1β show no difference. Both
transcriptional and expression levels of IL-6 were downregulated in
RAW264.7 macrophages infected with MS_Rv0177 (Fig. 6B, D), While
Transcriptional and expression level of monocyte chemoattractant
protein 1 (MCP-1) was markedly upregulated in comparison to the
control MS_Vec (Fig. 6A, C). Both cytokine profiles of MCP-1 and IL-6

Fig. 5. The intracellular survival of recombinant
M. smegmatis within macrophages. (A) Growth
curve of MS_Vec and MS_Rv0177 at 37 °C in MB
7H9 liquid medium was measured by de-
termining OD600 at intervals of 4 h or 8 h. (B)
RAW264.7 cells were infected with MS_Vec and
MS_Rv0177 as described in the methods section,
respectively. (C) The invasion ability of the re-
combinant strains for RAW264.7 macrophages
at a MOI of 20:1 at 4 h post-infection. Invasion
ratio represents the ratio of the number of in-
tracellular bacteria and the number of initial
infection bacteria. Numbers of intracellular
bacteria are shown as a percentage of the num-
bers recorded at 6 h. Data are shown as
means ± SD of triplicate wells. Similar results
were obtained in three independent experi-
ments.

Fig. 6. Rv0177 modifies the expression of cytokines in RAW264.7 macrophages. RAW264.7 were infected with MS_Vec and MS_Rv0177 strains. After 6 and 24 h, the
infected macrophages were collected and the expression levels of MCP-1 (A, C) and IL-6 (B, D) were detected by RT-PCR and ELISA. The mRNA level of cytokines was
normalized to β‑actin mRNA. Similar results were obtained in three independent experiments.
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were recapitulated in PMA-differentiated THP-1 cells (data not shown).
The data implicated that Rv0177 might tip the balance of cytokines,
crucial for the outcome of Mycobacterium-host cell interaction.

3.7. MS_Rv0177 affects the viability of macrophages

To determine the potential cytotoxic effect of MS_Rv0177 on mac-
rophages, we tested the viability of RAW264.7 cells infected with re-
combinant strains using MTT assay after 6 h, 24 h and 48 h post-infec-
tion. The results show that the accumulation of formazan from the
reduced MTT in MS_Rv0177 infected macrophages was less than
MS_Vec at 48 h post-infection (Fig. 7A). Consistently, the relative re-
lease LDH activity from the MS_Rv0177 infected macrophages super-
natant was higher than MS_Vec at 24 h infection (Fig. 7B). This im-
plicates that MS_Rv0177 was cytotoxic to macrophages.

3.8. MS_Rv0177 promotes macrophages apoptosis

The subverted cytokines tend to trigger cell apoptosis. To study
further the role of MS_Rv0177 in cell apoptosis, Annexin V/PI double
staining was performed to determine the early and late apoptotic
macrophages. The RAW264.7 cells were stained with Annexin V-FITC
and PI after 6 h and 48 h of infection. The early apoptotic cells were
stained by Annexin V-FITC with the green fluorescence; PI with red
fluorescence stained the necrotic cells, while the late apoptotic cells
could be stained by both. Comparison of the fluorescence spots in
Ms_Rv0177 infected cells and Ms_Vec showed that the percentage of
Annexin V-FITC single positive and Annexin V/PI double positive was
higher (nearly 1.44 and 1.58 times, respectively) (Fig. 8Ba, b). Western
blotting also showed more activation of caspase-3 after 24 h in
MS_Rv0177 infected macrophages (Fig. 8A). Taken together, the data
indicate that MS_Rv0177 can induce macrophages apoptosis.

3.9. MCPIP and ER stress might be involved in MS_Rv0177-RAW264.7
macrophages interaction

The CCL2/MCP-1 was associated with the establishment and
maintenance of granuloma in M. tuberculosis latent infection, as well as
with the severity of tuberculosis [33,34]. The MCP-1 inducible protein
(MCPIP) could be induced through MCP-1 targeting the CCL2 receptor.
MCPIP harboring a CCCH-type zinc-finger domain was identified as a
novel RNase to cleave the IL-6, IL-12 and itself mRNA [35]. The ele-
vated expression of MCPIP can control the intracellular mycobacteria
survival and elicit the ER stress [36,37]. The C/EBP homologous pro-
tein (CHOP) is an ER stress molecular chaperone, playing an important
role in the ER stress-mediated cell apoptosis [38]. Glucose-regulated
protein 78 (GRP78/Bip), another associated ER stress protein, can

facilitate the degradation of misfolded proteins to alleviate ER stress
[39,40]. To explore whether MS_Rv0177 promotes the expression of
MCPIP and induces ER stress, the expression of MCPIP, CHOP and
GRP78 were monitored in RAW264.7 macrophages infected with
MS_Vec and MS_Rv0177. The infected RAW264.7 cells were collected
and lysed for RNA extraction after 6 h and 24 h post-infection, respec-
tively. MCPIP and CHOP transcriptions were upregulated and GRP78
was downregulated in MS_Rv0177 infected macrophages consistent
with previous reports [41,42] (Fig. 9). The data suggested that Rv0177
might exert its effect via modulating MCPIP and ER stress.

3.10. JNK signaling pathway is affected by MS_Rv0177

The MAPK signaling pathway (mainly included JNK, p38, and
ERK1/2) is involved in the production of MCP-1 and phosphorylated by
mycobacterium antigen, which is crucial for the induction of ER stress
[36,43,44]. NF-κB, a ubiquitous transcriptional factor, regulates the
transcription of a wide spectrum of the immunity-associated genes
[45]. To explore whether these factors are engaged in Rv0177 action,
RAW264.7 macrophages were treated with NF-κB inhibitor TPCK, JNK
inhibitor SP 600125 and p38 inhibitor SB 202190 for 1 h, respectively,
prior to infection with MS_Rv0177 and MS_Vec. The MCP-1 was in-
hibited by the NF-κB inhibitor in MS_Vec infected macrophages, how-
ever, its level was high in MS_Rv0177 infected macrophages. Moreover,
the MCP-1 mRNA was significantly inhibited by the JNK inhibitor in
MS_Rv0177 infected macrophages, indicating that MS_Rv0177 could
effectively modulate the JNK signaling pathway (Fig. 10A). Accordance
with that, we checked the reduced transcriptional level of MCPIP and
CHOP in MS_Rv0177 infected macrophages for the treatment with the
JNK specific inhibitor (Fig. 10B, C). Although the p38 inhibitor could
inhibit the expression of MCPIP, the data implicated the JNK signaling
participated in MS_Rv0177-mediated ER stress induction and expres-
sion of MCP-1and MCPIP.

4. Discussion

Mce-associated Rv0177 protein is essential and up-regulated in
murine macrophages [25]. In our study, we established roles of new
mce protein in addition to their function in the cell envelope, lipid
homeostasis, the invasion and persistence of pathogen into host cells
[8,16,20,46,47]. According to the results, M. smegmatis recombinant
strain expressing Rv0177 altered sliding motility, its cell wall archi-
tecture and the permeability. The fatty acidic components (C7–C26)
showed no significant divergence. However, further studies are needed
to find if a much longer chain of mycolic acids and more complex GPLs
of cell wall will show a difference. Cytokines play important roles in the
interplay of M. tuberculosis and host. MS_Rv0177 modulates the

Fig. 7. MS_Rv0177 induces cell death in infected macrophages. (A) The relative absorbance value (RAV) of formazan reduced from MTT in RAW264.7 macrophages
was measured at the wavelength of 570 nm by microplate reader. (B) The relative activity of LDH from the supernatant of macrophages death was determined using
the Cytotoxicity Assay Kit.
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Fig. 8. Microscope images of RAW264.7 macrophages apoptosis infected with the recombinant M. smegmatis strains. (A) Western blotting analysis of caspase-3 in
RAW264.7 macrophages infected with MS_Rv0177 and MS_Vec for 24 h. (B) (a) the RAW264.7 cells were stained with Annexin V-FITC/PI after the invasion of 6 h
and 48 h, and the early (green fluorescence) and late (yellow or red fluorescence) stages of apoptosis were indicated. (b) The proportions of cells undergoing the early
(green fluorescence) and late (yellow or red fluorescence) stages of apoptosis were indicated. Data are shown as means ± SM SD of triplicate wells. Similar results
were generated by two independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 9. MS_Rv0177 enhances the expression of MCPIP and induces ER stress in RAW264.7 macrophages. RAW264.7 cells were infected with MS_Vec and MS_Rv0177
strains. After 6 h and 24 h of infection, the infected macrophages were collected and the transcriptional level of MCPIP (A), CHOP (B) and GRP78 (C) were detected
by RT-PCR. The mRNA level of MCPIP, CHOP and GRP78 were normalized to that of β‑actin mRNA. Similar results were obtained in three independent experiments.

Fig. 10. MS_Rv0177 alters the activation of JNK pathway in macrophages. RAW264.7 cells were pre-treated with 10 μM SB 202190 (a p38 inhibitor), 25 μM SP
600125 (a JNK inhibitor) and 30 μM TPCK (a NF-κB inhibitor). After 1 h, RAW264.7 cells were infected with MS_Rv0177 and MS_Vec at a MOI of 10:1. All cells were
collected after 24 h of infection and the transcriptional level of MCP-1 (A), MCPIP (B) and CHOP (C) were detected by RT-PCR. Data were generated from two
independent experiments.
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cytokine profile of the infected macrophages. IL-6, as a major pro-in-
flammatory cytokine, is crucial for activating protective Th1 immune
responses to kill mycobacterium [48–50]. Other reports proved that the
reduced IL-6 production could inhibit the JAK/STAT signaling to in-
duce cell apoptosis [51,52]. In our study, MS_Rv0177 selectively con-
trolled the expression of IL-6 in RAW264.7 macrophages, which might
bring apoptosis event of macrophages for this pathogen. CCL-2/MCP-1,
a member of the small inducible gene family, is critical in the recruit-
ment of leukocytes to the site of infection [53]. CCL-2/MCP-1 is also
important in the establishment of granuloma to maintain the balance of
pro-inflammatory and anti-inflammatory [53]. However, the excess of
MCP-1 could active Th2 circuit leading to an increased risk of infection
and disease progression [33,54]. Its elevated level was related to severe
tuberculosis disease [34,55]. It was determined that the expression of
MCP-1 was increased in the MS_Rv0177 infected macrophages, but the
role of this chemokine inM. tuberculosis infection remains to be defined.

MCP-1 can induce monocyte chemotactic protein-induced protein
(MCPIP), which would elicit endoplasmic reticulum (ER) stress and
further cause cell death and cell apoptosis [41,42,44,56,57]. Based on
these studies, we determined that the increased expression of MCPIP
and CHOP, as well as the decreased expression of GRP78 in infected
RAW264.7 macrophages, can protect the cells from ER stress-induced
cell death [39]. Further, when infected macrophages were treated with
JNK special inhibitor, the level of MCP-1 was inhibited and expression
of MCPIP and CHOP was significantly reduced. We suggested that the
production of MCP-1 and the induction of ER stress were associated
with the JNK signaling pathway activated by MS_Rv0177.

Macrophages apoptosis could effectively suppress the proliferation
of mycobacteria. The caspase proteins are the main molecular markers
of cell apoptosis. With Western blotting, we identified the activation of
caspase-3. We used Annexin V-FITC/PI assay to determine the induced
cell apoptosis in the early and late stage of cell death in MS_Rv0177
infected macrophages. Here, we make the speculation that MS_Rv0177
could increase the level of MCP-1 in macrophages, sequentially induce
MCPIP and ER stress-mediated cell apoptosis and cell death via the
activation of the JNK signaling pathway (Fig. 11).
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