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ABSTRACT Streptococcus pneumoniae is a leading pathogen with an extracellular lifestyle; however, it is detected by cytosolic
surveillance systems of macrophages. The innate immune response that follows cytosolic sensing of cell wall components results
in recruitment of additional macrophages, which subsequently clear colonizing organisms from host airways. In this study, we
monitored cytosolic access by following the transit of the abundant bacterial surface component capsular polysaccharide, which
is linked to the cell wall. Confocal and electron microscopy visually characterized the location of cell wall components in murine
macrophages outside membrane-bound organelles. Quantification of capsular polysaccharide through cellular fractionation
demonstrated that cytosolic access of bacterial cell wall components is dependent on phagocytosis, bacterial sensitivity to the
host’s degradative enzyme lysozyme, and release of the pore-forming toxin pneumolysin. Activation of p38 mitogen-activated
protein kinase (MAPK) signaling is important for limiting access to the cytosol; however, ultimately, these are catastrophic
events for both the bacteria and the macrophage, which undergoes cell death. Our results show how expression of a pore-
forming toxin ensures the death of phagocytes that take up the organism, although cytosolic sensing results in innate immune
detection that eventually allows for successful host defense. These findings provide an example of how cytosolic access applies to
an extracellular microbe and contributes to its pathogenesis.

IMPORTANCE Streptococcus pneumoniae (the pneumococcus) is a bacterial pathogen that is a leading cause of pneumonia. Pneu-
mococcal disease is preceded by colonization of the nasopharynx, which lasts several weeks before being cleared by the host’s
immune system. Although S. pneumoniae is an extracellular microbe, intracellular detection of pneumococcal components is
critical for bacterial clearance. In this study, we show that following bacterial uptake and degradation by phagocytes, pneumo-
coccal products access the host cell cytosol via its pore-forming toxin. This phenomenon of cytosolic access results in phagocyte
death and may serve to combat the host cells responsible for clearing the organism. Our results provide an example of how intra-
cellular access and subsequent immune detection occurs during infection with an extracellular pathogen.
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Cytosolic detection of pathogen-associated molecular patterns
is a key event in host discrimination between commensal and

pathogenic microbes. While cytosolic access is critical for the
pathogenesis of intracellular bacteria, access to the cytosolic com-
partment by bacteria with an extracellular lifestyle remains poorly
understood. One such pathogen that has been shown to activate
cytosolic sensing is Streptococcus pneumoniae (the pneumococ-
cus), a Gram-positive bacterium that serially colonizes the human
upper respiratory tract (URT) and is a leading cause of bacterial
pneumonia (1). Colonization of the upper airway precedes inva-
sive pneumococcal disease (2) and is normally cleared by the host
immune response within several weeks (3). A murine model of
S. pneumoniae colonization has demonstrated that clearance of
pneumococcal colonization requires a sustained presence of mac-
rophages in the URT (4), similar to the observation that alveolar
macrophages are critical for host defense in the lower respiratory
tract (5).

The macrophage-driven clearance of colonizing pneumococci

is dependent on the host’s expression of the cytosolic Nod-like
receptor Nod2 (6). Recognition of the cell wall component pepti-
doglycan by Nod2 activates nuclear factor �B (NF-�B) signaling
(7–9), resulting in expression of proinflammatory cytokines, in-
cluding the monocyte chemoattractant protein CCL2 (or MCP-
1). Macrophage recruitment to the URT, as well as subsequent
bacterial clearance, is dependent on the production of CCL2 in
vivo and in vitro and requires bacterial expression of the pneumo-
coccal pore-forming toxin, pneumolysin (6).

Pneumolysin, a cholesterol-dependent cytolysin (CDC), is ex-
pressed as a monomer that oligomerizes to form a pore up to 30
nm in diameter in cholesterol-containing membranes (10). Pneu-
molysin is unique among the CDC family of toxins in that it lacks
an N-terminal secretion signal sequence (11), but bacterial degra-
dation by the muramidase lysozyme can cause its release in broth
culture (12). Host expression of lysozyme is also required for
clearance of pneumococcal colonization (6), suggesting that re-
lease of pneumolysin following lysozyme degradation allows pep-
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tidoglycan to access the host cell cytosol, where it is sensed by
Nod2, eventually resulting in CCL2 production and clearance of
colonization. Pneumolysin has been shown to facilitate cytosolic
access of the cell wall by other bacterial species in epithelial cells
for sensing by Nod1 (13), though the mechanism by which Nod2
activation occurs in phagocytes remains to be determined.

Here we show that pneumococcal cell wall-associated compo-
nents escape into the cytosol of macrophages following phagocy-
tosis and degradation. Access to the cytosol is mediated by the
pore-forming toxin pneumolysin and is dependent on the ability
of pneumolysin to bind host cell membranes. While the host cell
has defenses to limit the amount of bacterial products that escape
the phagosome, cytosolic access ultimately leads to the proinflam-
matory death of the macrophage.

RESULTS
Pneumococcal components access the cytosol of macrophages.
The process of cytosolic access was monitored by following the
transit of the bacterial surface component capsular polysaccharide
(CPS), which is covalently linked to the cell wall (14). CPS was
chosen as a proxy for cell wall because it is abundant, long-lived in
host cells, and easily detectable. To visualize pneumococcal frag-
ments, we incubated murine bone marrow-derived macrophages

(BMMs) with S. pneumoniae and, following phagocytosis and
degradation, conducted immunofluorescence staining for the
pneumococcal CPS and the phagosome marker Lamp1. By con-
focal microscopy, we observed CPS staining within Lamp1-
positive vesicles (Fig. 1A, white open arrow), as well as smaller foci
of CPS that do not colocalize with the phagosome marker (Fig. 1A,
white filled arrow). To address whether these fragments were in
other membrane-bound organelles, we conducted immuno-gold
labeling and electron microscopy of BMMs incubated with pneu-
mococci. We observed immuno-gold staining for CPS both
within the phagosome and outside any membrane-bound com-
partment by 45 min after infection (Fig. 1C, red arrows). At 3 h
postinfection, the bacteria appeared fully degraded, but gold la-
beling of CPS was still visible both within and outside the phago-
some (Fig. S1). Uninfected macrophages had no detectable
immuno-gold labeling for CPS (data not shown). These results
suggest that pneumococcal products are present in the host cell
cytosol following bacterial degradation by BMMs.

The amount of pneumococcal products in the cytosol was
more precisely quantified by adaptation of a detergent-based sub-
cellular fractionation assay. Following infection with S. pneu-
moniae, BMMs were permeabilized with detergents to either lyse
all host cell membranes or selectively lyse the plasma membrane.

FIG 1 Pneumococcal cell wall components access the cytosol of macrophages. (A) Murine bone marrow-derived macrophages (BMMs) were incubated with
S. pneumoniae for 2.5 h and stained for immunofluorescence with polyclonal anti-type 23F capsule sera (red, capsule), anti-Lamp1 antibody (green, phagosome),
and DAPI (blue, DNA). (B and C) Electron microscopy of BMMs incubated with S. pneumoniae for 45 min and immuno-gold labeled with IgG purified from
polyclonal anti-type 23F capsule sera. Original magnification, �600 (A), �25,000 (B), and �50,000 (C).
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The resulting supernatants were ultracentrifuged to generate pu-
rified fractions representing either the cytosol or whole-cell con-
tents. The purity of these fractions was validated by Western blot-
ting for proteins present in either the cytosol (lactate
dehydrogenase [LDH]) or the lysosome (cathepsin B) (Fig. 2A),
and the amount of pneumococcal CPS in each fraction was quan-
tified by enzyme-linked immunosorbent assay (ELISA). The per-
centages of CPS present in the cytosol fractions were calculated as
a proportion of the CPS measured in the whole-cell fractions and
were significantly higher than background levels of contamina-
tion, which were determined by ELISA for the lysosome protein
cathepsin B (Fig. 2B). An S. pneumoniae strain lacking two cell
wall-modifying enzymes, making it hypersensitive to degradation
by the host enzyme lysozyme (pgdA adr mutant) had significantly
larger amounts of CPS in the cytosol fraction than a wild-type
(WT) pneumococcal strain (Fig. 2B), though no difference in total
bacterial uptake was observed between the two strains, as mea-

sured by CPS in the whole-cell fractions (Fig. 2C). In a gentamicin
protection assay, both the WT and pgdA adr strains were killed
over a 30 min infection, though this process was more rapid for
the pgdA adr mutant (Fig. 2D). BMM killing of the pgdA adr mu-
tant strain was largely lysozyme dependent (Fig. 2E), correlating
with the lack of intracellular signaling previously observed in
lysozyme-deficient BMMs (6). Since the pgdA adr mutant strain
had significantly higher levels of CPS present in the cytosol than
the WT strain, subsequent experiments used this lysozyme-
sensitive S. pneumoniae mutant (unless otherwise specified) in
order to interrogate the host and bacterial factors mediating the
access of pneumococcal cell wall products to the cytosol.

Access to the cytosol is dependent on phagocytosis and pneu-
molysin. To address the role of bacterial uptake in the cytosolic
access of pneumococcal cell wall components, we treated BMMs
with cytochalasin D (CytD), an inhibitor of actin polymerization,
to block phagocytosis. Following infection with S. pneumoniae,

FIG 2 Quantification of pneumococcal products by cellular fractionation. (A) Western blot of subcellular fractions from bone marrow-derived macrophages
(BMMs) detecting cytosolic (LDH) and lysosome (cathepsin B) protein. (B and C) Measurement of contents of cytosol fractions as a proportion of whole-cell
contents by ELISA. The purity of fractions was measured by cathepsin B ELISA, with the dashed line indicating the average level of contamination of cytosolic
fractions. Quantification of capsular polysaccharide (CPS) in the cytosolic fractions (B) or whole-cell fractions (C) of BMMs infected with wild-type (WT) or
lysozyme-hypersensitive (pgdA–/adr–) S. pneumoniae. Values are from 2 to 5 independent experiments, and error bars represent � standard errors of the means
(SEM). By one-way analysis of variance (ANOVA) with the Newman-Keuls posttest, P was �0.05 (*) and �0.001 (***). ns, not significant. (D and E) Gentamicin
protection assay to measure the intracellular killing of S. pneumoniae. BMMs were infected with S. pneumoniae (Spn) and treated with 300 �g/ml gentamicin to
kill extracellular bacteria. At the time points indicated, BMMs were lysed with water and serial dilutions were plated to quantify surviving S. pneumoniae CFU.
C57BL/6 BMMs were infected with WT or pgdA adr S. pneumoniae mutant strains (D), and BMMs from FVB/N or LysM�/� mice were infected with the
lysozyme-sensitive pgdA adr S. pneumoniae mutant strain (E). Percentages were calculated as proportions of CFU from the 5-min time point; values are from 2
independent experiments, and error bars represent �SEM. By one-way ANOVA with the Newman-Keuls posttest, P was �0.05 (*) and �0.001 (***). ns, not
significant.
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the presence of CPS in the whole-cell fractions of host cells was
blocked by incubation with CytD (Fig. 3A). The presence of CPS
in the cytosol fractions upon infection with pneumococci was
similarly dependent on bacterial uptake (Fig. 3B). These results
demonstrate that the cytosolic access of pneumococcal CPS re-
quires phagocytosis.

The pneumococcal pore-forming toxin, pneumolysin, is re-
quired for activation of cytosolic host signaling pathways (6). The
role of pneumolysin in the cytosolic access of pneumococcal cell
wall components was assessed by quantifying the amount of cap-
sule present in the cytosol of BMMs infected with a lysozyme-
sensitive S. pneumoniae strain containing an unmarked, complete
in-frame deletion of the pneumolysin gene (ply mutant). The ab-
sence of pneumolysin had no effect on the ability of host cells to
take up pneumococci, as seen by similar levels of CPS in the
whole-cell fractions (Fig. 4A). However, compared to a bacterial
strain expressing WT pneumolysin, the ply mutant had signifi-
cantly less CPS present in the host cell cytosol (Fig. 4B). The loss of
pneumolysin expression had no effect on intracellular bacterial
killing (Fig. 4C). A pneumococcal strain expressing a pneumoly-
sin toxoid containing alanine mutations in the two residues that
bind cholesterol (plyTL¡AA) (15), which is deficient in pore for-
mation as assessed by a hemolysis assay (see Fig. S2B in the sup-
plemental material) but has no defect in the amount of pneumo-
lysin protein that it expresses (Fig. S2B), similarly had significantly
reduced levels of CPS in the cytosol fraction (Fig. 4B). Reintro-
duction of the pneumolysin gene to correct the mutation (ply�)
fully restored the presence of CPS in the host cell cytosol (Fig. 4B).
Together, these data show that pneumolysin and, specifically,
toxin binding of the host membrane are required for the cytosolic
access of pneumococcal cell wall components.

Cytosolic access is independent of TLR4 and acidification
and is attenuated by p38 MAPK activation. Toll-like receptor 4
(TLR4) has been reported to aid in host defense through detection
of pneumolysin (16). To determine the role of TLR4 in the cyto-
solic access of pneumococcal products, we differentiated BMMs
from C57BL/6 (WT) and Tlr4�/� mice, infected them with pneu-
mococci, and quantified the presence of CPS by fractionation and
ELISA. We observed no difference between the amounts of total

bacterial capsule in the Tlr4�/� macrophages and the WT macro-
phages (Fig. 5A), and there was no significant difference in the
amounts of CPS in the cytosolic fractions between WT and
Tlr4�/� macrophages (Fig. 5B). Cytosolic access, therefore, occurs
independently of TLR4 activation.

Acidification of the phagosome occurs rapidly following bac-
terial uptake. Whether phagosome acidification is required for
bacterial products to escape into the cytosol was ascertained by
incubating BMMs with bafilomycin A (BAF), a specific inhibitor
of the vacuolar ATPase. The ability of BAF to block acidification
was validated by Western blotting for a lysosomal protease, which
matures only at low pH (Fig. S3). Measurements of CPS showed
no difference in total bacterial uptake (Fig. 5C) or amount of
capsule in the cytosol (Fig. 5D) between macrophages treated with
BAF and untreated BMMs. These results show that the cytosolic
access of pneumococcal components is independent of phago-
some acidification.

P38 mitogen-activated protein kinase (MAPK) is an important
factor in host defense against diverse bacterial pore-forming tox-
ins (17–19) and is activated in a pneumolysin-dependent manner
in both epithelial cells (20) and macrophages (21). To investigate
whether p38 MAPK detection of pneumolysin affects cytosolic
access, we treated BMMs with SB203580, an inhibitor of p38
MAPK activation (MAPKi), before infection with S. pneumoniae
and subcellular fractionation. When p38 MAPK was inhibited in
BMMs infected with S. pneumoniae, we observed a significant in-
crease in the amount of CPS in the cytosol fraction (Fig. 5F) but no
change in total capsule in the whole-cell fraction (Fig. 5E). Infec-
tion of MAPKi-treated BMMs with the ply mutant strain showed
no such increase in cytosolic CPS amounts, demonstrating that
the hypersensitization observed during p38 MAPK inhibition is
dependent on bacterial expression of pneumolysin (Fig. 5F).
These results suggest that pneumolysin-dependent activation of
p38 MAPK limits the amount of pneumococcal CPS that accesses
the cytosol during infection.

Cytosolic access results in macrophage death. The final fate of
host cells following infection with S. pneumoniae was ascertained
by incubating BMMs with a lysozyme-sensitive (pgdA adr mu-
tant) bacterial strain expressing pneumolysin or an isogenic ply

FIG 3 Access to the cytosol is dependent on bacterial uptake. (A and B) Measurement of pneumococcal capsular polysaccharide in whole-cell (A) and cytosol
(B) fractions of bone marrow-derived macrophages (BMMs) by ELISA. Where indicated, BMMs were infected with lysozyme-sensitive S. pneumoniae (Spn) and
treated with 20 �M cytochalasin D (CytD) to block phagocytosis. Unlike in other figures, cytosolic fractions are not represented as a proportion of the whole
fractions due to nearly undetectable levels of capsule in the CytD-treated whole-cell fractions. Values are from 3 independent experiments, and error bars
represent �SEM. By one-way ANOVA with the Newman-Keuls posttest, P was �0.05 (*) and �0.001 (***).
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mutant strain (pgdA adr ply), in the presence or absence of CytD,
and measuring cytotoxicity by release of LDH at 24 h after infec-
tion. BMMs infected with the pneumolysin-expressing mutant
had significantly higher levels of cytotoxicity than BMMs infected
with the isogenic ply mutant strain or those treated with CytD
(Fig. 6A). These results were also observed upon infection of
BMMs with the WT and its isogenic ply mutant bacterial strains
(Fig. 6B). Addition of the p38 MAPK inhibitor prior to infection
did not significantly alter macrophage cytotoxicity at 24 h postin-
fection (Fig. S4). These data show that macrophage death occurs
following pneumococcal infection and is dependent on bacterial
uptake and expression of pneumolysin.

DISCUSSION

Many Gram-positive pathogens express members of the CDC
family or other pore-forming toxins (22). These toxins have di-
verse functions, including translocation of effectors by, for exam-
ple, streptolysin O of Streptococcus pyogenes (23) or access to a
replicative niche, as in the case of listeriolysin O (LLO) of Listeria
monocytogenes (24). Unlike with LLO, which allows viable bacteria
to access the cytosol of host cells, with S. pneumoniae, it is bacterial
contents following degradation and killing that transit into the
cytosol.

We (6) and others (25) have previously characterized Nod2-
dependent intracellular sensing of extracellular pathogens. In this
study, we adapted a subcellular fractionation assay, coupled with
detection of CPS by ELISA, to elucidate the mechanism by which
cell wall components of the extracellular bacterium S. pneumoniae
escape into the host cell cytosol. Here, we visually and quantita-
tively demonstrate the transit of pneumococcal products in a
manner that is dependent on lysozyme, bacterial uptake, pneumo-
lysin, and specifically the ability of pneumolysin to bind and form
pores in host membranes. Our results suggest a model in which
S. pneumoniae is phagocytosed and degraded in the phagosome by
lysozyme, which results in the release of the pore-forming toxin
pneumolysin and allows the transit of bacterial components
across the phagosome membrane to the cytosol, where they can be
detected by intracellular host receptors. Others have recently ob-
served phagosome disruption at a later time point postinfection,
which is independent of pore formation by pneumolysin (26),
suggesting that there may be more than one mechanism of access-
ing the host cell cytosol.

Lysozyme is abundantly expressed on both the mucosal surface
(27) and within professional phagocytes (28). As a result, mucosal
pathogens, including S. pneumoniae and L. monocytogenes, modify

FIG 4 Pneumolysin is required for access to the host cell cytosol. (A and B)
Measurement of pneumococcal capsule in whole-cell (A) and cytosol (B) frac-
tions of bone marrow-derived macrophages (BMMs) by ELISA. Where indi-
cated, BMMs were infected with S. pneumoniae strains with wild-type (WT)

(Continued)

Figure Legend Continued

pneumolysin (Ply), a complete deletion of the ply gene (ply�), a toxoid mutant
Ply unable to bind cholesterol (plyTL¡AA), and a reintroduced fully WT Ply
gene (ply�). The dashed line indicates the average level of contamination of
cytosolic fractions (B). Values are from 3 to 5 independent experiments, and
error bars represent �SEM. By one-way ANOVA with the Newman-Keuls
posttest, P was �0.05 (*). (C) Gentamicin protection assay to measure the
intracellular killing of S. pneumoniae (Spn). BMMs were infected with
lysozyme-sensitive S. pneumoniae strains either deficient for pneumolysin
(ply�) or expressing wild-type pneumolysin (WT). BMMs were treated with
300 �g/ml gentamicin to kill extracellular bacteria and, at the time points
indicated, were lysed with water, and serial dilutions were plated to quantify
surviving S. pneumoniae CFU. Percentages were calculated as a proportion of
CFU from the 5-min time point; values are from 2 independent experiments.
ns, not significant (Student’s t test).
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FIG 5 Cytosolic access is independent of TLR4 and acidification and is attenuated by p38 MAPK activation. (A and B) Bone marrow-derived macrophages
(BMMs) from C57BL/6 (WT) and Tlr4�/� mice were infected with S. pneumoniae and fractionated. Bacterial capsular polysaccharide (CPS) in the whole-cell (A)
and cytosol (B) fractions was measured by ELISA. (C and D) BMMs from WT mice were treated with 30 nM bafilomycin A (BAF) prior to infection with
S. pneumoniae and subcellular fractionation. CPS in the whole-cell (C) and cytosol (D) fractions was measured by ELISA. Values are from 3 independent
experiments, and error bars represent �SEM. ns, not significant (Student’s t test). (E and F) BMMs were infected with an S. pneumoniae strain expressing
pneumolysin (WT) or a pneumolysin-deficient pneumococcal strain (ply�). Where indicated, BMMs were treated with SB203580, a specific inhibitor of p38
MAPK (MAPKi). Infected BMMs were fractionated, and CPS in the whole-cell (E) and cytosol (F) fractions was quantified by ELISA. The dashed line indicates
the average level of contamination of cytosolic fractions. Values are from 3 to 5 independent experiments, and error bars represent �SEM. By one-way ANOVA
with the Newman-Keuls posttest, P values were �0.01 (**) and �0.001 (***).

Lemon and Weiser

6 ® mbio.asm.org January/February 2015 Volume 6 Issue 1 e02110-14

mbio.asm.org


their peptidoglycan to confer increased resistance to this degrada-
tive enzyme (12, 29). However, these modifications confer only
partial resistance because, complementarily to previously ob-
served in vitro data (12), pneumococcal killing by macrophages ex
vivo is dependent on lysozyme, and modification to the bacterial
cell wall delays, but does not block, bacterial killing. Our observa-
tion that cytosolic access does not require acidification of the
phagosome is consistent with lysozyme-dependent pneumococ-
cal degradation, which can occur in broth culture at a neutral pH
(12).

Previous work has characterized a role for pneumolysin in the
transit of other bacterial species’ peptidoglycan across the plasma
membrane of epithelial cells (13). While it is possible that lysed
extracellular pneumococci access the host cytosol in a similar fash-
ion, our finding that access to the cytosol in professional phago-
cytes requires bacterial uptake and degradation suggests that the
transit of pneumococcal cell wall components that we have ob-
served occurs across the phagosome membrane, rather than the
plasma membrane. Although we have not directly visualized bac-
terial contents passing through the pore made by pneumolysin,
our results demonstrate that the presence of pneumococcal prod-
ucts in the cytosol requires both toxin expression and function.

P38 MAPK senses a diversity of bacterial toxins, including
proaerolysin (18) and streptolysin O (20), a cytolysin in the same
toxin family as pneumolysin, and plays an important role in host
defense. Activation of p38 MAPK occurs rapidly upon incubation
of S. pneumoniae with macrophages (21), making it likely that
initial sensing occurs at the plasma membrane prior to phagocy-
tosis. Furthermore, purified pneumolysin is able to activate p38
MAPK (20), suggesting that detection of toxin activity is indepen-
dent of host pattern recognition receptors present at the plasma
membrane. Our data show that host cell sensing of pneumolysin
by p38 MAPK is able to limit the transit of bacterial components to
the cytosol, raising the possibility that MAPK activation attenu-
ates phagosomal damage. Similar observations have been made
for Staphylococcus aureus alpha-toxin, with which p38 MAPK ac-
tivation is required for cellular recovery, presumably through

plasma membrane resealing (19). Lysosomal proteases have been
shown to cleave pneumolysin (30), raising the possibility that host
proteolysis of this pore-forming toxin may be another mechanism
to limit cytosolic access. Ultimately in the case of S. pneumoniae,
these defenses are insufficient and cytosolic access proves fatal for
the host cell.

The observation that host cell death is dependent on bacterial
uptake and pneumolysin raises the possibility that accessing the
cytosol evolved as a mechanism to ensure the death of the host cell
that takes up the organism. In the context of nasopharyngeal col-
onization, this may allow the pneumococcus to persist by limiting
further clearance by the phagocytes that are killed. However, ac-
cessing the host cell cytosol results in Nod2-dependent proinflam-
matory signaling, leading to further recruitment of phagocytic
cells that aid in bacterial clearance. In addition to activating Nod2,
S. pneumoniae is known to activate type I interferon signaling
pathways (31) and the cytosolic NLRP3 and AIM2 inflam-
masomes (32), though strain-to-strain variation has been ob-
served (33). In these studies, host cell death was dependent on
both pneumolysin expression and bacterial uptake, making it
likely that the cell death observed in our study is a result of inflam-
masome activation. Toxin-dependent activation of the NLRP3
inflammasome and subsequent phagocyte death has also been
described for other extracellular pathogens (34). While inflam-
masome signaling is important for host defense against pneumo-
coccal pneumonia (32, 33, 35), the role of inflammatory cyto-
kines, such as interleukin 1� (IL-1�), in the nasopharyngeal
colonization of S. pneumoniae remains to be defined.

Intracellular bacterial pathogens access the cytosol as part of
their life cycle through use of pore-forming toxins or specialized
secretion systems (36). These virulence activities, however, expose
pathogen-associated molecular patterns to host receptors. Here,
we show that components of S. pneumoniae, a leading extracellu-
lar pathogen, access the cytosol via its pore-forming toxin, pneu-
molysin, following degradation and killing in the phagosome. Our
results provide an example for how cytosolic access, and subse-

FIG 6 Cytosolic access results in macrophage death. (A and B) Bone marrow-derived macrophages (BMMs) were infected with S. pneumoniae strains or left
uninfected (Un). Where indicated, BMMs were treated with 20 �M cytochalasin D (CytD) to block phagocytosis. Supernatants were collected at 24 h postin-
fection. Cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH) in supernatants. BMMs were infected with a lysozyme-sensitive
(pgdA–/adr–) and an isogenic pneumolysin-deficient (pgdA–/adr–/ply–) strain (A) or with the wild-type (WT) and a pneumolysin-deficient (ply�) strain (B).
Values are from 2 to 4 independent experiments, and error bars represent �SEM. By one-way ANOVA with the Newman-Keuls posttest, P was �0.001 (***). ND,
not detected.
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quent intracellular innate immune detection, is relevant to a clin-
ically important extracellular microbe.

MATERIALS and METHODS
Bacterial strains and mutants. S. pneumoniae strains were grown in tryp-
tic soy (TS) broth in a nonshaking water bath at 37°C to mid-log phase
(optical density [OD] � 0.5). Mutations in pgdA and adr (12) were intro-
duced into previously described S. pneumoniae strains that were either
deficient in or corrected for pneumolysin expression (6, 37) by transfor-
mation with chromosomal DNA, followed by selection for kanamycin
(500 �g/ml) and spectinomycin (200 �g/ml) resistance, respectively. Sen-
sitivity to lysozyme was phenotypically confirmed by in vitro bacterial lysis
as previously described (12). The plyTL¡AA mutation, containing previ-
ously characterized alanine mutations at the threonine and leucine resi-
dues responsible for binding cholesterol (15), was constructed using over-
lap extension PCR with primer pairs to introduce the two alanine
mutations (forward, 5=-TGG GGA ACA GCT GCC TAT CCT CAG GTA
GAG GAT-3=, and reverse, 5=-ATC CTC TAC CTG AGG ATA GGC AGC
TGT TCC CCA-3=) and primers flanking the pneumolysin gene (forward,
5=-AAA AAA GAA GCC GAT AAG GAA AAG ATG AGC G-3=, and re-
verse, 5=-GAA AGT TTC AGC CAA GTT TGA CAA AGT CAG CTC-3=).
The amplified construct was introduced into a 23F pneumococcal strain
containing a Janus cassette (38) in place of the pneumolysin gene by
transformation and homologous recombination. Transformants were se-
lected for streptomycin resistance (200 �g/ml), and sensitivity to kana-
mycin (200 �g/ml) was confirmed by patching.

Hemolysis assay. As previously described (20), pellets of wild type
(WT), pneumolysin-deficient (ply), pneumolysin toxoid (plyTL¡AA), or
corrected (ply�) S. pneumoniae cultures were lysed in 400 �l lysis buffer
(0.01% sodium dodecyl sulfate, 0.1% sodium deoxycholate, and 0.015 M
sodium citrate) and incubated at 37°C for 30 min. Lysates were then
transferred to a 96-well V-bottom plate and serially diluted 3-fold in DTT
buffer (10 mM dithiothreitol, 0.1% bovine serum albumin in phosphate-
buffered saline [PBS]). A 2% solution of horse red blood cells was added to
each well and incubated at 37°C for 30 min. Plates were centrifuged for
10 min at 3,000 rpm to pellet unlysed cells and imaged.

Cell culture. Bone marrow cells harvested from the femurs and tibiae
of C57BL/6, FVB/N, LysM�/�, and Tlr4�/� mice were differentiated into
macrophages by culturing them in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 30% L929 supernatant and 20% fetal bovine
serum (FBS) at 37°C with 5% CO2 for 7 to 9 days. All animal experiments
were conducted according to the guidelines outlined by National Science
Foundation Animal Welfare Requirements and the Public Health Service
Policy on the Humane Care and Use of Laboratory Animals. The protocol
was approved by the Institutional Animal Care and Use Committee, Uni-
versity of Pennsylvania Animal Welfare Assurance no. A3079-01, proto-
col no. 803231.

Immunofluorescence staining and confocal microscopy. BMMs
were seeded on to poly-L-lysine-coated coverslips (BD) in a 24-well plate
at a density of 2.5 � 105 cells/slip, and the following day, they were incu-
bated with nonopsonized pgdA adr mutant pneumococci at a multiplicity
of infection (MOI) of 10 for 2.5 h, washed with PBS, and fixed in 3%
paraformaldehyde. Cells were quenched with 50 mM NH4Cl and perme-
abilized with PGS (0.01% saponin, 0.25% gelatin, and 0.02% sodium
azide in PBS). To detect pneumococcal capsular polysaccharide (CPS),
the cells were incubated with type 23F rabbit serum (Statens Serum Insti-
tut) at a dilution of 1:5,000 and detected with an anti-rabbit-Cy3 second-
ary antibody (Jackson ImmunoResearch) at a dilution of 1:600 in PGS.
Phagosome membranes were labeled with a rat anti-Lamp1 antibody
(eBioscience) at a dilution of 1:500 in PGS, and primary antibody was
detected with an anti-rat Cy2-conjugated secondary antibody (Jackson
ImmunoResearch) at a dilution of 1:600 in PGS. Nuclei were stained with
0.5 �g/ml DAPI (4=,6-diamidino-2-phenylindole) for 3 min. Slides were
imaged on a Nikon Eclipse Ti-U spinning-disk confocal microscope at the
Molecular Pathology and Imaging Core at the University of Pennsylvania.

Electron microscopy. Macrophage samples were high-pressure fro-
zen in an Abra HPM-010 machine and freeze-substituted in 99% acetone,
0.1% uranyl acetate, 1% distilled water (dH2O) in a Leica AFSII automatic
freeze-substitution device. Freeze substitution was performed at �90°C
for 72 h and then ramped to �50°C over 24 h, at which point cells were
placed in 4-h-graded steps of 25%, 50%, 75%, 100% HM-20 in acetone.
HM-20 was polymerized with 360-nm light for 48 h at �50°C and an
additional 24 h at room temperature. Polymerized blocks trimmed to
regions of interest were cut at 60- to 80-nm thicknesses and immunolog-
ically probed with IgG-purified type 23F rabbit serum. Protein A conju-
gated to 15-nm colloidal gold beads was used to secondarily detect the
presence of antibody-antigen complexes. Imaging was performed on a
JEOL 1010 transmission electron microscope (TEM) operating at 80 keV.

Cellular fractionation. BMMs were seeded in a 6-well, non-tissue
culture-treated plate at a density of 1 � 106 cells/well. The following day,
the cells were infected with nonopsonized pneumococcal strains at an
MOI of 50 and spun for 5 min at 3,000 rpm. Where indicated, the BMMs
were incubated with 20 �M cytochalasin D (Sigma), 30 nM bafilomycin
A, (Sigma), or 10 �M SB203580 (Cell Signaling) at 37°C for 1 h prior to
infection. Following infection, the cells were incubated on ice for 1 h,
washed five times with PBS, and incubated for an additional 2 h at 37°C.
BMMs were washed three times with PBS, lifted with PBS containing
2 mM EDTA, and permeabilized in 20 �M digitonin (Sigma) to lyse the
plasma membrane to generate cytosol fractions or 0.1% saponin (Fluka)
to lyse all membranes to generate whole-cell fractions. Cells were spun at
15,000 � g for 10 min, and the resulting supernatants were ultracentri-
fuged at 4°C for 1 h at 355,000 � g. Supernatants were lyophilized and
resuspended in dH2O.

Gentamicin protection assay. BMMs were seeded in a 12-well plate at
a density of 4 � 105 cells/well, and the following day, they were infected
with pneumococcal strains at an MOI of 50 and spun for 5 min at
3,000 rpm. The BMMs were incubated on ice for 1 h and then washed
three times with PBS and incubated at 37°C for 15 min for bacterial up-
take. Three hundred micrograms of gentamicin per milliliter was then
added to kill remaining extracellular bacteria. At the time points indicated
in the figures, the cells were lysed with dH2O and serially diluted in PBS.
Dilutions were plated on TS agar plates and incubated overnight at 37°C
and 5% CO2.

Western blotting. Subcellular fractions from BMMs were validated by
running resuspended supernatants on a 10% Tris-SDS gel (Bio-Rad).
Monoclonal anti-lactate dehydrogenase and polyclonal anti-cathepsin B
antibodies (Abcam) were used for primary detection. Lysates from
S. pneumoniae strains expressing pneumolysin mutations were separated
on a 10% Tris-SDS gel and detected using a mouse monoclonal antipneu-
molysin primary antibody (Leica) and previously described (39) anti-
pneumococcal surface protein A (PspA) mouse serum. Rabbit horserad-
ish peroxidase (HRP)-conjugated (GE Healthcare) and mouse HRP-
conjugated (GE Healthcare) antibodies were used for detection of the
primary antibodies.

Cytotoxicity assays. BMMs were seeded in a 48-well plate at a density
of 2.5 � 105 cells/well and cultured overnight at 37°C. The following day,
the cells were primed with 400 ng/ml Pam3CSK4 for 4 h and then infected
with S. pneumoniae at an MOI of 10. At 2 h postinfection, the cell culture
medium was replaced with DMEM containing 300 �g/ml gentamicin.
Supernatants from infected macrophages were collected at 24 h postinfec-
tion. Lactate dehydrogenase (LDH) release was quantified using the cyto-
toxicity detection kit plus (Roche) per the instructions of the manufac-
turer.

ELISA. Subcellular fractions of infected BMMs were assayed for pneu-
mococcal CPS by capture ELISA. Immulon 2HB plates (Thermo Scien-
tific) were coated with type 23F rabbit serum at a dilution of 1:5,000 and
incubated overnight at room temperature (RT). The plate was incubated
with serial dilutions of samples or a type 23F CPS standard (American
Type Culture Collection) for 2 h at RT. Samples and standards were de-
tected with a monoclonal anti-23F CPS antibody at a 1:300 dilution for 2 h
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at RT. Monoclonal antibody was detected with a goat anti-mouse alkaline
phosphatase antibody (Sigma) at a 1:10,000 dilution for 2 h at RT. The
plate was developed with phosphatase substrate (Sigma) for 30 min and
read at an OD of 415 nm.

SUPPLEMENTAL MATERIAL
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