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ABSTRACT Oral streptococci are generally considered commensal organisms; how-
ever, they are becoming recognized as important associate pathogens during the
development of periodontal disease as well as being associated with several sys-
temic diseases, including as a causative agent of infective endocarditis. An important
virulence determinant of these bacteria is an ability to evade destruction by phago-
cytic cells, yet how this subversion occurs is mostly unknown. Using Streptococcus
gordonii as a model commensal oral streptococcus that is also associated with dis-
ease, we find that resistance to reactive oxygen species (ROS) with an active ability
to damage phagosomes allows the bacterium to avoid destruction within macro-
phages. This ability to survive relies not only on the ROS resistance capabilities of
the bacterium but also on ROS production by macrophages, with both being re-
quired for maximal survival of internalized bacteria. Importantly, we also show that
this dependence on ROS production by macrophages for resistance has functional
significance: S. gordonii intracellular survival increases when macrophages are polar-
ized toward an activated (M1) profile, which is known to result in prolonged phago-
somal ROS production compared to that of alternatively (M2) polarized macro-
phages. We additionally find evidence of the bacterium being capable of both
delaying the maturation of and damaging phagosomes. Taken together, these re-
sults provide essential insights regarding the mechanisms through which normally
commensal oral bacteria can contribute to both local and systemic inflammatory dis-
ease.
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ral streptococci are generally considered commensal bacteria; however, it is
becoming clear that they are not always innocuous. For example, the full devel-
opment of periodontal disease is not dependent on the presence of a single patho-
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phagocytes can also make significant contributions to the pathology of disease (17-20).
In the oral environment, while neutrophils play an essential role in the prevention of
periodontal disease, at least in part due to their constant transiting into the gingival
crevicular space and interaction with the oral microbiome (21, 22), macrophages also
have critically important roles in the initiation, resolution, and pathology of gingivitis
and periodontal disease (23, 24). Phagocytes also play important roles in oral
streptococcus-mediated endocarditis development (25-27). Indeed, strains of S. gordo-
nii capable of causing disease in animal models of endocarditis are more resistant to
destruction by phagocytes (26). So while evasion of phagocytes is part of the patho-
genicity mechanism of streptococci (28, 29), resulting from activation of platelets and
subsequent formation of fibrinous endovascular vegetations encapsulating bacteria
which can lead to endocarditis (25, 30, 31), an additional determinant for the devel-
opment of endocarditis is an ability of streptococci to avoid destruction after uptake by
a variety of phagocytic cells (26-28, 32-34). Many of the mechanistic details allowing
for S. gordonii resistance to destruction by phagocytes remain poorly understood. In
addition, phagocytes, including macrophages, alter their phenotypes during inflamma-
tion, such as during periodontal disease or endocarditis (24, 25, 35-38). How these
changes in phagocyte phenotypes might result in altered interactions with oral strep-
tococci is currently unclear.

In this study, we show that S. gordonii strains with endocarditis pathogenic potential
are able to survive within macrophages at a significantly higher rate than strains
without pathogenic potential. This ability to survive relies on an interdependence
between the phagosomal reactive oxygen species (ROS) production characteristics of
macrophages, which are known to change depending on the macrophage activation
profile, and the ROS resistance capabilities of S. gordonii, with both being required for
maximal survival of the bacterium. Additionally, we found active bacterial subversion of
phagosomal maturation, which may allow for avoidance of phagosomal destruction,
suggesting a dual-stage requirement for S. gordonii to evade phagocytic destruction.

RESULTS

S. gordonii survives within macrophages in a ROS resistance-dependent man-
ner. While phagocytes are specially equipped to kill microorganisms, a surprising
number of microbes possess defense mechanisms allowing for their survival within
these cells (39, 40). S. gordonii is thought to have this ability, though this has not been
tested thoroughly. We initially expanded upon the bactericidal assay performed by
others (26, 34) and performed a gentamicin protection assay (41). This assay, in which
only cells surviving within the phagocyte are recovered, confirmed that S. gordonii
strain DL1, which can be causative for endocarditis (5-7, 26), has the ability to survive
within lipopolysaccharide (LPS)-activated RAW264.1 macrophages for 2 h postphago-
cytosis, at a significantly higher rate than that for the nonpathogenic strain SK12 (Fig.
1A), which is unable to cause endocarditis in an animal model (26) despite being able
to bind platelets as effectively as DL1 (42).

Two major tools that macrophages use to kill microbes are creating toxic ROS via the
NADPH oxidase (NOX2) complex and highly acidifying the phagosome (39). Since S.
gordonii, like all viridans group streptococci, produces its own ROS as a metabolic
by-product in the form of H,0, (43, 44) and has noncatalase ROS resistance mecha-
nisms (45-47), we hypothesized that ROS resistance may be an important mechanism
in allowing S. gordonii to survive within phagocytes. Indeed, we found that S. gordonii
strain DL1 was better equipped to survive in the presence of H,O, (Fig. 1B), as well as
being more capable of removing generated superoxide from solution (Fig. 1C), than
strain SK12. We additionally checked the ability of the strains to survive under low-pH
conditions but found no differences in survival at low pH after 15 min (Fig. 1D).

ROS production by macrophages is required for optimum S. gordonii survival.
Because we preactivated the RAW264.7 macrophages prior to performing the killing
assays, which increases phagosomal ROS production (48-50), we next tested the
requirement for ROS production by macrophages for the survival of S. gordonii. When
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FIG 1 S. gordonii DL1 has increased survival within macrophages compared to that of S. gordonii SK12.
(A) Percent survival of S. gordonii strains DL1 and SK12, with and without endocarditis pathogenic
potential, respectively, within RAW264.7 macrophages for 2 h postuptake. The box plot with whiskers
shows the 10th to 90th percentiles, and “+" indicates the mean for each strain. (B) Survival of S. gordonii
strains DL1 and SK12 in the presence of increasing concentrations of hydrogen peroxide for 30 min. Data
shown are means and standard errors. DL1 survived at significantly higher rates than those of SK12 in the
presence of both 5 mM and 10 mM H,0.,. (C) S. gordonii DL1 removes generated superoxide significantly
more efficiently than SK12 does, protecting cytochrome ¢ from reduction in the presence of generated
superoxide. The graph shows means and standard errors, normalized by setting the positive-control
purified superoxide dismutase value at 100%. (D) DL1 and SK12 survival rates after exposure to pH 3 for
the indicated times. Data shown are means and standard errors. All data are for a minimum of 4
independent experiments and a minimum of 5 technical replicates per experiment. P values were
calculated with unpaired t tests (A and C) or one-way (B) or two-way (D) analysis of variance (ANOVA)
with the Sidak multiple-comparison test. n.s., not significant.

the macrophages were treated with diphenyleneiodonium (DPI), a NOX2 inhibitor that
prevents phagosomal ROS production (51-55), intracellular survival of the pathogenic
strain DL1 decreased to levels not significantly different from that of the nonpathogenic
strain SK12 (Fig. 2A). While DPI is capable of inhibiting other flavoproteins in addition
to the NOX2 complex, including mitochondrial complex I, which can affect the viability
of the cells, the inhibition of other flavoproteins often requires DPI concentrations
higher than those used here (56). Indeed, the viability of our macrophages was not
decreased during the period in which we used the drug (see Fig. ST in the supplemental
material).

Macrophages are increasingly being understood to have a variety of phenotypes
along a continuum, with the extremes referred to as inflammatory, activated “M1”
macrophages and tissue repair, enhanced “M2" macrophages (57). In general, M1
macrophages are regarded as being better equipped to kill pathogens than M2 mac-
rophages (39, 40). This is partly due to phagosomes of macrophages having variable
ROS and acidification profiles depending on the activation profile, with M1 macro-
phages producing more bactericidal phagosomal ROS, with concomitant weaker acid-
ification, than resting or M2 macrophages (50, 54, 58, 59). Because of the dependence
of S. gordonii survival on ROS production within the phagosome (Fig. 2A), and since
most inflammatory diseases, including endocarditis and periodontitis, result in inflam-
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FIG 2 ROS production by macrophages is required for optimal S. gordonii survival. (A) Survival of S.
gordonii within RAW264.7 macrophages, with increasing amounts of diphenyleneiodonium (DPI) added
to inhibit NOX2 ROS production within the phagosome. Increasing levels of DPI led to significant
reductions in survival of DL1, to levels not significantly different from SK12 survival in macrophages with
or without DPI added. (B) Survival of S. gordonii within polarized human monocyte-derived macrophages.
DL1 survived significantly better in GM-CSF-matured, IFN-y/LPS-polarized (M1) macrophages than SK12
did, while both strains were equally killed by M-CSF-matured, IL-4-polarized (M2) macrophages. (C)
Survival of DL1 within M1 polarized human monocyte-derived macrophages, with 20 uM DPI added to
inhibit NOX2 ROS production within the phagosome. The data were normalized by setting DL1 survival
at 1. All data are means and standard errors for 4 to 8 independent experiments, with a minimum of 2
technical replicates per experiment. P values were calculated by one-way ANOVA with the Sidak
multiple-comparison test (A and B) or by unpaired t test (C).

mation and macrophage activation (25, 35, 37, 38), we next examined the ability of S.
gordonii to survive within macrophages that have been polarized to either the M1 or
M2 phenotype. For these experiments, we used primary monocyte-derived macro-
phages because they are the predominant in vitro system for studying macrophage
polarization (57). We tested S. gordonii survival in polarized human monocyte-derived
macrophages with known differences in phagosome maturation, i.e., granulocyte-
macrophage colony-stimulating factor (GM-CSF)-matured macrophages activated with
gamma interferon (IFN-y) and LPS (M1 macrophages), which produce phagosomal ROS
for longer times and have weaker acidification, and macrophage colony-stimulating
factor (M-CSF)-matured macrophages activated with interleukin-4 (IL-4) (M2 macro-
phages) (50, 54). In M1 macrophages, we found that the rate of S. gordonii DL1 survival
was significantly higher than that of SK12, while in M2 macrophages DL1 survival was
not significantly different from that of SK12 (Fig. 2B).

As with the RAW cell killing assays, we used a gentamicin protection assay for
determinations of S. gordonii survival within monocyte-derived macrophages. A poten-
tial issue with the use of gentamicin is that macrophages can be highly pinocytotic, and
the membrane-impermeant gentamicin drug can be taken up and enter phagosomes
containing bacteria, affecting the bacterial survivability independent of the phagosome
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bactericidal properties (60, 61). To test for such effects, we varied the amount of time
the human monocyte-derived macrophages were incubated with gentamicin post-
bacterial uptake, using times of 30 min to 2 h (Fig. S2). We did see differences in the
survivability of S. gordonii in RAW macrophages with the different gentamicin incuba-
tion times, with the survival rates of S. gordonii within RAW264.7 macrophages ob-
tained with 30 min of gentamicin treatment (Fig. S2) corresponding to those reported
for another viridans group streptococcus species, S. parasanguinis (33), as well as to our
results (Fig. 1). In contrast, we found no significant difference in the survival of S.
gordonii within monocyte-derived macrophages. However, to minimize unintended
consequences, we subsequently limited incubation with gentamicin to 30 min.

We also tested human monocyte-derived M1 macrophage ROS production require-
ments for S. gordonii survival and found that the relative bacterial survival within the
macrophages was significantly reduced upon treatment with the inhibitor DPI (Fig. 2C).

Phagosomes containing S. gordonii exhibit delayed maturation. While ROS
resistance can help microorganisms to survive initial phagocytosis, ROS resistance alone
is unlikely to allow for extended survival within phagocytes, with long-term survival
usually involving bacterium-induced damage or modification to phagosomes (39, 62).
As a marker of mature phagolysosomes, the rate of LAMP1 acquisition by maturing
phagosomes can be an initial gauge of damage or other bacterium-induced phago-
somal modifications (63-65). We therefore examined LAMP1 acquisition by S. gordonii-
containing phagosomes in activated RAW macrophages via immunofluorescence assay
(Fig. 3A and B). We found that LAMP1 was slower to accumulate on DL1-containing
phagosomes than on phagosomes containing the nonpathogenic strain SK12 or heat-
killed DL1. In addition, a maximum of approximately 80% of internalized DL1 organisms
obtained LAMP1 after 60 min, and this percentage even subsequently appeared to
decrease, yet LAMP1 was acquired by over 95% of phagosomes containing SK12 or
heat-killed DL1 within 20 to 30 min and remained associated for the full time examined
(Fig. 3B).

A number of nonexclusive causes of reduced LAMP1 staining of phagosomes for live
but not killed DL1 include (i) S. gordonii-induced damage to the phagosome, (ii) S.
gordonii-induced inhibition of phagosome maturation, and (iii) increased phagosomal
ROS production by the macrophage in an attempt to overcome bacterial resistance
(which will delay phagosomal maturation) (39, 54, 66, 67). When we next tested an
earlier stage of macrophage phagosome maturation by examining the rate of clearance
of the early endosome/phagosome marker Rab5 from S. gordonii-containing phago-
somes, we again saw significant differences in the maturation rate of phagosomes, with
extended Rab5 retention on DL1-containing phagosomes compared to that on SK12-
containing phagosomes (Fig. 3C). Because we saw that ROS dynamics were important
for bacterial survival (Fig. 2), we first hypothesized that there may be bacterium-
induced changes in ROS production as opposed to polarization-induced changes by
macrophages that could account for the delayed maturation of DL1-containing phago-
somes. Indeed, a larger percentage of the DL1- than SK12-containing phagosomes in
RAW macrophages acquired the autophagosomal marker LC3 (Fig. 3D). Such acquisi-
tion can be indicative of LC3-assisted phagocytosis (LAP), where Toll-like receptor
signaling occurring from within undamaged phagosomes can lead to accumulation of
LC3 on the phagosomal limiting membrane (68). LAP has been reported to result in
various changes in phagosomal maturation, such as increased phagosomal maturation
for expedited degradation of the phagosomal contents (68, 69) or increased phago-
somal ROS activity and delayed maturation (52, 70). Our results indicated a reduction
in phagosomal maturation (Fig. 3B), leading to the possibility of the latter scenario.
However, M1 activation of macrophages promotes increased phagosomal ROS activity
that is separate from LAP (50, 54). Still, to ensure that additional (potentially LAP-based)
changes in ROS production within macrophage phagosomes containing S. gordonii
were not occurring, we used luminol-based detection to examine intracellular ROS
production by M1-activated macrophages containing DL1 or SK12 (Fig. 4). We did not
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FIG 3 Phagosomes containing S. gordonii DL1 exhibit altered maturation profiles. (A and B) The rates of
LAMP1 acquisition by phagosomes containing S. gordonii were determined by immunofluorescence
staining and quantification following synchronized phagocytosis. (A) Example immunofluorescence
images of LAMP1-positive (arrows in panel iv) and -negative (arrowheads in panel iv) phagosomes
containing engulfed S. gordonii (streptavidin negative). Bar = 10 wm (5 um in panel iv). (B) Percentage
of LAMP1-positive S. gordonii-containing phagosomes versus time postengulfment. Heat-killed DL1- and
live SK12-containing phagosomes all quickly acquired LAMP1, while, on average, fewer than 80% of
phagosomes containing live DL1 obtained the phagolysosomal marker over 120 min. Data shown are
means * standard errors for at least 4 independent experiments per condition, with a minimum of 50
phagosomes per time point per experiment examined. The LAMP1 acquisition curves for DL1 versus SK12
and heat-killed DL1 are significantly different by one-phase association fitting (P < 0.001). (C and D)
Synchronized phagocytosis of S. gordonii was performed with RAW264.7 macrophages transfected with
GFP-Rab5 (C) or GFP-LC3 (D), and quantification of marker-positive S. gordonii-containing phagosomes
over time was performed. Data shown are mean percentages = standard errors for at least 3 indepen-
dent experiments, with a minimum of 50 phagosomes per time point per experiment examined. (C) The
rates of GFP-Rab5 loss from DL1- and SK12-containing phagosomes are significantly different by
one-phase decay fitting (P < 0.001). (D) Asterisks indicate significant differences (P < 0.01) in GFP-LC3
labeling at individual time points by unpaired t test, using the Holm-Sidak method for multiple
comparisons.

detect any ROS production differences, suggesting that LAP was likely not a reason for
the increased LC3 accumulation on S. gordonii-containing phagosomes.

S. gordonii can disrupt phagosome integrity. Increased LC3 acquisition by phago-
somes (Fig. 3D) may also be due to overt bacterium-induced damage to the phago-
somal membrane, leading to activation of galectin- or ubiquitin-mediated macroau-
tophagy, giving the macrophage an opportunity to reenvelop and destroy the
bacterium (68). As advanced endocarditis lesions show nearly exclusively extracellular
bacteria (26, 27), escape from the phagosome is likely in the path to S. gordonii
virulence. We therefore next used a lysosomal fluorescein isothiocyanate (FITC)-dextran
assay for the sensitive detection of S. gordonii-induced damage to phagolysosomes.
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FIG 4 ROS response to S. gordonii by M1 activated macrophages does not vary with the strain.
Luminol-based ROS detection was used to quantify the ROS response by M1 activated macrophages
during interaction with S. gordonii strains DL1 and SK12. (A) Example time course of luminol lumines-
cence detection, shown in relative luminescence units (RLU). (B) Mean peak RLU (with standard error)
detected over 5 independent experiments.

FITC-dextran can be used as a pH-sensitive ratiometric fluorophore to measure the pH
of the compartment in which it resides (71, 72). When loaded into the lysosome,
dextran will enter the phagosome as the fusion of lysosomes occurs during phago-
somal maturation, allowing for pH measurements of the maturing phagosomes, and if
the phagosomes are damaged FITC-dextran will report the loss of lysosomal acidity.
With severe phagosomal damage the FITC-dextran will escape into the cytoplasm,
where it is readily detectable even if the bacterium itself is reenveloped (66, 68, 73). We
saw a significant increase in the average pH reported by pulse-chased FITC-dextran
within M1 activated macrophages that contained S. gordonii compared to that for
control M1 macrophages, with the level for those containing S. gordonii DL1 (mean
pH = 6.19; standard deviation [SD] = 0.34) being significantly higher than those for
both control (mean pH = 5.4; SD = 0.17) and SK12-containing (mean pH = 5.64; SD =
0.15) macrophages (Fig. 5A). When M1 macrophages were treated with DPI, the pH
reported by FITC-dextran for those containing S. gordonii DL1 was reduced significantly
(mean pH = 5.78; SD = 0.16), as seen with other phagocytic cargo (54, 58), though it
was still higher than that for control M1 macrophages not containing bacteria (Fig. 5A).
To examine the rates of dextran escape into the cytosol, pH heat maps of FITC-dextran-
containing macrophages were generated, and the percentage of cells showing clear
cytoplasmic FITC-dextran (reporting pH of >6) was quantified (Fig. 5B and C). We found
that S. gordonii DL1 caused significantly more lysosomal/phagolysosomal damage than
both control cells and SK12 (Fig. 5C).

DISCUSSION

Oral streptococci are generally considered commensal microorganisms, yet they are
becoming recognized as accessory pathogens required for the full development of
periodontal disease, are common agents of infective endocarditis, and have been
associated with other extraoral systemic diseases (3, 4, 16). The ability to survive in the
presence of phagocytic cells is important for oral streptococci to be pathogenic (26, 27),
yet the conditions under which oral streptococci can survive encounters with phago-
cytes are not well defined. In the present study, we found that the oral streptococcus
S. gordonii survives to a greater degree within macrophages when they are inflamma-
tory (M1) activated macrophages than when they have been activated toward an
alternative (M2) phenotype. This is surprising, as M1 macrophages are generally better
equipped to kill pathogens than nonactivated or M2 macrophages (39, 40). However,
it is known that macrophages have phagosome maturation profiles, including reactive
ROS production and proteolytic capabilities, that vary broadly depending on their
polarization state (50, 54, 74, 75). Generally, inflammatory (M1) macrophages have more
extensive phagosomal ROS responses and slower acidification than those of regulatory
or wound-healing resident macrophages (54, 58, 76).

While the production of ROS by phagocytes is generally microbicidal, successful
pathogens often have defenses against ROS-induced damage (39, 45, 77). Oral strep-
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FIG 5 Phagosome damage is detectable upon S. gordonii uptake. Lysosomes of human monocyte-
derived M1 macrophages were loaded with FITC-dextran and then allowed to phagocytose S. gordonii
or were treated with LLME as a positive control for lysosomal damage. (A) Ratiometric imaging of live
cells revealed that the mean pH of FITC-dextran in M1 macrophages with phagocytosed S. gordonii DL1
was significantly higher than that for control cells. Treatment of macrophages with 10 um DPI during
phagocytosis of DL1 (DL1 + DPI) significantly reduced the pH reported by FITC-dextran. The scatterplot
shows a minimum of 85 cells per condition quantified over at least 5 independent experiments. Lines
show the mean pH = standard deviation. P values were calculated by one-way ANOVA and Tukey's
multiple-comparison test. (B) Example of pH heat map of FITC-dextran in macrophages with or without
phagocytosed S. gordonii after ratiometric image calculations. Bar = 10 um. (C) The percentage of
macrophages with visible high-pH dextran, indicating damaged phagolysosomes, was quantified in 4 to
6 independent experiments. A minimum of 100 cells per condition per experiment (overall total of 600
to 1,100 individual cells per condition) were quantified. P values were calculated by one-way ANOVA and
Tukey's multiple-comparison test.

tococci produce high levels of H,O, during their normal metabolism (43, 44), with
correspondingly high resistance to damage induced by ROS (45, 46). Indeed, ROS
produced by oral streptococci have been suggested to play a bacteriostatic role against
other bacteria in oral biofilms (78, 79). Our data show that S. gordonii strains with
pathogenic potential have increased ROS resistance capabilities compared to those of
a nonpathogenic strain. Importantly, the ROS resistance of S. gordonii appears to be
more important than resistance to low phagosomal pH and/or resistance to phago-
somal proteolytic enzymes activated at low pH, as S. gordonii resists killing less
effectively within M2 macrophages than within M1 activated macrophages, which have
a prolonged period of phagosomal ROS production (54). Further, the treatment of M1
macrophages with DPI to inhibit phagosomal ROS production and allow for a lowering
of phagosomal pH (Fig. 5A) (54, 58) also decreased the survival of S. gordonii within
macrophages (Fig. 3C).

Periodontal disease, like all inflammatory diseases, causes recruitment of significant
numbers of inflammatory phagocytes (36, 80, 81), including an increased number of M1
activated macrophages in active lesions (24, 35-38). The resistance we see in strepto-
coccal killing by activated macrophages may therefore be important in allowing for the
bacterial contribution to periodontal disease as an accessory pathogen. In addition, the
increased resistance to intracellular killing may allow for increased systemic dissemi-
nation, as seen with other oral bacteria, such as Porphyromonas gingivalis (82), and/or
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allow for streptococci to resist phagocytic killing once they have infiltrated the endo-
cardium during the development of endocarditis. Which, if any, of these factors are at
play is the subject of future studies.

Our results indicate that maturation of S. gordonii-containing phagosomes, as
determined by Rab5 and LAMP1 acquisition, was inhibited. As we also found S. gordonii
to be capable of damaging the phagosome, the bacterium-induced phagosomal
damage is likely a factor resulting in the observed delay of maturation and increased
LC3 acquisition through macroautophagy induction (68, 83). How the phagosome can
be actively damaged by S. gordonii is currently unclear, as the alpha-hemolytic strep-
tococci, including S. gordonii, do not produce streptolysin L or O, the pore-forming
toxins of the beta-hemolytic streptococci (84). However, there are a number of factors
produced by viridans group streptococci that are known or potential endocarditis risk
factors, though most are involved in allowing bacterial binding to platelets, which is
thought to be an intermediary for invading a damaged endocardium (30, 31). For
example, the sialic acid-binding proteins Hsa and GspA (85, 86) are required for optimal
infectivity in an experimental model (87). PadA and SspA/SspB are also involved in
binding and activating platelets (42, 88). However, other pathogenic factors that may
be involved in allowing S. gordonii to survive within phagocytes include PpiA, a surface
lipid-anchored protein reported to interfere with phagocytosis (29, 89), and autolysin
(AtlA), a virulence factor of Streptococcus pneumoniae that is important in the devel-
opment of pneumonia (90) and of Streptococcus mutans and Staphylococcus aureus that
is involved in the development of endocarditis (28, 91, 92). Future studies will be
needed to address the detailed mechanisms allowing for S. gordonii phagosomal
escape.

Overall, we find that strains of the normally commensal organism S. gordonii that are
also capable of acting as pathogens are significantly better at surviving within macro-
phages than those that are not and that the bacterium avoids destruction by using a
combination of its natural resistance to ROS and an active ability to damage phago-
somes. Importantly, we also provide evidence that S. gordonii is better able to with-
stand destruction within activated (M1) macrophages than within alternatively acti-
vated (M2) macrophages, suggesting that shifting of macrophage inflammatory states
to combat infection may inadvertently allow a normally commensal bacterium to
contribute to disease development and severity.

MATERIALS AND METHODS

Cell culture. RAW264.7 macrophages were obtained from ATCC and grown in RPMI medium (Lonza)
supplemented with 10% fetal calf serum (Caisson) and 2 mM L-glutamine (Corning) at 37°C and 5% CO,.
Prior to phagocytosis experiments, the RAW264.7 macrophages were activated for 2 to 24 h with 100
ng/ml lipopolysaccharide (LPS) (from Salmonella enterica serotype Minnesota strain Re595; Sigma-
Aldrich). For human monocyte-derived macrophages, blood was obtained from healthy donors in
accordance with our institutional review board (IRB)-approved protocol (approval 626714), and periph-
eral blood mononuclear cells (PBMCs) were isolated by isosmotic density gradient centrifugation using
1-Step polymorphs (Accurate Chemical). The PBMCs were plated on tissue culture plastic or glass
coverslips to allow for the purification of monocytes by adherence to the surface, with other components
of PBMCs being washed away, as previously described (93). The adherent monocytes were then
differentiated for 5 days with 50 ng/ml GM-CSF or 50 ng/ml M-CSF (BioLegend). GM-CSF-matured cells
were then activated for 24 h with 10 ng/ml IFN-y (BioLegend) and for 12 h with 100 ng/ml LPS
(Calbiochem), and M-CSF-matured cells were activated for 2 days with 20 ng/ml IL-4 (BioLegend), as
previously described (54).

Bacterial culture and phagocyte killing assays. S. gordonii was grown in brain heart infusion (BHI)
medium (BD Biosciences) supplemented with 0.5% yeast extract (IBI Scientific) at 37°C. All experiments,
unless otherwise noted, used mid-log-phase bacterial cultures that were briefly sonicated (30 s) to break
bacterial chains into individual bacteria. For experiments using heat-killed bacteria, S. gordonii was grown
to mid-log phase as described above and then incubated at 60°C for 60 min prior to use.

For determination of survival within macrophages, a modification of previously described protocols
was performed (41, 94). Briefly, after adding bacteria to the macrophages (multiplicity of infection
[MOI] = 5:1) and an initial centrifugation step to bring bacteria into contact with the macrophages
(125 X g for 1 min), the cells were coincubated for 30 min at 37°C. The macrophages were washed with
phosphate-buffered saline (PBS) to remove external bacteria and then incubated for 2 h in normal
growth medium supplemented with 200 pg/ml gentamicin (Sigma) to ensure that any remaining
external bacteria were killed. Alternatively, after 30 min of incubation with gentamicin, the cells were
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washed and further incubated for 90 min without gentamicin to minimize the uptake of the antibiotic
by the macrophages (60). Cells were then lysed with sterile distilled water, serially diluted, and plated
onto BHI agar plates. After growth at 37°C for 2 days, the number of CFU was determined and the
number of “surviving bacteria” per condition calculated.

To determine the rate of phagocytosis of the bacteria by macrophages, additional wells of macro-
phages were incubated with bacteria as described above for 30 min, but after extensive washing with
PBS, the cells were lysed with water and serially plated on BHI agar plates to determine the initial number
of “phagocytosed bacteria.” Alternatively, the bacteria were prelabeled with biotin-hydrazide (Invitrogen)
according to the manufacturer’s instructions, and after 30 min of incubation under conditions identical
to those described above, the macrophages were washed with ice-cold PBS, any remaining external
bacteria were stained with streptavidin-Alexa 594 (Thermo Fisher) at 4°C, and then the cells were fixed
with 4% paraformaldehyde (PFA), counterstained with DAPI (4',6-diamidino-2-phenylindole), and
mounted for microscopy. The phagocytic index (mean number of internalized bacteria per macrophage)
was determined by counting the bacteria within a minimum of 50 macrophages per condition. The
phagocytic index was subsequently used to determine the number of phagocytosed bacteria per well by
using the known number of macrophages per condition as determined by counting on a hemocytom-
eter. In either case, the percent survival of bacteria was calculated by dividing the number of “surviving
bacteria” at 2 h postphagocytosis by the calculated number of “phagocytosed bacteria” (i.e.,, number of
surviving bacteria/number of phagocytosed bacteria X 100). While we saw no significant differences in
the phagocytic index between the strains of bacteria, there was a nonsignificant trend for a change
dependent on the macrophage polarization state (see Fig. S3 in the supplemental material). However,
when the percent survival was calculated by incorporating the phagocytic index for each experiment as
described above, any changes in phagocytosis rate between conditions were accounted for.

H,0, killing assays. Overnight cultures of S. gordonii were subcultured, grown to mid-log phase
(optical density at 600 nm [ODy,] of 0.5), added to PBS (with and without H,0,), and incubated for 30
min at room temperature, after which they were serially diluted and plated on BHI plates. Percent survival
was calculated based on the number of CFU in PBS with H,0, compared to that in PBS alone (95).

pH killing assays. Overnight S. gordonii cultures were harvested and resuspended in 0.1 M glycine
at pH 7.0 and then concentrated in 1/10 the original culture volume in 0.1 M glycine buffer, pH 3.0. After
15, 30, and 45 min, samples were taken for serial dilution and plating on BHI plates (96). Percent survival
was calculated as described above.

Bacterial superoxide removal. Using a xanthine oxidase superoxide generation system (97), the
ability of S. gordonii to remove superoxide ion from solution before the superoxide was able to reduce
cytochrome ¢ (measured as the AA,,, value) was determined and normalized to that of purified
superoxide dismutase (SOD) (Sigma), with the rate of superoxide removal by SOD being set at 100% (98).

Luminol ROS detection assay. Human monocytes were isolated and matured into M1 macro-
phages, as described above, in 96-well tissue culture plates. For luminol ROS detection experiments, cells
were preincubated with 250 ug/ml horseradish peroxidase (HRP) (Alfa Aesar) for 15 min to allow for
fluid-phase uptake into the endosomal system. The cells were then placed in Hanks balanced salt
solution (HBSS) (Corning) with 250 ug/ml HRP and 50 uM luminol (Tokyo Chemical Industry). S. gordonii
cultures were concentrated and added at an MOI of 50:1. After 1 min of centrifugation (125 X g) followed
by bacterial uptake for 5 min, SOD (50 U/ml) and catalase (2,000 U/ml) were added to eliminate external
ROS. Luminescence was read on a Synergy temperature-controlled plate reader (Bio-Tek) by reading
once per minute, with a 1,000-ms integration time, for 90 min at 37°C (99, 100).

Transfections, immunofluorescence assay, and microscopy. Transfections of plasmids were per-
formed on RAW 264.7 cells by use of TransIT-X2 (Mirus Bio, WI, USA) according to the manufacturer’s
directions, using the previously described green fluorescent protein (GFP)-Rab5 (101, 102) or GFP-LC3
(52, 103) construct. For immunostaining, cells were fixed in 4% PFA in PBS for 60 min, permeabilized
using 0.1% Triton X-100 for 5 min, and then immunostained using an anti-LAMP primary antibody (clone
ID4B [104]; obtained from the Developmental Studies Hybridoma Bank maintained at the University of
lowa) and an Alexa 488-conjugated goat anti-rat secondary antibody (Jackson ImmunoReseach), as
previously described (105).

For phagosome time course maturation experiments, bacteria were prelabeled with biotin-hydrazide
(Invitrogen) according to the manufacturer’s instructions prior to phagocytosis. The bacteria were added
to macrophages (MOl = 10:1), centrifuged for 1 min (125 X g) to force contact, coincubated in complete
RPMI medium for 10 min at 37°C, washed with ice-cold PBS, and incubated with Alexa 594-streptavidin
for 2 min in PBS at 4°C to label external bacteria, which were subsequently excluded from analysis. The
cells were then returned to complete RPMI medium at 37°C and incubated for various times before being
fixed in 4% PFA and either immunostained and counterstained with DAPI or, if the macrophages were
transfected with GFP-Rab5 or GFP-LC3, counterstained with DAPI.

Microscopy was performed on a Nikon Eclipse TE2000-u instrument equipped with a Spot RT740
camera or a Zeiss Axio Imager Z1 Axiophot or Zeiss Axio Observer instrument equipped with an AxioCam
MrM monochrome cooled charge-coupled device (CCD) camera. All image analyses were performed with
ImageJ v1.46 or higher.

FITC-dextran ratiometric imaging. Macrophages grown on coverslips were incubated with 150
ng/ml FITC-dextran overnight, followed by a 4-h chase in normal growth medium. The preloading of
lysosomes with FITC-dextran allowed for detection of damage to lysosomes/phagosomes by ratiometric
imaging as previously described (66, 72, 73, 106). Briefly, ratiometric imaging of FITC-dextran fluores-
cence in live cells was performed by capturing two fluorescence images with a single emission filter
(535/40 nm), but with two different excitation wavelengths: 435 nm (using a 435/20-nm filter), where
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FITC excitation is pH insensitive, and 492 nm (using a 480/30-nm filter), where FITC excitation is pH
sensitive. An in situ calibration was performed by measuring cells with the intracellular pH fixed at 9.0,
7.5,7.0,65,6.0,5.5, 5.0, 4.5, and 4.0 by using the ionophore nigericin (10 ng/ml) in clamping buffer (140
mM KCl, 1 mM MgCl,, 1 mM CaCl,, 5 mM glucose, and appropriate buffer for the pH [15 mM HEPES or
15 mM morpholineethanesulfonic acid {MES}]). Image processing (ImageJ) determined the average ratio
of emission by the 492-nm image divided by the emission by the 435-nm image at each pH. The data
were fit to a 4-parameter sigmoid model, which was used to convert images of test samples into values
representing pH that were then pseudocolored to represent detected pH levels. Treatment of cells with
1 mM L-leucyl-t-leucine methyl ester (LLME) for 2 h was used as a positive control for phagosomal/
lysosomal damage (66, 107). For imaging of S. gordonii-containing macrophages, bacteria were added to
macrophages after loading with FITC-dextran as described above (MOl = 10:1), centrifuged for 1 min
(125 X g), and then incubated for 30 min at 37°C before imaging of macrophages containing bacteria.

Statistical analysis. All statistical analyses were performed with Prism v7 (GraphPad Software, Inc.).

Individual statistical tests used are described in the figure legends, with a significance () level of 0.05
used throughout.
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