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Microbial infections can induce aberrant responses in cellular stress pathways, leading to translational attenu-
ation, metabolic restriction, and activation of oxidative stress, with detrimental effects on cell survival. Here we
show that infection of human airway epithelial cells with Streptococcus pneumoniae leads to induction of endo-
plasmic reticulum (ER) and oxidative stress, activation of mitogen-associated protein kinase (MAPK) signaling
pathways, and regulation of their respective target genes. We identify pneumococcal H2O2 as the causative agent
for these responses, as both catalase-treated and pyruvate oxidase-deficient bacteria lacked these activities.
Pneumococcal H2O2 induced nuclear NF-κB translocation and transcription of proinflammatory cytokines. In-
hibition of translational arrest and ER stress by salubrinal or of MAPK signaling pathways attenuate cytokine
transcription. These results provide strong evidence for the notion that inhibition of translation is an important
host pathway in monitoring harmful pathogen-associated activities, thereby enabling differentiation between
pathogenic and nonpathogenic bacteria.
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Streptococcus pneumoniae is a frequent cause of
community-acquired pneumonia (CAP), meningitis,
sinusitis, and otitis media. It is estimated that annually
>1 million children worldwide die from pneumococcal
infections, which, moreover, account for up to 25%
of all preventable deaths in children aged <2 years.
S. pneumoniae primarily resides on the mucosal surface
of the nasopharynx but can cause severe disease follow-
ing translocation to the lower respiratory tract, lungs,
blood, and brain [1]. Colonization requires production
of the capsular polysaccharide (CPS), phosphorylcho-
line (ChoP), and an array of bacterial surface proteins,

including pneumococcal adhesion and virulence A
(PavA) protein, pneumococcal surface protein A
(PspA) and PspC, that bind extracellular matrix com-
ponents as well as the plasmonigen-binding enolase
[2]. Other surface molecules, including hyaluronidase
(Hyl), serine protease (PrtA), and the neuraminidases
NanA, BgaA, and StrH, enable the spread of the bacte-
ria [2]. An essential virulence factor produced by
S. pneumoniae is the cholesterol-dependent cytolysin
pneumolysin (PLY). Its role and contribution to
S. pneumoniae virulence is well established and has
been documented in many studies comparing wild-
type S. pneumoniae to isogenic PLY-deficient strains
[3–5]. Curiously, although a role for pneumococcal
H2O2 in the pathogenesis of S. pneumoniae infections
has been known for a long time [6–8], it is not featured
in recent reviews on this bacterium.

Infection with S. pneumoniae has been shown to have
many effects on host physiology and immune defense.
It can promote activation of host complement, poten-
tiate neutrophil activity, and enhance production
of proinflammatory cytokines in macrophages and
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monocytes. Studies have revealed the activation of p38 mitogen-
activated protein kinase (MAPK), as well as the activation of
nuclear factor of activated T cells (NFAT). In addition pneumo-
coccal infection has been reported to induce calcium influx,
damage of mitochondria, and activation of cytoskeletal rear-
rangements [9]. Many of these effects have been attributed to
the membrane permeable properties of PLY [10].

We recently showed that the cholesterol-dependent cytolysin
toxin of Listeria monocytogenes listeriolysin O (LLO) induces an
endoplasmic reticulum (ER) stress response in cells even before
bacterial infection [11]. ER stress is mitigated by several com-
plementary mechanisms collectively known as the unfolded
protein response (UPR). The UPR is a complex signal transduc-
tion pathway that leads to translational attenuation permitting
selective expression of proteins involved in folding, quality con-
trol, and transport into the ER and organelle biogenesis. Several
sensors located at the ER membrane, such as the inositol-
requiring enzyme 1 (IRE1), protein kinase RNA (PKR)–like
ER kinase (PERK), and activating transcription factor 6
(ATF6), control the UPR. These sensors transduce information
about protein folding status at the ER lumen to the nucleus and
cytosol by controlling the expression of specific transcription
factors [12]. We demonstrated that all of the 3 ER sensor path-
ways are activated during infection with L. monocytogenes by
extracellular LLO and that induction of the UPR restricts
L. monocytogenes growth in infected cells [11].

In this study, we examined the ability of S. pneumoniae to in-
duce ER stress in club cell–like H441 lung epithelial cells follow-
ing infection. We reasoned that, because PLY and LLO are both
members of the family of cholesterol-dependent cytolysin tox-
ins, PLY would be a major pneumococcal factor inducing ER
stress. Unexpectedly, our results demonstrated that a single bac-
terially produced molecule, pneumococcal H2O2, rather than
PLY, is responsible for the induction of ER stress and further
perturbations of cellular activity.

MATERIALS AND METHODS

Cell Culture
Human club cell–like H441 lung adenocarcinoma cells were ob-
tained from ATCC (Wesel, Germany) and were grown in Ros-
well Park Memorial Institute (RPMI) 1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS;
PAA, Pasching, Austria) in a humidified atmosphere of 5% CO2

at 37°C.
The infection was done in medium containing 0.5% FBS.

Bovine catalase at 1000 U/mL (Sigma-Aldrich, St. Louis, MO)
was added directly before infection. Cells were pretreated with
JNK and ERK inhibitor (SP600125 10 µM, U0126 50 µM;
Sigma), as well as p38 inhibitor (SB203580 10 µM; Tocris,
Bristol, United Kingdom) and salubrinal (50 µM; Sigma)
30 minutes before infection. H2O2 was obtained from Sigma.

Bacterial Strains
All S. pneumoniae strains used in this study are listed in the
Supplementary Materials. Bacteria were cultured in Todd-
Hewitt broth plus 0.5% yeast extract or on blood-agar plates
in 5% CO2. Unless otherwise indicated, infections were per-
formed at a multiplicity of infection (MOI) of 25–45.

Preparation of Bacterial Culture Supernatant
Bacteria were inoculated in RPMI 1640 medium plus 0.5% FBS.
After 5 hours of growth at 37°C, the bacterial solution was cen-
trifuged for 10 minutes at 6000 × g at 4°C. The sterile filtered
(0.22-µm-pore membrane) supernatants were then stored pro-
tected from light at 4°C.

Purification of PLY
PLY was purified as described before [48].

Immunoblotting
Cells were prepared as described before [11]. GAPDH was used
as a loading control. Antibodies are listed in the Supplementary
Materials.

NanoPro Technology
After infection, cells were pelleted, washed twice with Cell Wash
buffer (ProteinSimple, Santa Clara, CA), and lysed in CHAPS
buffer containing dimethyl sulfoxide and aqueous inhibi-
tors (ProteinSimple). Preparation of cell lysates for nanofluidic
isoelectric focusing, using the PEGGY system, occurred as
described in the manufacturer’s protocol (ProteinSimple). An-
tibodies are listed in the Supplementary Materials.

Quantitative Polymerase Chain Reaction (qPCR) Analysis
Protocols of RNA isolation and qPCR analysis were described
before [11]. All primers used in this study are listed in the Sup-
plementary Materials. hprt1, tbp, and b2m were used as internal
controls.

Immunofluorescence
Infected cells were fixed with 4% paraformaldehyde, perme-
abilized with methanol, and stained with anti-NFκB antibody
(sc-8008, Santa Cruz Biotechnology, Santa Cruz, CA). Cells were
observed under confocal fluorescence microscopy (Leica Mikro-
systeme Vertrieb, Wetzlar, Germany). Quantification of nuclear
NFkB translocation was performed as previously described [49].

Immunoelectron Microscopy of Ultrathin Cryosections
H441 cells were infected at a MOI of 65–80. Preparation of cells
for transmission electron microscopy and staining with anti-
PDI antibody (sc-59640, Santa Cruz Biotechnology) was per-
formed as previously described [11].

Measurement of Reactive Oxygen Species (ROS) Production
Production of mitochondrial ROS was measured using the
MitoSox dye from Life Technologies.
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Statistics
Data are expressed as means ± standard deviation. Differences
between 2 groups were assessed using the Student t test.

RESULTS

S. pneumoniae Induces the Unfolded Protein Response
via the Signal Transducer PERK
We used transmission electron microscopy to monitor for
changes in ER morphology following S. pneumoniae infection
of H441, using gold-labeled antibody against the ER resident
protein disulfide-isomerase (PDI). We observed strong widen-
ing of ER lumen in infected cells that is indicative of ER stress
induction (Figure 1A and Supplementary Figure 1) [13].

Analysis of infected and noninfected cells for activation of
the 3 UPR signaling pathways revealed phosphorylation of the
eukaryotic initiation factor 2α (eIF2α), indicating an arrest of
protein synthesis in infected cells (Figure 1B). By contrast, no
activation of the ATF6 and IRE1 pathway, as determined by
monitoring ATF6 cleavage and splicing of xbp1 messenger
RNA (mRNA), respectively, was detected upon S. pneumoniae
infection (Figure 1B and 1C). In eukaryotic cells, a family of
kinases that respond to stress induces eIF2α phosphorylation
[14]. To rule out the involvement of any kinases independent
from ER stress induction, we confirmed the activation of
PERK, PKR, and general control non-derepressible-2 (GCN2)
by nanofluidic isoelectric focusing (NanoPro), which allows
antibody-mediated detection of protein expression and post-
translational modifications in a highly sensitive manner. Phos-
phorylation increases the acidic properties of the protein that
can be monitored by changes in the isoelectric point (pI), re-
sulting in the appearance of additional peaks of lower pI follow-
ing protein separation. Noninfected cells showed major peaks at
a pI of around 5.6 (nonphosphorylated PERK) and a small peak
at 4.75 (phosphorylated PERK). Infection of the cells with
S. pneumoniae led to a significant increase of the peak at a pI
of 4.75 (Figure 1D), indicating increased phosphorylation of
PERK. Treatment of cells with the well-established ER stress in-
ductor thapsigargin (TG) also resulted in an increase of the
peak at a pI of 4.75 (Figure 1D). We found no changes in phos-
phorylation levels in PKR and GCN2 (Supplementary Figure 2).
However, while phosphorylation of PKR was clearly inducible
by addition of poly I:C, we were unable to find conditions to in-
dependently verify changes in phosphorylation of GCN2 in
H441 cells through amino acid starvation or the addition of
urea. To further confirm selective induction of eIF2α by
PERK, we examined downstream signals emanating from its ac-
tivation. Expression of ATF4 and ATF3 (activating transcrip-
tion factors 4 and 3, respectively), as well as the proapoptotic
factor CHOP/GADD153 (growth arrest and DNA damage in-
duced gene-153), are increased upon activation of PERK along
with phosphorylation of eIF2α [12]. The transcription of all 3

downstream factors was increased following S. pneumoniae in-
fection and was comparable to that in cells treated with TG (Fig-
ure 1E). The phosphorylation of PERK and eIF2α, as well as the
increased expression of atf4, atf3, and chop, suggests that an ac-
cumulation of unfolded proteins leads to the selective activation
of the PERK pathway of the UPR following S. pneumoniae in-
fection of H441 cells.

We wondered whether activation of the UPR is a commonly
occurring response to S. pneumoniae infection and examined
different clinically relevant S. pneumoniae serotypes (1, 3, 4,
6B, 7F, 8, and 9N) [15] for their ability to induce this stress re-
sponse. All of the representative serotype strains examined
showed phosphorylation of eIF2α, suggesting that activation
of the UPR is a common feature of the S. pneumoniae serotypes
tested (Figure 1F).

Pneumococcal H2O2 and Not Pneumolysin Is Required
for UPR Induction
We were puzzled by the observation that the S. pneumoniae se-
rotype 1 and 8 strains, both of which produce a nonhemolytic
form of PLY [16], led to phosphorylation of eIF2α (Figure 1F ).
Induction of UPR previously has been associated with pore-
forming toxins and led us to assume that PLY is involved in
PERK activation [11, 17]. To investigate whether PLY is in-
volved, we performed 2 sets of experiments. First, we infected
cells with a PLY-negative S. pneumoniae strain (Δply) and
found that the strain was still capable of inducing phosphoryla-
tion of eIF2α and the transcription of atf4, atf3, and chop
mRNA (Figure 2A). Second, we detected no phosphorylation
of eIF2α in cells treated with increasing concentrations of puri-
fied PLY (Figure 2B). Thus, these results suggest that PLY is not
required for the induction of the UPR in H441 cells.

To examine whether a secreted factor is responsible for acti-
vation of the UPR, we exposed H441 cells to S. pneumoniae cul-
ture supernatants. Indeed, cells treated with the supernatants
showed phosphorylation of eIF2α (Figure 2C). Treatment of
the supernatants with catalase abolished the phosphorylation
of eIF2α, suggesting a role for H2O2. When H2O2 was added
directly to H441 cells in culture, eIF2α phosphorylation was
also detected, indicating that H2O2 is indeed the active molecule
involved (Figure 2C).

S. pneumoniae, like many lactobacilli, accumulates H2O2 in the
supernatant because of a lack of catalase [18]. To determine the
impact of pneumococcal H2O2 on the UPR induction, we treated
cells with catalase during the entire course of infection. The re-
duction of H2O2 levels by catalase abolished the phosphorylation
of eIF2α and significantly diminished mRNA levels of atf4, atf3,
and chop during infection (Figure 2D and 2E). We used a mutant
strain lacking spxB encoding pyruvate oxidase, which is respon-
sible for most of the H2O2 produced by S. pneumoniae to defin-
itively confirm that bacteria were the source of the H2O2 seen in
our study. Infection of cells with S. pneumoniae strain ΔspxB did
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Figure 1. Streptococcus pneumoniae induces the protein kinase RNA (PKR)–like endoplasmic reticulum (ER) kinase (PERK) branch of unfolded protein
response (UPR) in H441 cells. A, Cells were infected, fixed after 5 hours, sectioned, stained for ER marker protein disulfide-isomerase (PDI), and analyzed by
transmission electron microscopy. B, Representative immunoblot of unprocessed activating transcription factor 6, phosphorylated eukaryotic initiation factor
2α (eIF2α), and total eIF2α in cells infected with S. pneumoniae. C and E, Quantitative polymerase chain reaction analysis of spliced xbp1, atf4, atf3, and
chop in cells infected with S. pneumoniae or treated with 20 µM thapsigargin (TG) for 5 hours, normalized to noninfected/dimethyl sulfoxide–treated cells.
D, Representative nanofluidic isoelectric focusing of PERK in lysates of cells infected with S. pneumoniae or treated with 20 µM TG. F, Representative
immunoblot of phosphorylated and total eIF2α in lysates of cells infected with S. pneumoniae serotype 1, 3, 4, 6B, 7F, 8, and 9. Bar graphs show mean +
standard deviation from 4 independent experiments. *P < .05, **P < .01, and ***P < .001, by the Student t test. Abbreviations: AM, apical membrane; CTRL,
control; N, nucleus; NS, not significant; Spn, Streptococcus pneumoniae; St, serotype.
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not result in the phosphorylation of eIF2α or in an increase
of mRNA levels of atf4, atf3, and chop contrary to wild-type
S. pneumoniae–infected cells (Figure 2E and 2F ). To exclude
the involvement of other pneumococcal virulence factors, we
infected cells with mutants lacking the capsule, the autolysins,
or the adhesion factor PavA. Infection with all tested mutants
still increased the eIF2α phosphorylation (Supplementary
Figure 3). Taken together, these results show that the activation
of the PERK UPR pathway in H441 cells is due to pneumococcal
H2O2 upon S. pneumoniae infection.

Activation of Global Stress Responses by Pneumococcal H2O2

Because accumulation of ROS, including H2O2, induces oxida-
tive stress, we wondered whether this was also provoked by

infection with S. pneumoniae. To test this, we investigated the
production of mitochondrial ROS (mtROS). Infection with
either wild-type S. pneumoniae or S. pneumoniae Δply but
not with S. pneumoniae ΔspxB led to an increased production
of mtROS, compared with observations for noninfected cells,
indicating induction of oxidative stress by pneumococcal
H2O2 accumulation (Figure 3A). To prevent oxidative injuries,
cells have evolved a stress response that enables the increased
expression of antioxidants. The transcription factor NRF2 (nu-
clear factor erythroid 2-related factor 2) plays a major role in
transcriptional activation of antioxidant enzymes and ROS
scavengers, including heme oxygenase 1 (HO-1), NADH dehy-
drogenase, and superoxide dismutase [19]. To determine
whether an antioxidant response is induced by S. pneumoniae

Figure 2. Pneumococcal H2O2 is required for unfolded protein response (UPR) induction. A, Representative immunoblot of phosphorylated and total
eukaryotic initiation factor 2α (eIF2α) and quantitative polymerase chain reaction (qPCR) of atf4, atf3, and chop of cells infected with Streptococcus pneu-
moniae Δply for 5 hours. B–D and F, Representative immunoblot of phosphorylated and total eIF2α of cells treated with purified pneumolysin (PLY; B), cells
treated with bacterial supernatant (SN) and H2O2 with and without catalase (Cat; C), and cells infected with wild-type (WT) S. pneumoniae with and
without Cat (D) and S. pneumoniae ΔspxB (F ). E, qPCR analysis of atf4, atf3, and chop of cells infected with WT S. pneumoniae with and without Cat
and S. pneumoniae ΔspxB for 5 hours. Bar graphs show mean + standard deviation from 3 to 4 independent experiments. *P < .05, **P < .01, and
***P < .001, by the Student t test. Abbreviations: CTRL, control; NS, not significant; Spn, Streptococcus pneumoniae.
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infection, we examined the transcription level of nrf2 and ho-1.
Cells infected with wild-type S. pneumoniae showed increased
levels of both mRNAs. However, infection with S. pneumoniae
ΔspxB abolished the transcription levels of nrf2 and ho-1, indi-
cating that the antioxidant response following S. pneumoniae
infection is also dependent on the production of pneumococcal
H2O2 (Figure 3B).

A variety of stimuli, such as growth factors and cellular stress-
es, activate pathways of members of the MAPK family, which
exerts an important role in signal transduction [20–21]. To ex-
amine the role of pneumococcal H2O2 on MAPK signaling dur-
ing S. pneumoniae infection, we analyzed the activation of these
kinases by using specific antibodies to detect their phosphory-
lation status following nanofluidic isoelectric focusing. Cells in-
fected with wild-type S. pneumoniae and S. pneumoniae Δply
showed peaks corresponding to phosphorylated p38 and JNK
at 1 hour and 3 hours after infection that were not visible
after 5 hours. These peaks were not detected in cells infected
with S. pneumoniae ΔspxB or in noninfected cells (Figure 3C).
Infection with wild-type S. pneumoniae and S. pneumoniae Δply
also led to an increase in peaks representing the single and du-
ally phosphorylated forms of ERK1 and ERK2, which were not

detected in S. pneumoniae ΔspxB–infected or noninfected cells
(Figure 3C). Thus, infection with S. pneumoniae induces activa-
tion of all 3 MAPK subfamilies, which depends on the produc-
tion of pneumococcal H2O2.

Induction of an Immune Response by Pneumococcal H2O2

Lung parenchymal cells have previously been shown to contrib-
ute to cytokine production in response to different pathogens,
including Legionella pneumophila, Klebsiella pneumonia, Hae-
mophilus influenza, and Pseudomonas aeruginosa [22–25]. We
wondered whether pneumococcal H2O2 directly induced an im-
mune response in the H441 cells. First, we analyzed nuclear
translocation of the proinflammatory activator NFκB. Infection
with wild-type S. pneumoniae and S. pneumoniae Δply led to an
increase in nuclear localization of NFκB, as compared to non-
infected cells. By contrast, cells infected with S. pneumoniae
ΔspxB showed no NFκB translocation. Furthermore, addition
of catalase during infection with wild-type S. pneumoniae di-
minished NFκB activation (Figure 4A). Next, we analyzed the
transcription of il8 and il23a, which encode a proinflammatory
chemokine and cytokine, respectively, and are important in mu-
cosal immunity. Infection with S. pneumoniae indeed resulted

Figure 3. Pneumococcal H2O2 induces oxidative stress and mitogen-associated protein kinase (MAPK) signaling. A, Representative mitochondrial reac-
tive oxygen species measurement by flow cytometry in cells infected with either wild-type (WT) Streptococcus pneumoniae and S. pneumoniae Δply or
S. pneumoniae ΔspxB. B, Quantitative polymerase chain reaction analysis of nrf2 and ho-1 in lysates of cells infected with WT S. pneumoniae,
S. pneumoniae Δply, and S. pneumoniae ΔspxB for 5 hours. C, Example nanofluidic isoelectric focusing of either “phospho-JNK, phospho-p38 and
ERK” or “phospho c-Jun N-terminal kinase (JNK), phospho-p38 and extracellular-signal regulated kinase (ERK) of cells infected with WT
S. pneumoniae, S. pneumoniae Δply, and S. pneumoniae ΔspxB. Bar graphs show mean + standard deviation from 3–4 independent experiments.
*P < .05, **P < .01, and ***P < .001, by the Student t test. Abbreviations: CTRL, control; NS, not significant; Spn, Streptococcus pneumoniae.
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in an increased transcription of both proinflammatory media-
tors. The addition of catalase reduced the S. pneumoniae–
induced transcription of il8 and il23a. Cells exposed to
S. pneumoniae ΔspxB had a significantly diminished interleukin
response, compared with the wild-type strain. However, cells
treated with S. pneumoniae Δply exhibited no significant differ-
ences in interleukin expression, compared with the wild-type
strain (Figure 4B). Taken together, these results show an
H2O2-dependent immune response induction following infec-
tion of H441 cells with S. pneumoniae.

Inhibition of ER Stress and MAPK Signaling Attenuate
S. pneumoniae–Mediated Cytokine Transcription
Examination of ER stress and the UPR has demonstrated many
links to inflammatory signaling. Induction of ER stress is in-
volved in regulation of interleukin 8, interleukin 6, and mono-
cyte chemoattractant protein 1 in human endothelial cells [26].
We used the ER stress inhibitor salubrinal [27, 28] to investigate

the role of ER stress induction during S. pneumoniae–mediated
transcriptional activation of cytokines. Treatment of cells
with salubrinal prior to infection diminished S. pneumoniae–
mediated transcription of il8 and il23a, as well as that of
the UPR target genes atf3 and chop (Figure 5A). Previous
studies of infection of lung epithelial cells have shown that
S. pneumoniae–mediated production of IL8 is regulated by
p38 and JNK [29, 30]. Using specific inhibitors for p38, JNK,
and ERK, we tested the involvement of MAPK signaling in
S. pneumoniae–mediated cytokine expression in H441 cells.
Transcription of il8 and il23a was reduced by inhibiting
JNK and ERK, while inhibition of p38 had no effect on il8
transcription and even increased il23a transcription following
S. pneumoniae infection. In addition, inhibition of JNK and
ERK also reduced transcription of atf3 and chop (Figure 5B).
Thus, S. pneumoniae–mediated transcriptional activation of
proinflammatory interleukins is regulated by ER stress induc-
tion, as well as by JNK and ERK pathways, in H441 cells.

Figure 4. Activation of innate immune response by pneumococcal H2O2. A, Immunofluorescence staining of NFκB and quantification of nuclear:cyto-
plasmic ratios of NFκB staining in cells infected with wild-type (WT) Streptococcus pneumoniaewith and without catalase (Cat), as well as S. pneumoniae
strains Δply and ΔspxB, for 3 hours. Arrows indicate NFκB fluorescence in the nucleus. B, Quantitative polymerase chain reaction (qPCR) analysis of il8 and
il23a in cells infected with WT S. pneumoniae with and without catalase (Cat), as well as S. pneumoniae strains Δply and ΔspxB, for 5 hours. Bar graphs
show mean ± standard deviation from 3 independent experiments. *P < .05 and **P < .01, by the Student t test. Abbreviations: CTRL, control; NS, not
significant; Spn, Streptococcus pneumoniae.
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DISCUSSION

In this study, we demonstrated that S. pneumoniae infection of
lung epithelial cells has profound effects on cellular stress re-
sponse pathways, including activation of the UPR and the
MAPK pathways, as well as on the induction of the oxidative
stress response. Exposure of cells to S. pneumoniae also resulted
in the activation of the proinflammatory transcription factor
NFκB, accompanied by increased transcription of the interleu-
kin-encoding genes il8 and il23a. Induction of the UPR and
the MAPK pathways is involved in regulation of interleukin tran-
scription. These cellular activities do not involve the recognition
of well-known pathogen associated molecular patterns (PAMPs)
of S. pneumoniae and are dependent on the production of a sin-
gle bacterial molecule, pneumococcal H2O2 (Figure 6). Indeed,
our data suggest an explanation for the virulent properties of
S. pneumoniae isolates that lack pneumolysin.

S. pneumoniae produces large amounts of H2O2 (1–3 mM)
[31], and its role in inducing cellular damage and promoting
virulence has been previously documented [6, 8]. For S. pneu-
moniae, the major enzyme involved in the production of
H2O2 is the pyruvate oxidase SpxB. Apart from its role in

central metabolism, SpxB has an important role in colonization
and the virulence properties of this bacterium [8, 32]. Levels of
H2O2 produced by S. pneumoniae are also variable and are often
associated with mutations within the spxB gene. Thus, for ex-
ample, a variant spxB allele of R36A and R6 is associated with
increased cellular pyruvate oxidase activity relative to that of the
ancestral strain D39 [33]. The gene is absent in other species of
streptococci, except for some streptococcal species that colonize
the oropharynx, such as Streptococcus gordonii, Streptococcus
oralis, and Streptococcus sanguinis [34].

These data suggest that surveillance and detection of patho-
gen-associated activities—here, pneumococcal production of
H2O2—represent complementary modes of innate immune
recognition. In epithelial cells, PAMP recognition may be
more limited than the activity of innate immune cells, to
avoid recurrent inflammatory responses. A role for detection
of pathogen-associated disruption of the integrity of cellular sig-
naling pathways may have particular relevance for epithelial cells,
which are exposed to a variety of microorganisms but do not pos-
sess the full repertoire of pattern-recognition receptors (PRRs),
by distinguishing between properties exhibited by pathogenic
and nonpathogenic bacteria [35]. As demonstrated both here

Figure 5. Transcription of proinflammatory cytokines is regulated by endoplasmic reticulum (ER) stress induction, as well as by JNK and ERK signaling.
A, Quantitative polymerase chain reaction (qPCR) analysis of il8 and il23a, as well as atf3 and chop, in cells treated with salubrinal (Sal) or dimethyl
sulfoxide (DMSO) vehicle prior to infection with wild-type (WT) Streptococcus pneumoniae for 5 hours. B, qPCR analysis of il8 and il23a, as well as
atf3 and chop, in cells treated with inhibitors of JNK (SP600125), ERK (U0126), p38 (SB203580), or DMSO vehicle prior to infection with S. pneumoniae
WT for 5 hours. Bar graphs show mean + standard deviation from 3 independent experiments. *P < .05, **P < .01, and ***P < .001, by the Student t test.
Abbreviations: NS, not significant; Spn, Streptococcus pneumoniae.
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and previously, MAPKs activate both stress- and immune-related
genes, particularly those encoding proinflammatory cytokines,
and are part of the response to pathogen-induced H2O2 stress
[36]. Hence, screening of pneumococcal H2O2 levels produced
by various S. pneumoniae represents a mechanism by which
enhanced pathogenic potential is discerned by the host.

The detection of pathogen-associated disruption of the in-
tegrity of cellular signaling pathways and its association to a
protective response was first recognized as an important com-
ponent of the innate immune response in plants [35]. These
observations have recently been extended to infections of
vertebrates and invertebrates and constitute a novel mode of im-
mune surveillance that relies not on the recognition of patho-
gen-conserved molecular patterns by PRRs, but rather on the
detection of pathogen-associated disruption of cellular process-
es. Thus, toxins and effector proteins that target the host trans-
lational machinery, such as exotoxin A of P. aeruginosa or
secreted glucosyltransferases of L. pneumophila, can trigger an

immune response, independent of signaling via PRR pathways
[37, 38].

In addition, several toxins have been shown to induce ER
stress in a wide variety of cell types [11, 17, 39, 40]. A prime ex-
ample of bacterial effectors are the family of pore-forming tox-
ins, in which where diverse but specific cell-dependent response
pathways are triggered in cells exposed to sublytic concentra-
tions of toxins. Toxin-dependent disruption of plasma-
membrane integrity activates signaling pathways such as the
p38MAPK pathway, induces ER stress, and modulates mitochon-
drial dynamics [11, 17, 41]. Curiously, it is just these processes that
are targeted by pneumococcal H2O2, as shown in this study.

Triggering of the UPR and MAPK pathways can lead to tran-
scriptional activation of proinflammatory genes [26, 42, 43].
Apart from reduced proinflammatory interleukin transcription,
inhibition of ER stress and of JNK and ERK pathways result in
diminished chop transcription upon S. pneumoniae infection.
Since it was shown that CHOP acts as transcriptional activator

Figure 6. Pneumococcal H2O2 targets cellular stress responses accompanied by induction of the innate immune response. Infection of H441 cells with
Streptococcus pneumoniae results in induction of endoplasmic reticulum (ER) and oxidative stress responses, as well as in the triggering of mitogen-
associated protein kinase (MAPK) signaling pathways. Pneumococcal H2O2 is the causative agent responsible for these reactions. Infection with S. pneumo-
niae moreover leads to H2O2-dependent activation of an innate immune response. This is in part regulated by ER stress induction, as well as by JNK and ERK
MAPKs. Abbreviations: IL-8, interleukin 8; IL-23a, interleukin 23a; Spn, Streptococcus pneumoniae.
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for il8 and il23a [44, 45], our results suggest the regulation of
proinflammatory cytokines and chemokines via stress-induced
transcription factors, including CHOP, upon S. pneumoniae in-
fection (Figure 5). As demonstrated here, salubrinal, a small-
molecule inhibitor of ER stress, can significantly dampen host
cell inflammatory responses and has a potential for use in adju-
vant therapy of pneumococcal infections.

Our data presented here have important implications for in-
nate immune surveillance of pneumococcal infections. Here we
demonstrate that pneumococcal H2O2 is a novel member of the
growing list of bacterial virulence factors that are sensed
through activation of cellular stress responses. In previous stud-
ies on the role of nonhematopoietic cells in infection with
L. pneumophila, it was demonstrated that airway epithelial
cells are key players in the control of bacterial airway infection
[46].The expression and secretion of the chemokine interleukin
8 by epithelial cells leads to attraction and activation of neutro-
phils and dendritic cells [47]. This promotes defense against in-
vasive pathogens. Studies on the role of cell stress responses and
the contribution of airway epithelial cells to immune recogni-
tion and bacterial clearance during infection with S. pneumo-
niae are now warranted.
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