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Abstract

Sepsis, a major clinical problem with high morbidity and mortality, is caused by overwhelming
systemic host-inflammatory response. Toll-like receptors (TLRs) play a fundamental role in
induction of hyperinflammation and tissue damage in sepsis. In this study, we demonstrate a
protective role of TLR9 inhibition against the dysregulated inflammatory response and tissue
injury in sepsis. TLR9 deficiency decreased the mortality of mice following cecal ligation and
puncture (CLP) -induced sepsis. TLR9 knockout mice showed dampened p38 activation and
augmented Akt phosphorylation in the spleen, lung and liver. In addition, TLR9 deficiency
decreased the levels of inflammatory cytokines and attenuated splenic apoptosis after CLP. These
results indicate that TLR9 inhibition might offer a novel therapeutic strategy for the management
of sepsis.
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1. Introduction

Sepsis, a huge medical problem, is one of the leading causes of death in intensive care units
throughout the world. It is generally admitted that sepsis is caused by excessive
inflammatory response to invading pathogens. This uncontrolled systemic inflammation
leads to tissue damage and multiple organ failure, which is proposed as the major
contributor to the particularly high mortality in sepsis [1]. It has been estimated that sepsis is
associated with a mortality rate ranging between 30%-70% [2]. Currently, the management
of sepsis is largely supportive. Specific and efficacious therapeutic interventions targeting
the underlying mechanism of sepsis have yet not been developed [3].

Once invaded, the host response to pathogens is initiated by the sensing of microbial
structures through families of receptors called pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs) which play pivotal roles both in the innate and adaptive immune
responses. At least 10 TLRs in mammals have been described. The binding of microbial
ligands to TLRs triggers the release of plenteous amounts of cytokines and chemokines, and
subsequently initiate the inflammatory response [4]. Many reports have suggested that
uncontrolled TLR response plays a major role in the pathogenesis and development of sepsis
[5, 6]. Consistently, recent data show that TLR4 antagonism attenuated cardiac dysfunction
and cytokine expression in the sepsis model induced by lipopolysaccharide [7]. After the
procedure of cecal ligation and puncture (CLP), TLR2-deficient mice exhibited increased
survival rates compared to wild type mice, indicating that TLR2 activation is involved in the
progress of sepsis [8]. Plitas et al. showed that blockage of TLR9 signaling averts the
uncontrolled immune response in CLP [9]. However, the mechanism underlying the
beneficial effects of TLR9 inhibition in sepsis has not been elucidated clearly.

In this study, we demonstrated that TLR9 deficiency obstructs p38 activation and preserves
Akt phosphorylation in septic mice. Additionally, TLR9 deficiency alters cytokine
expression and prevents against splenic apoptosis in polymicrobial sepsis.

2. Materials and methods

2.1. Experimental animals

TLR9 knockout (KO) mice on a Balb/c background were generously provided by Dr. Shizuo
Akira (Osaka University, Osaka, Japan) via Dr. Dennis Klinman (National Cancer Institute,
Frederick, MD). Wild type (WT) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). All mice were maintained in the Division of Laboratory Animal Resources at
East Tennessee State University (ETSU), a facility accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care (AAALAC). All animal studies
were approved by the ETSU Committee on Animal Care.

2.2. Cecal ligation and puncture (CLP)

Polymicrobial sepsis was induced using the CLP model, which closely emulates
polymicrobial intraabdominal sepsis occurring in humans and has been used widely to study
the immunopathological changes in sepsis [10, 11]. CLP was performed to induce sepsis in
mice as described previously [10, 11]. Briefly, 8-10-week-old mice were anesthetized via
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inhalation with 2.5% isoflurane. A midline abdominal incision was made and the cecum was
exteriorized, ligated distal to the ileocecal valve, and then punctured twice. A small amount
of fecal material was extruded into the abdominal cavity. The abdominal wall and skin were
sutured in layers with 3-0 silk. Sham-operated mice were treated identically except that the
cecum was not ligated or punctured. Immediately following surgery, all mice were
resuscitated with 1 ml physiological saline injected s.c. and returned to their cages with free
access to food and water.

2.3. Western blot

Western blot analysis was performed as described previously [12]. Samples containing equal
amounts of protein were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and transferred onto Hybond ECL membranes (Amersham Pharmacia, NJ).
The ECL membranes were incubated overnight at 4 °C with the appropriate primary
antibody [anti-GAPDH, anti-phospho-Akt, anti-Akt, anti-phospho-p38 mitogen-activated
protein kinase (MAPK), anti-p38 MAPK, anti-cleaved-caspase-3, anti-caspase-3, anti-Bcl-2,
anti-Bax (Cell Signaling Technology, Beverly, MA)] followed by incubation with
peroxidase-conjugated secondary antibodies (Cell Signaling Technology). The blot was
exposed to the SuperSignal West Dura Extended Duration substrate (Pierce Biotechnology,
Rockford, IL). The signals were quantified by scanning densitometry using a Bio-Image
Analysis System (Bio-Rad).

2.4. TUNEL assay

Mouse spleens were fixed in 10% buffered formalin and embedded in paraffin. TUNEL
staining for apoptotic nuclei was performed using an In Situ Cell Death Detection kit (Roche
Diagnostic, IN) as described in our previous publication [13]. Briefly, sections were exposed
for 10 min to a permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate). After
washing, 50 ul of TUNEL reaction mixture was placed on the sections and then incubated in
a humidified atmosphere for 60 min at 37 °C. 50 pl of substrate solution was added
following convert-AP incubation. Finally, sections were counterstained with haematoxylin.
Sections were examined with the light microscope using 40 x objective. The percentage of
apoptotic cells was calculated (TUNEL-positive cells/ total cells) and averaged across at
least five randomly chosen microscopic fields for each slide.

2.5. Determination of cytokine levels

Splenic CD4* T cells were negatively selected by using the MagCellect™ Mouse CD4* T
Cell Isolation Kit (R&D Systems, Minneapolis, MN) [14]. Isolated CD4* T cells were
seeded at a final concentration of 2.5x106 cells/ml in 96-well plates with or without
immobilized anti-CD3 (50 pl of 5 ug/ ml in PBS for 24 h at 4 °C, BD Biosciences
Pharmingen, San Diego, CA) and soluble anti-CD28 (1 pg/ ml, BD Biosciences
Pharmingen). The supernatants were collected after 24 h, 48 h and 72 h of cultivation. To
determine the serum level of cytokines, blood was collected from all experimental and
control mice. Samples were allowed to clot for 2 h at room temperature before
centrifugation for 20 min at 2000xg. Then serum was removed and stored at —20°C for
subsequent ELISA assay. The amount of cytokines was examined by using a Quantikine
Mouse ELISA kit (R&D Systems, MN) [15].
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2.6. Real-time quantitative RT-PCR

Total RNA was isolated from mouse splenic CD4* T cells stimulated with anti-CD3 and
anti-CD28 using a RNeasy Plus Mini Kit (QIAGEN Sciences, MD). The real-time PCR was
performed as described previously [15]. Briefly, one microgram of RNA from each sample
was used for reverse transcription and synthesis of cDNA using a Reaction ReadyTM first
strand cDNA synthesis kit (SABiosciences, Frederick, MD). PCR was performed using RT2
real-timeTM SYBR Green Fluorescien PCR Master Mix (SABiosciences). GAPDH
expression was used as internal control.

2.7. Statistical analysis

3. Results

Student’s t-test was used to determine the significance of the differences between groups.
Survival curves were generated using the Kaplan-Meier method, and the significance of
difference was calculated by the log-tank test. A value of p < 0.05 was considered
statistically significant.

3.1. TLR9 deficiency increases survival in sepsis

First, we investigated the effect of TLR9 deficiency on mortality in CLP-induced
polymicrobial sepsis. We observed that TLR9 KO mice had significantly lower mortality
than WT mice as shown in Fig. 1. The difference was most striking on the third day after
CLP. Specifically, the survival rate of TLR9 KO mice was > 70% compared with < 20% of
WT mice within 72 h following CLP. The similar results were obtained in inhibition of
TLR9 by TLR9 antagonist in WT mice (data not shown). In the next set of experiments, we
intended to disclose the underlying mechanism for the preventative effect of TLR9
inhibition in sepsis.

3.2. TLR9 deficiency dampens p38 activation in sepsis

P38 MAPK has been considered to play a critical role in releasing of inflammatory
mediators in sepsis [16, 17]. Hence, we studied p38 activation in the spleen, lung and liver
of TLR9 KO and WT mice following CLP. At 6 h after CLP, most marked increases of p38
phosphorylation were observed in septic WT mice compared with control WT mice (Fig.
2a). Consequently, we assessed whether TLR9 deletion can regulate p38 activity in the
septic organs. As shown in Fig. 2b, the activation of p38 was strikingly decreased in the
spleen, lung and liver of septic mice lacking TLR9 as compared with WT littermates.

3.3. TLR9 deficiency preserves Akt signaling in sepsis

Akt is a key negative regulator of inflammatory response [18, 19]. In the present study, we
tested whether Akt activation can be altered by CLP-induced sepsis. As shown in Fig. 3a,
the levels of phosphorylated Akt were notably decreased in the spleen, lung and liver of WT
septic mice especially at 6 h after the CLP procedure when compared to control animals.
Intriguingly, we subsequently found that TLR9 KO mice subjected to CLP had greater
activation of Akt when compared to their WT littermates (Fig. 3b).
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3.4. TLR9 deficiency suppresses CLP-induced cytokine release

We next examined the effect of TLR9 ablation on the cytokine production following CLP.
TLR9 KO mice and WT mice were subjected to CLP, and cytokine levels were measured in
the sera 6 h and 12 h, respectively, after CLP. In WT mice, the concentrations of IL-6,
IL-10, IFN-_and TNF-_ were higher in the sera of mice subjected to CLP procedure (Fig.
4). Compared with WT septic littermates, TLR9 KO mice exhibited significantly decreased
cytokine levels in the sera (Fig. 4). These results suggest that TLR9 deficiency dampens
cytokine responses to polymicrobial sepsis.

3.5. Effect of TLR9 deficiency on the levels of cytokines in the spleen of septic mice

The spleen is one of the most important immune organs that contribute to the exaggerated
inflammation in sepsis. We, therefore, studied the effect of TLR9 deficiency on the cytokine
response of the spleen to CLP-induced sepsis. As shown in Fig. 5, CLP procedure led to
significant increases in protein and mRNA levels of IL-10 and IL-6. Of note, CLP-induced
alterations of cytokines were remarkably suppressed by TLR9 deficiency both at the
transcriptional and protein levels. For splenic CD4" T cells cultured in vitro for 72 h, there
was no significant difference in the transcriptional levels of IL-6 and IL-10 between WT and
TLR9 KO septic mice (data not shown).

3.6. TLR9 deficiency prevents splenic apoptosis induced by CLP

Sepsis provokes apoptosis of lymphocytes in lymphoid organs including the spleen, which is
correlated with poor outcome [20, 21]. To investigate whether TLR9 deficiency protects
splenocytes against apoptosis in sepsis, TUNEL staining was performed. At 24 h, we found
that CLP resulted in markedly-increased percent of TUNEL-positive cells (Fig. 6a). TLR9
deletion significantly attenuated CLP-induced reduction of splenocytes. Furthermore,
cleaved caspase-3, Bcl-2 and Bax, good indicators of apoptosis, were also evaluated in the
current study. Fig. 6b shows that CLP provoked expression of cleaved caspase-3 and Bax,
but decreased the level of Bcl-2 protein as shown by Western blot analysis. Importantly,
these alterations were greatly prevented by TLR9 ablation.

4. Discussion

TLRs play a crucial role in a number of pathological processes including sepsis. Based on
this notion, previous studies put focus on the development of drugs (TLR agonists or
antagonists) for improving sepsis management [22]. Especially TLR4 antagonists have
attracted much interest into their efficacy and safety in patients with severe sepsis. By
contrast, here we discovered that blockade of TLR9 dampened excessive inflammatory
response in sepsis and decreased the mortality of septic animals, implicating that TLR9
inhibition may form the basis of a new strategy for the clinical treatment of sepsis.

Of the identified TLRs in mammals, TLR9 is located in the endosomal compartment and
recognizes unmethylated CpG motifs in viral and bacterial DNA [4]. In recent years, TLR9
has entered the focus of sepsis-associated researches, and been demonstrated to be an
important player in the pathogenesis of sepsis. For example, previous publications show that
both pharmacological and genetical inhibition of TLR9 decreased mortality after
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polymicrobial sepsis and protected from acute kidney injury, a frequent and serious
complication of sepsis [23, 24]. Additionally, TLR9 is suggested to be a key mediator for
the induction of vascular dysfunction in polymicrobial sepsis [25]. In the colon ascendens
stent peritonitis-induced sepsis model, TLR9 deficient mice exhibited significant reduction
of cardiac inflammation and a sustained hear function compared with their WT counterparts
[26]. Consistently, administration of CpG-ODN, a TLR9 agonist, induced increased levels
of inflammatory cytokines and nuclear factor _B activity in hearts [27].

The mechanisms by which TLR9 inhibition restrains the excessive inflammatory response in
sepsis need to be elucidated. It is well appreciated that p38 is a critical mediator of the
release of proinflammatory cytokines [28, 29]. Importantly, TLR9 activation positively
regulates p38 activity in multiple conditions [30, 31]. In this regard, we investigated whether
TLR9 deficiency affect activation of p38 in CLP-induced sepsis. Our results demonstrating
dampened p38 phosphorylation by TLR9 deficiency indicate that decreased p38 activation
may be involved in the protection of TLR9 inhibition against inflammatory response in
sepsis. PI3K/Akt signaling pathway is a negative regulator of TLR-mediated innate immune
response [32]. It has been shown that PI3K/Akt pathway plays a pivotal role in the negative
regulation of inflammatory process in sepsis [33]. An earlier study on Akt transgenic mice
documented a marked improvement in sepsis survival after CLP [34]. In the current study,
we observed preserved Akt phophorylation in septic TLR9 KO mice, indicating that
activation of PI3K/Akt pathway may be an additional mechanism for the protective effect of
TLR9 inhibition against sepsis. Negative regulation of Akt activity by TLR9 was also noted
in our previous publication [35] and the mechanisms underlying this would be investigated
in our future work.

Sepsis provokes immune cell apoptosis, which has been identified as one of the key
pathways involved in the pathophysiology of sepsis [36]. Indeed, the notion that prevention
of apoptosis is a promising therapy in sepsis has been supported by numerous experimental
studies which documented improved survival by suppressing apoptosis in the sepsis models
[34, 37]. Getts et al recently demonstrated that inflammatory monocytes undergo apoptosis
in the spleen with the sodium thioglycollate (TG) peritoneal inflammation mouse model of
colitis [38]. Even in CLP sepsis model, methods that interfere with the progress of apoptosis
have been demonstrated to prevent cell apoptosis and protect against polymicrobial
endotoxic shock, further indicating that apoptosis promotes the induction of sepsis [39,40].
In the current study, we observed that TLR9 ablation prevented apoptosis in the spleen after
CLP as demonstrated by decreased percent of TUNEL-positive cells, lowered expression
levels of cleaved caspase-3 and Bax, but increased Bcl-2 protein when compared to WT
littermates. Therefore, prevention of apoptosis might be involved in the protective
mechanisms of TLR9 deficiency against septic damage. Simultaneously, we found enhanced
Akt activation in the spleen of TLR9 KO mice. Thus, there is a possibility that activation of
PI3K/Akt signaling pathway is involved in the protection of TLR9 deficiency against splenic
apoptosis. Congruously, previous studies reported that inhibition of Akt promotes apoptosis
but overexpression of Akt prevents against apoptosis in the spleen of septic animals [33, 34].

In the present study, the inhibition of TLR9 deficiency on induction of sepsis is unlikely
dependent on its limit on bacteria spread, since there was no significant difference in the
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levels of both blood and peritoneal bacteria between WT and TLR9 KO septic mice (data
not shown). This is consistent with the notion that death in early sepsis (days 2 to 4) is
mainly due to hyper-inflammation but not bacterial overgrowth which plays a major role in
late sepsis (days 14 to 16) [11]. Additionally, the mechanisms of the protective effect of
TLR9 deficiency might also be related to the attenuation of vascular dysfunction [25] or
improvement of cardiac dysfunction [27] due to its down-regulation of inflammatory
cytokines.

In summary, TLR9 ablation suppressed p38 activation, augmented Akt phosphorylation,
restrained cytokine expression, prevented apoptosis of splenocytes and improved survival in
sepsis. These results implicate the beneficial effectTLR9 inhibition in sepsis and open a
novel promising target for the management of sepsis.
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Fig. 1.

TLR9 KO mice are less susceptible to CLP-induced polymicrobial sepsis. WT and TLR9
KO mice (n = 20-24 per group) were subjected to CLP and then monitored for survival for
up to 120 h.
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Deletion of TLR9 attenuates p38 activation upon sepsis. a WT mice underwent CLP
procedure. Spleen, liver and lung were harvested at the indicated times after CLP. Levels of
phosphorylated p38 were examined using Western blotting. b Age-matched WT and TLR9
KO mice were subjected to CLP. At 6 h after CLP, mice were sacrificed. Cellular lysates
were extracted from spleen, liver and lung. Expression of phospho-p38 was determined by
immunoblotting. The values are mean * S.E.M. of three independent experiments. * p <
0.05; ** p< 0.01; *** p< 0.001.
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TLR9 deficiency enhances Akt activation in polymicrobial sepsis. a WT mice were
subjected to CLP. Spleen, liver and lung were harvested at the indicated times after CLP.
Levels of phosphorylated Akt were evaluated using Western blotting. b Age-matched WT
and TLR9 KO mice were subjected to CLP. Spleen, liver and lung were harvested at 6 h
after CLP. Expression of phospho-Akt was determined by immunoblotting. The values are
mean + S.E.M. of three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Fig. 4.

TLR9 deficiency suppresses cytokine response to CLP. Age-matched WT and TLR9 KO
mice were subjected to CLP. At the indicated times after CLP, serum samples were
collected. Levels of IL-6, IL-10, IFN-y and TNF-y in the sera were determined by ELISA.
Data are mean £ SD for 5 mice per group. * p < 0.05; ** p< 0.01; *** p < 0.001.
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Fig. 5.

TER9 deficiency dampens cytokine production in the spleen after CLP. Age-matched WT
and TLR9 KO mice were subjected to CLP. At 6 h after CLP, mouse spleens were
harvested. Splenic CD4* T cells were isolated and cultured with anti -CD3/anti-CD28
antibodies for the indicated times. Levels of IL-6 and IL-10 in the supernatants were
determined by ELISA (a). RNA was extracted from CD4* T cells and quantitative real-time
PCR was performed (b). Data are mean + SD for 4 mice per group. * p < 0.05; ** p< 0.01;
*** p<0.001.
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Fig. 6.

TLR9 deficiency protects splenocytes against sepsis-induced apoptosis. a Age-matched WT
and TLR9 KO mice (n=5 per group) underwent CLP operation. Spleens were harvested at
the indicated times after CLP. Apoptotic cells in spleens examined by TUNEL staining.
TUNEL data are represented as mean + SD. b Age-matched WT and TLR9 KO mice
underwent CLP operation. Spleens were harvested at 6 after CLP. Cellular lysates were
isolated. Expression of cleaved caspase-3, Bcl-2, Bax and phospho-Akt were determined by
immunoblotting. The values are mean + S.E.M. of three independent experiments. * p <
0.05; ** p<0.01; *** p<0.001.
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