TAE buffer for clectrophoresis. The gel was stained with ethidium
bromide and DNA was visualized under UV light.

H,0, treatment

M. smegmatis strains were grown to an OD600 of 0.5 to 0.7 in LB
medium at 37°C. The bacterial culture was then diluted to 0.1 OD
by the medium for the assay. The reaction was initiated by adding
a final concentration of 12.5 mM H,0, and incubated for 0, 1, or
2 hours. If necessary, bacteria were pretreated with 40 mM
desferal (Sigma) for 5 min before exposure to HyO,. At each time
point, the bacterial suspension was serially diluted using sterilized
water and plated onto LB agar (Sigma). Living bacteria were
enumerated by counting CFU after incubation at 37°C for 4-6
days.

Supporting Information

Figure 81 MDP1/ML-LBP homologues. Blast search was
performed for amino acid sequence of BCG-MDP! against all
protein database using the National Center for Biotechnology
Information’s (NCBI) BLAST server and proteins with over 150 of
total score are aligned. Conserved domain of Integration host
factor (IHF) and HU were shown by yellow box, which was
identified with domain search using NCBI server. MDP1-specific
DNA binding region [20] that interacts with GC-rich DNA was
indicated by red.

(DOC)
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Figure 82 Ferroxidase activity of Ms-MDPI1. The conversion
from Fe** to Fe™ was scanned by measuring the absorbance at
305 nm. Black line, 0.4 mM FeSO, blue lne, 0.4 mM
FeSO,+1.4 uM Histone HI; red line, 0.4 mM FeSO4+1.4 uM
Ms-MDP1.

(TTF)

Figure 83 Ferroxidase activity of Mtb-MDP1 and ferritin using
hydroxyl peroxide, as the oxidant The conversion from Fe** to
Fe* was monitored by spectral analysis at 305 nm. Hydroxyl
peroxide (6-108 mM) were added to the solution of cither 0.5 pM
Mitb-MDP1 (A) or horse ferritin (B) including with 21 pM FeSO,.

(TTF)
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Mycobacterium bovis bacillus Calmette-Guérin (BCG) is the most often used vaccine worldwide and sole
vaccine against tuberculosis. BCG is protective against severe form of childhood tuberculosis but less or
not protective to adult pulmonary tuberculosis. Therefore, improved vaccination strategies and develop-
ment of new tuberculosis vaccines are urgent demands. For those purposes, appropriate animal models
thatreflect human are critically useful. However, in animal models, BCG vaccination protects well against
subsequent challenge of Mycobacterium tuberculosis. In this study we evaluated the duration of protec-

Keywords: - tive efficacy of the BCG vaccination in mice over time and found that efficacy was diminished 40 weeks
Mycobacterium LT . . L. .

Vaccine after vaccination. The aged mice older than 45 weeks are protected sufficiently after the vaccination with
Adult pulmonary tuberculosis BCG, suggesting that loss of its efficacy is not dependent on the age of mice but rather depends on the
BCG period from vaccination. The loss of protection occurred in TH1 polarized STAT6 deficient mice despite
Cellular immunity the maintenance of interferon (IFN)-gamma production activity of lymph node cells and splenic CD4* T
TH1 cells against M. tuberculosis antigens. Our data suggest that the duration from vaccination may explain

the variation in BCG efficacy against adult pulmonary tuberculosis.

© 2011 Elsevier Ltd. All rights reserved.

1. Imtroduction

Tuberculosis remains a serious threat for human health world-
wide, where around 9.4 million people develop tuberculosis and
1.8 million people die each year [1].

Mycobacterium bovis bacillus Calmette-Guérin (BCG)is an atten-
uated strain of M. bovis [2] and the only currently available vaccine
against tuberculosis. Nowadays it is accepted that BCG is effective
for severe forms of childhood tuberculosis, such as disseminated
tuberculosis and meningitis, but the efficacy for pulmonary tuber-
culosis in adults is variable among different populations and studies
[3].and ineffectiveness was reported by controlled trials of over one

Abbreviations: APCs, antigen-presenting cells; BCG, Mycobacterium bovis bacillus
Calmette-Guérin; CFUs, colony forming units; KM, kanamycin; TH1, type 1 CD4*
T-helper cells; TH2, type 2 CD4* T-helper cells.
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hundred thousand people in India [2]. Poor or lack of efficacy of BCG
for adult pulmonary tuberculosis is a serious problem in controlling
the disease [2,4], because many deaths from tuberculosis are caused
in adults and pulmonary tuberculosis is the most frequent clini-
cal entity of tuberculosis. Several factors, such as strain variation
[5], immune disturbance by exposure to environmental mycobac-
teria [6], and methodological discrepancies [7], are thought to be
involved in the variation of effectiveness of BCG for adult pul-
monary tuberculosis. In addition, decline of BCG efficacy with time
was reported in human studies {8,9], implying that the duration of
time from vaccination is related with the poor effectiveness of BCG
in adult tuberculosis, although one study reported that it maintains
over 50 years after vaccination [10].

In animal models, including mice, BCG vaccination induces a
remarkable protection against subsequent challenge with M. tuber-
culosis. IFN-gamma is considered as a key cytokine [11-13] and
[FN-gamma-producing CD4* T-helper 1 cells (TH1) play a pivotal
role in the acquired protective immunity induced by BCG vaccina-
tion. In addition, the importance of [FN-gamma signaling pathways,
such as the mutation of interferon-gamma receptors, in defense
against mycobacterial infection is demonstrated by human studies
[14,15].
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The aim of this study was to clarify the efficacious duration of
BCG vaccination and immune responses in mice vaccinated with
BCG. Although it is believed that BCG always confers protection
against subsequent challenge of mycobacteria in animal models,
we found that BCG efficacy was diminished 40 weeks after vacci-
nation. The decline of protection is dependent on the time after BCG
vaccination but not the age of mice. The loss of protection occurred
even while maintaining IFN-gamma-productivity by CD4* T cells
upon stimulation with M. tuberculosis antigens. Our data suggest
the duration of time from vaccination may influence the variability
of BCG efficacy against adult pulmonary tuberculosis.

2. Materials and methods
2.1. Animals

Female C57BL/6 and BALB/c mice were purchased from SLC
(Shizuoka, Japan). STAT6-deficient BALB/c mice were purchased
from the Jackson Laboratory (Bar Harbor, ME) and bred and
maintained. Female C57BL/6, STAT6-deficient, and BALB/c mice of
6-8-weeks-old were used in the experiments. For the analysis of
age effects in vaccination, we used female C57BL/6 mice aged 45-55
weeks old. Experiments were conducted according to the stan-
dard guidelines for animal experiments of Osaka City University
Graduate School of Medicine.

2.2. BCG vaccination and challenge with kanamaycin-resistant
BCG

C57BL/6, BALB/c, and STAT6-deficient mice were vaccinated
via the peritoneal route with 10> colony-forming units (CFUs) of
BCG suspended in 100 uL of sterilized phosphate-buffered saline
(PBS). At various times after vaccination, lungs, livers, and spleens
were homogenized in 1 mL sterile distilled water and serial dilu-
tions were plated on Middlebrook 7H11 agar containing oleic acid,
dextrose, albumin, and catalase enrichment (Difco) (7H11-0OADC

agar). CFUs were counted after culturing at 37°C for 20-30 days. -

In some experiments, mice were intratracheally challenged with
5 x 104> CFUs of kanamycin (KM) resistant BCG suspended in
50 L of PBS at 3, 20, and 40 weeks postvaccination. Five weeks
later, lungs were homogenized as described above and serial dilu-
tions of homogenates were plated on 7H11-0ADC agar containing
10 pg/mL of KM.

2.3. Culture of lymph node cells and CD4™ T cells in vitro

Axillary lymph nodes were obtained from at least three mice
per group and single cell suspensions were prepared in Hanks’
balanced salt solution by gently teasing the nodes between the
frosted ends of two glass slides. This procedure routinely provided
single cell suspensions with 90-95% viability as assessed by try-
pan blue dye exclusion. Lymph node cells were cultured in RPMI
1640 medium containing 10% heat-inactivated fetal calf serum,
2mM vL-glutamine, 100U/mL penicillin and 100 pg/mL strepto-
mycin (Life Technologies, Grand Island, NY). In some experiments,
CD4* T cells were isolated from mice using a CD4* T Cell Isolation
Kit (Miltenyl Biotec, Bergisch Gladgach, Germany) after erythrocyte
depletion using 0.83% ammonium chloride solution. Obtained cells
were labeled with PE-conjugated anti-CD4 mAb (eBioscience) and
analyzed by flow cytometry. The purity of selected populations was
confirmed as >96%. Non-CD4" cells retained in elution were incu-
bated for over 2 h. Attached cells were used as antigen-presenting
cells (APCs) after irradiation (20 Gy).

~@-Spleen
~QO-Liver

CFU (Log)/organ
w

2w 5w 20w 30w 40w

Time after BCG-vaccination

Fig. 1. Time course of surviving BCG number after vaccination. C57BL/6 mice were
intraperitoneally vaccinated with 10° CFU of BCG. Various times after vaccination,
bacterial numbers in livers (open circles) and spleens (closed circles) were moni-
tored. Data represent mean values + SD for 3-5 mice per group. *P<0.05 versus CFU
at 2 weeks after vaccination.

2.4. Invitro T-cell proliferation assay and measurement of
cytokine secretion

Lymph nodes cells were resuspended at 2.5 x 108 cells/mL, CD4*
T cells at 6 x 10° cellsjmL and APCs at 2 x 10° cells/mL. Cells were
cultured for 5 or 7 days with or without 10 p.g/mL of purified protein
derivatives (PPD, Japan BCG Laboratory, Tokyo) in 96-well plates in
RPMI 1640 supplemented with 10% fetal calf serum (FCS), 2mM
L-glutamine, penicillin (100 U/mL), streptomycin (100 pg/mL) and
50 mM 2-mercaptoethanol. Proliferation was evaluated by pulsing
the cells with 1 uCi (37 kBq)/well 3H thymidine for 6 h and mea-
suring 3H thymidine incorporation using a scintillation counter.
Production of IFN-gamma, interleukin (IL)-4, IL-5, and IL-10 in the
culture supernatant was measured using commercially available
ELISA kits (R&D System, Minneapolis, MN).

2.5. Statistical analysis

Results were analyzed by one-way analysis of variance (ANOVA)
using SAS system R.8.1. Data were expressed as mean val-
ues & standard deviation (SD) and considered significant if P<0.05.

3. Results
3.1. Loss of protection induced by BCG vaccination in mice

Anti-tuberculosis immunity can be induced by vaccination with
viable but not dead BCG [11,16]. First, in order to know if the
survival rate of inoculated BCG correlated with protection, we
examined how long BCG is sustained in vivo. We inoculated 10°
CFU of BCG into C57BL/6 mice intraperitoneally and counted bac-
terial CFUs in organs, such as spleens, livers, and lungs. Although
BCG was almost undetectable in lungs during experiments, sub-
stantial numbers of BCG were found in both the spleens and livers
(Fig. 1). In livers, BCG was gradually eliminated and almost unde-
tectable 40 weeks after vaccination. By contrast, bacterial numbers
were unchanged from 2 to 40 weeks after vaccination in spleens.

We next examined the efficacy of BCG vaccination at 20 and
40 weeks postvaccination. Mice were challenged intratracheally
with KM-resistant BCG. After 5 weeks, mice were sacrificed and
CFUs of KM-resistant BCG in the lungs determined. We found that
reduced numbers of CFUs in BCG-vaccinated mice comparing to
that in unvaccinated mice at 20 weeks postvaccination. However,
we could not find a reduction in CFUs in vaccinated mice at 40
weelks postvaccination (Fig. 2). The protective efficacy of BCG was
evident 20 weeks after the vaccination but was lost at 40 weeks
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Fig. 2. Influence of time after vaccination on BCG-induced protection in C57BL/6
mice. Twenty or 40 weeks after BCG vaccination, C57BL/6 mice vaccinated with
BCG (closed columns) or not (open columns) were intratracheally challenged with
5x 10* of KM resistant BCG. Five weeks later, mice were sacrificed and CFUs of
KM resistant BCG in lungs were counted. **P<0.01 versus unvaccinated mice. Data
represent mean values =+ SD for 4-6 mice per group.

after vaccination. The experiments were repeated twice, and the
loss of protection at 40 weeks postvaccination was reproducibly
observed (data not shown).

In order to know the precise mechanism of BCG efficacy,
we examined helper T (TH) cell cytokine patterns. TH1 immune
responses, such as the production of [FN-gamma, are protective
against mycobacterial infection, whereas type 2 helper T cell (TH2)
responses, such as production of IL-4 and IL-5, are not [17,18].
To clarify the mechanism of BCG efficacy, we examined cytokine
responses of lymph node cells against M. tuberculosis antigens, PPD,
at 20 and 40 weeks postvaccination. High levels of IFN-gamma pro-
duction were observed when lymph node cells derived from mice
20, but not 40, weeks after vaccination were incubated with PPD
(Fig. 3A). By contrast, significant production of both IL-4 and IL-
5 was observed when lymph node cells derived from mice at 40
weeks postvaccination were incubated with PPD (Fig. 3B and C).

3.2. BCG induces protection in aged mice

In order to clarify the participation of age factors in the decline
of protection induced by BCG vaccination, we studied BCG effi-
cacy using aged mice. Young (5 weeks old) and aged (45-55 weeks
old) C57BL/6 mice were intraperitoneally vaccinated with 10°
CFUs of BCG. Mice were then challenged with KM-resistant BCG
and protection was assessed by comparing CFUs of KM-resistant
BCG in the lungs at 5 weeks postchallenge (Fig. 4A). Significantly
reduced numbers of CFUs were seen in both BCG-vaccinated young
and aged mice comparing to unvaccinated controls, showing that
BCG vaccination can induce protection in mice aged 45-55 weeks.
Simultaneously, we studied cytokine responses of lymph node cells.
Lymph node cells derived from aged mice prevaccinated with BCG
produced comparable amounts of IFN-gamma to young mice, when
stimulated with PPD (Fig. 4B). The CD4* splenic T cells produced
similar levels of IFN-gamma when stimulated with PPD as lymph
node cells (data not shown).

3.3. Protection is lost despite maintenance of TH1 responses to
PPD

We next examined whether the loss of BCG effectiveness
observed in C57BL/6 mice occurred in another mouse strain,
BALB/c. In C57BL/6 mice, we observed impaired TH1 and strength-
ened TH2 responses of lymph node cells to PPD when protection
was diminished (Fig. 3). We considered this shift of immune
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Fig. 3. Cytokine production from lymph node cells after stimulation with M. tuber-
culosis antigens, PPD in vitro. Lymph nodes cells (2.5 x 10° cells/ml) derived from
BCG-vaccinated (closed columns) or unvaccinated (open columns) mice were cul-
tured with or without 10 wg/ml of PPD for 7 days. The amounts of IFN-gamma
(A), IL-4 (B), and IL-5 (C) in the supernatants were determined by ELISA. *P<0.05,
**P<0.01 versus unvaccinated mice.

response from TH1 to TH2 to mycobacterial antigens might cause
loss of protection. To examine this hypothesis as well, we used
STATG6 deficient BALB/c mice previously constructed [19]. STAT6
is a transcription factor that translocates to the cell nucleus after
phosphorylation and plays a central role in IL-4 mediated biolog-
ical function [20,21]. Robust TH1 and impaired TH2 responses are
reported in STAT6 knockout mice [20,21].

Wild-type BALB/c and STAT6 knockout mice were vaccinated
with 10° CFU BCG intraperitoneally and viable numbers of BCG in
spleens and liver were counted (Fig. 5A and B). In spleens, 104~10°
CFUs of BCG continuously remained in both wild type and STAT6
knockout BALB/c mice until 40 weeks after vaccination (Fig. 5A). As
observed in C57BL/6 mice, both mice showed a gradual decrease of
inoculated BCG in the liver (Fig. 5B).

We next examined TH1 responses to PPD in STAT6 knockout
mice after BCG vaccination. Twenty and 40 weeks after vaccination,
we analyzed the responses of lymph node cells (Fig. 6) and CD4*
T cells to PPD in vitro. T cells of STAT6-knockout mice showed sig-
nificantly higher levels of proliferation when compared to control
mice at both 20 and 40 weeks postvaccination (Fig. 6A). Signifi-
cantly higher levels of IFN-gamma production were detected from
lymph node cells of STAT6 knockout mice compared to wild type
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Fig. 4. Effect of BCG vaccination in aged C57BL/6 mice. Young (5 weeks old) and
aged (45-55 weeks olds) mice were vaccinated with BCG. Five weeks after vaccina-
tion, mice were intratracheally challenged with KM resistant BCG and sacrificed at
5 weeks postchallenge. Living bacterial numbers in vaccinated (closed column) or
unvaccinated (open column) mouse lungs were counted (A). Five weeks after vacci-
nation, 2.5 x 108 lymph node cells were cultured with (closed columns) or without
(open columns) of 10 g/ml of PPD for 7 days. The levels of IFN-gamma in culture
supernatants were determined by ELISA (B). Data represent mean values + SD for 6
mice per group in {A). **P<0.01 versus unvaccinated mice in both (A) and (B).

mice at both 20 and 40 weeks postvaccination (Fig. 6B). The reduc-
tion of [FN-gamma responses to PPD observed in wild type C57BL/6
(Fig. 3A) at 40 weeks after infection was not seen in STAT6 knock-
out mice or wild type mice (Fig. 6B). We obtained similar results
when using splenic CD4* T cells and APCs (data not shown).

Simultaneously, we analyzed TH2 cytokine production in cul-
tured supernatants. We could detect [L-4 production from lymph
node cells when those were stimulated with PPD at both time
points. The level of IL-4 was significantly lower in STAT6 knock-
out than wild type mice at both time points (Fig. 6C). By contrast,
small amount of IL-5 production (213 + 6.5 pg/ml) was seen when
lymph node cells derived from wild type but not STAT6 knockout
mice at 20 weeks after vaccination (data not shown). Lymph node
cells derived from neither wild type nor STAT6 knockout mice at 40
weeks after vaccination produced IL-5 upon stimulated with PPD
(data not shown). Taken together, in BALB/c mice, the TH1 immune
response to PPD was maintained and in STAT6 knockout mice, the
TH1 polarized immune response was maintained until 40 weeks
postvaccination.

Finally we addressed whether the protective effects of BCG vac-
cination is maintained in TH1 polarized STAT6 knockout mice.
Mice vaccinated with BCG or given saline were intratracheally
challenged with KM-resistant BCG at 3, 20 and 40 weeks postvac-
cination. We accessed the protective effects by comparing CFUs
of KM-resistant BCG in the lungs (Fig. 7). We found significantly
reduced CFUs in BCG-vaccinated mice compared to unvaccinated
mice at both 3 and 20 weeks postvaccination (Fig. 7A and B). As seen
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Fig.5. Survival of BCG in BALB/c and STAT6 knockout mice after vaccination. BALB/c
and STAT6 knockout mice were intraperitoneally vaccinated with 10° CFU of BCG.
At various times after vaccination, bacterial numbers in the spleen (A) and liver (B)
of BALB/c (open squares) or STAT6 knockout (closed squares) mice were counted
after plating serially diluted lung homogenates on 7H11-OADC agar. Data represent
mean values = SD for 4-5 mice per group. **P<0.01 versus CFU of BALB/c mice at 3
weeks after vaccination. **P<0.01; *P<0.05 versus CFU of STAT 6 knockout mice at
3 weeks after vaccination.

in the experiments using C57BL/6 mice, impairment of protection
was seen in BALB/c mice at 40 weeks postvaccination (Fig. 7C). We
also found loss of the protective effects of BCG vaccination in STAT6
knockout mice 40 weeks after vaccination (Fig. 7C).

4. Discussion

Poor effectiveness of the BCG vaccine is a serious matter in con-
trolling tuberculosis [3]. There is an urgent demand to develop
novel vaccination strategies or vaccines against tuberculosis. In
order to understand the mechanism behind the poor effectiveness
of BCG and to evaluate novel vaccine candidates, animal models
are critically useful. However, it was thought that BCG vaccination
provides good protection from mycobacterial infection in animal
models. Accordingly, the usefulness of animal models for devel-
oping tuberculosis vaccines has been questioned, because they do
not seem to reflect poor protective efficacy of BCG against adult
pulmonary tuberculosis. In this study, we showed that efficacy
of BCG is lost over time following vaccination in both C57BL/6
and BALB/c mice (Figs. 2 and 7). In these mice adaptive immunity
differently respond to some intracellular pathogens such as Leish-
mania and Yersinia [22,23]. In such infections, C57BL/6 mice mount
strong TH1-type responses, whereas BALB/c mice preferentially
activate TH2-type responses, leading different infectious outcomes
[22,23]. In contrast, TH1 type immune responses similarly occur in
mycobacterial infection in both mouse strains, although C57BL/6
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relatively TH1-prone than BALB/c mice [24], and resist equally
against M. tuberculosis challenge [25,26].

In this study, the loss of protection was not dependent on the
elimination of vaccinated BCG in the animals (Figs. 1 and 5) or
advanced age of the mice (Fig. 4). Ito et al. reported that even
24-month old mice can be protected by BCG vaccination to a
comparable level as young mice [27]. BCG also induced similar
protection in old (60 month old) and middle aged guinea pigs as
compared with young guinea pigs [28]. Thus BCG is likely to induce
protection for a certain period of time after vaccination, but our
study shows its efficacy is eventually lost over time following vac-
cination in mouse models.

The decline of BCG efficacy was reported in the human studies.
One study enrolled 54,239 persons in England showed the efficacy
of BCG within the first 5 years are 84% but it was gradually decreased
to 59% after 15 years [8]. Another study performed in the United
States enrolled 64,136 persons, also reported rapid loss of BCG effi-
cacy 4 years after vaccination [9]. From these reports, it would be
probably reasonable to consider that loss of protection occurred
in BCG-vaccinated human with time. However one report showed
that efficacy maintained over 50 years by the survey of relatively
small (2792) number of subjects. Our finding prompts the require-
ment for the exact survey of the duration of effectiveness of BCG in
adult human beings.
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Ifthe mice model established in this study would reflect variable
or low protectiveness of BCG vaccination against adult pulmonary
tuberculosis, this model would be useful in the analysis of immune
responses and evaluation of newly developed vaccines. Currently,
prime-booster vaccination is one of the viable vaccination strate-
gies [18]. This loss of BCG efficacy mouse model is useful for
studying the regeneration of protectiveness after boosting with
new vaccine candidates.

Sakai et al. recently reported a reduction in efficacy 12 weeks
after BCG vaccination in mice [29]. They found a reduction in
programmed cell death ligand 1 (PD-L1) expression on the antigen-
expressing cell 3 weeks after BCG vaccination and programmed cell
death 1 (PD-1) knockout mice acquired stronger protection follow-
ing BCG vaccination. Because the PD-1-PD-L1 pathway negatively
regulates antigen receptor signaling between T cells and APCs [30],
they concluded that the PD-1-PD-L1 pathway-dependent impair-
ment of TH1 immunity is involved in the reduction in BCG-induced
protection. We also observed a reduction in TH1 immune responses
to PPD in C57BL/6 mice (Fig. 3A) although this was still evident in
BALB/c mice (Fig. 6B). In addition, analysis of BALB/c and STAT-6
knockout mice showed that the protectiveness of the BCG vaccina-
tion was lost despite the maintenance of TH1 immune responses to
M. tuberculosis antigens (Figs. 6 and 7). Although activation of the
PD-1-PD-L1 pathway participates in a reduction of TH1 immunity

upon BCG vaccination [29], our results suggest that the reduction
of TH1 immune responses does not fully explain the loss of BCG-
induced protection.

Although responses of lymph node cells and splenic CD4* cells
to M. tuberculosis antigens are different between C57BL/6 (Fig. 3)
and BALB/c (Fig. 6) mice, both mice similarly lost protectiveness
of BCG at 40 weeks post vaccination, implying that an unknown
common mechanism caused loss of effectiveness in both mice. IFN-
gamma plays a central role in acquired protective immunity against
tuberculosis in both mice [11,13,31] and humans {14,15]. However
solely detecting the production of IFN-gamma is not a sufficient
biomarker to predict protective status from tuberculosis [32] and
Scanga et al. reported reactivation of persistent tuberculosis despite
continued expression of interferon gamma in mice [33]. Loss of
protectiveness of the BCG vaccination in spite of maintenance of
the IFN-gamma productivity of T cells following stimulation with
PPD (Figs. 6 and 7) suggests that it might be due to unrespon-
siveness to IFN-gamma signaling or some unknown mechanism
separated from IFN-gamma signaling. One possible mechanism is
regulatory T cells (Tregs). However, Sakai et al. predicted a minor
contribution of Tregs in the reduction of BCG-induced protective-
ness [29] and we and other groups suggested minor roles for Tregs
in mycobacteria infection [34-36], although others have reported
the contribution of Tregs in immune suppression in mycobacte-
rial infection [37,38]. In our preliminary experiments, robust IL-10
production was observed from lymph node cells and purified CD4*
cells derived from mice after 40 weeks vaccination following PPD
stimulation (our unpublished data). Since IL-10 is an immunosup-
pressive cytokine, it may be one of the possible factors involved in
loss of BCG-induced protection. In order to clarify the mechanism
of reduced protection and the possible roles of immunosuppressive
cytokines and cells, mice that had received the BCG vaccination a
long time ago should be used in future studies.

5. Conclusion

This study shows that a reduction in efficacy of the BCG vacci-
nation against mycobacterial infection occurs in mice over time
following vaccination. The duration from vaccination should be
considered when assessing the variation of BCG efficacy against
adult pulmonary tuberculosis. This mouse model demonstrating
the loss of BCG effectiveness should be useful for understanding
the BCG vaccine and aid the development effective tuberculosis
vaccines.

Acknowledgments

This work was supported by grants from the Ministry of Edu-
cation Culture Sports Science and Technology, Ministry of Health,
Labour and Welfare (Research on Emerging and Re-emerging Infec-
tious Diseases, Health Sciences Research Grants), The Japan Health
Sciences Foundation(toY.0.,T.T.,S.Y.,K.K,,and S. M.). We also thank
Sara Matsumoto for assistance with the experiments and heartfelt
encouragement.

References

[1] WHO.  http:/fwww.who.int/tb/publications/global.report/2009/updatefen/
index.html; 2010.

[2] WHO. BCG: bad news from India. Lancet 1980;1(8159):73-4.

[3] Fine PE. Variation in protection by BCG: implications of and for heterologous
immunity. Lancet 1995;346(8986):1339-45.

[4] Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV, et al.
Efficacy of BCG vaccine in the prevention of tuberculosis. Meta-analysis of the
published literature. JAMA 1994;271(9):698-702.

[5] Behr MA, Wilson MA, Gill WP, Salamon H, Schoolnik GK, Rane S, et al. Com-~
parative genomics of BCG vaccines by whole-genome DNA microarray. Science
1999:284(5419):1520-3.

=105 -



Y. Ozeki et al. / Vaccine 29 (2011) 6881-6887 6887

[6] Brandt L, Feino Cunha ], Weinreich Olsen A, Chilima B, Hirsch P, Appelberg R,
et al. Failure of the Mycobacterium bovis BCG vaccine: some species of environ-
mental mycobacteria block multiplication of BCG and induction of protective
immunity to tuberculosis. Infect Immun 2002;70(2):672-8.

[7] Clemens ]JD, Chuong JJ, Feinstein AR. The BCG controversy. A methodological
and statistical reappraisal. JAMA 1983;249(17):2362-9.

{8] Comstock GW, Palmer CE. Long-term resuits of BCG vaccination in the southern
United States. Am Rev Respir Dis 1966;93(February (2)):171-83.

[9] Hart PD, Sutherland I. BCG and vole bacillus vaccines in the prevention of tuber-
culosis in adolescence and early adult life. Br Med ] 1977;2(july (6082)):293-5.

[10] Aronson NE, Santosham M, Comstock GW, Howard RS, Moulton LH, Rhoades
ER, et al. Long-term efficacy of BCG vaccine in American Indians and Alaska
Natives: a 60-year follow-up study. JAMA 2004;291(May (17)):2086-91.

[11} Kawamura I, Tsukada H, Yoshikawa H, Fujita M, Nomoto K, Mitsuyama M. IFN-
gamma-producing ability as a possible marker for the protective T cells against
Mycobacterium bovis BCG in mice. ] Immunol 1992;148(9):2887-93.

[12] Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, Orme IM. Dis-
seminated tuberculosis in interferon gamma gene-disrupted mice. ] Exp Med
1993;178(6):2243-7.

[13] Flynn]L, Chan ], Triebold K], Dalton DK, Stewart TA, Bloom BR. An essential role
for interferon gamma in resistance to Mycobacterium tuberculosis infection. ]
Exp Med 1993;178(6):2249-54.

[14] Jouanguy E, Altare F, Lamhamedi S, Revy P, Emile JF, Newport M, et al.
Interferon-gamma-receptor deficiency in an infant with fatal bacille Calmette-
Guerin infection. N Engl ] Med 1996:335(26):1956-61.

[15] Newport MJ, Huxley CM, Huston S, Hawrylowicz CM, Oostra BA, Williamson R,
et al. A mutation in the interferon-gamma-receptor gene and susceptibility to
mycobacterial infection. N Engl ] Med 1996;335(26):1941-9.

{16] Orme IM.Induction of nonspecific acquired resistance and delayed-type hyper-
sensitivity, but not specific acquired resistance in mice inoculated with killed
mycobacterial vaccines. Infect Immun 1988;56(12):3310-2.

[17] Flynn JL, Chan J. Immunology of tuberculosis. Annu Rev Immunol
2001;19:93-129.

[18] Young DB, Perkins MD, Duncan K, Barry 3rd CE. Confronting the scientific obsta-
cles to global control of tuberculosis. J Clin Invest 2008;118(4):1255-65.

[19] Kaplan MH, Schindler U, Smiley ST, Grusby MJ. Stat6 is required for mediating
responses to IL-4 and for development of Th2 cells. Immunity 1996:4(3):313-9.

[20] Shimoda K, van Deursen J, Sangster MY, Sarawar SR, Carson RT, Tripp RA, et al.
Lack of 1L-4~-induced Th2 response and IgE class switching in mice with dis-
rupted Stat6 gene. Nature 1996;380(6575):630-3.

[21] Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S, et al.
Essential role of Stat6 in IL-4 signalling. Nature 1996;380(6575):627-30.

[22] Heinzel FP, Sadick MD, Holaday B, Coffman RL, Locksley RM. Reciprocal expres-
sion of interferon gamma or interleukin 4 during the resolution or progression
of murine leishmaniasis. Evidence for expansion of distinct helper T cell subsets.
J Exp Med 1989;169(January (1)):59-72.

[23] Bohn E, Heesemann J, Ehlers S, Autenrieth IB. Early gamma interferon mRNA
expression is associated with resistance of mice against Yersinia enterocolitica.
Infect Immun 1994;62(July (7)):3027-32.

[24] Wakeham J, Wang ], Xing Z. Genetically determined disparate innate and adap-
tive cell-mediated immune responses to pulmonary Mycobacterium bovis BCG
infection in C57BL/6 and BALB/c mice. Infect Immun 2000 Dec;68(12):6946-53.

[25] Chackerian AA, Behar SM. Susceptibility to Mycobacterium tuberculosis: lessons
from inbred strains of mice. Tuberculosis (Edinb) 2003;83(5):279-85.

[26] Jung Y], Ryan L, LaCourse R, North R]. Differences in the ability to generate type
1T helper cells need not determine differences in the ability to resist Mycobac-
terium tuberculosis infection among mouse strains. J Infect Dis 2009;199(June
(12)):1790-6.

[27] Ito T, Takii T, Maruyama M, Hayashi D, Wako T, Asai A, et al. Effectiveness of
BCG vaccination to aged mice. Immun Ageing 2010;7:12.

[28] Komine-Aizawa S, Yamazaki T, Yamazaki T, Hattori S, Miyamoto Y, Yamamoto
N, et al. Influence of advanced age on Mycobacterium bovis BCG vaccination in
guinea pigs aerogenically infected with Mycobacterium tuberculosis. Clin Vac-
cine Immunol 2010;17(10):1500-6.

[29] Sakai S, Kawamura I, Okazaki T, Tsuchiya K, Uchiyama R, Mitsuyama M.
PD-1-PD-L1 pathway impairs T(h)1 immune response in the late stage of
infection with Mycobacterium bovis bacillus Calmette-Guerin. Int Immunol
2010;22(12):915-25.

[30] Okazaki T, Honjo T. PD-1 and PD-1 ligands: from discovery to clinical applica-
tion. Int Immunol 2007;19(7):813-24.

[31] OrmelIM, Roberts AD, Griffin JP, Abrams JS. Cytokine secretion by CD4 Tlympho-
cytes acquired in response to Mycobacterium tuberculosis infection. ] Immunol
1993;151(1):518-25.

[32] Parida SK, Kaufmann SH. The quest for biomarkers in tuberculosis. Drug Discov
Today 2010;15(3-4):148-57.

[33] Scanga CA, Mohan VP, Yu K, Joseph H, Tanaka K, Chan ], et al. Depletion of
CDA4(+) T cells causes reactivation of murine persistent tuberculosis despite
continued expression of interferon gamma and nitric oxide synthase 2. J Exp
Med 2000;192(3):347-58.

[34] OzekiY,Sugawaral,UdagawaT, Aoki T, Osada-Oka M, Tateishi Y, et al. Transient
role of CD4+CD25+ regulatory T cells in mycobacterial infection in mice. Int
Immunol 2010;22(3):179-89.

[35] Quinn KM, McHughRS, Rich FJ, Goldsack LM, de Lisle GW, Buddle BM, et al. Inac-
tivation of CD4+ CD25+ regulatory T cells during early mycobacterial infection
increases cytokine production but does not affect pathogen load. Immunol Cell
Biol 2006;84(5):467-74.

[36] Quinn KM, Rich FJ, Goldsack LM, de Lisle GW, Buddle BM, Delahunt B, et al.
Accelerating the secondary immune response by inactivating CD4(+)CD25(+) T
regulatory cells prior to BCG vaccination does not enhance protection against
tuberculosis. Eur J Immunol 2008;38(3):695-705.

[37] Kursar M, Koch M, Mittrucker HW, Nouailles G, Bonhagen K, Kamradt T, et al.
Cutting edge: regulatory T cells prevent efficient clearance of Mycobacterium
tuberculosis. ] Immunol 2007;178(5):2661-5.

[38] Scott-Browne JP, Shafiani S, Tucker-Heard G, Ishida-Tsubota K, Fontenot JD,
Rudensky AY, et al. Expansion and function of Foxp3-expressing T regulatory
cells during tuberculosis. ] Exp Med 2007;204(9):2159-69.

- 106 ~



FEBS Letters 585 (2011) 2263-2268

journal homepage: www.FEBSLetters.org

Mitochondrial density contributes to the immune response of macrophages
to lipopolysaccharide via the MAPK pathway

Emiko Kasahara*“*!, Atsuo Sekiyama®“!, Mika Hori*!, Kenjiro Hara®!, Nozomi Takahashi *!,
Masami Konishi®', Eisuke F Sato®!, Sohkichi Matsumoto !, Haruki Okamura !, Masayasu Inoue *'

* Department of Biochemistry and Molecular Pathology, Osaka City University Graduate School of Medicine, 1-4-3 Asahimachi, Abeno, Osaka 545-8585, Japan
b Department of Bacteriology, Osaka City University Graduate School of Medicine, 1-4-3 Asahimachi, Abeno, Osaka 545-8585, Japan
Laboratory of Host Defenses, Institute for Advanced Medical Sciences, Hyogo College of Medicine, Nishinomiya, Hyogo, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 10 March 2011
Revised 8 May 2011
Accepted 20 May 2011
Available online 27 May 2011

Edited by Laszlo Nagy

We investigated the role of mitochondrial reactive oxygen species (ROS) in the response of macro-
phages to lipopolysaccharide (LPS) using RAW 264.7 cells and their p°® cells lacking mitochondria.
Mitochondrial density, respiratory activity and related proteins in p° cells were significantly lower
than those in RAW cells. LPS rapidly stimulated mitochondrial ROS prior to cytokine secretion, such
as TNF-at and IL-6, from RAW 264.7 cells by activating the MAPK pathway, while the response was
attenuated in p°® cells. Exposure of p°® celis to H0, partially restored the secretion of cytokines

induced by LPS. These results suggest that mitochondrial density and/or the respiratory state con-
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tribute to intracellular oxidative stress, which is responsible for the stimulation of LPS-induced
MAPK signaling to enhance cytokine release from macrophages.
© 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Neutrophils and macrophages play important roles in the host
defense mechanism against pathogens by producing reactive oxy-
gen species (ROS), nitric oxide (NO) and cytokines. Stimulation of
macrophages by a variety of microbial constituents including LPS
is crucial for the following sequence of immune reactions. Toll-like
receptors (TLRs) expressed on the surface membrane of macro-
phages and related immunocytes play important roles in antigen
presentation and cytokine production by these cells [1-4]. TLR4
has been identified as a major sensor molecule for LPS of gram neg-

Abbreviations: ERK, extracellular signal-regulated kinase; LPS, lipopolysaccha-
ride; MAPK, mitogen-activated protein kinase; MEK, MAPK-ERK kinase; NOx, nitric
oxide metabolite; TNF-o, tumor necrosis factor-alpha; ROS, reactive oxygen
species; TLR, Toll-like receptor; p° cell, cell lacking mitochondrial DNA; JNK, c-
Jun-N-terminal kinase; NFkB, nuclear factor-kappa B; UCP2, uncoupling protein 2;
MCF, Mean channel fluorescence; kB, inhibitor of kappa B

* Corresponding author at; Department of Biochemistry and Molecular Pathol-
ogy, Osaka City University Graduate School of Medicine, 1-4-3 Asahimachi, Abeno,
Osaka 545-8585, Japan. Fax: +81 6 6645 3721.

E-mail address: kasahara@med.osaka-cu.acjp (E. Kasahara).

' EX and AS. designed and conducted this study. EK., AS., M.H., KH., N.T. and M.K.
executed experiments. S.M., EF.S. and M.L contributed to this study with their critical
discussion and suggestion. EI., A.S. and M. interpreted experiments and wrote the

paper.

ative bacteria to mediate immune reactions. Exposure of macro-
phages to LPS triggers signaling pathway leading to activation of
MAPK and NFkB to produce NO and inflammatory cytokines, such
as TNF-o and 1L-6 [5-7]. Although intracellular ROS has been pos-
tulated to underlie the mechanism of amplification of various sig-
naling pathways [8,9], the source of ROS and the role of
mitochondria have not been fully elucidated in innate immunity.
Under physiological conditions, significant fractions of the inspired
oxygen are converted to superoxide radical and related ROS [10].
Recent studies revealed that suppression of oxidative phosphoryla-
tion by down-regulating uncoupling proteins increased mitochon-
drial ROS generation and subsequently enhanced immunoreaction
of LPS-treated macrophages [11,12], suggesting that mitochondrial
respiratory status is important for the innate immune system. In
general, total activity of mitochondrial respiration in the cell is cor-
related with the mitochondrial density. Furthermore, mitochon-
drial density has been shown to regulate intracellular ROS
generation and determines the sensitivity of various cells to a vari-
ety of agents that induce mitochondria-dependent apoptosis [13].
These observations suggest that mitochondrial density could be
one of the critical factors that determine the cellular response to
various stimulants that activate signaling pathway leading to mito-
chondria-dependent oxidative stress. Thus, we hypothesized that
mitochondrial density in LPS-treated macrophage contributes to

0014-5793/$36.00 © 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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the immune response by regulating ROS-accelerated signaling

pathways. The present work describes the role of mitochondrial

ROS in the enhancement of LPS-induced innate immune reactions
. 0 . . .

using p~ macrophages lacking mitochondrial DNA.

2. Materials and methods
2.1. Cell culture

Macrophage RAW 264.7 cells were cultured in RPMI1640 with
10 % heat-inactivated fetal bovine serum containing antibiotics
(Nacalai Tesque, kyoto, Japan) at 37 °C in 5% CO,. p°® cells were
established through long-term treatment of RAW cells with ethi-
dium bromide (45 ng/ml) as described previously [14]. Prior to
LPS (Escherichia coli 055 Sigma-Aldrich, St. Louis, MO) treatment,
cells were plated in 24 well culture plates at a density of 10°
cells/well and cultured for 24h in the absence of ethidium
bromide.

2.2. Levels of cytokines and nitric oxide metabolite (NO,) in the culture
medium

After 24 h incubation of the cells in the absence of ethidium
bromide, LPS was added to give a final concentration of 1 pg/ml.
Concentrations of cytokines and NO, in the medium were deter-
mined using ELISA kits (eBioscience Inc., San Diego, CA) and NO,/
NO; Griess reagent kit (DOJINDO Lab., Kumamoto, Japan), respec-
tively, according to the manufacture’s instruction.

2.3. FACS analysis

After treatment with LPS, the cells were collected by trypsiniza-
tion and analyzed by flow cytometry (FACS Calibuur, Becton Dick-
inson, San Jose, CA). Intracellular and mitochondrial ROS
generation was detected using DHE and MitoSox Red (Invitrogen,
Carlsbad, CA), respectively, according to the manufacture’s proto-
cols. Apoptosis was determined by Annexin V staining (MBL, Na-
goya, Japan) and expression of TLR4 in cell surface was detected
by incubation with anti-TLR4 antibody (eBioscience Inc.).

2.4. Confocal fluorescence microscopy

Cells were cultured on EZView culture plate (ASAHI GLASS, To-
kyo, Japan) and mitochondrial contents and mitochondrial ROS gen-
eration were detected by staining with MitoTracker (Deep Red and
Green FM) and MitoSox Red, respectively, according to the manufac-
ture’s protocols. Confocal fluorescence images were obtained using
confocal microscope (Leica Microsystems, Wetzlar, Germany).

2.5. Western blotting

Cultured cells were collected by trypsinization, washed twice
with ice-cold PBS and resuspended in a lysis buffer containing pro-
tease inhibitor cocktail (Nacalai Tesque). The lysed cell samples
were subjected to SDS-PAGE and the protein bands were transferred
to a Millipore Immobilon membrane (Waltham, MA) and subjected
to immunoblot analysis using anti-TLR4 (sc-6525; Santa Cruz Bio-
technology, Santa Cruz, CA), anti-phospho MAPK family (#9910: Cell
Signaling Technology, Danvers, MA), anti-1kB-ot (#9242 Cell Signal-
ing Technology), and anti-mitochondrial complex antibodies
(458099; Invitrogen, Carlsbad, CA). Immunoreactive bands were
visualized using the enhanced chemiluminescence system (Immu-
nostar; Wako Pure Chemical Co., Osaka, Japan), detected by a Fuji-
Film LAS-3000 camera and quantified using a FujiFilm Science Lab
ImageGauge software.

2.6. Mitochondrial oxygen consumption

Cells were collected by trypsinization and resuspended in cul-
ture medium (107 cells/ml). Oxygen consumption was determined
polarographically at 25°C using a Clark-type oxygen electrode
with 2 ml water-jacketed closed chamber.

2.7. Determination of NFkB and MAPK activity

Phosphorylated forms of NFxB (Ser536), P38 (Thr180/Tyr182),
MEK1 (Ser217/221) and JNK (Thr183/Tyr185) were determined
using PathScan Multi-Target Sandwich ELISA kit (Cell Signaling
Technology, Danvers, MA) according to the manufacture’s protocol,
and the results were confirmed by western blotting method.

2.8. Statistical analysis

Values are expressed as the mean + SE derived from 3-5 sam-
ples and the figures show the results obtained from three indepen-
dent experiments. Statistical analysis was performed using
analysis of variance (ANOVA) followed by Student’s t-test and the
level of significance was put at P < 0.01.

3. Results
3.1. Mitochondrial status and feature in RAW and their p° cell

To evaluate the role of mitochondrial function in the regulation
of innate immunity and response of macrophages to LPS, we estab-
lished their p° cells lacking mitochondrial DNA. As shown in
Fig. 1A, mitochondrial density analyzed by the fluorescence inten-
sity of MitoTracker Deep Red was significantly lower with p° cells
than with RAW cells. Similar result was obtained by staining with
MitoTracker Green, a probe that accumulates in the lipid environ-
ment of mitochondria independently of the membrane potential.
The RAW cells cultured with ethidium bromide decreased mito-
chondrial density in a dose-dependent manner (Supplementary
Fig. 1A). Mitochondrial respiratory activity and related proteins
{complex I and IV) in p° cells were significantly lower than those
in RAW cells (Fig. 1B and C). Despite the low density of mitochon-
dria, p° cells grow as rapidly as RAW cells (Fig. 1D). Macrophages
have been known to express TLR4 on their cell surface in poised
to prime the responsiveness to the innate immune systems against
pathogen. Cellular expression of TLR4 and their recruitment to cell
surface in resting state occurred similarly with both RAW and their
p? cells (Fig 2A and B).

3.2. LPS-stimulated ROS generation and cytokine secretion were low
with p° cells

We investigated mitochondrial ROS generation in LPS-treated
cells by MitoSox staining and analyzed using confocal fluores-
cence microscopy and FACS. Exposure of RAW cells to LPS for
24 h markedly increased intracellular (Fig. 3C) and mitochondrial
(Fig. 3A and B) ROS while their responses were blunted in p° cells.
Furthermore, mitochondrial generation of ROS was rapidly in-
creased by LPS in prior to cytokine secretion and their intensities
were significantly suppressed in p° cells (Fig. 3D). LPS stimulated
the secretion of TNF-a. and IL-6 more strongly with RAW cells
than with p® cells (Fig. 3E and F). Furthermore, attenuation of
TNF-o. secretion in p° cells after LPS treatment appears to be
occurred as a concomitant of mitochondrial loss (Supplementary
Fig. 1B).
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Fig. 2. Cellular expression and surface levels of TLR4 were similar in RAW and p° cell. Cellular TLR4 expression was analyzed by western blotting (A). Level of TLR4 on the
plasma membrane was analyzed by FACScan systems (B). The data presented is representative of three independent experiments (n = 3).

3.3. LPS-stimulated NO generation and apoptosis were suppressed in p°
cells

It has been well documented that LPS stimulates macrophages
to generate nitric oxide and long time exposure to LPS induces
their apoptosis. Thus, we analyzed the level of NO metabolite
(NO,) in the culture medium before and after stimulation by LPS
in these cells (Fig. 4A). NO, levels in culture medium were similar
in WT and p° cells at basal level. Stimulation of macrophage with
LPS for 24 h increased NO, level in these cells, but was less in p°®

cell as compared with that in WT cells. After incubation with LPS
for 48 h, significant fractions of the wild type macrophages under-
went apoptosis (Fig. 4B). In contrast, apoptosis induced by LPS was
not apparent in p° cells.

3.4. LPS-induced mitochondrial generation of ROS is involved in the
enhancement of cytokine secretion

To test the possibility that mitochondrial ROS play critical roles in
the enhancement of cytokine secretion, effect of various
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Fig. 4. NO, production and apoptosis by LPS treatment were suppressed in p° cell. NOy level in the medium 24 h after LPS treatment in WT and p° cells was measured as
described in Section 2.2 (A). Apoptosis induced by LPS treatment for 48 h in WT and p° cells were measured by Annexin V staining and analyzed using FACScan systems. The
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antioxidative agents on LPS-induced TNF-o secretion was investi-
gated. The increased generation of mitochondrial ROS and secretion
of TNF-ot by LPS-treated macrophages were inhibited by the pres-
ence of N-acetyl cysteine but not SOD and apocynin, an inhibitor
of NADPH oxidase (Fig. 5A and B). The LPS-induced TNF-o secretion
was stimulated further with p° cells but not RAW cells after expo-
sure to H,0, generated by glucose (10 mM) and glucose oxidase
(3 mU/mi). '

3.5. Effect of LPS on the signaling pathways in RAW and p° cell

ROS has been shown to potentiate LPS-induced signaling path-
ways by activating transcriptional factors, such as NF-xB and MAPK
family. Fig. 6 showed that LPS strongly activated NFkB, MEK-1, P38
MAPK and JNK in RAW cells. However, the LPS-induced activation
was significantly low in p° cells except for NFkB. Similar results were
obtained using western blotting method (Supplementary Fig. 2).
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3.6. Effect of MAPK inhibitors on LPS-induced TNF-« secretion in RAW
and p° cell

To know the possible involvement of MAPK signaling in re-
sponse to LPS, we further attempted to determine the responsibil-
ity of mitochondria for TNF-ot secretion in these cells using various
specific inhibitors of MAPK. Fig. 7 showed that TNF-a secretion in
response to LPS was significantly suppressed by pretreatment of
RAW cells with the JNK inhibitor (SP600125) or the p38 inhibitor
(SB202190), but not by the ERK inhibitor (PD98059). On the other
hand, these MAPK inhibitors had no such effect with p° cells.
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Fig. 6. LPS-induced MAPK activation was suppressed in p° cell. RAW and p° cells
exposure to LPS for 0.5, 1 h or remain untreated (time 0) were collected and then
the phosphorylation of NFxB, P38, MEK1 and JNK were measured as described in
the text. Data were expressed as fold increase relative to the value observed in RAW
cell that were not stimulated by LPS. Representative data of three independent
experiments showing similar results are shown here. The data presented is
representative of three independent experiments (n=3).

4. Discussion

In this study, we demonstrated that mitochondrial generation
of ROS is involved in the response of macrophage to LPS via MAPK
pathway. Mitochondrial DNA-diminished p° cell showed lower
mitochondrial density as compare with their wild type cells, and
displayed reduced phenotype of LPS-induced ROS generation and
MAPK phosphorylation thereby blunts the amplification of cyto-
kine secretion.

Mitochondria play a crucial role in various cell metabolisms and
function such as ATP production, ROS generation, and induction of
apoptosis. ROS generation has been implicated in multiple physio-
logical and pathological processes as a secondary messenger in cell
signaling. Recently it has been reported that mitochondria might
be a source of ROS generation in immune responses such as infec-
tion and inflammation [12,15]. Although biochemical process for
inducing mitochondrial ROS generation in immune response is still
under the debate, several reports revealed the physiological role of
uncoupling protein 2 (UCP2) to regulate ROS generation in acti-
vated macrophages [16-18]. UCP2 a member of the anion carrier
superfamily of mitochondrial inner membrane enhance the extent
of mild uncoupling of the electrochemical gradient of mitochondria
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Fig. 7. Phosphorylation of P38 and JNK is involved in the mitochondria-dependent
cytokine secretion. Cells were preincubated with 5 uM of JNK inhibitor (SP600125),
p38 inhibitor (SB202190), and ERK inhibitor (PD98059) for 30 min and then
exposure to LPS for 24 h. Secretion of TNF-o in response to LPS was detected as
described in Section 2.2. The data presented is representative of three independent
experiments. (n =3, P < 0.01 vs LPS alone).
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and observed to reduce generation of mitochondrial ROS. Recent
study revealed that UCP2 is rapidly degraded by the cytosolic ubig-
uitin-proteasome system [19], and LPS-induced rapid degradation
of UCP2 was necessary to increase mitochondrial ROS generation
to activate MAPK pathway reading to cytokine secretion [11]
[20]. In our study, mitochondria-diminished p° macrophage
showed reduced ROS generation and MAPK phosphorylation in re-
sponse to LPS treatment. On the other hand, LPS-induced NFxB
activity is similarly upregulated in WT and p° cells. These evi-
dences suggest that mitochondrial ROS generation has responsibil-
ity to enhance immune response via MAPK activation, and- altered
mitochondrial function such as activity of mitochondrial respira-
tion and their density might affect the function of immune cells.

TLR4 is known to be a main sensor for LPS by triggering the
pathway to produce inflammatory cytokines in macrophages [1-
4]. And hence, LPS responsiveness is partly determined by the lev-
els of TLR4 expression on cell surface and/or the function [21]. It
has been reported that ROS modulate TLR4 signaling transduction
partly by enhancing surface trafficking of TLR4 to lipid rafts in plas-
ma membrane [22,23]. In the present study, cellular expression of
TLR4 and their surface level were similar in WT and p° cells. How-
ever, enhancement of TLR4 expression on plasma membrane in re-
sponse to LPS was significantly suppressed in p° cells as compared
with that in RAW cells (Supplementary Fig. 3). At this point, we can
not exclude the possibility that an absence of mitochondria affects
the formation of TLR4-LPS complex activating signal cascade to in-
duce cytokines and NO production. This possibility should be stud-
ied further.

In addition to mitochondrial ROS generation, another important
source inducing ROS generation in response to LPS is NADPH oxi-
dase [24,25]. The NADPH oxidase complex is known to be a major
producer of extracellular and/or intracellular ROS generation in
neutrophil and phagocyte. It has been reported that NADPH oxi-
dase-dependent ROS generation mediates amplified LPS response
via enhancement of TLR4 trafficking to the cell membrane [25].
In the present study, although secretion of TNF-a in response to
LPS was not affected in the presence of NADPH oxidase inhibitor
(Fig. 2A), LPS-induced IL-6 production was slightly suppressed by
inhibition of NADPH activity (data not shown). This result suggests
the possibility that NADPH oxidase-induced ROS generation is par-
tially involved in the secretion of IL-6, although the effect was less
than those by inhibition of intracellular ROS generation.

As mitochondria constantly generate superoxide radical and re-
lated ROS under physiological condition, it might become the pre-
disposing condition for quick response to combat microbial
infection. Our results demonstrated that mitochondrial density
might be critical in responsiveness to LPS-induced macrophage
activation, in part, via regulation of ROS production, which may re-
veal novel mitochondrial function in immune systems against
invasion.
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wie, BFGREA S TELv Y R EF 5 Thuwv v AD

100

-
(o=}

% [5 R ODRR 3R/FR Mk

4 8 12 16 20 24
CEEAF

CEEEENEDED kww&m@wmww&é
| ]

IFN-gamma _

_&mgﬁjﬁﬁ¢ﬁﬁﬁ

H3 #iadz BCGR LB~ Y 7kt T 3G E DS

MSP1% #IE3 5 4t 2 BCGH C3H/He] v 7 ARREL, v 7 &
<35 Y 7TERRTH S Plasmodium yoelit 17XL (BKFeHE) %R X ¢
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R L, FUREBEC 1 v 2 —7 =n vy DpEL
PAEL, otk W rhIbiE (RBRORMERE A%
FHET2) EEShD E, RIAVERTHIZ L XREIL
i (22, 23), AL, BCGHRvF VT v 725 vy
2—r LTHRTHAZ oz, BB 5 bk
ISE LA, Ml RIS s OB b R e A TH
BIERRL, w3V 70OV 7F vBRCEWNTHEER
EMEPRET S L LT,

FRC BCG ol A x i FIA L, BhEomE
HIVEGSED T 7 7 7 v DR R LI, 14 b 1Y
EEAT A2 BCG i X v MiflafgEs T il oigik(t
A Eoo(RHE L, EEDCEMRRER TR A I EEN A R X
7= b (35), HIV OEEEABCHEEREAE O — 7%
BCG O R, BEL-VHBHOBEE~7 2 —%%H
W5 ET, RUBOHEEEXHE TE 52 EMNEER
iz 2),

FEE O I BfHRE R Mg~ DR &
E7I0 EEEFAL -1EE

BEEEORAMIF T, BEh&A EREE g
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v — KR RRL v 74 —w v ) —RA VT E—%
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BT, ZVay 3 7 0h vy DEEENRINA T
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Hicbi, om0 8k LEfilae s ) ay 7
VhvoRThe7re vEERFIALTREREST S %8
LA LTz B), E HIIRRBHNITICY, e 7 v e vEBOFRF
WL > THOBEE MEEI NS Z & & B Lk (15),

e7AarVERE N-7XFAZ a3 v Ay
Wbl sEmsTOEBELSETH S, Mlast=r ) » 7 2
DERS ELTHLRAD, KIS HFEUMETAET
VAR — 2 — L CHREYWEYRE T2 E, [ERD
B EE A BE R R LT 5 (12),

e 7 v n VBT X B RERRE oo SETE R O BERE A AR AT L7
R, BEETe 7 vo vBESBUREZERE L TR
B ERBLIC LI, b MEI3EHEO e T Ao VAL
fe% (HAS) % EEAT AP, TOFTHEEEITENIED
FERS 7c HAS2 Tix7c <, HASLIZ X » TAM I A
Ton vEERERRE < BEIECHIA Ui, MBI R
WL, 7o T b HAS2 Tt e < HAS1 DBEZE I 58,
DRDBR, e b OFRRE (AFEE) wike7
o VBOEBEFENBEI R (M),

BBk s e 7 v YIBOBEEEIZ I E THRES R
foo Lo ts, 7w YEEE, D-N-72F 1712
YIvED-Zru VBN LCEERO S
THEHETHH, MEHEOMEN <) » 7 ADERERS T
IR ORI B3 5 & MR, KR T IR oML, >
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D, AYFD7 AT v I A=ttt v T A VS REER T,
RN RS Z LD, YAEBRFECe 7 1o v
BAIEREL, 7o vBOTESNICERENIET S 2 L0
Gnh, CLER1S X b —HHE),

SERCTWENS, MirbRaEs T, HE#gEE
B X h b 0Bt T TR B LR B w B
TWb, FWIhice 7o vEEY SERMCEETD
7o vELvte s &2 — (RHAMM) wi#&E&LTEED
)V F—aln EOFEYE Y IEBREEE YL - THR
PR S8 5 L CREDEECEE BE 2 R+
(12), —77, MifapIkidEb b v 7 v v VERTEELE L, CD44
Ve T g — kN LT~z e7 r—2RBEIRS
(10), 2% b, BB EGT 2 KERABEEREILE 7 L
v vEBRBECHEL, EreTAre v BAFIRTS LW
5 L1, B THE,L > T\5, i TERCET
LHevaua vBOREIRBIINTELL, KXF—2it
e 7 YEERERREO R E R S REIAEH S L x
TEL TR D, BEMIRCHRERBCR T 257l A
TR L T 5 3, 15),

BB OBEIESIEID A h = X LB

— M, YIRS T TR B L OB
THEE LTI EELLRBY, FEEE LA iEE
WHEBETAMETH L, BRRE T COEFAFTHS
7, PEEO X 5 IeFEEic t - CRBELORTFE
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R LB RPFEFET A 0 TE 5D, HANM
0% QKRB OBEHETH B C 0D, B O BEIEH
IR B O RIE & b BEBECEY D, DX 50
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FEEPKRRIASIL, BEECERO oGRS THD,
REOREFIRTH - 1o,

KFEETHTEWFELFEARERLS, ORI
BETCEINTED, TOBEFIEOHHE CHKE O
RECEGIE DL SO THIE, BETOREHELSER
BR=8ELEWSBuRbotc, 1T, HEED
BREECKRBIRKOMHEY, BETREOHAEXITS &
MEI N2 DNAREAGUS TFOBRBRERND L LTHED
2o

MR TEIMEREREBCRIh, T0E, &BEO
B IR ERRMEHE I NS £ 2 LT 5 (33), Barry
FIEBRERETCORABRR "2 7 » A1 A XMITL, «
7V A2 ) viRDOEHE (Acr) PHEECRBEFEIRS
ER RN 37 & D Acr B, REREOKIR~—
=L LTHIHIR TV 5, Acrid, BERLv v XD&EDH %
EHXEBHHEHAREZHET 29 F, TihbbsTrytn
vTHY, KIEEARCTEAEOEEZEI T 5 & HEA
INhs,

Acr wF#BLL T\ A4 HEERBE O35/ TH 5 BCGOHE
FEHEYBNL, FbARBCERL W A2EQEYRE
L7, MRER RS BMCHEET 55T T, DNA RS
HEREAE TH B Z L 5 mycobacterial DNA-binding protein
1 (MDP1) &4 437 (BraF48 4415200 5) (21), MDP1 1%,
N R U XK B O B RS S B VB HU &, CoRER IR
e P EESUHAEO O X b v HI EEE & SB50HERENE
ZHL, BENTIIEEE & 508 ) H Y — 208 LTz,

WA, BROFEE L DNA B ANLEATH 5 DT,
RNA &5, TBEE &K, X 51t DNA &5 xt3 % MDP1 @
Efl %z, RBRENOBS TERZYH TR L, 20
R, MDPLIZERE, R, #HHVFh LB MG s
EHIBI L 18) (K 5),

MDP1 D#a5 3 X OEHAE Y, BEBOBAHE L
WG 5 - b, BEBEAGHCEKEL TV, &<
F BRI IBYT D5 31-50 D 7 3 BRI IC R\ B RS
EURD D LGN, T o BBRICIVESEF—
7 % TIxxAVxGxx VT hxFroox (x (LEHERTAE /7 3 /) &
WE LI (13), = OFFIE, MDPL R CH Y, HE
% 7R 388 D Nocardia %2 Rhodococcus SN il 24y
FFORBE S EAECIAEE LR, HBEIL, 7 =
Ev b v vikBUGCrichls ¥ 7 2% BFTHN, CDEF—
TEINLZ T = bR VRN LR L AT S, F
L T MDP1 & [A#Ric RNA & & DNA & % BES %, &
o OFERM D, 31-50 fHiEA MDP1 ®F % 7 DNA 4
HETHY, BF HHAELE S FESCH D & HER
Thi-(13),

&KW MDP1 * KIGE e, EEHOHMETHL M
smegmatis, I LICEBREED BCGRE X w5 L, FhF
NEOWREAHIHT5 2 L 0390 o 7 (16, 18) (K5), £
KTHBHH, MDPL %R X ¢ CRARENER & 7r - 7oK
B EOEYILE BELORIA (FIFHE) KkEe L
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MDP1 O#FEE 7 s OF 5 —E5EH
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INTED, HLOEYLEDOEBTHD, “hit, 4+
BHBRRET CASCE T 2% Fe 2 Fe¥) TXo#:
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G X h RAEESR B, —J5, Fe¥ 1LEETH 5O EMHw
ZL< Q0BM), AP NELTAHKEE 107M) iz
EV (8)s Lo\ MY, S5 BB CRET T 5 L8
» & b, Ferritin-super family FEE 13, F OOy EE
% 72 LT\ 5, Ferritin-super family A E11 12 % L < i3
24 BART, BLESEC LI >T7 = v b Y RISRERL
AEIC 3 x5 1 (Fe?) & LT 800-4,500 5 F D gk % Bk 3
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RFUTHERITERTEL T\,

BT, DNAKAHD 7 = )+ VEEBEHEY B Xt
25(9), eI MDPLIC7 = U F vHEEM, 7o b ki
{LiEME LS D B 2 & Ru7E Lo B, & EHMDP1
D7 xuF X —¥iEH K EIL0252mM T, 1 EAED
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DADGFiz, 7= 9 F v HRIEHE R R\ LRI T o
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FTHTOANDEERIH LI B, BET OH L DOEE
BB, EWoFEe L HBET 5 L vbh b (32), KIRIIRR
B TMDPL Y, HOMEAEILIE? LA, BET
THNDOREREEYN LT, BREZKEORMEFCES
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NED 1/3 A 5 1k U KR ES R L T 5
EHEEINR T 5, TLT, BRADIRERED S xRN
TR X b, BRYE © 5-10% M ORIk & RIET 5
D, SHE20EMT2EBANRERTLETFHENRT
W5,

—77, e PREEE I b LT EATHD, ©
MO O EGESPREF I, FINAEBREEF L, i
R MO Qi BEE LIRS ©, Hiic i
FRETHENBETHD, BELMDOEETIY, BE
DFEL EHICREELTER L TLE 557, LiWE
Byt TR LT 5 L L b, REEOER THHEEN
R b ONEEFER L5 2 L2, ERoE >
T35,

o bir, Pl DNA TR RIS DNA DT
Ca v MEW L E 5 T (36), MDP1 & DNA #H&#
BRCHUREMES B B Z LBV A THLAZ L TV B
(19), v b TiE, BEEBZC S\ TS MDPL st 3 5 55
BRBIGENEL TN B Z &, 8 X 0 MDP1 NEBIER
FEZEDMTRBLTCWAZ ENEERBERFTHERICT
WFFERE  IRFIRSEAE) \Sricinh 225 %, MDPL
s & OWTEIGUR L, AR E D R ER Y
MWETsy 75 LisbmiEL H 5, 5%, BEREEOM
FEEIHD 2 5 = X b 5 BRI DS, B OBEL L

CRTEOBEAMIIL, X5wit, MDPL © X 5 foiEmEIiE

DFEDBEBIEAD A h = X% FIFH Ule, O FRE
DN & ERR D T X,

THMRTH Y e b RIAOEF N ATHE S E DK
BRI, £YcFED “EEiTH” b oBERD S
DTHIE, TOWEXMRE, c rORFICHLIWE
E
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B UE BEE BAEAEEED) L, KR AFEAF
bR p e BB i (BMES) 28 sl o/
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