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Activating transcription factor-3 (ATF3) acts as a negative 
regulator of cytokine production during Gram-negative bac-
terial infection. A recent study reported that ATF3 provides 
protection from Streptococcus pneumoniae infection by 
activating cytokines. However, the mechanism by which S. 
pneumoniae induces ATF3 after infection is still unknown. In 
this study, we show that ATF3 was upregulated via Toll-like 
receptor (TLR) pathways in response to S. pneumoniae
infection in vitro. Induction was mediated by TLR4 and TLR2, 
which are in the TLR family. The expression of ATF3 was 
induced by pneumolysin (PLY), a potent pneumococcal 
virulence factor, via the TLR4 pathway. Furthermore, ATF3 
induction is mediated by p38 mitogen-activated protein ki-
nase (MAPK) and c-Jun N-terminal kinase (JNK). Thus, this 
study reveals a potential role of PLY in modulating ATF3 
expression, which is required for the regulation of immune 
responses against pneumococcal infection in macrophages. 
 
 
INTRODUCTION
1 
Activating transcription factor-3 (ATF3), a stress-inducible eu-
karyotic gene, is a member of the cAMP response element-
binding protein (ATF/CREB) family of basic-leucine zipper 
(bZip) transcription factors that binds to the consensus cAMP 
response element (CRE) sequences of its target genes (Hai et 
al., 1999). ATF3 is a key regulatory factor in inflammatory re-
sponses (Gilchrist et al., 2006; 2008; 2010; Khuu et al., 2007). 
For example, ATF3 was highly expressed in response to lipo-
polysaccharide (LPS) stimulation (Gilchrist et al., 2006). LPS-
induced expression of the cytokine genes is also inhibited by 
ATF3, indicating that ATF3 acts as a negative regulator of LPS-
induced inflammation (Lai et al., 2013). In a mouse model, 
ATF3 was found to be a novel regulator of neutrophil migration 
(Boespflug et al., 2014). In this model, ATF3 repressed LPS-
driven CXCL1 production, controlling the recruitment of the 
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neutrophil to the site of inflammation. However, in humans, 
ATF3 is a positive regulator of interferon-� (IFN-�) expression, 
thus promoting Th1 differentiation (Filén et al., 2010). In 
Gram-negative bacterial infections, ATF3 is upregulated by 
Neisseria gonorrheae via mitogen-activated protein kinases 
(MAPK) signaling and suppresses the IL-6 expression during 
N. gonorrhoeae infection (Calton et al., 2013). In contrast, the 
upregulation of ATF3 confers resistance to S. pneumoniae 
(Gram-positive bacteria) infection via activating the production 
of cytokines (Nguyen et al., 2014a). However, the mecha-
nism(s) by which S. pneumoniae stimulates ATF3 expression 
is still unknown. 

Streptococcus pneumoniae is a major common cause of 
death in the USA, which causes severe, pneumococcal infec-
tions like sepsis, pneumonia, and meningitis with high rates of 
morbidity and mortality (File, 2004). There are over 90 identified 
serotypes of S. pneumoniae, and each serotype is character-
ized by a specific capsular polysaccharide that has extracellular 
neutrophil traps (Wartha et al., 2007) as well as the capacity to 
evade phagocytosis and complement binding (Hyams et al., 
2010), thus completely escaping immunological responses. 
There are several pneumococcal virulence factors such as 
autolysin (LytA), pneumococcal surface protein A (PspA), and 
PspC (Koppe et al., 2012); however, pneumolysin (PLY) is one 
of the most critical factors in the induction of inflammation and 
innate immunity. During infection, S. pneumoniae releases PLY 
into the host environment, after which binding to Toll-like recep-
tor 4 (TLR4) stimulates the production of inflammatory cyto-
kines (Malley et al., 2003). 

TLRs play a crucial role in the recognition of bacterial infec-
tions in mammals. These receptors are highly expressed in 
immune cells such as macrophages and T cells (Kabelitz, 
2007). In pneumococcal infections, the recognition of virulence 
factors by TLRs stimulates the production of cytokines such as 
interleukine (IL)-1�, tumor necrosis factor (TNF)-�, and IL-17 in 
macrophages. This is a very important and primary innate im-
mune response to pneumococcal infections. Among the TLR 
family, TLR4 and TLR2 are required for the elimination of 
pneumococcal infections. S. pneumoniae-derived lipoteichoic 
acid (LTA) binds to TLR2 and stimulates immune response to 
the infection (Schröder et al., 2003). Similarly, TLR4 recognizes 
pneumolysin (PLY) and activates protective signals against S. 
pneumoniae; therefore, TLR4-deficient mice were more sus-
ceptible to pneumococcal infections compared with wild-type 
mice (Malley et al., 2003).
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  A recent study reported that ATF3 provides protection against 
pneumococcal infection by positively regulating cytokines (Nguyen 
et al., 2014a). However, the mechanism(s) by which ATF3 is 
induced by S. pneumoniae infection remains unknown. In the 
present study, we showed that TLR4 and TLR2 are required for 
ATF3 induction. PLY, a pneumococcal virulence factor induces 
ATF3 expression during infection when bound to TLR4. Moreo-
ver, TLR2/4 regulate ATF3 induction via the JNK/p38 pathway. 
After induction, ATF3 interacts with c-Jun in the nucleus to regu-
late the cytokines. The findings of this study will contribute to a 
better understanding of the host defense mechanism against S. 
pneumoniae infection. 
 
MATERIALS AND METHODS  

Bacterial strains, cell cultures, and reagents 
Encapsulated type 2 strain D39 S. pneumoniae (NCTC7466) 
was cultured in Todd-Hewitt broth as previously described 
(Benton et al., 1995; Choi et al., 1999). For the infection experi-
ment, pneumococci were cultured until OD550 = 0.3 and centri-
fuged at 4,000 � g at 4�C for 10 min. The pellet was resuspended 
in 1 ml of DMEM media to a concentration of 108 CFU/ml and 
used to infect cells at MOI = 50. RAW 264.7 murine macro-
phage-like cells were obtained from the American Type Culture 
Collection. The cells were maintained at 37�C in a humidified 
incubator at 95% air-5% CO2 and grown in Dulbecco’s modified 
Eagle’s medium (DMEM; GE Healthcare, UK) supplemented 
with 10% fetal bovine serum (Bioscience) along with 1X penicil-
lin/streptomycin (PAA Laboratories GmbH, Germany) (Tu et al., 
2007). Lipopolysaccharide (serotype 026:B6, Escherichia coli) 
was purchased from Sigma (USA). 
 
Overexpression and purification of PLY 
The ply gene was amplified by PCR using D39 pneumococcal 
chromosomal DNA as a template with PLY primers (F: 5�-
GGGCCCGGATCCGATGGCAAATAAAGCAGTAAATGAC-3�; 
R: 5�-GGCCCGCTCGAGCTAGTCATTTTCTACCTTATCCTC-
3�) that incorporated BamHI and XhoI restriction enzyme sites. 
The PCR products were digested with the BamHI and XhoI en-
zymes and cloned into BamHI- and XhoI-digested pET32b(+). 
After transformation, E. coli BL21-containing pET32b-PLY was 
grown in LB medium supplemented with isopropyl-�-D-thio-
galactopyranoside (IPTG) to a final concentration of 0.5 mM. 
The histidine-tagged PLY protein was purified using an Ni-NTA 
column and then dialyzed against 50 mM Tris buffer (pH 7.5) 
for further experiments. 
 
Transfection 
Control siRNA-A (siCO), TLR4 siRNA (siTLR4), and TLR2 
siRNA (siTLR2) were purchased from Santa Cruz Biotechnolo-
gies (USA). P38 siRNA (sip38) and JNK siRNA (siJNK) were 
purchased from Cell Signaling Technology (USA). The RAW 
264.7 cells were transfected with either siCO, siTLR4 (50 nM), 
siTLR2 (50 nM), sip38 (100 nM), or siJNK (100 nM) using 
siRNA transfection reagents (TransIT-TKO, Mirus, USA). After 
24 h of incubation, the transfected cells were used for the de-
sired experiments. 
 
Treatment with inhibitors 
p38 MAPK inhibitor (SB203580) and JNK inhibitor (SP600125) 
were purchased from Calbiochem (USA). The RAW 264.7 cells 
(5 � 105) were grown overnight and then incubated with either 
p38 or MAPK inhibitor (10 �M) or JNK inhibitor (10 �M) for 3 h. 
The treated cells were then infected with the pneumococcus  

cells and used for further experiments.  

Western blotting 
Antibodies against ATF3, TLR4, TNF-�, c-Jun, and �-actin were 
purchased from Santa Cruz Biotechnologies, and the antibodies 
for p-JNK, JNK, p38, p-p38, ERK, and p-ERK were purchased 
from Cell Signaling Technology (USA). The concentrations of the 
protein samples were estimated using the DC	 protein assay kit 
(Bio-rad, USA). Protein samples (25-30 �g each) were separated 
on a 7-15% (wt/vol) polyacrylamide gel (SDS-PAGE) and trans-
ferred onto polyvinyli-denedifluoride (PVDF) membranes (Milli-
pore, USA) for Western blotting, as previously described (Nguyen 
et al., 2014b). 
 
Cytokine ELISA assay 
The RAW 264.7 cells were infected with pneumococci for 1, 2, 
and 4 h. After the indicated time, the supernatants were collected 
and centrifuged at 15000 x g at 4�C for 10 min. The pellets (con-
taining bacteria and dead cells) were discarded, and the superna-
tants were used for TNF-� enzyme-linked immunosorbent as-
says (ELISA) (BD, USA) per the manufacturer’s instructions.  
 
Confocal microscopy 
The RAW 264.7 cells (5 � 105) were grown overnight until the 
plates were 80% confluent and subsequently infected with 
pneumococcus cells for 1, 2, or 4 h. After the indicated time, 
4% (vol/vol) formaldehyde was added to fix the cells. The cells 
were permeabilized with 1% (vol/vol) Triton X-100/PBS for 5 
min and then blocked with 1% Bovine serum albumin/ Phos-
phate buffered saline (BSA/PBS) overnight at 4�C. After block-
ing, the cells were incubated with primary antibody (anti-ATF3 
and anti-cJun) for 1 h. Finally, the secondary antibodies labeled 
with fluorescein isothiocyanate (FITC) or DAPI (4�,6-diamidino-
2-phenylindole) (to stain the nucleus) was added and incubated 
for 1 h. The samples were visualized using a confocal micro-
scope (Carl Zeiss LSM 510 Meta DuoScan, Carl Ziess Micro 
Imaging GmbH, Germany). 

Immunoprecipitation 
The RAW 264.7 cell lysates (200 �g) were agitated with either 
anti-ATF3 or anti-cJun antibodies at 4�C for 4 h. Subsequently, 
protein A-anchored agarose (USA) was added and incubated 
at 4�C overnight. The mixture was centrifuged at 1000 � g to 
collect the protein A agarose/protein complex. The desired 
complex was then washed three times. Ten microliters of 5� 
SDS-PAGE sample buffer was added to the protein A 
agarose/protein complex and then boiled at 100�C for 5 min to 
remove beads from immunoprecipitated proteins. Finally, the 
supernatant was subjected to a Western blot analysis with both 
anti-ATF3 and anti-cJun primary antibodies. 

Statistical analysis 
One-way ANOVA (Holm-Sidak method) was used to analyze 
the statistical differences between groups. All of the results are 
representative of three independent experiments. Statistically 
significant differences were considered as P < 0.05 (* P < 0.05, 
** P < 0.01, and *** P < 0.001). 
 
RESULTS 

ATF3 upregulation by S. pneumoniae infection is TLR2/4-
dependent 
We examined whether TLR4 is involved in the upregulation of 
ATF3 during pneumococcal infections. Using TLR4 siRNA 
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(siTLR4), TLR4 expression was impaired, and the expression 
of ATF3 and TNF-� was subsequently checked during the 
infection. The results show that ATF3 expression was signifi-
cantly decreased in the siTLR4-transfected cells (Fig. 1A), indi-
cating that ATF3 expression is TLR4-dependent. It was also 
observed that the TNF-� levels declined in siTLR4-transfected 
cells (Figs. 1A and 1C).  

Moreover, TLR2 also plays an important role in generating 
immunological responses against pneumococci (Basset et al., 
2012). TLR2 expression was knocked down using TLR2 siRNA 
(siTLR2). We showed that siTLR2 impaired ATF3 expression 
during the infection (Fig. 1C). Similarly, TNF-� was also sup-
pressed by siTLR2 (Figs. 1B and 1D), indicating that ATF3 
upregulation is TLR2/4 signal-dependent. 

TLR2/4 are required for phosphorylation of JNK and p38 
during pneumococcal infection 
In pneumococcal infection, MAPKs play an important role in 
generating innate immune responses and production of media-
tors in macrophages (Kang et al., 2009). The results obtained 
clearly show that phosphorylation of p38 and ERK was in-
creased by pneumococcal infection 10 min post-infection (Figs. 
2A and 2B), whereas the phosphorylation of JNK was significant-
ly induced 30 min post-infection (Figs. 2A and 2B). Interestingly, 
siTLR4 treatment slightly reduced the induction of p-JNK at 30 
min and 60 min post-infection, whereas treatment with siTLR2  

significantly abolished the levels of p-JNK expression (Figs. 2A 
and 2B). Moreover, the phosphorylation of p38 markedly de-
creased in both siTLR4- and siTLR2-transfected cells. However, 
the phosphorylation of ERK was not TLR4- or TLR2-dependent 
(Figs. 2A and 2B). Taken together, these results indicate that S. 
pneumoniae-induced phosphorylation of JNK and p38 is TLR2/4- 
dependent. 
 
S. pneumoniae upregulated ATF3 via the JNK/p38 pathway 
ATF3 was regulated by TLR4 in response to LPS induction 
(Gilchrist et al., 2004) and mediated by JNK and p38 kinases (Lu 
et al., 2007). Thus, we hypothesized that TLR4 and TLR2 might 
control ATF3 expression via the JNK and p38 pathways during 
pneumococcal infection. The specific inhibitors of p38 and JNK 
were used to impair their activity. The expression levels of ATF3 
in the inhibitor-treated cells were then compared with the control. 
It was repeatedly found that S. pneumoniae infection significantly 
induces ATF3 expression; however, treatment of p38 and JNK 
inhibitors abolished this induction (Figs. 3A and 3B). sip38 and 
siJNK also significantly reduced ATF3 induction, whereas siCO 
did not, demonstrating that ATF3 expression was mediated by 
JNK and p38 kinase (Figs. 3C and 3D).  

PLY induced ATF3 expression via TLR4 
A previous study reported that ATF3 expression was induced by 
PLY in a dose- and time-dependent manner during S. pneumoniae 

Fig. 1. Streptococcus pneumoniae
induced ATF3 via the TLR2/4 pathway. 
RAW 264.7 cells were transfected with 
siTLR4 (A, C) or siTLR2 (B, D) for 24 h 
and then infected with S. pneumoniae
for 0, 1, 2, or 4 h. Subsequently, the cell 
lysates were analyzed by Western 
blotting. The cell supernatants from (A) 
and (B) were used to measure TNF-�
release by TNF-� ELISA. The band 
densities were measured by ImageJ. 
The data are representative of three 
independent experiments and were 
analyzed by one-way ANOVA. Data 
show mean 
 s.d. *P < 0.05, **P < 0.01, 
***P < 0.001. 
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infection (Nguyen et al., 2014a). Some studies showed that 
PLY triggers and promotes secretion of cytokines such as TNF-
� IL-6, IL-1� via the TLR4 pathway (McNeela et al., 2010). 
Thus, whether ATF3 was induced by PLY via the TLR4 path-
way was examined. Using the siTLR4 model, the results show 
that there was a significant induction of ATF3 expression by PLY 
after 1 h of incubation (Fig. 4A). However, this induction was 
abrogated by siTLR4 treatment, indicating that PLY induces 
ATF3 expression via the TLR4 pathway (Fig. 4A). Consistently, 
the TNF-� levels were also higher in PLY-incubated cells than 
non-treated cells. Levels of TNF-� were higher in siCo-
transfected cells compared with siTLR4-transfected cells (Figs. 
4A and 4C), indicating that PLY induces TNF-� via the 
ATF3/TLR4 pathway. Moreover, siTLR2 did not abolish PLY-
induced ATF3 and TNF-� expression (Supplementary Fig. S1). 

Previously, a PLY-deficient mutant strain was used to deter-
mine the role of PLY for ATF3 induction (Nguyen et al., 2014a). 
The results showed that ATF3 is induced by the wild-type infec-
tion at 1, 2, and 4 h postinfection, but not by the PLY mutant 
infection (Nguyen et al., 2014a). Moreover, we also demon-
strated that purified PLY stimulated ATF3 expression dose- and 
time-dependently (Nguyen et al., 2014a). We also used heat-
inactivated PLY and non-PLY protein such as VncR and ClpL 
as controls to confirm that our PLY protein was not contaminat-
ed with LPS (Nguyen et al., 2014a). Only purified PLY induced 
ATF3, while the other proteins, such as purified VncR and ClpL, 
and heat-inactivated PLY, did not; this indicates that our purified 
PLY was not contaminated with LPS, and that PLY is an induc-
er of ATF3 during pneumococcal infection (Nguyen et al., 
2014a). 

Furthermore, to confirm that our PLY protein was not con-
taminated with LPS, we used anti-PLY serum to block the PLY 
effect. After the PLY protein was contaminated with LPS, ATF3 
induction should not be impaired by anti-PLY serum. In fact, 
anti-PLY serum significantly decreased the ATF3 levels (Sup- 
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D
 
 
 
 
 
 
 
Fig. 3. ATF3 induction is JNK/p38-dependent. RAW 264.7 cells 
were incubated with p38 inhibitor (A) or JNK inhibitor (B) for 1 h or 
transfected with sip38 (C) or siJNK (D) for 48 h, and then infected 
with S. pneumoniae for 0, 1, 2, or 4 h. Subsequently, the cell lysates 
were analyzed by Western blotting. The band densities were 
measured by ImageJ. The data are representative of three inde-
pendent experiments and analyzed by one-way ANOVA. Data 
show mean 
 s.d. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 2. The TLR2/4 pathway is required for activation of 
JNK/p38. RAW 264.7 cells were transfected with siTLR4 (A) 
or siTLR2 (B) for 24 h and then infected with S. pneumoniae
for 0, 1, 2, or 4 h. Subsequently, the cell lysates were ana-
lyzed by Western blotting. The band densities were meas-
ured by ImageJ. The data are representative of three inde-
pendent experiments and were analyzed by one-way 
ANOVA. Data show mean 
 s.d. *P < 0.05, **P < 0.01, ***P
< 0.001. 
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plementary Fig. S2), and 10 �l of anti-PLY serum inhibited near-
ly 90% of the ATF3 induction compared with the untreated 
control, demonstrating that our purified PLY was not contami-
nated with LPS. 

Since LPS is a well-known ligand for TLR4, we also used 
LPS as a positive control for this experiment. Consistently, LPS 
also stimulates ATF3 expression via TLR4 (Figs. 4B and 4D). 
Taken together, our results indicated that PLY induced expres-
sion of ATF3 via TLR4 in pneumococcal infections.  
 
S. pneumoniae stimulated interaction between ATF3 and  
c-Jun 
As previously mentioned, ATF3 contains a leucine zipper do-
main which is responsible for interaction with other bZiP-
containing proteins. ATF3 may act as an activator or repressor 
since the function of ATF3 depends on its interacting partner 
protein (Thompson et al., 2009). When ATF3 interacts with c-
Jun, it acts as a positive regulator of cytokines (IL-8 and IL-1�) 
(Aung et al., 2013). During pneumococcal infection, PLY-
induced ATF3 increases the production of cytokines, thus 
providing protection against pneumococcal infections (Nguyen 
et al., 2014a). In this study, we examined whether ATF3 inter-
acts with c-Jun during pneumococcal infection. The results 
show that ATF3 and c-Jun were induced by S. pneumoniae. 
Moreover, ATF3 initiates binding with c-Jun at 1 h post-infection 
and strongly binds with c-Jun at 3 h post-infection (Fig. 5A). To 
confirm this observation, immunoprecipitation was performed. 
When ATF3 antibody was used for immunoprecipitation, it was 
found that ATF3 interacted with c-Jun (Fig. 5B). Similarly, c-Jun 

antibody was also used to reconfirm that ATF3 interacts with c-
Jun during pneumococcal infection (Fig. 5C). Taken together, 
these data indicate that S. pneumoniae stimulates ATF3 and c-
Jun expression; ATF3 interacts with c-Jun to regulate the ex-
pression of cytokines. 

DISCUSSION 
 
ATF3 plays an important role in the inflammatory response to 
endotoxic shock. Several studies showed that ATF3 acts as a 
negative regulator of cytokine expression (Gilchrist et al., 2006). 
ROS-induced stimulation of ATF3 inhibited cytokine production, 
which makes the host more susceptible to secondary infections; 
however, it should be noted that this inhibition protects mice from 
endotoxic shock (Hoetzenecker et al., 2012). In murine cyto-
megalovirus (MCMV) infection, ATF3 knock-out mice showed 
a higher level of IFN-�, lower hepatic viral load and less liver his-
topathology than those in wild-type mice (Rosenberger et al., 
2008). Therefore, it protected the mice from viral infection, indicat-
ing that ATF3 negatively regulated the innate immune response 
to MCMV infection. In N. gonorrhoeae infection, ATF3 was 
upregulated by outer membrane proteins via the MAPK pathway, 
which inhibited IL-6 production in epithelial cells (Calton et al., 
2013). In contrast, ATF3 induction by S. pneumoniae stimulated 
the expression of TNF-�, IL-1�, and IFN-� cytokines in response 
to the infection (Nguyen et al., 2014a). However, the mechanism 
of ATF3 induction by S. pneumoniae infection was poorly un-
derstood. In the present study, we reported that ATF3 was 
induced by the TLR2/4 pathway. Moreover, p-JNK and p-p38 

Fig. 4. Pneumolysin induced ATF3 via 
TLR4. RAW 264.7 cells were transfect-
ed with siTLR4 for 24 h and then incu-
bated with 500 ng/ml of pneumolysin 
(A) 50 ng/ml of LPS (B) for 0, 1, 2, or 3 
h. Subsequently, the cell lysates were 
separated by Western blotting. (C, D) 
The cell supernatants from (A, B) were 
used to measure TNF-� release by 
TNF-� ELISA assay. The band densi-
ties were measured by ImageJ. The 
data are representative of three inde-
pendent experiments and analyzed by 
one-way ANOVA. Data show mean 
 
s.d. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. A model for ATF3 action during S. pneumoniae infection. 
During pneumococcal infection, PLY seems to interact with TLR4 
and activates ATF3 via the TLR4/MAPK signaling pathway, which 
stimulates formation of an ATF3 complex with c-Jun, and this com-
plex binds to promoters of cytokines (TNF-�, IL-1�, IFN-�), resulting 
in enhanced cytokine production. 
 
 
also played a role in the upregulation of ATF3. To our knowledge, 
this study demonstrates a role of ATF3 in regulating the response 
of macrophages to pneumococcal infection. 

PLY is necessary for ATF3 expression during pneumococcal 
infection. Gram-negative bacteria-derived endotoxins such as 
LPS can induce ATF3 via activating the TLR pathway (Gilchrist 
et al., 2006). Several in vitro studies demonstrated that PLY is 
recognized by TLR4 (Malley et al., 2003). Our data also indi-

cate that TLR4 was required for ATF3 induction by PLY. In 
addition, our results show that TLR2 plays a role in ATF3 induc-
tion. However, pneumococcal LTA is also known as an activa-
tor of TLR2 signaling (Dessing et al., 2008). Thus, further stud-
ies are required to define greater role of LTA in TLR2-mediated 
ATF3 induction. 

The JNK/p38 pathway plays an important role in S. pneumoniae 
infection (Kang et al., 2009). JNK was induced by pneumococcal 
infection and stimulated IL-8 in response to the infection in epithelial 
cells (Schmeck et al., 2006). Additionally, p38 kinase was also 
induced in pneumococci-infected epithelial cells and regulated Cox-
2 mediated-inflammation (N’Guessan et al., 2006). We demon-
strated that S. pneumoniae induces ATF3 via JNK and p38 signal-
ing pathways. However, ERK signaling is not required for ATF3 
induction. 

It has previously been reported that c-Jun, a component of 
AP1 transcription factor, is phosphorylated by JNK in response to 
nitric oxide induced-apoptosis in neuroblastoma cells (Li et al., 
2004) or UV radiation (Kallunki et al., 1996). Studies also showed 
that pneumococcal infection induces JNK-mediated phosphoryla-
tion of c-Jun (Kenzel et al., 2006). In turn, phosphorylated c-Jun 
stimulates cytokine IL-8, indicating a regulatory role of c-Jun in 
stimulating the production of cytokine during infection. Previously, 
ATF3 has been reported to stimulate cytokine production during 
pneumococcal infection. As mentioned earlier, ATF3 acts as an 
activator of cytokines in hetero-dimerization with c-Jun. The data 
presented in this study indicate that S. pneumoniae induces an 
interaction between ATF3 and c-Jun, thus subsequently stimulat-
ing the production of cytokines to combat against pneumococcal 
infection in macrophages. 

Based on the results of this study and previous findings 
(Nguyen et al., 2014a), we proposed a model for the role of 
ATF3 during pneumococcal infection in macrophages (Fig. 6). 
During S. pneumoniae infection, bacteria release PLY into the 
host environment (Supplementary Fig. S3). Then, PLY interacts 
with TLR4 to activate MAPK. MAPK signals are required for 
ATF3 induction. In the nucleus, ATF3 then interacts with the c-
Jun and stimulates the production of cytokines in response to 
pneumococcal infection.  

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 

Fig. 5. ATF3 interacts with c-Jun dur-
ing pneumococcal infection. (A) The 
RAW 264.7 cells were infected with S.
pneumoniae 0, 1, 2, or 3 h, and the 
cells were stained with anti-ATF3-
FITC, anti-cJun-Rhodamine antibod-
ies, and Hoechst dye and visualized 
using a confocal microscope. The 
arrows indicate cells with co-localiza-
tion of ATF3 and cJun. (B, C) The 
RAW 264.7 cells were infected with S.
pneumoniae (MOI = 100) for 0, 1, 2, or 
3 h. The cell lysates were immunopre-
cipitated with anti-ATF3 (B) either anti-
cJun (C) antibodies. Cell lysate was 
used as an input. As a control, normal 
serum was used instead of either anti-
ATF3 or anti-cJun antibodies. The 
data are representative of two inde-
pendent experiments.  
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