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Calreticulin modulates the intracellular survival of mycobacteria 
by regulating ER-stress-mediated apoptosis
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ABSTRACT

Endoplasmic reticulum (ER)-stress-mediated apoptosis is a host defense mechanism 
against Mycobacterium tuberculosis (Mtb) infection. Calreticulin (CRT) is the major 
calcium-binding chaperone protein. Previous reports have suggested a close relationship 
between the cell-surface expression of CRT and apoptosis. In this study, the role of CRT 
during Mtb infection was examined. The results showed that Mtb infection induces CRT 
production by macrophages and that CRT levels are correlated with the degree of apoptotic 
cell death. The enhanced production of CRT was associated with the ER stress induced by 
Mtb infection. A significant increase in CRT translocation from the cytosol to the plasma 
membrane after 24 h of infection suggested the importance of CRT localization in the 
induction of apoptosis during Mtb infection. An investigation of the factors associated with 
CRT translocation and the ability of ectopically expressed CRT to induce apoptosis showed 
that pretreatment with a reactive oxygen species scavenger decreased Mtb-induced CRT 
expression, leading to the reduction of CHOP and caspase-3 activation. The intracellular 
survival of Mtb was significantly higher in macrophages transfected with a CRT-specific 
small interfering RNA than in control cells. The key role of CRT in inducing apoptosis 
included its interaction with CXCR1 and TNFR1 in Mtb-infected macrophages. The CRT/
CXCR1/TNFR1 complex was shown to induce the extrinsic apoptotic pathway during Mtb 
infection. Together, these results demonstrate that CRT is critical for the intracellular 
survival of Mtb, via ER-stress-induced apoptosis, as well as the importance of ER stress-
mediated CRT localization in the pathogenesis of tuberculosis.

INTRODUCTION

Tuberculosis (TB) is one of the oldest persisting 
human diseases despite the development of a live-attenuated 
vaccine and several antibiotics targeting the infectious 
agent, Mycobacterium tuberculosis (Mtb). Elucidation 
of how Mtb escapes host innate immune responses to 
survive intracellularly is important to understanding the 
pathogenesis of TB. In recent work, we suggested that the 
endoplasmic reticulum (ER) stress response induced by Mtb 
is an important step in the development of TB [1, 2]. ER 

stress is a feature of several infectious diseases [2–5] as it 
induces apoptosis, a critical host defense mechanism against 
infection, including Mtb infection [2, 6, 7]. In the case of 
Mtb-infected macrophages, apoptosis leads to the control 
of mycobacterial growth; however, mycobacteria have also 
acquired the ability to escape the killing mechanisms of 
phagocytes [8, 9].

Mycobacterial infection disrupts intracellular 
calcium homeostasis, leading to ER-stress-mediated 
apoptosis via the release of Ca2+ [1, 10]. The calcium 
chaperone calreticulin (CRT) resides mainly in the ER, 
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where it participates in protein folding, maturation, and 
trafficking [11]. CRT is also involved in the regulation of 
immune responses [12], and its exogenous addition causes 
profound biological effects involving diverse cellular 
functions [13–15].

Apoptosis is associated with plasma membrane 
alterations, including those resulting from the translocation 
of intracellular molecules such as phosphatidylserine and 
CRT to the cell surface, which leads to the recognition 
and removal of apoptotic cells [16]. Cell-surface CRT 
also contributes to the phagocytic uptake of cancer cells 
and dying cells [16, 17]. Accordingly, we hypothesized 
that, during Mtb infection, CRT over-expression in 
macrophages causes their apoptosis, thereby providing 
potent control of intracellular mycobacteria. Therefore, 
in this study, we examined the functional roles of CRT 
associated with ER stress during mycobacterial infection 
as well as the effect of CRT expression on the intracellular 
survival of Mtb.

RESULTS

CRT translocation in macrophages is associated 
with the mycobacteria-induced ER stress 
response

The ability of Mtb H37Ra to induce CRT production 
in macrophages was determined by examining levels of the 
CRT protein post-infection. After 24 h of Mtb infection at a 
high multiplicity of infection (MOI), CRT production was 
increased. This result was confirmed in the human monocyte-
derived cell line THP-1, in which CRT production was 
significantly increased after 24 h of infection with Mtb H37Ra 
(Figure 1A, 1B). Since CRT is localized mainly in the ER, 
we investigated the relationship between CRT production and 
Mtb-mediated ER stress responses. The ER stress markers 
GRP78, p-eIF2α, and CHOP were significantly induced after 
24 h of infection with Mtb strain H37Ra, coinciding with 
peak CRT production and significant activation of caspase-3 
(Figure 1C). In Raw 264.7 macrophages pretreated with 
specific ER stress pathway inhibitors prior to Mtb H37Ra 
infection, western blots showed that CRT production induced 
by the bacteria was reduced by specific inhibitors of the ATF6 
and PERK signaling pathways but not by an inhibitor of the 
IRE1 signaling pathway (Figure 1D–1F). These results were 
confirmed by flow cytometry, which showed a reduction in 
CRT production in response to specific inhibitors of the ATF6 
and PERK signaling pathways (Figure 1G). These findings 
suggest the involvement of these pathways in the cell-surface 
expression of CRT following Mtb H37Ra infection.

Confocal microscopy of cell-surface expression of 
CRT after 24 h of Mtb infection showed translocation of the 
protein from the cytosol to the plasma membrane (Figure 
2A). The requirement of live Mtb for the induction of CRT 
expression was investigated by flow cytometric analysis of 
Raw 264.7 cells after 24 h of infection with live or heat-killed 

Mtb H37Ra. A significant reduction in CRT expression was 
observed in cells infected with heat-killed but not with live 
Mtb (Figure 2B). The production of ERp57, which binds to 
CRT in the ER and co-translocates with the protein to the 
plasma membrane, was not affected in cells exposed to heat-
killed Mtb, whereas the levels of CRT, GRP78, and CHOP 
were reduced. Capase-3 activation was also significantly 
lower in cells infected with heat-killed than with live Mtb. 
These data demonstrate that only the ER stress response 
induced by live Mtb is associated with the translocation of 
CRT from the ER to the plasma membrane of macrophages.

Since CXCL2 is required for CRT induction in 
cancer cells [18], we investigated the levels of murine 
chemokine CXCL2(KC) in Mtb-infected murine 
macrophages. The level of KC was significantly higher 
in murine macrophages infected with live than with heat-
killed Mtb H37Ra (Figure 2D).

Reactive oxygen species are involved in Mtb 
H37R-induced CRT expression in Raw 264.7 
cells

Because reactive oxygen species (ROS) play 
an important role in the induction of ER stress during 
mycobacterial infection [7, 10], we investigated the 
relationship between Mtb-mediated CRT production and 
ROS synthesis. ROS production was increased after 24 h 
of Mtb H37Ra infection (Figure 3A), but pretreatment with 
the ROS scavenger N-acetylcysteine (NAC) significantly 
reduced not only CRT levels but also CHOP levels as well 
as caspase-3 activation. To determine whether NAC also 
reduces CRT translocation from the ER to the plasma 
membrane, CRT expression on the plasma membrane of 
Raw 264.7 cells was assessed by flow cytometry. Mtb-
induced CRT expression was significantly reduced by 
NAC pretreatment (Figure 3C). These data suggest that 
ROS production is critical for the induction of CRT 
expression on the plasma membrane of macrophages.

The CRT/CXCR1/TNFR1 complex in 
macrophages is an important regulator of 
apoptotic cell death during mycobacterial 
infection

A previous report suggested that down-regulation of 
CXCR1 reduces CRT exposure on the plasma membrane 
[18]. We therefore investigated whether the interaction 
of CRT with CXCR1 activates Mtb-induced apoptosis. 
Raw 264.7 cells were subjected to small interfering 
RNA (siRNA)-mediated down-regulation of CXCR1 or 
CRT and then infected with Mtb H37Ra for 24 h. CRT 
expression on the plasma membrane of the infected cells 
was determined subsequently (Figure 4A–4D). Membrane 
exposure of CRT was significantly lower in CXCR1 
knockdown cells than in control cells (Figure 4C, 4D). 
These results were confirmed by CRT protein translocation 
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from the cytosol to the plasma membrane in Mtb-infected 
cells, as revealed directly by confocal microscopy 
(Figure 2A). Activation of the extrinsic apoptotic pathway 
during Mtb infection subsequent to the interaction of CRT 
with CXCR1 was confirmed by confocal microscopy. 

The level of CRT expression was significantly reduced 
by siCXCR1 (Figure 4E). Since ERp57 is important for 
the cell-surface translocation of CRT [15], and CXCR1 
is associated with the exposure of CRT on the surface of 
stressed and dying cells [18], we evaluated the effect of 

Figure 1: Mycobacterium tuberculosis (Mtb) infection induces calreticulin (CRT) production and the endoplasmic 
reticulum (ER) stress response in macrophages. (A) Raw 264.7 cells were infected with Mtb H37Ra at a multiplicity of infection 
(MOI) of 1 or 10 and then incubated for the indicated times. Western blot analysis of CRT expression. (B) THP-1 cells were incubated with 
Mtb H37Ra (MOI=10) for the indicated times. Western blot analysis of CRT expression. (C) Raw 264.7 cells were infected with Mtb H37Ra 
(MOI=10) and then incubated for the indicated times. The levels of CRT, GRP78, p-eIF2α, CHOP, caspase-3, and β-actin determined by 
western blotting. (D-G) Raw 264.7 cells were pretreated with specific inhibitors for 1 h and then infected with Mtb H37Ra (MOI=10) for 
24 h. CRT production was analyzed by western blotting in the absence or presence of (D) GSK2606414 (3 μM), (E) irestatin (5 μM), or 
(F) AEBSF (500 nM) for 24 h. (G) Flow cytometric analysis of the cell-surface expression of CRT in the absence or presence of ER-stress-
specific inhibitors at 24 h post-infection. Western blot data presented are representative of three independent experiments. Numbers below 
the blot indicate the intensities ratios of each target protein to the β-actin control in each lane. Thapsigargin (TG; 500 nM) and Staurosporine 
(STS; 500 nM, 18 h) served as the positive control. The data are means ± SD of three independent experiments. ***p<0.001.
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ERp57 knockdown on CXCR1 production during Mtb-
induced CRT synthesis. The inhibition of CRT production 
by siERp57 or siCXCR1 (Figure 4F) indicated that 
multiple interactions of at least two different proteins, 
including CXCR1 and ERp57, are required for CRT 
translocation in Mtb-infected macrophages.

We then designed a series of experiments to 
elucidate the relationship between CRT translocation 
and induction of apoptosis in Mtb-infected Raw 264.7 
cells. Based on a previous report that CRT forms a 
complex with TNFR1 [19], we hypothesized that CRT/
CXCR1 requires TNFR1, which itself forms a complex 

Figure 2: Live but not heat-killed Mtb cause translocation of CRT to the plasma membrane in macrophages. (A) Raw 
264.7 cells were infected with Mtb H37Ra (MOI=10) for 24 h. Cells were stained with anti-CRT antibody (green) for immunofluorescence. 
Cell nuclei were visualized by DAPI staining (blue). Scale bar: 20 μm. (B-D) Raw 264.7 cells were infected with live or heat-killed Mtb 
H37Ra (MOI=10) for 24 h. (B) Cell-surface CRT expression was analyzed by flow cytometry. Staurosporine (STS; 500 nM, 18 h) served 
as the positive control. (C) Western blot analysis of CRT, ERp57, GRP78, CHOP, caspase-3, and β-actin levels. Western blot data presented 
are representative of three independent experiments. (D) KC production was measured by ELISA at 24 h post-infection. Numbers below 
the blot indicate the intensities ratios of each target protein to the β-actin control in each lane. The data are means ± SD of three independent 
experiments. *p<0.05, **p<0.01, ***p<0.001.
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with the TNFR-associated death domain (TRADD) 
protein, to induce apoptosis during Mtb infection. 
Indeed, TNFR1 production was induced by Mtb H37Ra 
infection (Figure 5A), and TNFR1 knockdown reduced 

CRT levels, without any change in those of CXCR1 
or ERp57 (Figure 5B). The levels of both TRADD 
and the Fas-associated death domain (FADD) protein 
were also reduced by siTNFR1. The death domain 

Figure 3: Reactive oxygen species (ROS) production is critical for the induction of CRT expression and the ER stress 
response in Mtb-infected macrophages. (A) Raw 264.7 cells were stained with dichlorofluorescine diacetate (10 μM) after 24 h of 
Mtb H37Ra (MOI=10) infection, and intracellular ROS levels were measured by flow cytometry. H2O2 (1 mM, 1 h) served as the positive 
control. (B, C) Raw 264.7 cells were pretreated with the ROS scavenger N-acetylcysteine (NAC, 30 mM) for 1 h prior to Mtb H37Ra 
(MOI=10) infection for 24 h. (B) Cell lysates prepared after 24 h of Mtb H37Ra infection were used for western blot analysis to determine 
the levels of CRT, CHOP, caspase-3, and β-actin. Western blot data presented are representative of three independent experiments. (C) Cell-
surface CRT expression was analyzed by flow cytometry using a specific antibody. Numbers below the blot indicate the intensities ratios 
of each target protein to the β-actin control in each lane. The data are means ± SD of three independent experiments. *p<0.05, **p<0.01, 
and ***p<0.001.
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Figure 4: The interaction between CRT and CXCR1 activates the extrinsic apoptotic pathway during Mtb infection. 
(A-E) Raw 264.7 cells were transfected with an siRNA targeting CRT (siCRT) or CXCR1 (siCXCR1) or with a non-specific siRNA (siControl) 
and then infected with Mtb H37Ra (MOI=10) for 24 h. (A, C) The production levels of CRT and CXCR1 were then analyzed by western blot 
analysis. (B, D) The cell-surface expression of CRT was analyzed by flow cytometry. Staurosporine (STS; 500 nM, 18 h) served as the positive 
control. (E) CRT staining (green) was visualized by fluorescence microscopy. Cell nuclei were visualized by DAPI staining (blue). Scale bar: 
20 μm. (F) Raw 264.7 cells were transfected with siCXCR1 or an siRNA targeting ERp57 (siERp57) and then infected with Mtb H37Ra 
(MOI=10) for 24 h. The production levels of CRT, ERp57, and CXCR1 were then analyzed by western blotting. Western blot data presented 
are representative of three independent experiments. Numbers below the blot indicate the intensities ratios of each target protein to the β-actin 
control in each lane. The data are means ± SD of three independent experiments. *p<0.05, **p<0.01, and ***p<0.001.
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triggered activation of caspases, including caspase-8 
and caspase-3 (Figure 5C). Under both CRT and CXCR1 
knockdown conditions, the TNFR1-mediated apoptotic 
pathway was significantly reduced during Mtb H37Ra 
infection (Figure 5D, 5E). These findings indicated 
that the Mtb-induced CRT-CXCR1 or CRT-TNFR1 

interaction is important for the induction of apoptosis 
in macrophages.

Figure 5: TNFR1 is essential for the activation of CRT-mediated extrinsic apoptosis during Mtb infection. (A) Raw 264.7 
cells were infected with Mtb H37Ra (MOI=10) and then incubated for the indicated times. Cell lysates were analyzed by western blotting 
using an anti-TNFR1 antibody. (B) Raw 264.7 cells were transfected with siControl or an siRNA targeting TNFR1 (siTNFR1) and then 
infected with Mtb H37Ra (MOI=10). The levels of TNFR1, CRT, CXCR1, and ERp57 were detected by western blot analysis after 24 h 
of infection. (C–E) Raw 264.7 cells were transfected with siTNFR1, siCRT, or siCXCR1 and then infected with Mtb H37Ra (MOI=10). 
Activation of the extrinsic apoptotic pathway after 24 h of infection was analyzed by western blotting using anti-TRADD, anti-FADD, anti-
caspase-8, anti-caspase-3, and anti-CHOP antibodies. β-actin served as the loading control. Western blot data presented are representative 
of three independent experiments. Numbers below the blot indicate the intensities ratios of each target protein to the β-actin control in each 
lane.
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The CRT/CXCR1/TNFR1 complex is critical 
for reducing the intracellular survival of 
mycobacteria

To define the molecular mechanisms that govern 
the induction of apoptosis, the effects of CRT, CXCR1, 
TNFR1, and the complex thereof in Mtb-H37Ra-infected 
macrophages were investigated. Each protein was 
overexpressed by transiently transfecting Raw 264.7 
cells with pcDNA3.1(+)-CRT, pcDNA3.1(+)-CXCR1, or 
pcDNA3.1(+)-TNFR1. The expression of CRT, CXCR1, 
and TNFR1 was confirmed by western blotting, which 
showed their dose-dependent overexpression in Raw 264.7 
cells (Figure 6A–6C). The measurement of caspase-3 
levels showed that overexpression of any of the proteins 
induced apoptosis of Raw 264.7 cells during Mtb H37Ra 
infection (Figure 6A–6C). These results demonstrated the 
involvement of CRT, CXCR1, and TNFR1 in apoptotic 
cell death related to Mtb infection.

To delineate the function of the complex formed 
by the three proteins in mediating apoptosis during Mtb 
infection, the proteins were overexpressed in Mtb-H37Ra-
infected Raw 264.7 cells, and the resulting complex was 
then immunoprecipitated using anti-Flag antibodies. Both 
CXCR1 and TNFR1 were detected in a complex with CRT 
(Figure 6D, 6E), suggesting that mycobacterial infection 

induces formation of the CRT/CXCR1/TNFR1 complex, 
which then participates in the induction of apoptosis in 
macrophages during mycobacterial infection.

To analyze the functions of CRT, CXCR1, and 
TNFR1 during mycobacterial infection, the expression 
of each protein was inhibited using specific siRNAs 
in Raw 264.7 cells prior to Mtb H37Ra infection. In 
cells expressing CRT, CXCR1, or TNFR1 siRNA the 
intracellular survival of mycobacteria was enhanced 
(Figure 7). Similarly, pretreatment of the macrophages 
with the ROS scavenger NAC, a PERK inhibitor 
(GSK2606414), or an ATF6 inhibitor (4-(2-aminoethyl) 
benzenesulfonyl fluoride; AEBSF) also significantly 
enhanced the intracellular survival of the bacteria. These 
data strongly suggest that the CRT/CXCR1/TNFR1 
complex mediates apoptosis through ER stress induction 
and thus plays a key role in suppressing the intracellular 
survival of mycobacteria.

DISCUSSION

CRT is a calcium-binding chaperone involved 
in the immune response [17]. Its expression is induced 
by stress conditions such as heat shock, ER stress, and 
infection [20–23]. In this study, we demonstrated the 
antimycobacterial activity of ER-stress-mediated CRT 

Figure 6: Formation of the CRT/CXCR1/TNFR1 complex increases caspase activation in Mtb-infected macrophages. 
(A-C) Raw 264.7 cells were transfected with pcDNA3.1-CRT, pcDNA3.1-CXCR1, pcDNA3.1-TNFR1 or pcDNA3.1 and then infected 
with Mtb H37Ra (MOI=10). The overexpression of each protein after 24 h of infection was confirmed by western blotting. (D, E) Raw 
264.7 cells were co-transfected with pcDNA3.1-CRT (1.2 μg/mL) and either pcDNA3.1-CXCR1 (1.2 μg/mL) or pcDNA3.1-TNFR1 (1.2 
μg/mL) and then infected with Mtb H37Ra (MOI=10). Cell lysates prepared after 24 h of infection were immunoprecipitated using an 
anti-FLAG antibody (1 mg/mL) and then analyzed by western blotting using anti-CXCR1 and anti-TNFR1 antibodies. The levels of 
CRT, CXCR1, and TNFR1 in the total cell lysates served as the loading controls. Western blot data presented are representative of three 
independent experiments.
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production during Mtb infection of macrophages. In 
previous reports, CRT was shown to interact directly 
with viral proteins, thus facilitating viral infection 
[22, 23]. By contrast, we found that enhanced CRT 
production effectively reduced the intracellular survival 
of mycobacteria. Our results are consistent with those of 
studies showing the defective invasion and replication of 
Legionella pneumophila in CRT-knockout compared with 
control cells [24], and that CRT modulates the activity of 
the actin system, leading to defects in phagocytic function 
[25]. Whether CRT is associated with the phagocytic 
uptake of Mtb-infected cells is unclear, but we were able 
to demonstrate that the macrophage-surface exposure of 
CRT during Mtb infection induces apoptosis and thus 
reduces the intracellular survival of the bacteria. CRT 
relocalization to the cell surface was previously shown to 
trigger apoptosis in tumor cells [16]. In another study, the 

cell-surface exposure of CRT was shown to be dependent 
on interaction of the protein with ERp57 [15]. We 
demonstrated that only live Mtb induced the interaction 
of CRT with ERp57 and the subsequent translocation of 
both proteins to the macrophage plasma membrane. This 
observation implies that the cell-surface expression of 
CRT is part of the host defense mechanism activated by 
mycobacterial infection.

In addition to the folding of proteins and calcium 
homeostasis in the ER, CRT is involved in the regulation 
of cell adhesion, migration, apoptosis, phagocytosis, and 
immunoregulation [11, 16, 17, 25, 26]. In the present 
study, we demonstrated that cell-surface exposed CRT 
does not have direct signaling capacity but instead induces 
apoptosis signaling by forming a complex with CXCR1 
and TNFR1. Previous reports revealed that CXCR1 
knockdown reduces chemotherapy-induced CRT exposure 

Figure 7: The CRT/CXCR1/TNFR1 complex regulates the intracellular survival of Mtb. Raw 264.7 cells were transfected 
with (A) siCRT, (B) siCXCR1, or (C) siTNFR1 or pretreated with (D) NAC (30 mM), (E) GSK2606414 (5 μM), or (F) AEBSF (500 
nM). After 24 h of Mtb H37Ra (MOI=10) infection, intracellular survival of the bacteria was measured by colony-forming unit (CFU) 
enumeration. The data are means ± SD of three independent experiments. *p<0.01, **p<0.001.
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in cancer cells, and that CXCL8 facilitates formation of the 
CRT/CXCR1 complex [18]. Surface CRT also complexes 
with TNFR1 and TRADD [19]. In an immunoprecipitation 
assay, we showed that CRT binds to CXCR1 and TNFR1. 
Studies of patients with active TB have demonstrated the 
importance of IL-8 as a potent inducer of T lymphocyte 
migration [27]. Our results underscore the contribution of 
the KC (homologous to human IL-8) signaling pathway in 
promoting CRT exposure during mycobacterial infection. 
In our cellular system, ER-stress-induced extracellular 
CRT formed plasma membrane complexes with CXCR1 
and TNFR1, leading to activation of TRADD, recruitment 
of FADD, and ultimately caspase-8-dependent cell death. 
Our data suggest that mycobacterial infection induces 
formation of a functionally active CRT/CXCR1/TNFR1 
complex that in turn plays a crucial role in the induction of 
apoptosis during mycobacterial infection in macrophages. 
Moreover, this is the first report of CRT/CXCR1/TNFR1 
complex formation during mycobacterial infection.

The induction of CRT on the plasma membrane of 
Mtb-infected macrophages was dependent on the ATF6 or 
PERK pathway. In response to Mtb infection, the PERK 
pathway contributes to regulating the intracellular survival of 
mycobacteria via up-regulation of p-eIF2α [2]; its function 
is consistent with the antiviral role of PERK during Dengue 
viral infection [28]. However, activation of the PERK 
pathway by human cytomegalovirus infection was shown to 
promote infection by this virus [29]. ATF6 activation is also 
necessary for viral replication [30, 31]. Although Legionella 
pneumophila and Vibrio cholera modulate the unfolded 
protein response (UPR) to control host immune defenses 
[32, 33], the role of the UPR during bacterial infection is 
unclear. Its involvement in mycobacterial survival in host 
cells remains to be determined.

Our results also showed that mycobacteria-mediated 
ROS production enhanced not only the production of CRT 
but also its cell-surface exposure. Conversely, suppression 
of CRT production reduced capase-3 activation. These 
data suggest that Mtb induces ROS generation, and 
that the increased levels of ROS mediate the ER stress 
response, leading to CRT exposure on the macrophage 
plasma membrane. The subsequent formation of CRT/
CXCR1/TNFR1 complexes activates caspase-8-dependent 
apoptosis, which results in the killing of intracellular 
mycobacteria. Thus, the expression of CRT on macrophage 
cell surfaces during Mtb infection is among the host 
defense mechanisms activated by mycobacterial infection.

MATERIALS AND METHODS

Cell cultures

Murine macrophage Raw 264.7 cells were grown in 
Dulbecco’s minimal essential medium supplemented with 
10% fetal bovine serum (FBS), penicillin (100 IU/mL) and 
streptomycin (100 μg/mL) at 37°C with 5% CO2. Cells 

of the human monocyte cell line THP-1 were maintained 
in RPMI 1640 containing 300 mg/L l-glutamine, 10% 
FBS, and antibiotics. THP-1 cells were incubated with 
20 nM phorbol-12-myristate-13-acetate to induce their 
differentiation into macrophage-like cells.

Bacteria culture and intracellular survival 
analysis

Mtb strain H37Ra (ATCC 25177) was obtained from 
the American Type Culture Collection. Mtb H37Ra was 
cultured in Middlebrook 7H9 liquid medium containing 
10% oleic acid, albumin, dextrose, catalase, and 5% 
glycerol. The bacterial cells were stored at −80°C until 
needed. Raw 264.7 and THP-1 cells were infected with Mtb 
H37Ra at an MOI of 1 or 10 for 3 h. To remove extracellular 
bacteria, the cells were washed with phosphate-buffered 
saline and incubated with fresh medium without antibiotics 
for an additional 24 h. Mtb-infected cells were lysed in 
sterile distilled water and then sonicated in a water bath 
for 3 min to collect intracellular bacteria. The lysates were 
plated separately on 7H10 agar plates and incubated for 14 
days. Colony counts were performed in triplicate.

Western blot assay

Whole cells were lysed in radio-immunoprecipitation 
assay (RIPA) buffer (ELPIS biotech, Daejeon, Korea) in 
the presence of a protease inhibitor cocktail. Extracted 
proteins were resolved by 10% or 12% SDS-PAGE and 
then transferred to a polyvinylidene difluoride membrane 
blocked with 5% skim milk (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) at room temperature for 1 h. The 
membrane was then incubated with primary antibodies 
(1:1000) overnight at 4°C, washed with TBS-T, and 
incubated with horseradish peroxidase (HRP)-conjugated 
secondary antibodies (1:2000) for 2 h at room temperature. 
β-actin was used as the loading control. The bound 
antibodies were detected using a chemiluminescent HRP 
substrate (ECL, Millipore, Billerica, MA, USA). The blots 
were quantified using the Alliance Mini 4M (UVITEC).

Quantification of extracellular KC

The concentration of KC (homologous to human 
IL-8) in the culture supernatants was measured using 
commercial ELISA kits (Mybiosource, San Diego, 
CA, USA), following the manufacturer’s instructions. 
Triplicate samples were analyzed using an ELISA reader 
and the results compared to a standard curve.

Antibodies and reagents

Cell lysates prepared from macrophages were 
subjected to western blotting. The membranes were probed 
with the following primary antibodies: anti-GRP78, anti-
phospho-eIF2α, anti-CHOP, anti-caspase-3, anti-phospho-
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PERK, and anti-PERK (all from Cell Signaling Technologies, 
Danvers, MA, USA). Additional antibodies included anti-
CRT, anti-IRE1α, anti-ATF-6α (Santa Cruz Biotechnology), 
anti-CXCR1 (Biorbyt, San Francisco, CA, USA), and 
anti-ERp57 (Abcam, Cambridge, MA, USA). The primary 
antibodies were used at a 1:1000 dilution. The secondary 
antibodies consisted of goat anti-rabbit IgG (Cell Signaling), 
goat anti-mouse IgG (Santa Cruz Biotechnology), and rabbit 
anti-goat IgG (Calbiochem, San Diego, CA, USA). β-actin 
was used as the loading control (Santa Cruz Biotechnology). 
Macrophages were pretreated with inhibitors or inducers for 
1 h prior to Mtb H37Ra infection. Specific inhibitors of JNK 
(SP600125), ERK (PD098059), and p38 (SB203580) were 
purchased from Calbiochem and NAC, a specific inhibitor 
of ROS, from Sigma-Aldrich (MO, USA). GSK2606414 
(Calbiochem), Irestatin (Axon Medchem, Groningen, 
Netherlands), and AEBSF (Sigma-Aldrich) were used as 
selective inhibitors of PERK, IRE1α, and ATF6, respectively.

Measurement of reactive oxygen species (ROS)

Intracellular superoxide levels were measured using 
the dichlorofluorescine diacetate (DCFH-DA) assay. 
Raw 264.7 cells were infected with Mtb H37Ra for 24 h 
and then fixed in 4% paraformaldehyde. The fixed cells 
were stained with 10 μM DCFH-DA (Molecular Probes, 
Eugene, OR, USA) for 30 min. Positive cells were 
identified by flow cytometry.

RNA interference

siRNAs targeting CRT (200 nM, Ambion, TX, 
USA), CXCR1 (200 nM, Qiagen, CA, USA), TNFR1 
(200 nM, Bioneer Corporation, Daejeon, South Korea) 
and ERp57 (200 nM, Bioneer Corporation) were used to 
silence expression of the respective proteins. Raw264.7 
cells cultured in 6-well plates were transfected with each 
siRNA using GenMute (SignaGen Laboratories) according 
to the manufacturer’s protocol. After 5 h of incubation, the 
cells were cultured overnight in fresh medium containing 
5% FBS without antibiotics and then infected with Mtb.

Immunofluorescence

Infected cells were fixed in 4% paraformaldehyde, 
incubated overnight with a primary antibody targeting 
CRT, and then with a secondary antibody (Alexa Fluor 
488 anti-goat IgG; Life Technologies, CA, USA) for 2 h 
at room temperature. The cell nuclei were visualized by 
DAPI (0.2 μg/mL) staining. The antibody- and DAPI-
stained cells were identified using the Olympus DP70 
fluorescence microscope (×400 magnification).

Overexpression

CRT, CXCR1, and TNFR1 were overexpressed 
using vectors manufactured by Cosmo Genetech (Seoul, 

South Korea). Raw 264.7 cells were transiently transfected 
with the mouse CRT (pcDNA3.1-CRT-FLAG, 1.2 μg/mL), 
CXCR1 (pcDNA3.1-CXCR1-HA, 1.2 μg/mL), or TNFR1 
(pcDNA3.1-TNFR1-MYC, 1.2 μg/mL) expression vector 
or with an empty vector (pcDNA3.1, 1.2 μg/mL) using 
Lipofectamine (Invitrogen, Carlsbad, CA, USA). After an 
overnight incubation, the transfected cells were infected 
with Mtb, and the intracellular survival of the bacteria was 
then determined. Extracts prepared from the cells were 
used for western blot analysis.

Immunoprecipitation

H37Ra-infected Raw 264.7 cells were lysed in RIPA 
buffer. The cell extracts were incubated with an anti-FLAG 
antibody (1 mg/mL; Santa Cruz Biotechnology) at 4°C 
overnight on a rotator, mixed with protein A beads (50% 
slurry) at 4°C for 4 h, washed three times with lysis buffer, 
and then analyzed by western blotting using anti-CXCR1 
and anti-TNFR1 antibodies to detect CRT binding.

Statistical analysis

Statistically significant differences between groups 
were determined using the appropriate nonparametric test 
(Mann-Whitney or Kruskal-Wallis test). A p-value <0.05 
was considered to indicate a significant difference and a 
p-value <0.001 a highly significant difference. Statistical 
analyses were performed using GraphPad Prism 5.0 
(GraphPad Software, Inc., San Diego, CA, USA). The data 
are expressed as the mean ± standard deviation (SD). All 
experiments were performed at least three to five times. 
All experimental results were statistically evaluated using 
Student’s t-test or one-way analysis of variance followed 
by Bonferroni’s multiple comparison test.

ACKNOWLEDGMENTS

S.H.J., J.A.C. designed the study, performed the 
majority of the experiments, analyzed the data and wrote 
the manuscript; Y.J.L. and J.H.L. performed experiments 
and analyzed data; S.N.C., S.M.O., D.G., and S.H.K. 
provided expert technical assistance; C.H.S. designed the 
study, supervised the project and wrote the manuscript.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by the National Research 
Foundation of Korea (NRF) grant funded by the Korea 
government (MEST) (NRF- 2016R1A2B2008178). 
The funders had no role in study design, data collection 
and analysis decision to publish, or preparation of the 
manuscript.”



Oncotarget58697www.impactjournals.com/oncotarget

REFERENCES

1. Choi HH, Shin DM, Kang G, Kim KH, Park JB, Hur GM, 
Lee HM, Lim YJ, Park JK, Jo EK, Song CH. Endoplasmic 
reticulum stress response is involved in Mycobacterium 
tuberculosis protein ESAT-6-mediated apoptosis. FEBS 
Lett. 2010; 584:2445–54. 

2. Lim YJ, Choi JA, Choi HH, Cho SN, Kim HJ, Jo EK, Park 
JK, Song CH. Endoplasmic reticulum stress pathway-
mediated apoptosis in macrophages contributes to the 
survival of Mycobacterium tuberculosis. PLoS One. 2011; 
6:e28531. 

3. Loose M, Hudel M, Zimmer KP, Garcia E, Hammerschmidt 
S, Lucas R, Chakraborty T, Pillich H. Pneumococcal 
hydrogen peroxide-induced stress signaling regulates 
inflammatory genes. J Infect Dis. 2015; 211:306–16. 

4. Richardson CE, Kooistra T, Kim DH. An essential role for 
XBP-1 in host protection against immune activation in C. 
elegans. Nature. 2010; 463:1092–95. 

5. Shima K, Klinger M, Schütze S, Kaufhold I, Solbach W, 
Reiling N, Rupp J. The role of endoplasmic reticulum-
related BiP/GRP78 in interferon gamma-induced persistent 
Chlamydia pneumoniae infection. Cell Microbiol. 2015; 
17:923–34. 

6. Seimon TA, Kim MJ, Blumenthal A, Koo J, Ehrt S, 
Wainwright H, Bekker LG, Kaplan G, Nathan C, Tabas 
I, Russell DG. Induction of ER stress in macrophages of 
tuberculosis granulomas. PLoS One. 2010; 5:e12772. 

7. Lim YJ, Choi JA, Lee JH, Choi CH, Kim HJ, Song CH. 
Mycobacterium tuberculosis 38-kDa antigen induces 
endoplasmic reticulum stress-mediated apoptosis via toll-
like receptor 2/4. Apoptosis. 2015; 20:358–70. 

8. Behar SM, Martin CJ, Booty MG, Nishimura T, Zhao X, 
Gan HX, Divangahi M, Remold HG. Apoptosis is an innate 
defense function of macrophages against Mycobacterium 
tuberculosis. Mucosal Immunol. 2011; 4:279–87. 

9. Srinivasan L, Ahlbrand S, Briken V. Interaction of 
Mycobacterium tuberculosis with host cell death pathways. 
Cold Spring Harb Perspect Med. 2014; 4:4. 

10. Choi JA, Lim YJ, Cho SN, Lee JH, Jeong JA, Kim EJ, Park 
JB, Kim SH, Park HS, Kim HJ, Song CH. Mycobacterial 
HBHA induces endoplasmic reticulum stress-mediated 
apoptosis through the generation of reactive oxygen species 
and cytosolic Ca2+ in murine macrophage RAW 264.7 
cells. Cell Death Dis. 2013; 4:e957. 

11. Michalak M, Groenendyk J, Szabo E, Gold LI, Opas 
M. Calreticulin, a multi-process calcium-buffering 
chaperone of the endoplasmic reticulum. Biochem J. 2009; 
417:651–66. 

12. Porcellini S, Traggiai E, Schenk U, Ferrera D, Matteoli 
M, Lanzavecchia A, Michalak M, Grassi F. Regulation 
of peripheral T cell activation by calreticulin. J Exp Med. 
2006; 203:461–71. 

13. Gardai SJ, McPhillips KA, Frasch SC, Janssen WJ, 
Starefeldt A, Murphy-Ullrich JE, Bratton DL, Oldenborg 
PA, Michalak M, Henson PM. Cell-surface calreticulin 
initiates clearance of viable or apoptotic cells through 
trans-activation of LRP on the phagocyte. Cell. 2005; 
123:321–34. 

14. Ling S, Pi X, Holoshitz J. The rheumatoid arthritis shared 
epitope triggers innate immune signaling via cell surface 
calreticulin. J Immunol. 2007; 179:6359–67. 

15. Panaretakis T, Joza N, Modjtahedi N, Tesniere A, Vitale 
I, Durchschlag M, Fimia GM, Kepp O, Piacentini M, 
Froehlich KU, van Endert P, Zitvogel L, Madeo F, 
Kroemer G. The co-translocation of ERp57 and calreticulin 
determines the immunogenicity of cell death. Cell Death 
Differ. 2008; 15:1499–509. 

16. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh 
L, Perfettini JL, Castedo M, Mignot G, Panaretakis T, 
Casares N, Métivier D, Larochette N, van Endert P, et al. 
Calreticulin exposure dictates the immunogenicity of cancer 
cell death. Nat Med. 2007; 13:54–61. 

17. Raghavan M, Wijeyesakere SJ, Peters LR, Del Cid N. 
Calreticulin in the immune system: ins and outs. Trends 
Immunol. 2013; 34:13–21. 

18. Sukkurwala AQ, Martins I, Wang Y, Schlemmer F, 
Ruckenstuhl C, Durchschlag M, Michaud M, Senovilla 
L, Sistigu A, Ma Y, Vacchelli E, Sulpice E, Gidrol X, et 
al. Immunogenic calreticulin exposure occurs through a 
phylogenetically conserved stress pathway involving the 
chemokine CXCL8. Cell Death Differ. 2014; 21:59–68. 

19. Chen D, Texada DE, Duggan C, Liang C, Reden TB, 
Kooragayala LM, Langford MP. Surface calreticulin 
mediates muramyl dipeptide-induced apoptosis in RK13 
cells. J Biol Chem. 2005; 280:22425–36. 

20. Conway EM, Liu L, Nowakowski B, Steiner-Mosonyi M, 
Ribeiro SP, Michalak M. Heat shock-sensitive expression of 
calreticulin. In vitro and in vivo up-regulation. J Biol Chem. 
1995; 270:17011–16. 

21. Oyadomari S, Araki E, Mori M. Endoplasmic reticulum 
stress-mediated apoptosis in pancreatic beta-cells. 
Apoptosis. 2002; 7:335–45. 

22. Watthanasurorot A, Guo E, Tharntada S, Lo CF, Söderhäll 
K, Söderhäll I. Hijacking of host calreticulin is required for 
the white spot syndrome virus replication cycle. J Virol. 
2014; 88:8116–28.

23. Singh NK, Atreya CD, Nakhasi HL. Identification of 
calreticulin as a rubella virus RNA binding protein. Proc 
Natl Acad Sci USA. 1994; 91:12770–74. 

24. Fajardo M, Schleicher M, Noegel A, Bozzaro S, Killinger 
S, Heuner K, Hacker J, Steinert M. Calnexin, calreticulin 
and cytoskeleton-associated proteins modulate uptake 
and growth of Legionella pneumophila in Dictyostelium 
discoideum. Microbiology. 2004; 150:2825–35. 

25. Müller-Taubenberger A, Lupas AN, Li H, Ecke M, Simmeth 
E, Gerisch G. Calreticulin and calnexin in the endoplasmic 



Oncotarget58698www.impactjournals.com/oncotarget

reticulum are important for phagocytosis. EMBO J. 2001; 
20:6772–82. 

26. Gold LI, Eggleton P, Sweetwyne MT, Van Duyn LB, 
Greives MR, Naylor SM, Michalak M, Murphy-Ullrich 
JE. Calreticulin: non-endoplasmic reticulum functions in 
physiology and disease. FASEB J. 2010; 24:665–83. 

27. Krupa A, Fol M, Dziadek BR, Kepka E, Wojciechowska 
D, Brzostek A, Torzewska A, Dziadek J, Baughman RP, 
Griffith D, Kurdowska AK. Binding of CXCL8/IL-8 to 
Mycobacterium tuberculosis Modulates the Innate Immune 
Response. Mediators Inflamm. 2015; 2015:124762.

28. Peña J, Harris E. Dengue virus modulates the unfolded 
protein response in a time-dependent manner. J Biol Chem. 
2011; 286:14226–36. 

29. Isler JA, Skalet AH, Alwine JC. Human cytomegalovirus 
infection activates and regulates the unfolded protein 
response. J Virol. 2005; 79:6890–99. 

30. Pasqual G, Burri DJ, Pasquato A, de la Torre JC, Kunz 
S. Role of the host cell’s unfolded protein response in 
arenavirus infection. J Virol. 2011; 85:1662–70. 

31. Galindo I, Hernáez B, Muñoz-Moreno R, Cuesta-Geijo MA, 
Dalmau-Mena I, Alonso C. The ATF6 branch of unfolded 
protein response and apoptosis are activated to promote 
African swine fever virus infection. Cell Death Dis. 2012; 
3:e341. 

32. Treacy-Abarca S, Mukherjee S. Legionella suppresses the 
host unfolded protein response via multiple mechanisms. 
Nat Commun. 2015; 6:7887. 

33. Cho JA, Lee AH, Platzer B, Cross BC, Gardner BM, De 
Luca H, Luong P, Harding HP, Glimcher LH, Walter P, 
Fiebiger E, Ron D, Kagan JC, Lencer WI. The unfolded 
protein response element IRE1α senses bacterial proteins 
invading the ER to activate RIG-I and innate immune 
signaling. Cell Host Microbe. 2013; 13:558–69. 


