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Streptococcus oralis Induces Lysosomal Impairment of Macrophages
via Bacterial Hydrogen Peroxide
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Streptococcus oralis, an oral commensal, belongs to the mitis group of streptococci and occasionally causes opportunistic infec-
tions, such as bacterial endocarditis and bacteremia. Recently, we found that the hydrogen peroxide (H,0,) produced by S. ora-
lis is sufficient to kill human monocytes and epithelial cells, implying that streptococcal H,O, is a cytotoxin. In the present study,
we investigated whether streptococcal H,0, impacts lysosomes, organelles of the intracellular digestive system, in relation to cell
death. S. oralis infection induced the death of RAW 264 macrophages in an H,0,-dependent manner, which was exemplified by
the fact that exogenous H, 0, also induced cell death. Infection with either a mutant lacking spxB, which encodes pyruvate oxi-
dase responsible for H,O, production, or Streptococcus mutans, which does not produce H,0,, showed less cytotoxicity. Visual-
ization of lysosomes with LysoTracker revealed lysosome deacidification after infection with S. oralis or exposure to H,0,,
which was corroborated by acridine orange staining. Similarly, fluorescent labeling of lysosome-associated membrane protein-1

gradually disappeared during infection with S. oralis or exposure to H,0,. The deacidification and the following induction of
cell death were inhibited by chelating iron in lysosomes. Moreover, fluorescent staining of cathepsin B indicated lysosomal de-
struction. However, treatment of infected cells with a specific inhibitor of cathepsin B had negligible effects on cell death; in-
stead, it suppressed the detachment of dead cells from the culture plates. These results suggest that streptococcal H,0, induces
cell death with lysosomal destruction and then the released lysosomal cathepsins contribute to the detachment of the dead cells.

treptococcus oralis, a commensal bacterium in the oral cavity,

belongs to the group of oral inhabitants of the mitis group of
streptococci (1-4). Members of this group, including Streptococ-
cus sanguinis and Streptococcus gordonii, are dominant colonizers
of human teeth and are involved in dental plaque formation (1-3).
Pathogenic streptococcal species, such as Streptococcus pneu-
moniae and Streptococcus mitis, are also members of the mitis
group (2, 4-6). This group has been implicated as a possible cause
of human cardiovascular diseases, including infective endocardi-
tis and atherosclerosis. S. oralis is frequently isolated from cases of
infective endocarditis (7—10), and ribosomal DNAs of the mitis
group were detected in atheromatous plaque (11). The rate of
bacteremia caused by members of the mitis group of streptococci
is comparable to that caused by group A or B streptococci (12).

The members of the mitis group of streptococci produce hy-
drogen peroxide (H,0,) (2, 13, 14), which is important in bacte-
rial competition in microbial communities, such as oral biofilms
(13, 14). S. sanguinis and S. gordonii produce H,0, in quantities
sufficient to reduce the growth of many oral bacteria, including
the cariogenic bacterium Streptococcus mutans and several peri-
odontal pathogens (13, 14).

Recently, we found that S. oralis induces the death of THP-1
macrophages in vitro by H,0,-mediated cytotoxicity (15). The
cytotoxic effects of streptococcal H,0, on THP-1 macrophages
were also observed with S. sanguinis (15, 16), suggesting that H,O,
contributes to the pathogenicity of the mitis group of streptococci.
In fact, the H,O, produced by S. pneumoniae is a cytotoxic viru-
lence factor (17-21). A recent study showed that pneumococcal
H,O, induces the activation of stress-related cellular signaling
pathways (21). We also found that streptococcal H,O, stimulates
the production of cytokines, such as tumor necrosis factor alpha
and interleukin-6 (15, 22). H,O, is the simplest peroxide, a strong
oxidizer, and a cytotoxic agent (23-25). Therefore, the H,O, pro-
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duced by oral streptococci has the potential to disturb host defense
systems in multiple ways.

Since the cytotoxic mechanism of streptococcal H,O, is not
well understood, we investigated the morphological changes and
functional impairment of intracellular organelles that occur dur-
ing streptococcus H,0,-induced or exogenously added H,O,-in-
duced macrophage death using the RAW 264 cell line. We found
that exposure to S. oralis and H,O, mediated damage to the lyso-
some with a reduction of the acidic environment in lysosomes.
Lysosomes are involved in the intracellular degradation of various
cellular components, such as proteins, nucleic acids, carbohy-
drates, and lipids (26, 27). Our findings suggest that the lysosomal
dysfunction induced by streptococcal H,O, is associated with
macrophage death.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. oralis ATCC 35037, a type
strain originally isolated from the human mouth (28), was obtained from
the Japan Collection of Microorganisms at the RIKEN BioResource Cen-
ter (Tsukuba, Japan). The pyruvate oxidase gene (spxB) deletion mutant
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(the spxB knockout [KO] mutant) was generated from wild-type (WT)
strain S. oralis ATCC 35037 as described previously (15). The S. oralis WT
strain produces 1 to 2 mM H,0,, whereas the spxB KO mutant produces
less than 0.2 mM H,0, (15). A mutant with an spxB revertant mutation
(the spxBRevmutant) (15), which produced H,O, at alevel similar to that
produced by the WT, was also used.

S. mutans MT8148, a representative cariogenic strain of S. mutans
serotype ¢ (1, 29), was selected from the stock culture collection in the
Department of Oral and Molecular Microbiology, Osaka University
Graduate School of Dentistry (Suita-Osaka, Japan). S. mutans does not
produce detectable H,O, (1, 2) and was used as an H,O,-nonproducing
streptococcus. These bacteria were cultured in brain heart infusion (BHI)
broth (Becton Dickinson, Sparks, MD, USA).

Cell culture. Mouse macrophage line RAW 264 (RBC0535) was ob-
tained from the RIKEN BioResource Center. This cell line originates from
ECA8510291 of the culture collections of Public Health England (Lon-
don, United Kingdom; https://www.phe-culturecollections.org.uk
/products/celllines/generalcell/detail.jsp?refld =85062803&collection
=ecacc_gclt). The cells were cultured in RPMI 1640 medium (Nacalai
Tesque, Kyoto, Japan) supplemented with 5% fetal bovine serum (FBS;
Invitrogen, Carlsbad, CA, USA), penicillin (100 U ml™ ), and streptomy-
cin (100 pg ml™ 1) at 37°C in a 5% CO, atmosphere.

Macrophage death. Streptococcal strains were grown to the exponen-
tial phase. Prior to infection, the culture medium with the RAW 264 cells
was changed to fresh medium containing no antibiotics. RAW 264 cells
(2 X 10° cells) in 24-well culture plates (Asahi Glass, Tokyo, Japan) were
then infected with 2 X 107 or 4 X 107 CFU of viable streptococcal strains
(multiplicity of infection [MOI] = 100 or 200) for 3 h. The cells were
washed with phosphate-buffered saline (PBS; pH 7.2) to remove extracel-
lular nonadherent bacteria and cultured for 21 h in fresh medium con-
taining antibiotics (see Fig. SI in the supplemental material). The cells
were then stained with 0.2% trypan blue (Sigma-Aldrich, St. Louis, MO,
USA) in PBS, and the numbers of viable and dead cells were counted using
light microscopy (Nikon TMS-F; Nikon, Tokyo, Japan), as described pre-
viously (15, 16). Cell death induced by 1 mM H,O, (Nacalai Tesque) was
similarly examined.

Hydrogen peroxide measurement. The H,O, concentration in cul-
ture supernatants of RAW 264 cells infected with S. oralis was quantita-
tively determined using a hydrogen peroxide colorimetric detection kit
(Enzo Life Science, Plymouth Meeting, PA, USA). RAW 264 cells were
cultured in 24-well culture plates and were exposed to the S. oralis WT
(MOI = 100 or 200) for 3 h. After washing steps with PBS, the cells were
cultured for an additional 21 h (total, 24 h) in fresh medium containing
antibiotics. The culture supernatants were collected at 1, 3, 6, and 24 h
after infection and diluted 50-fold in PBS. The H,O, concentration was
determined according to the manufacturer’s instructions. As a control,
the H,O, concentration in the culture supernatants of S. oralis cells grown
in the same medium was also measured.

Acidic lysosome staining. RAW 264 cells were cultured on cell desks
(Cell Desk LF; Sumitomo Bakelite, Tokyo, Japan) in 24-well culture
plates, exposed to the S. oralis WT (MOI = 200) or H,0, (1 mM) for 3 h,
washed with PBS, and cultured for an additional 3 h (total, 6 h) or 21 h
(total, 24 h) in fresh medium containing antibiotics. The cells were stained
with 50 nM LysoTracker red probe (Molecular Probes, Carlsbad, CA,
USA) and SYBR green II (1:2,000 dilution; TaKaRa Bio, Otsu, Japan) in
culture medium for 15 min, washed with PBS, and observed using a
Carl Zeiss Axioplan 2 fluorescence microscope system (Carl Zeiss,
Oberkochen, Germany). LysoTracker red is an acidotropic red fluores-
cent probe which accumulates on acidic lysosomes. SYBR green (green
fluorescence) is a DNA-binding dye which stains the nuclei. LysoTracker-
fluorescent areas of cells from four fluorescent images were analyzed using
Image] software (http://rsbweb.nih.gov/ij/), followed by normalization to
the cell number.

The acidic pH in lysosomes was also monitored with a lysosomotropic
fluorochrome, acridine orange. The cells were exposed to the S. oralis WT
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or spxB KO mutant, S. mutans MT8148, or H,0, and stained with 5 uM
acridine orange (Wako Pure Chemicals, Osaka, Japan) for 15 min. The
fluorescence of acridine orange was observed using fluorescence micros-
copy. When acridine orange accumulates in lysosomes, it emits a red
fluorescence by excitation with blue light. In contrast, it emits green fluo-
rescence in the cytosol and nucleus. The disappearance of the red fluores-
cence indicates a reduction of lysosome acidification (deacidification).

Immunofluorescent staining of LAMP-1 and cathepsin B. RAW 264
cells were treated as described above, and the cells were fixed overnight
with 10% formaldehyde at 4°C, followed by permeabilization with PBS
containing 0.2% Triton X-100 for 1 h at room temperature. The cells were
then blocked with StartingBlock buffer (Thermo Scientific, Rockford, IL,
USA) for 1 h and reacted with an Alexa Fluor 488-conjugated rat anti-
mouse lysosome-associated membrane protein-1 (LAMP-1) monoclonal
antibody (1 g ml~%; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and 4',6-diamidino-2-phenylindole (DAPI; 1 p.g ml™'; Dojindo Molec-
ular Technologies, Kumamoto, Japan) in PBS containing 0.1% bovine
serum albumin (BSA; Sigma-Aldrich) for 1 h. After washing with PBS, cell
fluorescence was observed. Green fluorescence indicated the accumula-
tion of LAMP-1. The fluorescent areas of the cells on the images indicating
the accumulation of LAMP-1 were analyzed using Image] software and
normalized to the cell number.

Lysosomal cathepsin B was also stained. RAW 264 cells exposed to the
S. oralisWT or spxB KO mutant, S. mutans MT8148, or H,0, were reacted
with anti-cathepsin B antibodies (1 g ml~'; R&D Systems, Minneapolis,
MN, USA) in PBS containing 0.1% BSA and then stained with Alexa Fluor
594-conjugated anti-goat IgG antibodies (0.5 wg ml™'; Jackson Immu-
noResearch, West Grove, PA, USA).

Effect of catalase and deferoxamine on viability and lysosomes of
RAW 264 cells. Prior to infection, RAW 264 cells were treated with 50 or
200 U ml ! of catalase (an H,0,-decomposing enzyme; Sigma-Aldrich)
or 0.5 or 2 mM deferoxamine mesylate (a bacterial siderophore that che-
lates iron [Fe]; Sigma-Aldrich) (30, 31). The cells were then infected with
viable S. oralis strains (MOI = 200) for 3 h. The cells were washed with
PBS and cultured in fresh medium containing catalase and antibiotics for
21 h. Viability was determined by trypan blue staining. For acidic lyso-
somal staining, the cells were stained with LysoTracker after 3 h of infec-
tion. The cells were also immunostained using LAMP-1 antibodies.

Effect of cathepsin B inhibitor on detachment of dead cells. Prior to
treatment, RAW 264 cells were incubated with 20 puM CA-074 Me (a
membrane-permeant methyl ester of CA-074; Peptide Institute, Osaka,
Japan), a specific inhibitor of cathepsin B (32), for 1 h. Then, the cells were
exposed to viable S. oralis WT cells (MOI = 100 or 200) or 1 mM H, O, for
3 h in the presence of CA-074 Me. The cells were washed with PBS and
cultured in fresh medium containing antibiotics and CA-074 Me (10 M)
for 21 h. The cells were stained with trypan blue, and the number of
adherent, viable, and dead cells was counted (see Fig. S2 in the supple-
mental material).

For fluorescence microscopy observation, RAW 264 cells cultured on
the cell desk were fixed with 10% formaldehyde, followed by permeabili-
zation with 0.2% Triton X-100. Then, DNA and actin filaments were
labeled with SYBR green II (1:2,000 dilution) and Alexa Fluor 594-conju-
gated phalloidin (1:200 dilution; Molecular Probes, Eugene, OR, USA) in
PBS for 15 min. After washing with PBS, the cell fluorescence was ob-
served.

Statistical analysis. Statistical analyses were performed using Quick-
Calcs software (GraphPad Software, La Jolla, CA, USA). Differences were
examined for statistical significance using an independent Student’s ¢ test,
with a P value of <0.05 indicating statistical significance.

RESULTS

S. oralis-induced death of RAW 264 macrophages. We previ-
ously reported that infection with members of the mitis group of
streptococci that inhabit the oral cavity, such as S. oralis and S.
sanguinis, induces the death of THP-1 macrophages and several
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FIG 1 Death of RAW 264 macrophages. RAW 264 cells were exposed to the S.
oralis WT or spxB KO mutant, S. mutans MT8148, or H,0, for 3 h. Following
washing steps, the cells were cultured in fresh medium containing antibiotics
for 21 h (see also Fig. S1 in the supplemental material). Viable cells were
counted after trypan blue staining. Data are shown as the mean * SD for
triplicate samples. ¥, P < 0.05 compared with the untreated control (None).
The results of live/dead fluorescent staining are shown in Fig. S3 in the sup-
plemental material.

epithelial cell lines, with streptococcal H,O, contributing to this
process (15, 16, 22). In the present study, the RAW 264 macro-
phage line was infected with viable S. oralis ATCC 35037 at an
MOI of 100 or 200 for 3 h in antibiotic-free medium. The cells
were then washed with PBS to remove extracellular nonadherent
bacteria (see Fig. S1 in the supplemental material). At this point,
no change in cellular morphology was observed and most cells
appeared to be viable. However, at 24 h after infection, macro-
phage death was apparent (Fig. 1; also see Fig. S3 in the supple-
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FIG 2 H,O, concentration in culture medium of RAW 264 cells infected with
S. oralis. (A) RAW 264 cells were infected with the S. oralis WT for 3 h. The cells
were washed with PBS and cultured for an additional 21 h (total, 24 h) in fresh
medium containing antibiotics. The H,0O, concentration of the culture super-
natants was determined using a hydrogen peroxide colorimetric detection kit.
(B) The H,O, concentration of the culture supernatants of S. oralis cultured in
the same medium was also determined.
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FIG 3 S. oralis and H,O, mediate lysosomal damage. RAW 264 cells were
exposed to the S. oralis WT or H,O, for 3 h. Then, the cells were cultured for an
additional 3 h (total, 6 h) in fresh medium containing antibiotics. At 1, 3, and
6 h after exposure, the cells were stained with LysoTracker red and SYBR green
II. Lysosomal deacidification was monitored using LysoTracker red (red),
which accumulates in acidic organelles. Bar = 20 pm.

mental material). To elucidate the contribution of H,O,, the S.
oralis spxB KO strain, which is deficient in H,O, production, was
subjected to the experiments. The spxB KO mutant showed re-
duced cytotoxicity, even at an MOI of 200. The ability of a rever-
tant mutant, the spxB Rev mutant, to induce the death of RAW
264 macrophages was comparable to that of the WT (data not
shown). S. mutans, a cariogenic oral streptococcus that does not
produce H,0,, showed no cytotoxicity to RAW 264 cells. Further-
more, treatment with H,O, (1 mM) alone was sufficient to induce
cell death (Fig. 1).

Since mammalian cells produce H,O,-decomposing enzymes
such as catalase, we determined the H,O, concentration in the
culture supernatants of RAW 264 cells infected with the S. oralis
WT. In the infected culture, the H,O, concentration gradually
increased. At 3 h after infection at an MOI of 200, the concentra-
tion reached approximately 0.2 mM. The concentration was suf-
ficient to induce the death of RAW 264 cells (Fig. 2A). S. oralis
alone cultured in the same medium produced approximately 0.4
mM H,O0, at 3 h (Fig. 2B).

Fluorescent study of acidic pH of lysosomes. During the pres-
ent study, we found that H,0, damaged some intracellular organ-
elles, including lysosomes. To visualize changes in lysosomes dur-
ing cell death, the cells were stained with LysoTracker, an
acidotropic fluorescent probe (Fig. 3). The staining revealed that
the acidic pH of lysosomes was gradually reduced by the infection
with the S. oralis WT by 3 h (Fig. 3, left), suggesting disappearance
of the proton gradient over the lysosomal membrane. Exposure to
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FIG 4 The H,O, produced by S. oralis induces lysosomal deacidification. (A) RAW 264 cells were exposed to the S. oralis WT or spxB KO mutant, S. mutans
MT8148, or H,O, for 3 h. (Top) The cells were stained with LysoTracker red and SYBR green II or acridine orange. LysoTracker red accumulates in acidic
organelles. (Bottom) The acidic environment in lysosomes was also monitored by acridine orange staining. Acridine orange emits red fluorescence in acidic
environments, and thus, the disappearance of red fluorescence reflects lysosome deacidification. Bar = 20 um. (B) Measurements of the LysoTracker-stained
fluorescent areas were conducted using Image]J software. The average fluorescence area of control cells (None) was set to 100%. The results are shown as the
mean * SD for four samples. *, P < 0.05 compared with the untreated control (None).

H,0, also induced similar pH increases, i.e., deacidification in the
lysosomes (Fig. 3, right). The deacidification was detectable at 1 h,
and the process seemed to occur rapidly preceding cell death.

To estimate the contribution of streptococcal H,O, to the de-
acidification, the S. oralis spxB KO mutant and S. mutans were
employed in the infection assay. Infection with the spxB KO mu-
tant or S. mutans had little or no effect on LysoTracker fluores-
cence (Fig. 4A, top), suggesting that the deacidification in the lyso-
somes was related to the H,0, produced by the streptococcus.
Quantitative analyses of fluorescent images confirmed the deacid-
ification in lysosomes of macrophages exposed to the S. oralis WT
or H,O, (Fig. 4B). The reduction in the acidic pH of the lysosomes
was further examined by acridine orange staining. The dye emits
red fluorescence in the acidic environment of intact lysosomes,
and disappearance of the red fluorescence indicates an increase in
the lysosomal pH. The staining revealed the deacidification in the
lysosomes of the RAW 264 cells exposed to the S. oralis WT or
H,0, (Fig. 4A, bottom). In addition, infection with the spxB Rev
strain also induced deacidification (data not shown). Thus, these
results demonstrate that exposure to the S. oralis WT or H,0,
mediates a reduction of the acidic environment in lysosomes.

Immunofluorescent staining of LAMP-1 and cathepsin B.
The deacidification described above was suspected to be associated
with lysosome impairment. To monitor the lysosomal integrity in
RAW 264 cells exposed to the S. oralis WT or H,0,, lysosome-
specific protein LAMP-1 was visualized by immunofluorescent
staining (Fig. 5). The number of LAMP-1-positive lysosomes was
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FIG 5 S. oralis and H,0O, mediate lysosomal destruction. RAW 264 cells were
exposed to the S. oralis WT or H,O, for 3 hand cultured for an additional 3 and
21 h (total, 6 and 24 h, respectively) in fresh medium containing antibiotics. At
the indicated times after exposure, nuclei and LAMP-1 were fluorescently

labeled with DAPI and Alexa Fluor 488-conjugated anti-LAMP-1 monoclonal
antibody, respectively. Bar = 10 pm.
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FIG 6 The H,0, produced by S. oralisinduces lysosomal destruction. (A) RAW 264 cells were exposed to the S. oralis WT or spxB KO mutant, S. mutans MT8148,
or H,0O, for 3 h. The cells were then washed and cultured for an additional 3 h in fresh medium containing antibiotics. (Top) LAMP-1 and DNA were labeled with
Alexa Fluor 488-conjugated anti-LAMP-1 monoclonal antibody and DAPI, respectively. (Bottom) Cathepsin B was also labeled with Alexa Fluor 594-conjugated
anti-goat IgG. Bar = 10 wm. (B) Measurements of the LAMP-1-positive areas were conducted using Image] software. The average fluorescence area for untreated
control cells (None) was set to 100%. The results are shown as the mean * SD for four samples. *, P < 0.05 compared with the control (None).

reduced in a time-dependent manner. Most cells were dead at 24
h; however, a small and weak LAMP-1 fluorescence was still visi-
ble, suggesting that some lysosomal debris was associated with the
dead cells. In addition, no or little change in LAMP-1 fluorescence
was observed in cells infected with the S. oralis spxB KO mutant or
S. mutans (Fig. 6A, top). Further, quantitative analyses of fluo-
rescent images confirmed a significant decrease in the amount
of LAMP-1 in macrophages exposed to the S. oralis WT or H,0,
(Fig. 6B).

Lysosome destruction was also demonstrated by immunofluo-
rescent staining of cathepsin B, a lysosomal cysteine protease (Fig.
6A, bottom). Decreased cathepsin B fluorescence was observed in
cells exposed to the S. oralis WT or H,O,, confirming the impair-
ment of lysosomes. Again, no significant change in cathepsin B
fluorescence was observed in cells infected with the S. oralis spxB
KO mutant or S. mutans. The destruction of lysosomes was ob-
served in spxB Rev mutant-infected RAW 264 cells (data not
shown). These results indicate that streptococcal H,O, impairs
lysosomes.

Effect of catalase and deferoxamine on cell death and lyso-
somes in S. oralis-infected RAW 264 cells. To confirm the con-
tribution of streptococcal H,0, to cell death and lysosomal im-
pairment in RAW 264 cells infected with S. oralis, we investigated
the effect of catalase, an H,0,-decomposing enzyme, on S. oralis-
induced cell death. Exogenously added catalase was shown to re-
duce cell death in macrophages infected with the S. oralis WT
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(Fig. 7A). In the presence of catalase, the deacidification and deg-
radation of lysosomes were also reduced (Fig. 7B).

Deferoxamine has been reported to inhibit the generation of
hydroxyl radicals from H,O, within lysosomes (30, 31). As shown
in Fig. 8A, deferoxamine reduced the proportion of RAW 264 cells
infected with the S. oralis WT that died. Moreover, LysoTracker
and LAMP-1 staining showed reduced lysosomal damage in the
presence of deferoxamine (Fig. 8B).

Effect of a cathepsin B inhibitor on cell death and detach-
ment of dead cells. The results presented above suggest that strep-
tococcal H,0, triggers the destruction of lysosomes. Proteases
released from damaged lysosomes are involved in cell death (26,
27, 33, 34). Therefore, we investigated the effect of a cathepsin B
inhibitor, CA-074 Me, on cell death (see Fig. S2 in the supplemen-
tal material). Even in the presence of CA-074 Me, both the S. oralis
WT and H,0, induced the death of RAW 264 cells, whereas only
amodest yet statistically significant reduction in the level of death
was observed in cells exposed to either S. oralis at an MOI of 200 or
1 mM H,O0,. (Fig. 9A). However, when dead but adherent cells
(see Fig. S2 in the supplemental material) were counted, the num-
ber of adherent cells in the presence of CA-074 Me was signifi-
cantly higher than that for the control (Fig. 9B).

The inhibitory effect of CA-074 Me on the detachment of dead
RAW 264 cells was confirmed by fluorescence microscopy (Fig.
9C). Without the inhibitor, more than half of the cells detached
from the culture plates. Fluorescent staining using Alexa Fluor
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FIG 7 Effect of catalase on lysosomal damage in S. oralis-infected macro-
phages. RAW 264 cells pretreated with 50 or 200 U ml ™" of catalase were
infected with viable S. oralis WT for 3 h. The cells were washed with PBS and
cultured in fresh medium containing catalase and antibiotics for 21 h. (A)
Viability was determined by trypan blue staining. ¥, P < 0.05 compared with
the untreated control (None). (B) The cells were stained with LysoTracker
after 3 h of infection (top) and were also immunostained using LAMP-1 anti-
bodies after 6 h of infection (bottom). Bar = 10 pm.

594-phalloidin showed that most of the actin filaments of the cells
disappeared (Fig. 9C, top). In the presence of CA-074 Me, larger
numbers of cells were still attached to the culture plates, and cer-
tain actin filaments were still visible (Fig. 9C, bottom). Thus, the
cathepsin B released from the injured lysosomes was involved in
the detachment of dead macrophages (Fig. 10); however, the cell
death process itself seemed to be independent of cathepsin B.

DISCUSSION

Macrophages and monocytes are major contributors to host im-
mune responses against bacterial infections (35, 36). We previ-
ously reported that members of the mitis group of streptococci
that inhabit the oral cavity induce the death of THP-1 macro-
phages (15, 16), and their cytotoxicity is mediated by streptococ-
cal H,0, (15, 22). The cytotoxicity and tissue-damaging effects of
streptococcal H,O, are factors of streptococcal pathogenicity. The
H,O, enables bacteria to escape from macrophage phagocytosis
and thus contributes to the onset of bacteremia and infectious
endocarditis. Regarding S. pneumoniae, several investigations re-
vealed that the H,O, produced by S. pneumoniae is one of the
virulence factors of this species (17-21). H,O, contributes to
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FIG 8 Effect of deferoxamine on lysosomal damage in S. oralis-infected mac-
rophages. RAW 264 cells were treated with 0.5 or 2 mM deferoxamine and then
infected with viable S. oralis strains for 3 h. The cells were washed with PBS and
cultured in fresh medium containing antibiotics for 21 h. (A) Viability was
determined by trypan blue staining. *, P < 0.05 compared with the untreated
control (None). (B) The cells were stained with LysoTracker after 3 h of infec-
tion (top) and were also immunostained using LAMP-1 antibodies after 6 h of
infection (bottom). Bar = 10 pm.

pneumococcal lung and blood infections in experimental animals
(17, 19). Another study showed that pneumococcal H,O, induces
microglial and neuronal apoptosis and enhances the severity of
experimental meningitis (18). Bioluminescent imaging in infected
mice showed that H,O, contributes to prolonged nasopharyngeal
colonization by S. pneumoniae (19). It is therefore conceivable
that the H,O, produced by oral streptococci contributes to their
virulence.

In the present study, the effect of streptococcal H,O, on lyso-
somal integrity was investigated using the RAW 264 macrophage
line. We found that the S. oralis WT and H,0O, mediated the dam-
age to the lysosomes with a reduction of the acidic environment of
the lysosomes. Under normal conditions, the pH within lyso-
somes is maintained at about 5 (26, 27). Deacidification occurred
relatively quickly, within 3 h after exposure to the S. oralis WT or
H,0,. At this point, most cells were still viable (see Fig. S3 in the
supplemental material), and lysosomal deacidification was possi-
bly related to the macrophage death process.

Reactive oxygen species (ROS), including H,O,, are generated
from mammalian cells as by-products of mitochondrial respira-
tion and metabolite reactions in response to various stimuli, such
as heat shock, cytokine stimulation, and infection by pathogens
(23-25, 37-39). Macrophages produce large amounts of ROS
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FIG 9 Effect of a cathepsin B inhibitor on cell death and detachment of dead cells. RAW 264 cells pretreated with the cathepsin B inhibitor CA-074 Me (20 pM)

were exposed to the S. oralis WT (MOI =

100 or 200) or H,O, (1 mM) for 3 h. The cells were washed and cultured for an additional 21 h (total, 24 h) in fresh

medium containing CA-074 Me (10 wM) and antibiotics (see also Fig. S2 in the supplemental material). (A) The viable cells were counted after trypan blue

staining. (B) The adherent cells (both viable and dead) were also counted. Data are shown as the mean * SD for triplicate samples.

*, P < 0.05 compared with

the untreated control (None, No inhibitor). (C) The cells were stained with SYBR green II (green; nuclei) together with Alexa Fluor 594-conjugated phalloidin

(red; actin filaments). Bar = 10 pm.
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FIG 10 Proposed model illustrating the role of H,O, in S. oralis-induced
macrophage death. H,O, causes lysosomal deacidification and the destruction
of lysosomal integrity via Fenton’s reaction, followed by leakage of cathepsins
and other lysosomal hydrolytic enzymes. These cytotoxic enzymes degrade
cellular components and induce self-damage in S. oralis-infected cells. Cathe-
psins are implicated in the detachment of the dead cells from the culture plates.
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when activated by pathogens and proinflammatory cytokines (23,
24, 35-37). The chemical properties of H,O, have been widely
studied, and it is accepted that the cytotoxicity of H,0, is due to
oxygen formation, lipid peroxidation, and damage to proteins and
nucleic acids (24, 25). In general, a high concentration of H,0,
(more than 100 M) induces cell death, whereas a low concentra-
tion of H,O, promotes cell proliferation (23, 37, 38, 40-42). We
also found an increased production of proinflammatory cytokines
from cells exposed to the H,O,-producing oral streptococci (15,
16, 22).

Early studies reported that the ROS released from mitochon-
dria mediates lysosomal impairment and induces cell death (30,
31, 41, 42). Lysosomes are organelles filled with cytotoxic hydro-
lytic enzymes, including proteases, and their dysfunction is con-
sidered to induce cell death (26, 27). Therefore, we examined the
effect of streptococcal H,O, on lysosomal integrity. LysoTracker
and acridine orange fluorescent staining demonstrated that the
streptococcal H,O, elicited a reduction of the acidic lysosomal
environment within 3 h (Fig. 3 and 4). Immunofluorescent stud-
ies of LAMP-1 and cathepsin B revealed the destruction of lyso-
somes (Fig. 5 and 6). The protective effect of catalase on S. oralis-
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induced cell death also demonstrated a direct contribution of
streptococcal H,O, to the damage to the lysosome and cell death
(Fig. 7). It is noted that this deacidification occurred relatively
quickly and preceded cell death (Fig. 3; see also Fig. S3 in the
supplemental material). Since oral streptococci produce carboxy-
lic acids, such as formic, acetic, and lactic acids, as metabolic prod-
ucts (1, 2), it can be assumed that these acids may participate in
lysosomal impairment. However, both the S. oralis spxB KO mu-
tant and S. mutans showed no or little effect on lysosomes (Fig. 4
and 6); thus, the contribution of these acids is negligible.

Lysosomes are linked with major pathways of cell death, i.e.,
apoptosis, necrosis, and pyroptosis (26, 27, 33). Impairment of
lysosomes induces lysosomal membrane permeability, followed
by leakage of the cytotoxic content, including hydrolytic enzymes,
such as cathepsins (cathepsins B, C, and D and other cathepsins),
lipases, nucleases, and glycosidases (26, 27, 33, 41, 43, 44). Several
studies demonstrated that the cathepsins released from the dam-
aged lysosomes trigger lysosome-associated cell death (26, 33, 34,
41, 43-45). It should be noted that osmotic lysis and various
agents which induce lysosomal membrane permeabilization are
reported to cause cell death (33, 44, 46-48). Selective lysosome
disruption with L-leucyl-L-leucine methyl ester (LeuLeuOMe) in-
duces apoptosis (33, 47, 48). LeuLeuOMe accumulates in lyso-
somes, followed by conversion to a membranolytic form. It finally
destroys lysosomal membrane integrity, resulting in cell death
(33,47, 48).

Regarding the lysosome-associated cell death induced by oxi-
dative stress, previous studies revealed that Fe ions within lyso-
somes catalyze the peroxidation of H,0O, through Fenton’s reac-
tion and produce highly reactive oxygen radicals (30, 31, 42, 49,
50). The resultant oxygen radicals damage and destabilize lyso-
somal membranes (30, 31, 42, 49, 50). Thus, Fe ions within lyso-
somes play an important role in H,O,-induced cell death (30, 31,
42,49, 50). It was reported that deferoxamine inhibits the produc-
tion of oxygen radicals within lysosomes by chelating Fe ions and
thus reduces the level of H,O,-induced cell death (30, 31). In the
present study, deferoxamine was shown to reduce S. oralis-in-
duced macrophage death (Fig. 8), suggesting that Fe ions within
lysosomes contribute to cell death. Taken together, lysosomal im-
pairment is considered to be involved in macrophage death. At
present, it is uncertain whether the lysosome-associated cell death
results from apoptosis, necrosis, or pyroptosis (26, 33, 34, 41, 48,
50). It is possible that the streptococcal H,O,-induced macro-
phage death is mediated by multiple cell death pathways.

Hydrolyzing enzymes, including cathepsins released from
lysosomes, could trigger a forward loop promoting lysosome rup-
ture and cell death (26, 27, 34). It was difficult to investigate all the
contributions of the many lysosome-hydrolyzing enzymes regard-
ing streptococcal H,O,-mediated cell death; however, we investi-
gated the possible contribution of cathepsin B using CA-074 Me, a
specific cathepsin B inhibitor (32). Contrary to our expectations,
the inhibitor did not inhibit cell death (Fig. 9). At present, we can
only speculate that multiple lysosomal cytotoxic hydrolyzing en-
zymes, including other proteases, could be involved in streptococ-
cal H,0,-induced cell death.

However, CA-074 Me reduced the detachment of dead cells
(Fig. 9). Similar results were obtained with E-64, another cysteine
protease inhibitor (32). These findings suggest that cathepsin B
and other cathepsins contribute to the detachment of dead cells.
In this regard, early studies reported that cathepsins are major
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proteases involved in extracellular matrix degradation (51). Thus,
cathepsin-mediated degradation of matrix proteins is possibly as-
sociated with the detachment of dead cells.

In summary, this study revealed a novel finding that the H,0,
produced by oral streptococci induces the rapid deacidification
and destruction of lysosomes (Fig. 10). Subsequently, the released
lysosomal cathepsins participate in the detachment of dead mac-
rophages (Fig. 10). Lysosomal impairment enables bacteria to es-
cape from macrophage phagocytosis. Since our preliminary study
suggested that H,O, damages other cellular organelles, including
mitochondria, impairment of these organelles should be further
investigated.
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