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Abstract

Background Mitophagy, mitochondrial selective autophagy, plays a pivotal role in the maintenance of cellu-

lar homeostasis in response to cellular stress. However, the role of mitophagy in macrophages during infection

has not been elucidated. To determine whether mitophagy regulates intracellular pathogen survival, macrophages
were infected with Mycobacterium tuberculosis (Mtb), an intracellular bacterium.

Results We showed that Mtb-infected macrophages induced mitophagy through BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3) activation. In contrast, BNIP3-deficient macrophages failed to induce mitophagy,
resulting in reduced mitochondrial membrane potential in response to Mtb infection. Moreover, the accumulation

of damaged mitochondria due to BNIP3 deficiency generated higher levels of mitochondrial reactive oxygen species
(mROS) compared to the control, suppressing the intracellular survival of Mth. We observed that siBNIP3 suppressed

intracellular Mtb in mice lungs.

Conclusion We found that BNIP3 plays a critical role in the regulation of mitophagy during Mtb infection. The inhibi-
tion of mitophagy suppresses Mthb growth in macrophages through increased mROS production. Therefore, BNIP3
might be a novel therapeutic target for tuberculosis treatment.
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Background
Mycobacterium tuberculosis (Mtb), a pathogen that
causes tuberculosis (TB), is aerosolized and inhaled into
the lungs [1]. In the lungs, Mtb is phagocytosed by alve-
olar macrophages and then killed in phagolysosomes,
organelles produced by the fusion of phagosomes and
lysosomes [2, 3]. However, virulent Mtb can escape the
phagolysosome by forming pores in the phagosome, and
surviving in host cells [1, 4]. It has been reported that
intracellular Mtb disrupts mitochondrial dynamics and
function by perturbing mitochondrial membrane poten-
tial (MMP) and altering reactive oxygen species (ROS)
production, leading to mitochondrial dysfunction [5].
Mitochondria are essential for various biological func-
tions, including energy production, the regulation of cell
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death, and the production of ROS [6]. ROS are messen-
gers of cell signal transduction, which could also be used
to remove pathogens from immune cells [7]. However,
excessive generation of ROS triggers oxidative damage
to mitochondria, leading to alterations in mitochondrial
dynamics [8] and, ultimately, the removal of damaged
mitochondria via mitophagy [8]. Mitophagy, a mito-
chondria-specific selective autophagy, is important for
the maintenance of mitochondrial quality control in cells
[9, 10]. Bcl2/adenovirus E1B 19 kDa protein-interacting
protein 3 (BNIP3), one of the mitophagy-related proteins,
binds directly to microtubule-associated protein 1A/1B-
light chain 3 (LC3) to form an autophagosome, which
then fuses with a lysosome, resulting in mitochondrial
degradation [8, 11-13]. In response to mitochondrial
damage due to infection or environmental stress, BNIP3
is expressed and localized to the mitochondria [14]. Sev-
eral reports indicate that BNIP3-dependent mitophagy
inhibits the production of ROS, leading to the survival of
cardiomyocytes, tumor cells, and hepatocytes [15-17].

Mitochondria are important for the control of patho-
gen survival. A previous study revealed that dengue
virus (DENV) infection interfered with mitochondrial
dynamics by inducing mitochondrial fission and, as
a result, supporting DENV replication [18]. Another
virus, the human hepatitis B virus (HBV), also induces
mitochondrial fission and increases mitophagy, promot-
ing cell survival and HBV replication [19]. Furthermore,
mitophagy-mediated decreased mitochondrial ROS
(mROS) levels suppress NLRP3 inflammasome activa-
tion, leading to the alleviation of influenza virus-induced
inflammatory lesions [20]. Alterations in mitochondrial
dynamics are also critical for controlling pathogenic bac-
terial infections. An earlier report suggested that mito-
chondrial fission decreases the intracellular survival of
Listeria monocytogenes (L. monocytogenes) [21], while
its toxin Listeriolysin O is involved in mitophagy induc-
tion [22]. The inhibition of L. monocytogenes-induced
mitophagy activates the production of mROS, leading to
the suppression of L. monocytogenes [22]. Another study
suggested that Vibrio splendidus increased MMP to gen-
erate high levels of mROS, inducing mitochondrial injury,
and that the damaged mitochondria are eliminated by
BNIP3-mediated mitophagy, suppressing ROS-induced
cell death [23]. Therefore, mitochondrial dynamics and
mitophagy are important for pathogen survival.

Our previous study suggested that Mtb-induced mito-
chondrial dysfunction plays a critical role in the sur-
vival of mycobacteria in macrophages [24]. Several
Mtb antigens, such as the early secretory antigenic tar-
get 6 kDa (ESAT-6) and 38 kDa antigen, are involved
in ROS production, leading to macrophage apoptosis
[25, 26]. Another group proposed that Mtb induced
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ultrastructural changes in mitochondria, resulting in
mitochondrial dysfunction [27]. These reports suggest
that not only Mtb but also secreted Mtb antigens trig-
ger mitochondrial dysfunction through ROS generation.
However, it is not well known whether Mtb-induced
mitochondrial dysfunction affects the activation of
mitophagy. In this study, we investigated the mechanism
through which BNIP3 regulates mitophagy during Mtb
infection.

Results

Mtb infection induces expression of BNIP3 in macrophages
First, to evaluate whether Mtb affected BNIP3 expres-
sion, we examined the mRNA levels of Buip3 in Mtb-
infected macrophages. The mRNA expression of Buip3
was significantly induced in bone marrow-derived mac-
rophages (BMDMs) infected with Mtb 48 h post infec-
tion (Fig. 1A). Next, we determined the effect of Mtb
infection on BNIP3 protein levels. Cobalt(II) chloride
(CoCl,), an established chemical inducer of hypoxia-
like responses, was used as the positive control in these
experiments. Our results showed that the protein levels
of BNIP3 were increased in Mtb-infected macrophages
between 24 and 48 h post infection (Fig. 1B). We fur-
ther confirmed that BNIP3 was induced by Mtb infec-
tion by evaluating BNIP3 expression in a multiplicity of
infection (MOI)-dependent manner. As expected, there
was a direct correlation between BNIP3 expression in
macrophages and MOI (Fig. 1C). To determine whether
inactivated Mtb could induce BNIP3 in macrophages,
BMDMs were infected with live or heat-killed Mtb for
48 h. The expression of BNIP3 was increased by live Mtb
but not by heat-killed Mtb (Fig. 1D). Next, we treated
macrophages with live Mtb, as well as ESAT-6, a well-
known antigen secreted by live Mtb. Our results showed
that, similar to live Mtb, ESAT-6 induced BNIP3 protein
expression in macrophages (Fig. 1E), further indicat-
ing that live Mtb infection upregulated the expression of
BNIP3 in macrophages.

BNIP3 is induced through HIF1a activation in Mtb-infected
macrophages

In hypoxia, BNIP3 is the target gene of hypoxia-induc-
ible factor-1-alpha (HIFla) [28, 29]; however, it is not
clear whether BNIP3 is regulated by HIFla during Mtb
infection in the absence of hypoxia. We investigated
the protein levels of HIFla and BNIP3 in Mtb-infected
macrophages, and our results showed that expression
of HIFla and BNIP3 increased in a time-dependent
manner (Fig. 2A). Next, to investigate whether HIFla
is located upstream of BNIP3, we treated Mtb-infected
macrophages with FM19G11, a specific inhibitor of
HIF1la, and observed that BNIP3 expression was reduced
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Fig. 1 Mtb infection induces BNIP3 expression in macrophages. A, B Bone marrow-derived macrophages (BMDMs) were infected with Mtb

at a multiplicity of infection (MOI) of 1 for 24 and 48 h. A Bnip3 mRNA was analyzed using quantitative real-time PCR. B Levels of BNIP3 at 24

and 48 h post infection were evaluated using western blotting. C BMDMs were infected with Mtb (MOI=1 or 5) for 24 and 48 h. D BMDMs were
infected with live or heat-killed (HK) Mtb (MOI=1) for 24 and 48 h. E BMDMs were treated with ESAT-6 (10 ug/ml) or Mtb (MOI=1) for 24 and 48 h,
and expression of BNIP3 was evaluated using western blotting. BMDMs were treated with CoCl, (200 uM) for 24 h and used as a positive control.
B-actin was used as a loading control. Data are representatives from at least three independent experiments (mean+SD of n=4in A); *p<0.05

in the presence of HIFla inhibitor (Fig. 2B). These data
indicated that in macrophages, Mtb induced BNIP3
expression via HIF1a. As the name implies, oxygen con-
centration is the primary regulator of HIFla expression
and function; however, it can also be activated by ROS
[30]. To investigate whether Mtb infection induces ROS
in macrophages, we measured ROS production, which
was increased in Mtb-infected macrophages at 24 and
48 h (Fig. 2C). Furthermore, these increased levels of
ROS were reduced by N-acetyl-L-cysteine (NAC), result-
ing in decreased HIF1a and BNIP3 expression (Fig. 2D).

These results suggested that ROS generation in response
to Mtb infection induced the activation of HIF1a-BNIP3
axis in macrophages.

Mitophagy inhibition accumulates mROS

in BNIP3-deficient macrophages during Mtb infection

It has been reported that activated BNIP3 is localized on
the mitochondrial surface [14]. BNIP3 is a mitophagy
receptor that interacts with LC3 to clear damaged mito-
chondria [8, 31, 32]. To confirm the localization of BNIP3
in response to Mtb infection, we analyzed the cytosolic
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Fig. 2 BNIP3 expression is induced via HIF 1a activation in Mtb-infected macrophages. A BMDMs were infected with Mtb at an MOI of 1. The levels
of HIF1a and BNIP3 were evaluated using western blotting. BBMDMs were pretreated with FM19G11 (20 uM) for 1 h and then infected with Mtb
(MOI=1) for 3 h. Cell lysates were collected 24 and 48 h post infection, western blotting was performed, and blots were probed using antibodies
against HIF1q, BNIP3, and B-actin. C BMDMs were infected with Mtb (MOI=1) for 48 h, and the levels of ROS were measured using a DHE stain (n=5
per group). D BMDMs were pretreated with the ROS scavenger NAC (20 mM) for 1 h and then infected with Mtb at an MOI of 1 for 24 and 48 h.
BMDM s treated with CoCl, (200 uM) for 24 h were used as the positive control. Protein levels were analyzed by western blotting. -actin was used
as a loading control. Representative blots of three independent experiments are shown. The data are presented as means + SD of least three

independent experiments; **p <0.01

and mitochondrial fractions of macrophages infected
with Mtb. Our results showed that BNIP3 expres-
sion levels were increased in a time-dependent man-
ner in response to Mtb infection (Fig. 3A). Moreover,
the levels of lipidated LC3 (LC3-II) also increased in the
mitochondrial fraction of Mtb-infected macrophages.
However, treatment with FM19G11 and NAC reversed
the increased expression of LC3-1I during Mtb infection
(Fig. 3B). Next, we examined whether mitophagy was
affected in BNIP3-knockout (BNIP3-KO) RAW 264.7
macrophages in response to Mtb infection. We used
Mtphagy Dye for the detection of mitophagy because it

targets mitochondria and is useful in detecting mitochon-
drial acidification [33]. Mtb-induced mitophagy was also
significantly decreased in BNIP3-KO macrophages com-
pared to wild-type (WT) controls (Fig. 3C; Additional
file 1: Fig. S1). In addition, increased mitophagy by Mtb
was reduced during treatment with lysosomal inhibitor
such as chloroquine or bafilomycin (Additional file 1: Fig.
S2). Next, we measured mtDNA nucleoid as a secondary
indicator of mitophagy using immunofluorescence [34].
The mtDNA was decreased in WT macrophages infected
with Mtb compared to BNIP3-KO macrophages (Fig. 3D;
Additional file 1: Fig. S3). Interestingly, the expression
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of LC3-1II in the mitochondrial fraction of Mtb-infected
macrophages was reduced in BNIP3-KO macrophages
compared to the WT controls (Fig. 3E). These results
suggest that BNIP3 is necessary for the induction of
mitophagy in Mtb-infected macrophages. Disruption of
mitochondrial homeostasis due to impaired mitophagy
can lead to cellular damage, such as excessive ROS gen-
eration and MMP depolarization [35]. To investigate
whether mitophagy inhibition exacerbated mitochon-
drial damage during Mtb infection, we measured MMP,
mitophagy, and mROS levels in Mtb-infected BNIP3-KO
cells. Our results showed that Mtb-induced MMP was
reduced in BNIP3-KO macrophages in a time-depend-
ent manner compared to the WT controls (Fig. 3F). As
expected, the levels of mROS were increased at 48 h in
Mtb-infected BNIP3-KO macrophages compared to
those in the control group (Fig. 3G). Next, we measured
the mitochondrial oxygen consumption rate (OCR) of the
WT or BNIP3-KO RAW 264.7 cells at 48 h during Mtb
infection. The basal OCR was decreased in Mtb-infected
BNIP3-KO RAW 264.7 cells compared to Mtb-infected
WT controls (Fig. 3I). Next, we analyzed the mitochon-
drial quantity using immunofluorescence. Mtb infection
reduced the expression of mitochondria markers, such as
Tom20 and Tim23, in macrophages (Fig. 3H; Additional
file 1: Fig. S4). However, the expression of Tom20 and
Tim23 in BNIP3-KO macrophages increased compared
to the WT controls. These data suggest that Mtb causes
mitochondrial dysfunction, but the clearance of dam-
aged mitochondria is impaired because of the reduced
mitophagy in BNIP3-KO RAW 264.7 cells. Thus, BNIP3
played an important role in Mtb-induced mitophagy in
macrophages, while the inhibition of mitophagy aggra-
vated mitochondrial impairment.

The mROS accumulation due to mitophagy inhibition
increases proinflammatory cytokine levels

We showed that the inhibition of mitophagy via BNIP3
deficiency resulted in the accumulation of mROS (Fig. 3).

(See figure on next page.)
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Since ROS induce several immune responses, includ-
ing the production of cytokines during infection [36],
we examined the levels of proinflammatory cytokines
in macrophages infected with Mtb. We found that the
production of proinflammatory cytokines, including
monocyte chemoattractant protein (MCP)-1 and tumor
necrosis factor (TNF)-a, was increased during Mtb infec-
tion in BNIP3-KO macrophages compared to the con-
trol group (Fig. 4A, B). To further investigate the effect
of mROS accumulation on the levels of proinflammatory
cytokines during Mtb infection, the cells were treated
with MitoTEMPO, a mitochondria-targeted antioxi-
dant. MitoTEMPO decreased the secretion of MCP-1
and TNF-a by macrophages in response to Mtb infection
(Fig. 4C, D), and this effect was observed at both the 24-
and 48-h time points. In addition, MitoTEMPO reduced
the levels of LC3-1I, BNIP3, and mitophagy during Mtb
infection (Fig. 4E, F). NAC and FM19G11 also decreased
the mitophagy levels in Mtb-infected RAW 264.7 cells
(Fig. 4F). These results suggest that the accumulation
of mitochondrial superoxide through BNIP3 deficiency
increased the levels of proinflammatory cytokines.

BNIP3 inhibition suppresses the intracellular survival

of Mtb in macrophages

BNIP3 contains an LC3-interacting region (LIR) motif
as well as a Bcl-2 homology 3 (BH3) region, indicating
its role in the induction of apoptosis [37, 38]. To con-
firm the involvement of BNIP3-mediated apoptosis,
Mtb-infected cells were stained with Annexin V and
propidium iodide (PI). Flow cytometry experiments
demonstrated that there was no difference in the per-
centage of apoptotic cells between BNIP3-KO and con-
trol macrophages in response to Mtb infection (Fig. 5A),
indicating that BNIP3 does not play a role in the induc-
tion of apoptosis in Mtb-infected macrophages. A recent
report suggested that increased mitophagy in Myco-
bacterium bovis infection inhibits xenophagy [39], and
in this study, the reduction of mitophagy by BNIP3 KO

Fig. 3 Mitophagy is regulated by BNIP3 in Mtb-infected macrophages. A RAW 264.7 cells were infected with Mtb at an MOI of 1. Western

blot analysis was performed using mitochondrial and cytosolic fractions from Mtb-infected macrophages. B RAW 264.7 cells were pretreated

with FM19G11 (20 uM) or NAC (20 mM) for 1 h and then infected with Mtb (MOI=1) for 3 h. Cell lysates were collected 48 h post infection. C
Mitophagy was measured in RAW 264.7 cells using a mitophagy detection kit (1=5 per group). D The fluorescence intensity ratios of mitochondrial
DNA in figure S3.The data are presented from at least three independent experiments (means + SD of n=8). E BNIP3-knockout (BNIP3-KO)

RAW 264.7 cells were separated into cytosolic and mitochondrial fractions after Mtb infection for 48 h (MOI=1). RAW 264.7 cells were treated

with CoCl, (200 uM) for 24 h. Protein levels of LC3 and BNIP3 were measured by western blotting. COX IV and 3-tubulin were used as mitochondrial
and cytosolic fraction loading controls, respectively. F Mitochondrial membrane potential (MMP) was measured in RAW 264.7 cells using JC-1
staining. Fluorescent intensity of JC-1 was detected at excitation wavelength 488 nm and emission wavelength 530 nm using flow cytometry (n=4
per group). G Mtb-infected wild-type (WT) and BNIP3-KO RAW 264.7 cells were incubated with MitoSOX Red to measure mitochondrial ROS (mROS)
levels. The mROS levels were analyzed using flow cytometry (n=4 per group). H The fluorescence intensity ratios of Tom20 and Tim23 in figure
S4.The data are presented from at least three independent experiments (means+SD of n=5). 1 Oxygen consumption rate (OCR) was measured
after sequential treatment with oligomycin, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), and rotenone (n=5 per group). The data are
presented as means £ SD of at least three independent experiments; *p <0.05, **p <0.01
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Fig. 3 (See legend on previous page.)

tended to be accompanied by an increase in xenophagy,
but the difference was not significant (Additional file 1:
Fig. S5). Next, we evaluated the intracellular survival of

Mtb in BNIP3 knockdown (siBNIP3) or BNIP3-KO mac-
rophages to investigate the role of BNIP3 deficiency in
the survival of mycobacteria. Our results demonstrated
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Fig. 4 The accumulation of mROS due to mitophagy inhibition increases the levels of proinflammatory cytokines. A, BWT and BNIP3-KO RAW 264.7
cells were infected with Mtb for 48 h (MOI=1). C, D WT and BNIP3-KO RAW 264.7 cells were treated with MitoTEMPO (100 uM), a mitochondrial

ROS scavenger, and then infected with Mtb at an MOI of 1 for 24 and 48 h. The analysis of proinflammatory cytokine levels was performed

in macrophages at 24 and 48 h post infection. E RAW 264.7 cells were treated with MitoTEMPO (100 uM) and then infected with Mtb at an MOl of 1.
Western blot analysis was performed using mitochondrial and cytosolic fractions from Mtb-infected macrophages. F RAW 264.7 cells were treated
with NAC (20 mM), FM19G11 (20 uM), or MitoTEMPO (100 uM) for 1 h and then infected with Mtb at an MOI of 1 for 48 h. Data are representatives
from at least three independent experiments (mean =+ SD of n=4 per group in A, B, F; n=6 per group in C, D); *p < 0.05, **p < 0.01
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that the number of colony-forming units (CFU) was sig-
nificantly decreased at each time point in Mtb-infected
BNIP3-KO macrophages compared to the control group
(Fig. 5B, Additional file 1: Fig. S6). Similarly, the number
of CFU was lower in Mtb-infected siBNIP3 cells than in
the siControl group (Fig. 5C). Because mROS production
was significantly increased in BNIP3-KO macrophages
during Mtb infection (Fig. 3D), we hypothesized that
higher mROS levels were responsible for decreased Mtb
survival. To test this hypothesis, the cells were treated
with MitoTEMPO, an mROS scavenger. As expected, the
reduction of mROS levels increased the number of CFU
compared to the control group (Fig. 5E). Furthermore,
the intracellular survival ratio of Mtb was increased in
WT RAW 264.7 cells treated with MitoTEMPO com-
pared to the controls (Fig. 5D). These results indicate that
the inhibition of mitophagy through the downregula-
tion of BNIP3 increased mROS production, resulting in
reduced Mtb survival.

Next, we checked the effects of other mitophagy mol-
ecules, such as Parkin, BNIP3L/NIX, PTEN-induced
kinase 1 (PINK1), and FUN14 domain containing 1
(FUNDC1), in WT and BNIP3-KO macrophages. The
expression of Parkin and BNIP3L/NIX was increased
in Mtb-infected macrophages, but there was no differ-
ence between the WT and BNIP3-KO macrophages
(Fig. 6A). In contrast, PINK1 and FUNDC were increased
in BNIP3-KO macrophages compared to the WT during
Mtb infection at 24 and 48 h (Fig. 6A). In addition, lev-
els of mitophagy were significantly decreased in siPINK1
and siFUNDCI-transfected BNIP3-KO macrophages
compared to the siControl group during Mtb infection
(Fig. 6B), suggesting that BNIP3 plays an important role
in mitophagy induction.

We then examined mROS levels in both WT and
BNIP3-KO macrophages after Mtb infection, and the
mROS level significantly increased in BNIP3-KO mac-
rophages transfected with siPINK1 and siFUNDC1 com-
pared to the siControl group (Fig. 6D). The MMP of all
small interfering RNA (siRNA)-transfected KO cells
was significantly reduced compared to the WT controls.
However, there were no differences in MMP among
siControl-transfected KO cells and other siRNA-trans-
fected KO cells (Fig. 6C). Interestingly, the intracellular
survival of Mtb was significantly decreased in siPINK1
and siFUNDCI1-transfected BNIP3-KO macrophages
compared to the siControl group (Fig. 6E). The levels of
MCP-1 and TNF-a were also elevated in siPINK1 and
siFUNDC1-transfected BNIP3-KO RAW 264.7 cells
compared to the siControls at 48 h during Mtb infection
(Fig. 6F, G). These results suggest that both PINK1 and
FUNDCI1 supplement mitophagy to inhibit the produc-
tion of mROS in BNIP3-KO cells following Mtb infection.
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BNIP3 is not related to autophagy induction

in Mtb-infected macrophages

To determine whether BNIP3 deficiency affects
autophagy, we analyzed autophagy machinery proteins,
including Unc-51 like autophagy activating kinase (ULK)
1, autophagy related gene (ATG)14, and WD repeat
domain phosphoinositide-interacting protein (WIPI)
2, in Mtb-infected macrophages. During Mtb infection,
the recruitment of proteins in autophagic machinery to
mitochondria was found to be similar between WT and
BNIP3 KO macrophages (Additional file 1: Fig. S7). The
expression levels of ATG5 and ATG?7 also were not dif-
ferent between the WT and BNIP3-KO macrophages
(Fig. 7A). Next, we investigated the role of ATG5, an
important protein in autophagy, in mitophagy. The
knockdown of ATG5 reduced the levels of mitophagy in
the BNIP3-KO RAW 264.7 cells during Mtb infection
(Fig. 7B). In siATG5-transfected BNIP3-KO RAW 264.7
cells, Mtb significantly reduced MMP compared to the
WT controls (Fig. 7C). In addition, the levels of mROS
and proinflammatory cytokines (TNFa and MCP-1) were
increased in siATG5-transfected BNIP3-KO RAW 264.7
cells during Mtb infection (Fig. 7D, E). We hypothesized
that the increased levels of mROS and proinflammatory
cytokines due to the knockdown of ATGS5 inhibited the
intracellular survival of Mtb, and we confirmed the via-
bility of Mtb. As expected, intracellular Mtb was reduced
in the siATG5-transfected BNIP3-KO RAW 264.7 cells
compared to the siControl (Fig. 7F). Moreover, knock-
down of ATGS5 clearly reduced the recruitment of LC3
to damaged mitochondria in BNIP3-KO RAW 264.7
cells compared to the WT controls (Fig. 7G, H). These
results suggest that a deficiency of ATG5 in BNIP3-KO
cells strongly decreases mitophagy, leading to the induc-
tion of damaged mitochondria. As a result, the elevation
of mROS and cytokines, which inhibit intracellular Mtb,
are induced in BNIP3-KO cells. Thus, we propose that
BNIP3-induced mitophagy is not related to autophagy
induction, but that the inhibition of autophagy can result
in a suppression of mitophagy.

Next, we observed the formation of autophagosome
and lysosome in mitochondria during Mtb infection. In
control, Mtb induced LC3-II and reduced p62 in WT
compared to BNIP3 KO macrophages at 48h (Fig. 8A).
Additionally, Mtb increased the levels of both LC3-
II and p62 in bafilomycin-treated WT macrophages
compared to WT controls. In contrast, bafilomycin
treatment in BNIP3 KO macrophages did not induce
dramatic changes as observed in WT during Mtb infec-
tion. In BNIP3 KO macrophages, Mtb decreased the
recruitment of LC3 and lysosomal-associated mem-
brane protein (LAMP) 1 to mitochondria compared to
WT (Fig. 8B, C). However, the expression levels of LC3
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Fig. 6 Mitophagy receptors regulate Mtb. A RAW 264.7 cells were infected with Mtb (MOI=1) for 24 and 48 h. B-G WT and BNIP3-KO RAW 264.7
cells were transfected with siRNA and then infected with Mtb (MOI= 1) for 48 h. B Mitophagy was measured in RAW 264.7 cells using the mitophagy
detection kit (n=4 per group). C MMP was measured in RAW 264.7 cells using JC-1 staining. Fluorescent intensity of JC-1 was detected at excitation
wavelength 488 nm and emission wavelength 530 nm using flow cytometry (n=4 per group). D WT and BNIP3-KO RAW 264.7 cells were incubated
with MitoSOX Red to measure mROS levels. The mROS levels were analyzed using flow cytometry (n=4 per group). E Intracellular survival

was assayed by enumerating the CFU (n=9 per group). F, G The analysis of proinflammatory cytokine levels was performed in macrophages at 48 h
post infection (n=6 per group). The data are presented as means +SD of at least three independent experiments; *p < 0.05, **p <0.01, ***p < 0.001
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Fig. 7 The autophagy-related gene ATG5 controls mitophagy. A RAW 264.7 cells were infected with Mtb (MOI=1) for 24 and 48 h. B-H WT
and BNIP3-KO RAW 264.7 cells were transfected with siRNA and then infected with Mtb (MOI=1) for 48 h. B Mitophagy was measured in RAW 264.7
cells using a mitophagy detection kit (n=4 per group). C MMP was measured in RAW 264.7 cells using JC-1 staining. Fluorescent intensity of JC-1
was detected at excitation wavelength 488 nm and emission wavelength 530 nm using flow cytometry (n=4 per group). D WT and BNIP3-KO RAW
264.7 cells were incubated with MitoSOX Red to measure mROS levels. The mROS levels were analyzed using flow cytometry (n=4 per group).

E The analysis of proinflammatory cytokine levels was performed in macrophages at 48 h post infection (n=6 per group). F Intracellular survival
was assayed by enumerating the CFU (n=9 per group). G WT and BNIP3-KO RAW 264.7 cells were transfected with siRNA and then infected

with Mtb (MOI=1) for 48 h, stained with LC3 (green), Tom20 (red), and DAPI (blue), and visualized using confocal microscopy. H Quantification data
in the Fig. 7G. Quantification data of LC3 recruitment to mitochondria were collected from 50 to 60 cells from at four independent experiments. The
data are presented as means + SD of at least three independent experiments; *p < 0.05, **p <0.01 ***p <0.001
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Fig. 8 BNIP3 regulates the translocation of LC3 to mitochondria. A RAW 264.7 cells were treated with bafilomycin (100 nM) for 1 h and then
infected with Mtb at an MOI of 1 for 48 h. Western blot analysis was performed using mitochondrial fractions from Mtb-infected macrophages. B
RAW 264.7 cells were infected with Mtb for 48 h, and then stained with LC3 (red), LAMP1 (green), Tom20 (gray), and DAPI (blue). C Quantification
data for LC3 and LAMP1 recruitment to mitochondria were collected from 100 cells from at five independent experiments. Quantification data

in the B. D Ratio of LC3 and LAMP1 fluorescence intensity was observed
three independent experiments; *p <0.05, **p <0.01 **p < 0.001

and LAMP1 induced by Mtb were not different between
WT and BNIP3-KO macrophages (Fig. 8D). These data
suggest that BNIP3 deficiency inhibits autophagolyso-
some formation by reducing LC3 translocation to the
mitochondria.

in B (n=5 per group). The data are presented as means+SD of at least

BNIP3 is critical for regulating intracellular Mtb survival

in vivo

To examine the functions of BNIP3 expression levels in
Mtb-infected mice, we investigated whether siBNIP3
regulates intracellular Mtb in mice lungs. We confirmed a
reduction of BNIP3 in the lung tissue of mice transfected
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with siBNIP3 (Fig. 9B). In Fig. 9B, we did not detect a
difference in LC3-II between siBNIP3-transfected mice
and control mice during Mtb. This is consistent with our
previous data, in which the mitophagy induced by BNIP3
did not increase autophagy. In the BNIP3-deficient
mouse model, HIFla was not increased compared to
the controls, which may not have affected HIF1la by the
deficiency of BNIP3. As expected, the survival of myco-
bacteria in the lungs of BNIP3-knockdown mice was sig-
nificantly decreased compared to the controls (Fig. 9C).
Next, we analyzed proinflammatory cytokine production
in the sera of control and BNIP3-knockdown mice. The
Mtb infection increased the levels of MCP-1 and TNF-a
in both BNIP3-knockdown and controls (Fig. 9D, E). The
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expression level of MCP-1 was not significantly different
between the BNIP3-knockdown mice and the controls
(Fig. 9D). However, the level of TNF-a was significantly
elevated in Mtb-infected BNIP3-knockdown mice com-
pared to the controls (Fig. 9E). These results are consist-
ent with our in vitro data (Fig. 4B). These data suggest
that inhibition of BNIP3 expression suppresses intracel-
lular Mtb in the lungs of mice.

Discussion

Mitochondria are the major source of ROS generation in
mammalian cells. Excessive ROS oxidize mitochondrial
DNA, proteins, and lipids, resulting in strand breaks and
base modifications and leading to numerous pathologies,
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Fig. 9 Regulation of BNIP3 controls the intracellular survival of Mtb in vivo. A C57BL/6 WT mice were intraperitoneally injected with siControl

or siBINP3 (1.8 mg/kg) using the LIPID-based in vivo transfection reagent (6 mice per group). After 2 days, mice were intratracheally infected

with Mtb (1 x 10% CFU), and then injected with siRNA (0.6 mg/kg) for 15 consecutive days, once every 3 days. B The levels of BNIP3, LC3, HIF1q,

and {-actin were evaluated using western blotting. C Bacterial burden was measured in the lungs 15 days after infection (n=6 mice per group). D,
E Levels of MCP-1 and TNF-a in the sera of Mtb-infected mice were analyzed by ELISA (n=6 mice per group). The data are presented as means+SD

of at least three independent experiments; *p < 0.05, ***p < 0.001
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including cancer, neurological diseases, and cell death
[40]. The accumulation of ROS in mitochondria can also
trigger the release of additional ROS, further increas-
ing mitochondrial dysfunction [41]. To maintain cellu-
lar homeostasis, damaged mitochondria are eliminated
via mitophagy [42]. In this study, we demonstrated that
HIF1a-BNIP3-mediated mitophagy was involved in the
elimination of damaged mitochondria, resulting in a
reduction of mROS and proinflammatory cytokines dur-
ing Mtb infection (Fig. 10).

We observed that both ESAT6 stimulation and live
Mtb infection upregulated BNIP3 protein expression;
however, heat-killed Mtb infection did not affect BNIP3
expression in BMDMs. These findings suggest that live
Mtb, as well as virulent Mtb antigens, can induce BNIP3
expression, leading to the activation of mitophagy. It has
been established that BNIP3 is a downstream target of
HIF1a [28, 29]. Our results showed that the inhibition of
HIFla reduced BNIP3 expression in macrophages during

WT macrophage

Damaged
mitochondria

Mitophagy
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Mtb infection, confirming previous studies [28, 29]. Sev-
eral groups have reported that HIFla is activated by
ROS [43-45]. Here, we showed that BNIP3 and HIFla in
Mtb-infected macrophages treated with a ROS scavenger.
These data indicate that ROS elevated BNIP3 production
via the upregulation of HIFla expression. Several stud-
ies have reported that under hypoxic stress, BNIP3 can
induce apoptosis through the recruitment of BAX and
BAK in host mitochondria [37, 38]. Although BNIP3 is
a BH3-only protein that can induce apoptosis, various
normal cells can trigger mitophagy without inducing
apoptosis [31, 32, 38]. In NK cells, BNIP3 plays a role in
the elimination of damaged mitochondria during mouse
cytomegalovirus (MCMYV) infection [46]. Our results
showed that BNIP3 did not induce apoptosis; however,
it triggered mitophagy in response to Mtb infection.
Furthermore, the activation of mitophagy was reduced
in BNIP3-KO macrophages compared to WT mac-
rophages, suggesting that Mtb-induced BNIP3 could be

BNIP3 KO macrophage

L

=m0
Mtb

b/

‘ % Phagophore

Damaged
mitochondria

Mitophagy

Fig. 10 Schematic diagram. Mtb increases mROS through reduction of MMP in macrophages. Induced mROS promote the mitophagy pathway
by inducing BNIP3 production through an increase in HIF1a. In contrast, mitophagy is reduced in BNIP3-deficient macrophages, resulting
in elevated levels of MROS and TNF-a and inhibition of Mtb growth (Created with BioRender.com)
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beneficial for Mtb survival in macrophages via mitophagy
induction.

Mitochondrial dysfunction due to oxidative stress can
initiate the autophagy pathway known as mitophagy
[13]. In mitophagy, many molecules are involved, but we
observed mitophagy induced by BNIP3 in macrophages
infected with Mtb. It is difficult to explain why BNIP3 KO
induces other mitophagy-related proteins such as PINK1
and FUNDCI1. However, our data suggest that BNIP3
might be a key molecule inducing mitophagy in Mtb-
infected macrophages. ATG5 is important in autophagy
as it is involved in the formation of the autophagosome
membrane and autophagosome-lysosome fusion [47].
We found that the reduction of mitophagy by BNIP3
deficiency did not affect autophagy; however, inhibition
of autophagy by siATG5 decreased mitophagy. Taken
together, autophagy molecules might be critical for
mitophagy induction.

In this study, we showed that the accumulation of
defective mitochondria due to BNIP3 deficiency signifi-
cantly increased the mROS levels during Mtb infection.
The levels of proinflammatory cytokines, such as TNF-a
and MCP-1, were also elevated in the BNIP3-KO mac-
rophages compared to those in the control group. How-
ever, MCP-1 was not increased in BNIP3-deficient mice,
which was probably due to differences in in vitro and
in vivo conditions. Although further study is necessary
to determine the function of BNIP3 in cytokine produc-
tion following mycobacterial infection, BNIP3 plays an
important role in proinflammatory cytokine synthesis.

Previous reports have indicated that the accumula-
tion of mROS is caused by mitochondrial damage due
to reduced MMP [6, 35]. Therefore, mitophagy is neces-
sary to remove damaged mitochondria to maintain mito-
chondrial homeostasis in cells, since the accumulation of
damaged mitochondria induces the continuous produc-
tion of mROS [11, 12, 35]. Another group reported that
the inhibition of BNIP3 expression elevates mROS levels
due to the accumulation of defective mitochondria in the
liver [48], supporting our findings. Thus, BNIP3 expres-
sion levels play an important role in the regulation of
mROS synthesis in macrophages.

Although the importance of mROS during Mtb infec-
tion is not well understood, our results show that mROS
play key roles in the inhibition of Mtb via proinflamma-
tory cytokine production. It was previously reported
that induced mROS play a role in the induction of host
defense responses, such as antimicrobial signaling,
inflammasome activation, and proinflammatory cytokine
production [49-51]. It is well known that proinflamma-
tory cytokines regulate the growth, differentiation, and
activation of immune cells to control intracellular path-
ogens [52]. In this study, we showed increased levels of
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TNF-« in the sera of BNIP3-deficient mice during Mtb
infection. Many reports suggest that TNF-« is a key fac-
tor in phagocyte activation, since TNF-deficient mice
fail to form granulomas due to a severe deficiency in
the recruitment of immune cells in the lungs during
Mtb infection [53, 54]. Another study suggested that
the accumulation of mROS by mitophagy inhibition
triggers TNF-a production [55]. Thus, we suggest that
BNIP3 deficiency induces mROS accumulation, leading
to an elevation of TNF-ua levels. Several studies have pro-
posed that the production of ROS and proinflammatory
cytokines is essential for host resistance to Mtb infection
[49, 56, 57]. Here, we showed that BNIP3-induced mROS
suppressed the intracellular survival of Mtb through pro-
inflammatory cytokine production. This is the first study
to demonstrate the role of BNIP3 in mROS production in
Mtb-infected macrophages.

Conclusion

In this study, we showed that BNIP3 activates mitophagy
in Mtb-infected macrophages. In these macrophages,
BNIP3-induced mitophagy is responsible for the regula-
tion of ROS and proinflammatory cytokine levels, sug-
gesting that BNIP3 plays an important role in controlling
intracellular Mtb. These findings indicate that BNIP3
could be a potential therapeutic target for the treatment
of tuberculosis.

Materials and methods

Cell culture

BMDMs were isolated from C57BL6 mice and differenti-
ated for 4 days in Dulbecco’s minimal essential medium
(DMEM; Welgene) containing 25 ng/ml macrophage
colony-stimulating factor (M-CSF; R&D Systems) and
supplemented with 10% fetal bovine serum (FBS; Wel-
gene), 100 IU/ml penicillin (Welgene), and 100 pg/ml
streptomycin (Welgene). All animal experiments were
performed in accordance with Korean Food and Drug
Administration guidelines. The murine macrophage cell
line RAW 264.7 (American Type Culture Collection;
ATCC) was cultured in DMEM supplemented with 10%
FBS, 100 IU/ml penicillin, and 100 mg/ml streptomycin.
The cell cultures were maintained at 5% CO, and 37 °C in
polypropylene tissue culture plates (Corning).

Mtb culture and infection

Mtb H37Rv strain (Mtb; ATCC 27294) was cultured
in Middlebrook 7H9 liquid medium (BD Biosciences)
supplemented with 10% OADC (oleic acid, albumin,
dextrose, and catalase) and 5% glycerol. Bacteria were
suspended in phosphate-buffered saline (PBS; Welgene)
at a concentration of 1x10% CFU/ml. Mtb was stored at
— 80 °C. The cells were infected with heat-killed or live
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Mtb at an MOI of 1:1 or 1:5 for 3 h. To remove non-
infected bacteria, the cells were washed and cultured in
a medium containing 5% FBS. Heat-killed Mtb was pre-
pared by heating live Mtb in PBS at 80 °C for 30 min. To
measure the survival of intracellular Mtb, BMDMs and
RAW 264.7 cells were infected with Mtb and lysed in dis-
tilled water to allow the collection of intracellular bacte-
ria. The lysates were plated separately on 7H10 agar (BD
Biosciences) plates, and incubated at 37 °C for 2—3 weeks.
Colony counting was performed in triplicate.

Measurement of ROS

Intracellular ROS or mROS levels were measured using
a dihydroethidium (DHE) or MitoSox red staining assay.
RAW 264.7 cells were infected with Mtb and incubated
with DHE (20 uM) or MitoSox red (5 uM) for 30 min
at 37 °C in 5% CO,. The samples were analyzed using a
FACSCanto II cytometer (BD Biosciences). Data were
processed using FlowJo software (Tree Star).

Polymerase chain reaction (PCR)

Total RNA was isolated from Mtb-infected BMDMs or
RAW 264.7 cells, and mRNA was reverse transcribed
into cDNA using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Reverse transcription-
PCR was performed using Prime Taq Premix (Genet Bio)
to detect the mRNA levels of the target genes. For quan-
titative real-time PCR, cDNA was synthesized, and target
gene expression was quantified using SYBR green (QIA-
GEN). The mean values of the triplicate reactions were
normalized to the mean value of B-actin. The sequences
of the primers used were as follows: mouse Bnip3 (for-
ward: 5 -GCTCCTGGGTAGAACTGCAC-3’, reverse:
5"-GCTGGGCATCCAACAGTATT-3’) and mouse
Actb (forward: 5'-CCACCATGTACCCAGGCATT-3/,
reverse: 5 -AGGGTGTAAAACGCAGCTCA-3").

Western blot analysis

Mtb-infected cells were lysed in a radioimmunoprecipita-
tion assay buffer (ELPIS, Daejeon, South Korea) contain-
ing a protease inhibitor cocktail. The extracted proteins
were separated on an SDS-PAGE gel before being trans-
ferred to a polyvinylidene difluoride membrane (Mil-
lipore, Billerica, MA, USA). Next, the membranes were
probed with primary antibodies against BNIP3, HIFla,
LC3, B-actin (Cell Signaling Technology, Danvers, MA,
USA), COX IV, and anti-pB-tubulin (Abcam, Cambridge,
MA, USA), followed by the secondary antibodies anti-
rabbit IgG-HRP (Cell Signaling Technology) and anti-
mouse IgG-HRP (Calbiochem, Darmstadt, Germany).
The membranes were developed using a chemilumi-
nescence reagent (Millipore) and quantified using an
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Alliance Mini imaging system (UVItec Cambridge,
UK). The ROS scavenger NAC and the HIFla inhibitor
FM19G11 were purchased from Sigma-Aldrich.

Establishment of transgenic RAW 264.7 cell lines

To delete Bnip3 in RAW 264.7 cells, we selected three
guide RNAs targeting the Bnip3 region that were
designed using the web design tool (https://chopchop.
cbu.uib.no/). Selected guide RNAs were cloned into a
px330 vector and validated in RAW 264.7 cells by west-
ern blot analysis. Validated guide RNAs (target sites:
5-GCTGAAGTGCAGTTCTACCC-3’), along with
Cas9 mRNA, were introduced by Lipofectamine 3000
(Invitrogen) into RAW 264.7 cells. The resulting gDNAs
were screened for deletions in the Buip3 region with
primers flanking Buip3 (forward: 5- CCACAAGTG
GTCAGATTGCTAA-3’, reverse: 5 -CTTGGAGCT
ACTTCGTCCAGAT -3") by PCR and Sanger sequenc-
ing. CRISPR/Cas9 protocol was performed as described
previously [58].

Transfection of siRNA

Silencing of Buip3, PINK1, FUNDCI, Parkin, BNIP3L/
NIX, and ATGS was performed using siRNAs (100 nM)
targeting mouse Bnip3 (Bioneer), PINK1, FUNDCI, Par-
kin, BNIP3L/NIX, and ATG5 mRNA sequences (Santa
Cruz Biotechnology) and negative control siRNAs
(Bioneer). The siRNA oligonucleotides were transfected
into cultured BMDMs using Lipofectamine 3000 (Invit-
rogen) according to the manufacturer’s instructions.

Apoptosis analysis

Cell death was assessed using an Annexin V/PI stain-
ing kit according to the manufacturer’s instructions
(BD Biosciences). Briefly, the cells were stained with
FITC-conjugated Annexin V and PI, and flow cytometry
was performed using a FACSCanto II with FACS Diva.
The results were analyzed using FlowJo software (BD
Biosciences).

Mitochondria morphology analysis

Mitochondrial fractions from macrophages were
obtained using the Mitochondria Isolation Kit for Cul-
tured Cells (Thermo Scientific) according to the manu-
facturer’s instructions. The MMP assay was performed
using 5,5",6,6 -tetrachloro-1,1",3,3’-tetraethylbenzimid
azolycarbocyanine iodide (JC-1; Invitrogen). RAW 264.7
cells were stained with JC-1 (2 uM) for 30 min at 37 °C
in 5% CO,. Mitophagy was assessed using a Mitophagy
Detection Kit (Dojindo Molecular Technologies). Cells
were treated according to the manufacturer’s protocol,
and samples were analyzed on a FACSCanto II cytometer
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(BD Biosciences). Data were processed using Flow]o soft-
ware (Tree Star).

Enzyme-linked immunosorbent assay (ELISA)

A sandwich ELISA kit (BD Pharmingen) was used to
measure the levels of secreted cytokines, including
MCP-1 and TNF-q, in the culture supernatants. Assays
were performed according to the manufacturer’s instruc-
tions. Triplicate samples were analyzed using an ELISA
reader (Molecular Devices), and concentrations were
calculated using a standard curve. MitoTEMPO was pur-
chased from Sigma-Aldrich.

Mouse infection in vivo

All animal procedures were reviewed and approved by
the Institutional Animal Care and Use Committee of
Chungnam National University (CNU-00907). Delivery
of siRNA in vivo was intraperitoneally injected with neg-
ative control siRNA or mouse BNIP3 siRNA (Bioneer)
following the instructions of the LIPID-based in vivo
transfection reagent kit (Altogen Biosystems). Female
C57BL/6 W'T mice (6 weeks of age) were first injected
with siRNA (1.8 mg/kg) and then infected with Mtb on
day 2. Next, mice were injected with siRNA (0.6 mg/kg)
on 15 consecutive days, once every 3 days. Mice were
intratracheally infected with Mtb (1x10° CFU) in 50 ul
PBS. The control mice were injected with an equal vol-
ume of PBS (Fig. 8A). Lung cells and sera were harvested
from individual mice groups at 15 days after intratracheal
infection.

Immunofluorescence

RAW 264.7 cells were grown on 18-mm coverslips for
overnight. The cells were fixed in 4% paraformaldehyde
and then washed three times with PBS. The cells were
cultured with primary antibodies overnight, and then
with the appropriate secondary antibody (Alexa Fluor
594 anti-mouse IgG and Alexa Fluor 488 anti-rabbit IgG,
Life Technologies) for 2 h at room temperature. Next, the
cells were stained with DAPI to label DNA. The stained
cells were visualized under a LSM 900 confocal micro-
scope (Zeiss).

Statistical analysis

Data are shown as means+SD, and all experiments
were performed at least three times. The results of the
experiments were evaluated using Student’s t-test or
one-way analysis of variance (ANOVA), followed by
Bonferroni’s multiple comparison tests. Statistical signif-
icance between groups was determined using the Mann—
Whitney and Kruskal—Wallis tests. Statistical significance
is indicated by *p <0.05, ** p <0.01, and *** p <0.001.
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Mtb Mycobacterium tuberculosis

B Tuberculosis

ROS Reactive oxygen species

MOI Multiplicity of infection

CFU Colony-forming units

M-CSF Macrophage colony-stimulating factor

NAC N-acetyl cysteine

BMDMs Bone marrow-derived macrophages

TNF Tumor necrosis factor

LPS Lipopolysaccharide

PBS Phosphate-buffered saline

MCP Monocyte chemoattractant protein

CoCl2 Cobalt(ll) chloride

BNIP3 BCL2/adenovirus E1B 19 kDa protein-interacting protein
3

MMP Mitochondrial membrane potential

LC3 Microtubule-associated protein 1A/1B-light chain 3

DENV Dengue virus

HBV Human hepatitis B virus

L. monocytogenes  Listeria monocytogenes

ESAT-6 Early secretory antigenic target 6 kDa
HIF1a Hypoxia-inducible factor-1-alpha

LIR LC3-interacting region

MCMV Mouse cytomegalovirus
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Additional file 1: Figure S1. Mtb regulates mitophagy in macrophage.
Original recordings of Mtphagy Dye fluorescence detection by flow
cytometry (BD FACSCANTO II) was performed using 488 nm for excitation
and 695 nm for emission reflecting the mitophagy in Figure 3B. WT and
BNIP3-KO RAW 264.7 cells were infected with Mtb for 3 h. The cells were
analyzed 24 and 48 h post infection. Figure S2. Lysosomal inhibitors
decrease Mtb-induced mitophagy in macrophages. RAW 264.7 cells were
treated with bafilomycin (100 nM) or chloroquine (50 uM) for 1 h and then
infected with Mtb at an MOI of 1 for 48 h. (mean+ SD of n=3). Figure S3.
Mtb reduces mitochondrial DNA in macrophages. RAW 264.7 cells were
infected with Mtb at an MOI of 1 for 48 h. And then cells were immu-
nostained with a-DNA antibody (green) and Tom20 (red). (mean +SD of
n=28). Figure S4. Mitochondrial proteins suppress by Mtb in mac-
rophages. WT and BNIP3-KO RAW 264.7 cells were infected with Mtb for 48
h, and then stained with anti-Tom20 or anti-Tim23 antibody (green) and
DAPI (blue). Figure S5. BNIP3 can control xenophagy in macrophages. WT
and BNIP3-KO RAW 264.7 cells were infected with Mtb expressing red fluo-
rescent protein at MOl = 1 for 48 h and were then immunostained using
anti-LC3 antibody (green) and DAPI (blue). Colocalization of Mtb with LC3
were counted in total of 100 bacterial cells. Results are representatives
from at least three independent experiments (mean +SD of n=5). Figure
S6. BNIP3 regulates intracellular Mtb in macrophages. RAW 264.7 cells
were infected with Mtb and then lysed using distilled water. Drops of 20 pl
of 10—1 to 10-3 dilutions of Mtb and derivatives were spotted onto Mid-
dlebrook 7H10-OADC agar plates. Figure S7. BNIP3 is not related recruit-
ment of autophagy molecules to mitochondria. RAW 264.7 cells were
infected with Mtb at MOI = 1 for 48 h and were then immunostained.
Results are representatives from at least three independent experiments
(mean +SD of n=5). Figure S8. The effect of specific sSiRNA. RAW 264.7
cells were transfected with each siRNA, and then incubated with 48 h.
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