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Abstract

Introduction: Endotoxin tolerance improves outcomes from gram negative sepsis but the underlying mechanism is not
known. We determined if endotoxin tolerance before or after pneumococcal sepsis improved survival and the role of
lymphocytes in this protection.

Methods: Mice received lipopolysaccharide (LPS) or vehicle before or after a lethal dose of Streptococcus pneumoniae.
Survival, quantitative bacteriology, liver function, and cytokine concentrations were measured. We confirmed the necessity
of Toll-like receptor 4 (TLR4) for endotoxin tolerance using C3H/HeN (TLR4 replete) and C3H/HeJ (TLR4 deficient) mice. The
role of complement was investigated through A/J mice deficient in C5 complement. CBA/CaHN-Btkxid//J mice with
dysfunctional B cells and Rag-1 knockout (KO) mice deficient in T and B cells delineated the role of lymphocytes.

Results: Endotoxin tolerance improved survival from pneumococcal sepsis in mice with TLR4 that received LPS
pretreatment or posttreatment. Survival was associated with reduced bacterial burden and serum cytokine concentrations.
Death was associated with abnormal liver function and blood glucose concentrations. Endotoxin tolerance improved
survival in A/J and CBA/CaHN-Btkxid//J mice but not Rag-1 KO mice.

Conclusions: TLR4 stimulation before or after S. pneumoniae infection improved survival and was dependent on T-cells but
did not require an intact complement cascade or functional B cells.
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Introduction

Sepsis remains an important cause of global deaths and is

associated with a dysregulated immune response leading to organ

failure and death [1]. Many of these cases are due to

pneumococcal infection including community acquired pneumo-

nia and meningitis [2]. Although antibiotic resistance occurs in

Streptococcus pneumoniae, most infections should be adequately

treated by available antibiotics [3]. Despite this, patients who

develop severe sepsis or septic shock from pneumococcal infection

still have relatively poor outcomes [4]. These poor outcomes may

be related to the host response to infection.

The innate immune system allows a rapid response to infection

via toll-like receptors (TLRs) and other pathogen recognition

receptors which trigger down-stream inflammation. Cell-wall

components (peptidoglycan and lipoteichoic acid) of the pneumo-

coccus are recognized by TLR2 and the inflammatory response of

murine macrophages to the pneumococcal toxin pneumolysin

depends on TLR4 [5]. Additionally, mice that lack TLR4 are

significantly more susceptible to invasive disease and death

following infection with pneumococci, compared to wild-type

mice [6,7]. These data suggest an important protective role for

both TLR2 and TLR4 in the host response to pneumococcal

infection.

Although the innate immune response is important to contain

infections, dysregulation of the response can lead to deleterious

outcomes. It has been previously shown that administration of low

concentrations of cell-wall components such as lipopolysaccharide

(LPS) or lipoprotein confers immune tolerance resulting in

resistance to subsequent normally lethal exposure to cell-wall

proteins or live bacteria [8–13]. This endotoxin tolerance is
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associated with an attenuated inflammatory response and has

previously been attributed to a down-regulation of macrophage

responsiveness [14–16].

It is not currently known whether the beneficial effects of

endotoxin tolerance extend to pneumococcal infection or which

other components of cellular immunity are required. Recent

studies have suggested an important role for T and B-cells in the

immunopathogenesis of sepsis [17,18]. Therefore this study was

designed to determine if the survival benefit of endotoxin tolerance

would extend to a Streptococcus pneumoniae infection and whether T

and B cells are required for the beneficial effects of endotoxin

tolerance.

Materials and Methods

Experimental animals and reagents
Female C57BL/6, CBA/CaHN-Btkxid//J, A/J, Rag-1 KO

(Jackson laboratories, Bar Harbor), C3H/HeN and C3H/HeJ

(Charles River) mice, 8–10 weeks of age and weighing approxi-

mately 20 grams each, were kept in a sterile environment prior to

the start of experiments. The mice were provided standard chow

and water ad libitum in a 12-hr light/dark cycle. We used C3HeJ

mice which are TLR4 deficient along with C3H/HeN mice which

are TLR4 replete to determine whether the survival benefit of LPS

pretreatment is dependent upon TLR4. To investigate the

involvement of the activity of complement components in

endotoxin tolerance and control of bacterial infection we used

C5 deficient A/J mice. To evaluate the role of B cells and antibody

production in endotoxin tolerance we used CBA/CaHN-Btkxid//J

mice which express the X-linked immunodeficiency gene xid. This

B-lymphocyte-specific defect results in an inability to launch an

antibody response to thymus-independent type II antigens. They

have low serum IgM and IgG3 and a reduced number of B-cells.

Moreover, the B-cells that are present have a reduced surface IgM

to IgD ratio, which suggests a disorder in B-cell maturation. We

did not perform any random testing to confirm dysfunctionality or

functionality in the modified strains prior to including them in our

experiments.

Ultrapure Escherichia coli 0111:B4 LPS was purchased from

InvivoGen (San Diego, USA). In all cases, vehicle used was

phosphate buffered saline. Isothesia-isoflurane was purchased from

Butler Schein Animal Health (Dublin, OH). The protocol used in

the present study was approved by the Animal Care and Use

Committee, University of Virginia, USA (Protocol 1096). Our

studies were designed to investigate methods to improve survival

from sepsis, so we used the clinical endpoint of death for these

studies; however, in order to minimize suffering, if a mouse was

found in a moribund state as defined by the University of Virginia

Institutional Animal Care and Use Committee they were

anesthetized with ketamine/xylazine prior to cervical dislocation.

Animals were monitored every 6 hours after the onset of

experimental sepsis.

Bacteria
Streptococcus pneumoniae ATCC 6302TM from the American Type

Culture Collection (Manassas, VA, USA) were grown as previ-

ously described [19]. Briefly, bacterial stock stored at -70uC was

thawed and resuscitated by two consecutive passes on 5% sheep

blood Tryptic soy agar (TSA) supplemented with 0.5% yeast

extract and incubated for 15 hours under 5% CO2 atmosphere.

Colonies from the second plate were inoculated into 10 ml of

supplemented Brain Heart Infusion broth, followed by 3 successive

1:10 dilutions into identical liquid media. All tubes were incubated

for 12 hours under 5% CO2 atmosphere. One ml of bacterial

suspension taken from the most diluted tube with visible growth

was inoculated into 9 ml of supplemented Brain Heart Infusion

broth and incubated for 3 hours at 37uC under 5% CO2

atmosphere. Optical density was measured to obtain the desired

concentration (Vitek 15 = 108 CFU/ml) and serial dilutions were

plated on 5% sheep blood TSA to ensure final concentration of

approximately 108 CFU/ml.

Infection and survival
Mice received 5 intravenous (iv) injections of 10 ug of highly

purified LPS or vehicle at 12 hour intervals 48 hours prior to iv

administration of a lethal dose (26106 cfu) of S. pneumoniae in a

50 ml suspension. In some experiments LPS was given 3 or 6 hours

after bacterial challenge and then every 12 hours thereafter for

two days. In these experiments, ceftriaxone was also given at

6 hours after bacterial challenge. Controls for all experiments

received PBS instead of LPS. Survival was monitored for 5 days

after bacterial challenge.

Quantitative bacteriology
Mice were anaesthetized with Isothesia-isofluraneTM and blood

was collected by cardiac puncture prior to sacrifice via cervical

dislocation. Lungs were dissected carefully and excised, and then

separately homogenized in 25 ml of saline by teasing with a

stainless mesh at room temperature. Blood and lung homogenates

collected at t = +6 hours were serially diluted 10-fold with sterile

physiological saline or PBS, and 0.2 ml samples of the various

dilutions were inoculated onto 5% sheep blood TSA. The plates

were incubated at 37uC 5% CO2 overnight. Colonies were

enumerated and bacterial counts were expressed as the log

number of CFU per milliliter of blood.

Biochemical assays for liver function
Serum concentrations of glucose, aspartate aminotransferase

(AST), and alanine aminotransferase (ALT) were determined in

blood samples collected 6 hours after S. pneumoniae inoculation.

Heparinized blood samples were spun at 10, 0006g for 15 minutes

then serum samples were collected and frozen at 270uC until

blood chemistry activities were analyzed. Biochemical assays for

liver function were analyzed by the Clinical Pathology Laboratory

at the University of Virginia Medical Center by use of an

automated spectrophotometric assay (Abbott Architect C8000).

Cytokine measurements
Blood samples from untreated controls and LPS pretreated mice

were collected at different time points after bacterial infection.

Figure 1. Survival curves for control (N = 18) and LPS pretreat-
ed mice (N = 29) following intravenous bacterial challenge with
26106 CFU of S. pneumoniae culture, *log-rank test, p,0.001.
doi:10.1371/journal.pone.0086015.g001

T-Cells Needed for Protection by TLR4 in Sepsis
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Individual sera were separated from blood by centrifugation and

stored at 270uC until cytokine assays were performed. Serum

cytokines were determined by using protein-based multiplex

immunoassay system (Bio-Rad Laboratories, Hercules, CA) in

duplicates per sample according to the manufacturer’s instructions.

Statistical analysis
Culture data from each time point were expressed as mean log

CFU 6 standard deviation (SD) for each group. Statistical

comparisons of cytokine values were done by a 2 tailed Student’s

t-Test (Microsoft Excel software, Microsoft Corporation, Redmond,

WA). Survival data were plotted and statistical analysis for survival

studies was performed using the log-rank test with GraphPad Prism,

version 5.0 for windows (GraphPad PRISM Software, San Diego,

CA). Data are displayed as means 6 SD unless otherwise stated.

Differences were considered statistically significant when p,0.05.

Results

Survival
Initial studies focused on whether survival from endotoxin

tolerance could be extended to mice that received LPS pretreatment

Figure 2. (A) Survival curves for C57BL/6 mice treated with LPS with or without ceftriaxone after bacterial challenge. Mice were
treated with LPS 3 hours (N = 7) or 6 hours (N = 5) and then every 12 hours after bacterial challenge for 2 days and compared with PBS treated
controls (N = 10); (B) Survival curves for C57BL/6 mice treated with LPS and ceftriaxone (N = 20) 6 hours after bacterial challenge compared to controls
(N = 18) that received ceftriaxone and PBS 6 hours after bacterial challenge, *log-rank test, p,0.001.
doi:10.1371/journal.pone.0086015.g002

T-Cells Needed for Protection by TLR4 in Sepsis
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before challenge with S. pneumoniae. C57BL/6 mice were pretreated

with PBS or LPS as described above and infected with S. pneumoniae

2 h after the last LPS injection. The onset of clinical symptoms such

as piloerection and inactivity were observed earlier by 6–12 h in the

control group, whereas the LPS pretreated group showed no

symptoms of disease during the first 24 hours. Survival for LPS

pretreated C57bl/6 was 90% (N = 26 of 29) compared to 0% (n = 0

of 18; p,0.001) in untreated controls (Figure 1). Median survival

times for LPS pretreated and control mice were 96 and 48 hours

respectively.

Having shown that LPS pretreatment improved survival in mice

challenged with S. pneumoniae we set out to determine whether the

same benefit would occur in mice that received posttreatment

LPS. In the absence of antibiotic administration, LPS given

3 hours after S. pneumoniae infection improved survival to 42% (3 of

Figure 3. Bacterial clearance in (A) blood (N = 5–8 per group),
and (B) lung homogenates (N = 3 per group) after S. pneumoniae
challenge in LPS pretreated and PBS treated control mice. The
results are expressed as the mean and standard deviations (SDs) are
indicated by error bars, *t-test, p,0.05.
doi:10.1371/journal.pone.0086015.g003

Figure 4. Mean ± SD serum (A) AST,(B) ALT, and (C) glucose
concentrations at 6 hours after pneumococcal challenge in
mice that received LPS pretreatment compared to controls
(N = 4–6 per group), *t-test, p,0.05.
doi:10.1371/journal.pone.0086015.g004

T-Cells Needed for Protection by TLR4 in Sepsis
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7) compared to 0% in controls (0 of 10; p = 0.03; Figure 2A).

Administration of LPS alone at 6 hours or more after infection did

not confer additional protection to infected mice. However, there

was a greater survival benefit when LPS was administered 6 hours

after S. pneumoniae infection with the addition of ceftriaxone

administered 6 hours after pneumococcal challenge compared to

mice that only received ceftriaxone 6 hours after infection (80%,

16 of 20 vs. 33%, 6 of 18; p,0.001; Figure 2B).

Bacteriological analysis from blood and lungs
To determine whether the beneficial effects of LPS pretreatment

were due in part to a change in infectious burden we measured the

bacterial load in blood and lung homogenates of control and LPS

pretreated mice after infection with S. pneumoniae. Systemic bacter-

emia (blood and lung) was reduced by at least four logs in LPS

pretreated mice compared to the control untreated group (Figure 3A

and 3B). A difference in bacterial load between LPS pretreated and

control mice was observed as early as 6 hours after infection.

The effect of pretreatment with low dose of LPS on
blood chemistry in C57BL/6 mice

To determine the effect of LPS pretreatment on blood

chemistry and determine if excessive liver injury may contribute

to increased mortality, release of the hepatocyte-associated

enzymes AST and ALT into the peripheral blood was examined.

Serum activities of AST and ALT were statistically significantly

reduced in the LPS pretreated mice compared with the control

mice 6 hours after bacterial challenge (Figure 4A and 4B). LPS

pretreatment reduced the AST and ALT to near baseline.

The blood glucose concentration was decreased at 6 hours after

bacterial challenge in the control infected mice when compared

with naı̈ve mice. However, the blood glucose concentrations of the

LPS pretreated mice at 6 hours after bacterial challenge were very

close to those of naı̈ve mice. The concentration of blood glucose in

LPS pretreated mice was higher (near baseline) compared to the

infected control mice 6 hours after bacterial challenge (Figure 4C).

LPS pretreatment prevented hypoglycemia and increased survival.

The effect of LPS pretreatment on cytokine production in
C57Bl/6 mice

One of the hallmarks of endotoxin tolerance is the down-

regulation of cytokine production therefore we determined

whether this held true for mice challenged with S. pneumoniae after

LPS pretreatment. Differences in cytokine and chemokine

concentrations were noted as early as 3 hours after bacterial

challenge which were more pronounced by 6 hours (Table 1).

Requirements of TLR4 for activation of innate immune
effectors by highly purified LPS

Having determined that LPS pretreatment could improve

survival and decrease inflammation, transaminitis, and hypogly-

cemia, we focused on the mechanism of this phenomenon. LPS

pretreatment improved survival in C3H/HeN mice (60%, N = 5 of

8, p = 0.009; Figure 5A) but not TLR4 deficient C3H/HeJ mice

(0%, N = 0 of 17, p = 0.7; Figure 5B). Median survival times for

Table 1. Mean serum concentrations of cytokines and chemokines at 3 and 6 hours after bacterial challenge in LPS pretreated and
PBS pretreated control mice (n = 7–10 per group).

T = 3 hours T = 6 hours

Cytokine or
Chemokine Sp alone LPS p-value Sp alone LPS p-value

TNF-a 3301.362827.9 60627.3 0.05 12254.865190 50.5643.4 0.001

IL-1a 422.8699.9 126.8670.8 0.003 1148.1621 87.8687.7 0.001

IL-1b 646114.9 48615.6 0.05 798.36483.8 3.867.7 0.001

IL-3 131.5627.5 16.568.9 0.003 163.3626.4 9.5611.9 0.001

IL-4 72.5640.6 31.5619.2 0.50 106.8658.4 2.866.2 0.002

IL-5 268.16133.1 38.8632.0 0.05 184.6651.3 11.4610.8 0.001

IL-6 909861094 236692.1 0.001 913062812.8 87.56117.4 0.001

IL-10 67.5626.6 5046321.8 0.012 237.56115.9 60631.8 0.001

IL-12p40 1119461429 14926333.7 0.001 990864710.8 685.56964.8 0.001

IL-12p70 1816.56538.3 27.5611.1 0.005 3161.562249.8 606472.8 0.0001

IL-13 30.7613.4 9.562.4 0.002 40665.1 3916256.9 0.112

IL-17 407.56145.5 24.5613.1 0.05 353.86228.6 100.86252.2 0.14

Eotaxin 153.3628.9 32625.5 0.008 5566315 3.565.3 0.01

G-CSF 153336355.7 803562776.2 0.03 1078862054 446661726.1 0.03

GM-CSF 3016157.7 77.5625.8 0.5 250.86244.3 35620.8 0.001

IFN-c 11156751.3 27625.4 0.05 4168.563830 6.5611.1 0.001

KC 161686666.7 10766289.7 0.001 1669161523.6 4526156.8 0.001

MIP-1a 175161083.2 167.5652.6 0.01 422761292.5 42631.8 0.0001

MCP-1 98816495.9 14126726.3 0.01 102546543.5 1876780.5 0.0001

RANTES 12666312.3 200.8665.6 0.0004 284161584.5 88.5657.4 0.0009

MIP-1b 13206571.9 97.360.7 0.009 253661275.5 18.8623.6 0.02

doi:10.1371/journal.pone.0086015.t001

T-Cells Needed for Protection by TLR4 in Sepsis
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control and LPS pretreatment C3H/HeN mice were 48 hours and

72 hours, respectively. In C3h/HeJ mice, the median survival

times for LPS pretreatment and controls were similar at 17 and

24 hours respectively. Cytokine production was attenuated in

C3H/HeN LPS pretreated mice compared to control mice. There

was no statistical difference in the concentration levels of

inflammatory cytokines between the LPS pretreatment and

untreated C3H/HeJ mice (Figure 6A–D).

The role of complement and T and B cells in LPS induced
tolerance

LPS pretreatment improved survival in both C5 deficient A/J

mice (85%, N = 12 of 14, p,0.0001) and B cell dysfunctional

CBA/CaHN-Btkxid//J mice (80%, N = 8 of 10, p,0.005)

compared to controls (Figure 7A and 7B). For A/J mice the

median survival time for treated and untreated mice was 96 hours

and 34 hours respectively and for CBA/CaHN-Btkxid//J mice the

median survival time was 140 hours and 46 hours respectively.

Since complement and B-cell function were not crucial to the

survival benefit of endotoxin tolerance we also used Rag-1

knockout mice which are deficient in both T and B-cells to

determine the role of T-cells. In contrast to mice with complement

deficiency or B-cell dysfunction, LPS pretreatment did not

improve survival in Rag-1 KO mice (0%, N = 0 of 15) when

compared to the control group (0%, N = 0 of 8, p = 0.3; Figure 7C).

These data support the pivotal role of T-cells in the survival benefit

obtained from endotoxin tolerance during pneumococcal sepsis.

Discussion

In this study we have shown the importance of T-cells in the

protective effect of TLR4 stimulation in the setting of experimen-

tal sepsis. Furthermore, we have shown that TLR4 stimulation

improves survival even when it occurs after the onset of

pneumococcal sepsis. The first finding provides insight into the

mechanism underpinning endotoxin tolerance and the second has

implications for the clinical application of this intervention.

Endotoxin tolerance has previously been noted with LPS or live

bacterial challenge after a preceding exposure to low doses of LPS.

In our study we show for the first time that secondary exposure to

LPS after primary pneumococcal infection still conveyed protection.

This novel finding suggests that the mechanism of endotoxin

tolerance is independent of the primary innate immune response

that occurs with a gram positive pathogen such as S. pneumoniae.

Another study showed that endotoxin tolerance improved bacterial

clearance and improved survival in mice infected with Staphylococcus

aureus, another gram positive pathogen [12]. It has also been shown

that cell wall products from gram positive pathogens can improve

survival from gram positive and gram negative pathogens [10,11].

Our data along with others reveal a redundancy in the innate

immune response to cell wall products which manifests as a

reduction in inflammation whether or not TLR4 stimulation occurs

before or after a live bacterial challenge. Whether tolerance also

occurs with secondary TLR stimulation with peptidoglycan or

another cell wall product after primary infection is not known.

An important finding in our study was that bacterial clearance

occurred to a greater degree in the setting of endotoxin tolerance

than in control mice. In TLR4 deficient mice, the bacterial burden

was similar in mice that received LPS pretreatment compared to

controls. The paradox of a reduction in bacterial burden in a hypo-

inflammatory setting implies a control of bacterial infection beyond

the hyper-inflammatory innate immune response that usually

occurs. This control may occur through an increased neutrophil

response as endotoxin tolerance leads to enhanced neutrophil

extracellular trap formation and a more efficient bacterial clearance

in mice [20]. There is also decreased neutrophil apoptosis in

endotoxin tolerant mice which leads to improved bacterial

clearance in septic mice [21]. An increase in Kupffer cell numbers

and enhanced phagocytic activity of the liver in endotoxin tolerant

mice also improves bacterial clearance in septic mice [22]. Since

endotoxin tolerance led to increased survival in A/J and CBA/

CaHN-Btkxid//J mice deficient in C5 complement and B cell

function respectively, the increased bacterial clearance is likely

complement and antibody independent.

It has recently been shown that in the early phase of human

severe sepsis there is an increase in the percentage of activated

(CD69+) T-cell subsets compared to healthy controls [23]. Also, in

patients with severe sepsis increased granzyme levels in cytotoxic

T-cells are associated with disease severity. Additionally, T-cells

are activated and recruited to the lungs of mice early after

infection with S. pneumoniae [24]. Furthermore, MHC class II-

deficient mice which are largely devoid of CD4+ T-cells and

CD4+ T-cell antibody depleted or cyclosporine treated mice

exhibited a significantly higher median survival time than wild-

type control mice [25]. This survival benefit was accompanied by

a decrease in serum inflammatory cytokines. In another study,

reduction of ab but not cd T-cells improved survival after cecal

ligation and puncture [26]. Taken together, these data suggest that

T-cells play an important role in the mediation of inflammation,

morbidity, and mortality from sepsis. Our data reveal a crucial

role for T-cells in the mechanism of endotoxin tolerance to sepsis.

Although the mechanism of endotoxin tolerance is not fully

Figure 5. Survival curves for (A) C3H/HeN (N = 8) and (B) TLR4-
deficient C3H/HeJ (N = 17) mice challenged with S. pneumoniae
after pretreatment with LPS compared to PBS treated controls,
*log-rank test, p,0.05.
doi:10.1371/journal.pone.0086015.g005

T-Cells Needed for Protection by TLR4 in Sepsis
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delineated, in a relevant model of asthma, endotoxin tolerance

attenuated airway allergic inflammation by suppression of the T-

cell stimulatory effect of dendritic cells [27].

In our experiments the benefit of endotoxin tolerance in survival

from pneumococcal sepsis was dependent on both T cells and

TLR4. TLRs are important mediators of inflammation and are

increasingly associated with T-cell biology [28]. Both CD4+ T-

cells and CD8+ T-cells express appreciable levels of mRNA for

various TLRs including TLR4 [29,30]. Regulatory T-cells (Tregs)

express TLRs which are activated by endotoxin and TLR4 hyper

function in vivo potentiates Treg function to curtail TLR4-

dependent autoimmunity [31,32]. Endotoxin tolerance can induce

a marked resistance of lymphocytes against cell death during the

subsequent period of sepsis [33]. In addition, endotoxin tolerance

produces an increased differentiation of T-lymphocytes to TH1 and

TH2, with a TH1 differentiation predominance [33]. Therefore,

improved survival after pneumococcal challenge in the setting of

endotoxin tolerance may be attributed to alterations in T-cell

function which were manifested by differences in expression of

cytokines and chemokines in blood. Further work is required to

determine which T-cell subsets and signaling pathways are required

to potentiate the effects of endotoxin tolerance.

Conclusions

This study provides evidence that induction of endotoxin

tolerance, despite reducing cytokine production, improves host

defense against infection with a virulent strain of S. pneumoniae.

Furthermore, endotoxin tolerance can occur after the onset of

pneumococcal sepsis. This finding has obvious clinical importance

for episodes of acute sepsis. TLR4 agonist activity can therefore be

potentially exploited to provide short-term resistance to infectious

challenge. However, caution exists regarding the efficacy of

endotoxin tolerance in the hypo-inflammatory late stages of sepsis

which is thought to be permissive to opportunistic and second-hit

infections [34–37]. Nonetheless, our data provide novel insights

into the application of endotoxin tolerance as a therapeutic

intervention for pneumococcal sepsis as well as the role of T-cells

in this phenomenon. Further work is required to delineate the best

use of this immune modulation for the best clinical effect as well to

better understand the role of T-cells in endotoxin tolerance.

Figure 6. Serum concentrations of (A) TNF-a, (B) IL-1b, (C) IL-6, and (D) IFN-c at 6 hours after bacterial challenge in LPS pretreated
and PBS pretreated control C3H/HeN and C3H/HeJ mice (n = 5 per group), *t-test, p,0.05.
doi:10.1371/journal.pone.0086015.g006

T-Cells Needed for Protection by TLR4 in Sepsis

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e86015



Author Contributions

Conceived and designed the experiments: EM CCM ENM WMS.

Performed the experiments: EM CCM ENM. Analyzed the data: EM

CCM ENM WMS. Contributed reagents/materials/analysis tools: EM

CCM ENM WMS. Wrote the paper: EM CCM WMS.

References

1. Adhikari NK, Fowler RA, Bhagwanjee S, Rubenfeld GD (2010) Critical care

and the global burden of critical illness in adults. Lancet 376: 1339–1346.

S0140-6736(10)60446-1.

2. Martin GS, Mannino DM, Eaton S, Moss M (2003) The epidemiology of sepsis

in the United States from 1979 through 2000. N Engl J Med 348: 1546–1554.

3. Appelbaum PC (2002) Resistance among Streptococcus pneumoniae: Implica-

tions for drug selection. Clin Infect Dis 34: 1613–1620.

4. Dremsizov T, Clermont G, Kellum JA, Kalassian KG, Fine MJ, et al (2006)

Severe sepsis in community-acquired pneumonia: when does it happen, and do

systemic inflammatory response syndrome criteria help predict course? Chest

129: 968–978.

5. Khan AQ, Shen Y, Wu ZQ, Wynn TA, Snapper CM (2002) Endogenous pro-

and anti-inflammatory cytokines differentially regulate an in vivo humoral

response to Streptococcus pneumoniae. Infect Immun 70: 749–761.

6. Klein M, Obermaier B, Angele B, Pfister HW, Wagner H, et al (2008) Innate

immunity to pneumococcal infection of the central nervous system depends on

toll-like receptor (TLR) 2 and TLR4. J Infect Dis 198: 1028–1036.

7. Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, et al (1999) Cutting

edge: recognition of Gram-positive bacterial cell wall components by the innate

immune system occurs via Toll-like receptor 2.

8. O’Brien GC, Wang JH, Redmond HP (2005) Bacterial lipoprotein induces

resistance to Gram-negative sepsis in TLR4-deficient mice via enhanced

bacterial clearance. J Immunol 174: 1020–1026.

9. Murphey ED, Fang G, Varma TK, Sherwood ER (2007) Improved bacterial

clearance and decreased mortality can be induced by LPS tolerance and is not

dependent upon IFN-gamma. Shock 27: 289–295.

10. Murphey ED, Fang G, Sherwood ER (2008) Pretreatment with the Gram-

positive bacterial cell wall molecule peptidoglycan improves bacterial clearance

and decreases inflammation and mortality in mice challenged with Staphylo-

coccus aureus. Crit Care Med 36: 3067–3073.

11. Murphey ED, Sherwood ER (2008) Pretreatment with the Gram-positive

bacterial cell wall molecule peptidoglycan improves bacterial clearance and

decreases inflammation and mortality in mice challenged with Pseudomonas

aeruginosa. Microbes Infect 10: 1244–1250.

12. Murphey ED, Fang G, Sherwood ER (2008) Endotoxin pretreatment improves

bacterial clearance and decreases mortality in mice challenged with Staphylo-

coccus aureus. Shock 29: 512–518.

13. Chen Y, Liu B, Yang D, Li X, Wen L, et al (2011) Peptide mimics of

peptidoglycan are vaccine candidates and protect mice from infection with

Staphylococcus aureus. J Med Microbiol 60: 995–1002.

14. Kaufmann A, Gemsa D, Sprenger H (2000) Differential desensitization of

lipopolysaccharide-inducible chemokine gene expression in human monocytes

and macrophages. Eur J Immunol 30: 1562–1567.

15. Mengozzi M, Ghezzi P (1993) Cytokine down-regulation in endotoxin tolerance.

Eur Cytokine Netw 4: 89–98.

16. Mathison JC, Virca GD, Wolfson E, Tobias PS, Glaser K, et al (1990)

Adaptation to bacterial lipopolysaccharide controls lipopolysaccharide-induced

tumor necrosis factor production in rabbit macrophages. J Clin Invest 85: 1108–

1118.

17. Peck-Palmer OM, Unsinger J, Chang KC, Davis CG, McDunn JE, et al (2008)

Deletion of MyD88 markedly attenuates sepsis-induced T and B lymphocyte

apoptosis but worsens survival. J Leukoc Biol 83: 1009–1018.

18. Unsinger J, Kazama H, McDonough JS, Hotchkiss RS, Ferguson TA (2009)

Differential lymphopenia-induced homeostatic proliferation for CD4+ and

CD8+ T cells following septic injury. J Leukoc Biol 85: 382–390.

19. Restrepo AV, Salazar BE, Agudelo M, Rodriguez CA, Zuluaga AF, et al (2005)

Optimization of culture conditions to obtain maximal growth of penicillin-

resistant Streptococcus pneumoniae. BMC Microbiol 5: 34. 1471-2180-5-34.

20. Landoni VI, Chiarella P, Martire-Greco D, Schierloh P, van-Rooijen N, et al

(2012) Tolerance to lipopolysaccharide promotes an enhanced neutrophil

extracellular traps formation leading to a more efficient bacterial clearance in

mice. Clin Exp Immunol 168: 153–163.

21. Feterowski C, Weighardt H, Emmanuilidis K, Hartung T, Holzmann B (2001)

Immune protection against septic peritonitis in endotoxin-primed mice is related

to reduced neutrophil apoptosis. Eur J Immunol 31: 1268–1277.

22. Lehner MD, Ittner J, Bundschuh DS, van RN, Wendel A, et al (2001) Improved

innate immunity of endotoxin-tolerant mice increases resistance to Salmonella

enterica serovar typhimurium infection despite attenuated cytokine response.

Infect Immun 69: 463–471.

23. Roger PM, Hyvernat H, Ticchioni M, Kumar G, Dellamonica J, et al (2012)

The early phase of human sepsis is characterized by a combination of apoptosis

and proliferation of T cells. J Crit Care 27: 384–393.

24. Napoli AM, Fast LD, Gardiner F, Nevola M, Machan JT (2012) Increased

granzyme levels in cytotoxic T lymphocytes are associated with disease severity

in emergency department patients with severe sepsis. Shock 37: 257–262.

25. LeMessurier K, Hacker H, Tuomanen E, Redecke V (2010) Inhibition of T cells

provides protection against early invasive pneumococcal disease. Infect Immun

78: 5287–5294.

26. Enoh VT, Lin SH, Lin CY, Toliver-Kinsky T, Murphey ED, et al (2007) Mice

depleted of alphabeta but not gammadelta T cells are resistant to mortality

caused by cecal ligation and puncture. Shock 27: 507–519.

27. Matsushita H, Ohta S, Shiraishi H, Suzuki S, Arima K, et al (2010) Endotoxin

tolerance attenuates airway allergic inflammation in model mice by suppression

of the T-cell stimulatory effect of dendritic cells. Int Immunol 22: 739–747.

28. Dai J, Liu B, Li Z (2009) Regulatory T cells and Toll-like receptors: what is the

missing link? Int Immunopharmacol 9: 528–533.

29. Mansson A, Adner M, Cardell LO (2006) Toll-like receptors in cellular subsets of

human tonsil T cells: altered expression during recurrent tonsillitis. Respir Res 7:

36.

Figure 7. Survival curves for LPS pretreated and PBS control
(A) A/J, (B) CBA/CaHN-Btkxid//J, and (C) Rag-1 KO mice after
challenge with S. pneumoniae (n = 4–14 mice per group), *log-
rank test, p,0.001.
doi:10.1371/journal.pone.0086015.g007

T-Cells Needed for Protection by TLR4 in Sepsis

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e86015



30. Zarember KA, Godowski PJ (2002) Tissue expression of human Toll-like

receptors and differential regulation of Toll-like receptor mRNAs in leukocytes

in response to microbes, their products, and cytokines. J Immunol 168: 554–561.

31. Caramalho I, Lopes-Carvalho T, Ostler D, Zelenay S, Haury M, et al (2003)

Regulatory T cells selectively express toll-like receptors and are activated by

lipopolysaccharide. J Exp Med 197: 403–411.

32. Dai J, Liu B, Ngoi SM, Sun S, Vella AT, et al (2007) TLR4 hyperresponsiveness

via cell surface expression of heat shock protein gp96 potentiates suppressive

function of regulatory T cells. J Immunol 178: 3219–3225.

33. Melo ES, Goloubkova T, Barbeiro DF, Gorjao R, Vasconcelos D, et al (2010)

Endotoxin tolerance: selective alterations in gene expression and protection

against lymphocyte death. Immunobiology 215: 435–442.

34. Boomer JS, To K, Chang KC, Takasu O, Osborne DF, et al (2011)

Immunosuppression in patients who die of sepsis and multiple organ failure.
JAMA 306: 2594–2605.

35. Jung E, Perrone EE, Liang Z, Breed ER, Dominguez JA, et al (2012) Cecal

ligation and puncture followed by methicillin-resistant Staphylococcus aureus
pneumonia increases mortality in mice and blunts production of local and

systemic cytokines. Shock 37: 85–94.
36. Muenzer JT, Davis CG, Dunne BS, Unsinger J, Dunne WM, et al (2006)

Pneumonia after cecal ligation and puncture: a clinically relevant "two-hit"

model of sepsis. Shock 26: 565–570.
37. Cook CH, Zhang Y, McGuinness BJ, Lahm MC, Sedmak DD, et al (2002)

Intra-abdominal bacterial infection reactivates latent pulmonary cytomegalovi-
rus in immunocompetent mice. J Infect Dis 185: 1395–1400.

T-Cells Needed for Protection by TLR4 in Sepsis

PLOS ONE | www.plosone.org 9 January 2014 | Volume 9 | Issue 1 | e86015


