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Abstract

Multiple organ dysfunction caused by hyperinflammation remains the major cause of mortal-

ity during sepsis. Excessive M1-macrophage activation leads to systemic inflammatory

responses. Gene related to anergy in lymphocytes (Grail) is regarded as an important regu-

lator of T cells that functions by diminishing cytokine production. However, its role in regulat-

ing macrophage activation and organ injury during sepsis remains unclear. Our aim was to

examine the effects of Grail on macrophage reactivity and organ injury in endotoxemic ani-

mals. Wild-type and Grail knockout mice were injected with vehicle or Escherichia coli lipo-

polysaccharide and observed for 24 h. Changes in blood pressure, heart rate, blood

glucose, and biochemical variables were then examined. Moreover, levels of neutrophil infil-

tration, MMP-9, and caspase 3 were analyzed in the lungs of animals. The expression of

pro-inflammatory cytokines in J774A, RAW264.7, and primary peritoneal macrophages

stimulated with LPS were also assessed in the presence or absence of Grail. Results indi-

cated that loss of Grail expression enhances the induction of pro-inflammatory cytokines in

J774A, RAW264.7, and primary peritoneal macrophages treated with LPS. Furthermore,

LPS-induced macrophage hyperactivation was alleviated by ectopic Grail overexpression.

In vivo studies showed that Grail deficiency exacerbates organ damage in endotoxemic ani-

mals. Levels of neutrophil infiltration, MMP-9, and caspase 3 were significantly increased in

the lungs of Grail-deficient endotoxemic mice. Thus, these results suggest that Grail contrib-

utes to the attenuation of hyperinflammation caused by activated macrophages and pre-

vents organ damage in endotoxemic mice. We suggest that Grail signaling could be a

therapeutic target for endotoxemia.
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Introduction

Sepsis and septic shock are still major challenges in intensive care units worldwide. Dysregu-

lated immune responses during sepsis result in the excessive release of pro-inflammatory cyto-

kines and mediators [1, 2]. Systemic inflammation leads to multiple organ dysfunction and a

high incidence of mortality [3]. Thus, the identification of factors that can be targeted to miti-

gate inflammation during sepsis is needed.

The overproduction of inflammatory mediators leads to subsequent tissue damage and

multiple organ dysfunction. Macrophages play an important role in innate immunity and

inflammatory diseases. Activation of Toll-like receptors (TLRs) on macrophages by inflamma-

tory factors (e.g. lipopolysaccharide, LPS) increases the secretion of various inflammatory

cytokines to eradicate the invading organisms [4, 5]. Further, severe activation of M1-macro-

phages often results in the development systemic inflammatory responses, multiple organ fail-

ure, and shock [6, 7]. During the early phase of sepsis, activated M1-macrophages cause hyper-

inflammation through the production of pro-inflammatory cytokines and antigen-presenting

functions [8]. This altered signaling in macrophages is involved in organ injury during sepsis.

Gene related to anergy in lymphocytes (Grail) has been identified as an important regulator

of T cell unresponsiveness, and functions by abrogating the expression of cytokines; deletion

of Grail in mice leads to the loss of the anergic phenotype [9, 10]. In response to viral infection,

Grail deficiency in mice leads to severe mortality and morbidity by via the control of TBK1

activation [11]. In addition, Grail has been reported to mediate p53-dependent cell cycle arrest

and apoptosis by targeting this protein for degradation [12]. Our previous study also demon-

strated that Grail interacts with PPAR-γ, thereby regulating adipogenesis and diet-induced

obesity [13]. This evidence reveals that Grail has multiple physiological functions in addition

to T cell anergy.

A recent study demonstrated the correlation between Grail expression and CD4 T cell

unresponsiveness in septic mice [14]. However, the role of this protein in the regulation of

LPS-induced macrophage activation and organ injury has not been fully studied in vivo.

Therefore, we compared macrophage reactivity and organ injury between wild-type and Grail

knockout endotoxemic mice to characterize the functional effect of Grail in sepsis.

Material and methods

Cell lines

J774A and RAW264.7 cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS

(Invitrogen). To isolate peritoneal macrophages, WT and Grail KO mice were injected with 1

ml of 3% Brewer thioglycollate medium into the peritoneal cavity for 4 days. Then, 10 ml of

PBS was administrated to the peritoneal cavity of the mouse, and peritoneal fluid was collected

into a 50-ml tube and centrifuged to obtain the peritoneal exudate cells. Finally, the superna-

tant was removed, and cell pellet was resuspended in DMEM.

Viral constructs and infections

For Grail knockdown experiments, Grail shRNA oligonucleotides were cloned into the pSIR-

EN-Retro-Q empty plasmid (Clontech; Grail shRNA target sequence: 50-gaggcatccaagtca-

caatgg-30). For Grail overexpression experiments, Grail cDNA was cloned into the pQCXIP

plasmid (Clontech). For retrovirus production, these plasmids were transfected into GP2-293

cells using TransIT-LT1 according to the protocol published on the Clontech website. The

cells were infected with the viruses and then treated with 2 μg/ml puromycin to select and

establish stable cell lines. The AAV Helper Free shRNA Expression System was also used
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according to manufacturer’s instructions (Cell Biolabs). Grail shRNA oligonucleotides were

cloned into the pAAV-U6-GFP plasmid (Grail shRNA target sequence: 50-gaggcatccaagtca-

caat-30). The pAAV-U6-GFP empty vector was used as a control. AAV production and infec-

tion were generated according to standard protocols (Cell Biolabs). Cells were stimulated with

LPS (100 ng/ml) for 3 h in the presence or absence of Grail.

Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was

approved by the Institutional Animal Care and Use Committee of National Defense Medical

Center (Taipei, R.O.C., Taiwan) (Permit Number: IACUC-17-020). All surgery was performed

under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Animal ethics and experimental protocols

The animal studies were permitted by the Institutional Animal Care and Use Committee of

National Defense Medical Center (Taipei, R.O.C., Taiwan) (Permit Number: IACUC-17-020).

We followed the guidelines of humane endpoints and animals were euthanized by overdosed

pentobarbital at the end of the experiments. The signs of dyspnea, cyanosis, weight loss, severe

diarrhea, seizures, extremity paralysis, dehydration, abnormal posture, and hypothermia were

used to determine when the animals should be euthanized. We evaluated animal health every 2

h, and no unexpected deaths were observed in this study. The anesthetic drug was used to

decrease the distress and suffering of animals before any stressful process. Male WT and

Fig 1. Grail suppresses the expression of pro-inflammatory cytokines in LPS-stimulated J774A cells. The mRNA

expression of (A) Grail, (B) IL-1β, (C) TNF-α, and (D) IL-6 was assessed in J774A/Vector and J774A/shGrail cells after

LPS stimulation (3 h; 100 ng/ml). These data are presented as mean ± SEM. A student’s t-test was used to assess

statistical significance. ���P< 0.001.

https://doi.org/10.1371/journal.pone.0208279.g001
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Grail−/− mice (10–20 weeks of age) were generated with a C57BL/6 background as described

previously [13].

The mice were randomly assigned into four groups as follows: (i) WT mice receiving saline at

time 0 (WT), (ii) WT mice receiving Escherichia coli LPS (LPS, 10 mg/kg) at time 0 (WT+LPS),

(iii) Grail−/− mice receiving saline at time 0 (Grail−/−), and (iv) Grail−/− mice receiving LPS (10

mg/kg) at time 0 (Grail−/−+LPS). The in vivo examinations were performed for 24 h. The body

weight, systolic blood pressure (SBP), and heart rate (HR) of mice were recorded at the beginning

and the end of the experiments. In addition, mice were sacrificed to collect blood and lung sam-

ples 24 h after saline or LPS administration. Blood glucose and plasma lactate dehydrogenase

(LDH) and creatinine (CRE) levels were also examined. Moreover, histopathology and the expres-

sion of MMP-9 and caspase-3 in the lungs of animals were analyzed.

Hemodynamics detection

We used an MK-2000A blood pressure monitor (Muromachi Kikai, Tokyo, Japan) to detect

baseline SBP and HR and those 24 h after saline or LPS administration. In addition, 10 μl of

whole blood was taken to evaluate the glucose levels using a One Touch II blood glucose moni-

toring system (Lifescan, Milpitas, CA, USA).

Organ injury assessment

Blood samples obtained from cardiac puncture were centrifuged at 16,000 × g for 2 min to ana-

lyze biochemical variables 24 h after saline or LPS administration. All biochemical variables

were measured using a Fuji DRI-CHEM 3030 (Fuji Photo Film, Tokyo, Japan). The degree of

organ injury was assessed based on increases in plasma levels of LDH and CRE.

Histopathologic analysis

Lung specimens were harvested and fixed in buffered formaldehyde 24 h after saline or LPS

administration. The fixed lungs were then dehydrated, embedded, and stained with hematoxy-

lin and eosin. Histopathologic changes in the lung were evaluated according to the levels of

polymorphonuclear neutrophil (PMN) infiltration. Each lung section was assessed by a pathol-

ogist, and the infiltration index was given a score from 0 (minimal) to 5 (maximal).

Real-time PCR

RNA was isolated using TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA). cDNA was syn-

thesized from 2 μg of total RNA using Epicentre MMLV. Real-time PCR was conducted using

an Applied Biosystems 7500 Real-Time PCR system and the IQ2 FAST Q-PCR kit. Primer

sequences are shown in S1 Table.

Enzyme linked immunosorbent assay

The IL-1β and inducible nitric oxide synthase (iNOS) levels in cell lysates were measured with

the enzyme linked immunosorbent assay kit (USCN, Hubei Province, China) according to the

manufacturer’s instructions.

Fig 2. Grail suppresses the expression of pro-inflammatory cytokines in LPS-stimulated RAW264.7 cells. The mRNA expression of

(A) Grail, (B) IL-1β, and (C) TNF-α was evaluated in RAW264.7/Vector and RAW264.7/shGrail cells after LPS stimulation (3 h; 100 ng/

ml). In contrast, the effects of Grail overexpression on the mRNA expression of (D) Grail, (E) IL-1β, (F) TNF-α, and (G) IL-6 were

examined in RAW264.7 cells after LPS stimulation (3 h; 100 ng/ml). These data are presented as the mean ± SEM. A student’s t-test was

used to assess statistical significance. ���P< 0.001.

https://doi.org/10.1371/journal.pone.0208279.g002
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Fig 3. Grail diminishes the expression of pro-inflammatory cytokines in primary peritoneal macrophages treated with LPS. The

mRNA expression of (A) IL-1β, (B) TNF-α, (C) IL-6, and (D) COX-2 was measured in primary peritoneal macrophages isolated from WT

and Grail KO mice after LPS stimulation (3 h; 100 ng/ml). The protein expression of (E) IL-1β, (F and G) iNOS was determined in primary

peritoneal macrophages isolated from WT and Grail KO mice after LPS stimulation (18 h; 100 ng/ml). These data are presented as the

mean ± SEM. A student’s t-test was used to assess statistical significance. ���P< 0.001.

https://doi.org/10.1371/journal.pone.0208279.g003
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Immunoblotting

Macrophages and lung tissues were lysed in RIPA buffer with protease inhibitors. Twenty

micrograms of protein was mixed with SDS sample buffer, separated using an SDS-gel, and

transferred onto a nitrocellulose membrane. Then, the membranes were probed with anti-

iNOS IgG (13120, Cell Signaling, USA), anti-cleaved caspase-3 IgG (9661, Cell Signaling,

USA) or anti-actin IgG (MAb1501, Chemicon, USA). Protein levels were quantified using

ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Graphing and statistical analyses of data were performed using GraphPad Prism 7 (GraphPad

Software). All data are expressed as the mean ± standard error. To compare multiple data sets,

one-way or two-way analysis of variance (ANOVA) with multiple comparative analysis was

used. To analyze two data sets, an unpaired two-tailed Student’s t test was used. P
values� 0.05 were considered statistically significant.

Results

Loss of Grail potentiates the expression of pro-inflammatory cytokines in

LPS-stimulated J774A cells

To investigate the effects of Grail on the induction of cytokines from macrophage cells, we

used shGrail to silence its expression in J774A cells (Fig 1A). LPS treatment resulted in

increases in the expressions of IL-1β, TNF-α, and IL-6 mRNA in J774A cells (Fig 1B–1D). IL-
1β, TNF-α, and IL-6 expression levels in J774A/shGrail cells were found to be higher than

those in the J774A/Vector cells in the presence of LPS (Fig 1B–1D). This suggests that knock-

down of Grail enhances IL-1β, TNF-α, and IL-6 expression in LPS-stimulated J774A cells.

Grail overexpression attenuates the expression of pro-inflammatory

cytokines in LPS-stimulated RAW264.7 cells

To further investigate the effects of Grail on the LPS-induced activation of macrophages, we silenced

and overexpressed Grail in RAW264.7 cells (Fig 2A and 2D). LPS increased IL-1β and TNF-α
expression levels in RAW264.7 cells (Fig 2B and 2C). Further, these increases were significantly

enhanced by Grail knockdown in RAW264.7 cells (Fig 2B and 2C). In addition, we established

Grail-overexpressing stable RAW264.7 cell lines using the retroviral-mediated expression system

(Fig 2D). Overexpression of Grail obviously ameliorated IL-1β, TNF-α, and IL-6 expression levels in

the RAW264.7 cells treated with LPS (Fig 2E–2G). These results indicate that Grail overexpression

could attenuate the induction of pro-inflammatory cytokines in LPS-stimulated macrophages.

Deletion of Grail augments the production of pro-inflammatory cytokines

in primary peritoneal macrophages treated with LPS

To confirm the function of Grail with respect to the activation of macrophages, we isolated pri-

mary peritoneal macrophages from WT and Grail KO mice. The expression levels of IL-1β,

TNF-α, IL-6, and COX-2 in primary peritoneal macrophages of Grail KO mice were higher

than those in primary peritoneal macrophages of WT mice (Fig 3A–3E). Furthermore, LPS

administration resulted in increases in the expression of IL-1β, TNF-α, IL-6, and COX-2 in pri-

mary peritoneal macrophages (Fig 3A–3E). Further, IL-1β, TNF-α, IL-6, and COX-2 expres-

sion levels in the primary peritoneal macrophages of Grail KO mice were higher than those in

the primary peritoneal macrophages of WT mice in the presence of LPS (Fig 3A–3E). In
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addition, the protein levels of M1 macrophage marker iNOS in primary peritoneal macro-

phages of Grail KO mice were higher than those in primary peritoneal macrophages of WT

mice in the presence of LPS (Fig 3F and 3G). These data reveal that Grail plays an important

role in inhibiting the production of pro-inflammatory cytokines from activated macrophages.

Effects of Grail deletion on organ injury in endotoxemic mice

There were no significant differences in plasma LDH and CRE levels between WT and Grail−/−

groups (Fig 4). The injection of LPS elicited significant increases in plasma levels of LDH and

CRE at 24 h in WT and Grail−/− mice (Fig 4). However, increases in LDH and CRE triggered by

LPS at 24 h were significantly augmented by Grail deletion (Fig 4).

Effects of Grail deletion on neutrophil infiltration in the lungs of

endotoxemic mice

In the lungs of WT and Grail−/− groups, light microscopy did not reveal neutrophil infiltration

(Fig 5). However, LPS resulted in overt neutrophil infiltration into the lungs of WT and

Fig 4. Effect of Grail deletion on plasma levels of (A) lactate dehydrogenase (LDH) and (B) creatinine (CRE) in mice treated with

LPS. Data are shown for WT mice administered saline at time 0 (WT, n = 8), WT mice administered LPS at time 0 (WT+LPS, n = 10), Grail

KO mice administered saline at time 0 (Grail KO, n = 8), and Grail KO mice administered LPS at time 0 (Grail KO+LPS, n = 11). The data

are presented as mean ± SEM. A one-way ANOVA with a Newman-Keuls post hoc test was used to evaluate statistical significance.
�P< 0.05, LPS versus without LPS; #P< 0.05, Grail KO+LPS versus WT+LPS.

https://doi.org/10.1371/journal.pone.0208279.g004
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Grail−/− mice (Fig 5). However, levels of PMN infiltration in the lungs of Grail-null endotoxe-

mic mice were significantly higher than those in the lungs of WT endotoxemic mice (Fig 5).

Effect of Grail deletion on MMP-9 expression in the lungs of endotoxemic

mice

The levels of MMP-9 mRNA were increased in the lung homogenates of WT and Grail−/− mice

treated with LPS (Fig 6). Grail deletion significantly augmented lung MMP-9 levels in mice

administered LPS (Fig 6). However, there was no significant difference in MMP-9 levels

between WT and Grail−/− groups (Fig 6).

Effect of Grail deletion on caspase 3 expression in the lungs of endotoxemic

mice

There was no significant difference in caspase 3 expression in the lungs between WT and

Grail−/− groups (Fig 7). The expression of caspase 3 in the lungs of WT and Grail−/− mice was

significantly upregulated after LPS administration (Fig 7). Moreover, Grail deletion signifi-

cantly increased caspase 3 expression in the lungs of animals administered LPS (Fig 7).

Effects of Grail deletion on body weight and hemodynamic parameters in

endotoxemic mice

Body weight, SBP, and HR were not different among all groups at the beginning of the experi-

ment (S2 Table). The injection of LPS caused significant decreases in body weight, SBP, HR,

Fig 5. Effect of Grail deletion on lung histopathology in endotoxemic mice. Depicted are (A) representative

histopathologic pictures and (B) polymorphonuclear neutrophil (PMN) infiltration index of lung tissue sections from

mice treated with LPS. Data are shown for WT mice administered saline at time 0 (WT, n = 4), WT mice administered

LPS at time 0 (WT+LPS, n = 4), Grail KO mice administered saline at time 0 (Grail KO, n = 4), and Grail KO mice

administered LPS at time 0 (Grail KO+LPS, n = 4). The data are presented as mean ± SEM. A one-way ANOVA with a

Newman-Keuls post hoc test was used to evaluate statistical significance. �P< 0.05, LPS versus without LPS; #P< 0.05,

Grail KO+LPS versus WT+LPS. Original magnification, ×400.

https://doi.org/10.1371/journal.pone.0208279.g005
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and blood glucose at 24 h in both WT and Grail−/− mice (S2 Table). However, there were no

significant differences in body weight and hemodynamic parameters between WT+LPS and

Grail−/−+LPS groups (S2 Table).

Discussion

Our in vitro and ex vivo studies showed that loss of Grail enhances the expression of pro-

inflammatory cytokines in macrophages treated with LPS. Furthermore, LPS-mediated macro-

phage hyperactivation was attenuated by Grail overexpression. Based on in vivo studies, wild-

type mice that received LPS exhibited circulatory failure, hypoglycemia, and organ dysfunc-

tion. Increased levels of MMP-9 and caspase 3 as well as PMN infiltration were found in the

lungs of endotoxemic mice. However, levels of MMP-9, caspase 3, and PMN infiltration in the

lungs of Grail-null endotoxemic mice were significantly higher than those in the lungs of

endotoxemic mice. Deletion of Grail also exacerbated organ damage in endotoxemic animals.

Fig 6. Effect of Grail deletion on MMP-9 levels in the lungs of endotoxemic mice. Data are shown for WT mice administered saline at

time 0 (WT, n = 3), WT mice administered LPS at time 0 (WT+LPS, n = 3), Grail KO mice administered saline at time 0 (Grail KO, n = 3),

and Grail KO mice administered LPS at time 0 (Grail KO+LPS, n = 3). The data are presented as the mean ± SEM. A one-way ANOVA with

a Newman-Keuls post hoc test was used to evaluate statistical significance. �P< 0.05, LPS versus without LPS; #P< 0.05, Grail KO+LPS

versus WT+LPS.

https://doi.org/10.1371/journal.pone.0208279.g006

Fig 7. Effect of Grail deletion on caspase 3 expression in the lungs of endotoxemic mice. Data are shown for WT mice administered

saline at time 0 (WT, n = 3), WT mice administered LPS at time 0 (WT+LPS, n = 3), Grail KO mice administered saline at time 0 (Grail KO,

n = 3), and Grail KO mice administered LPS at time 0 (Grail KO+LPS, n = 3).

https://doi.org/10.1371/journal.pone.0208279.g007
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Thus, these results suggest that Grail contributes to the regulation of M1-macrophages during

sepsis and could protect against organ injury through the attenuation of over-inflammation

and apoptosis in the lung of endotoxemic mice.

Macrophages are classified into two distinct phenotypes based on the immune microenvi-

ronment. M1 macrophages produce pro-inflammatory cytokines (e.g. TNF-α, IL-1β, and IL-6)

and overexpress iNOS, whereas M2 macrophages secrete anti-inflammatory cytokines (e.g. IL-

10) [7]. In the early phase of sepsis, LPS was previously shown to stimulate Toll-like receptors

in macrophages, which undergo M1 differentiation to produce pro-inflammatory cytokines

and overexpress iNOS [8]. Our data showed that LPS upregulated the expression of TNF-α,

IL-1β, and IL-6 in J774A, RAW264.7, and primary peritoneal macrophages. Deletion of Grail

augmented the expression of these pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in

macrophages treated with LPS. In addition, the levels of M1 macrophage marker iNOS in pri-

mary peritoneal macrophages of Grail KO mice were higher than WT mice in the presence of

LPS. We further demonstrated that Grail overexpression results in the attenuation of pro-

inflammatory signaling in LPS-stimulated macrophages. Thus, these data indicate that Grail is

crucial for the regulation of inflammation triggered by activated macrophages during sepsis.

Multiple organ dysfunction and circulatory failure in sepsis are caused by systemic inflam-

mation after exposure to microbial toxins [15, 16]. LPS recognition by Toll-like receptors in

macrophages drives several cellular pathways involved in inflammation [4, 5]. The uncon-

trolled release of pro-inflammatory cytokines from activated macrophages has been proposed

to be a major factor related to the outcome of sepsis [17, 18]. In this study, we found that IL-

1β, TNF-α, IL-6, COX-2, and iNOS expression in the primary peritoneal macrophages of

Grail-deficient mice was higher than that in normal mice in the presence of LPS. Grail deletion

also resulted in increased levels of MMP-9 and PMN infiltration in the lungs of endotoxemic

animals. Moreover, organ injury and apoptosis caused by the injection of LPS were signifi-

cantly exacerbated by Grail deletion. Therefore, these results suggest the severity of inflamma-

tion corresponds to Grail expression based on our ex vivo and in vivo studies, which implies

that Grail protects against organ injury and apoptosis by attenuating hyperinflammation dur-

ing sepsis.

Recently, Aziz et al. have revealed that Grail expression is induced in CD4 T cells and leads

to the inhibition of T cell proliferation during the progression of sepsis [14]. However, our

data showed that Grail protein expression was obviously reduced in macrophage cells after

LPS treatment. We suggest the downregulation of Grail in LPS-treated macrophages was regu-

lated by post-translational modifications such as ubiquitination. Thus, Grail could exert many

cellular functions by regulating various mechanisms in different cell types under conditions of

stress.

Several transcription factors participate in the regulation of sepsis progression by modulat-

ing immunity and the inflammatory response [19–21]. Peroxisome proliferator-activated

receptor γ (PPARγ) is considered a promising target for sepsis treatment [22, 23]. Our recent

study showed that Grail can regulate PPARγ-dependent fat cell differentiation [13]. Thus, the

correlation between Grail and PPARγ during the modulation of sepsis development and the

possible associated molecular mechanisms is worth further study. In addition, our previous

study demonstrated that Grail can mediate p53-dependent cell cycle arrest and apoptosis by

targeting it for degradation. The tumor suppressor p53 triggers cell cycle arrest, apoptosis and

senescence in response to different types of stress [24, 25]. Recent studies show that p53 status

is involved in sepsis-induced cell death and the systemic inflammatory response in vitro and in
vivo [26–28]. However, the activity and function of p53 in Grail-expressing macrophages are

still unclear. We thus need further to characterize the interaction between Grail and p53 dur-

ing sepsis-associated macrophage activation.
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Taken together, these findings indicate that Grail contributes to the attenuation of hyperin-

flammation triggered by activated macrophages and prevents organ injury and apoptosis in

endotoxemic mice. Although the molecular mechanisms associated with the function of Grail

during sepsis require further investigation, the present study suggests that Grail signaling

could be the potential therapeutic target for infectious diseases.

Supporting information

S1 Table. The primer sequences of Grail, IL-1β, TNF-α, IL-6, COX-2, and MMP-9.

(DOCX)

S2 Table. Effects of Grail deletion on body weight and hemodynamic parameters in endo-

toxemic mice. Depicted are changes in body weight, systolic blood pressure (SBP), heart rate

(HR), and blood glucose of animals. WT, WT mice administered saline at time 0 (n = 8); WT

+LPS, WT mice administered LPS at time 0 (n = 10); Grail KO, Grail KO mice administered

saline at time 0 (n = 8); Grail KO+LPS, Grail KO mice administered LPS at time 0 (n = 11).

Data are shown as mean ± SEM. �P< 0.05, LPS versus without LPS; †P< 0.05, Grail KO+LPS

versus WT+LPS.

(DOCX)

Author Contributions

Conceptualization: Ying-Chuan Chen.

Data curation: Pei-Yao Liu, Jye-Hann Chen, Mei-Hui Liao.

Formal analysis: Pei-Yao Liu, Jye-Hann Chen.

Funding acquisition: Chih-Ming Hsieh.

Investigation: Chih-Chin Shih, Pei-Yao Liu, Jye-Hann Chen, Mei-Hui Liao.

Methodology: Chih-Chin Shih, Pei-Yao Liu, Jye-Hann Chen, Mei-Hui Liao, Chih-Ming

Hsieh, Shuk-Man Ka, Hui-Tsu Lin, Ti-Hui Wu.

Supervision: Chin-Chen Wu, Ying-Chuan Chen.

Writing – original draft: Chih-Chin Shih.

Writing – review & editing: Chih-Chin Shih, Ying-Chuan Chen.

References

1. Bosmann M, Ward PA. The inflammatory response in sepsis. Trends in immunology. 2013; 34(3):129–

36. Epub 2012/10/06. https://doi.org/10.1016/j.it.2012.09.004 PMID: 23036432; PubMed Central

PMCID: PMCPMC3543471.

2. Rittirsch D, Flierl MA, Ward PA. Harmful molecular mechanisms in sepsis. Nature reviews Immunology.

2008; 8(10):776–87. Epub 2008/09/20. https://doi.org/10.1038/nri2402 PMID: 18802444; PubMed Cen-

tral PMCID: PMCPMC2786961.

3. Gustot T. Multiple organ failure in sepsis: prognosis and role of systemic inflammatory response. Cur-

rent opinion in critical care. 2011; 17(2):153–9. Epub 2011/02/25. https://doi.org/10.1097/MCC.

0b013e328344b446 PMID: 21346564.

4. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010; 140(6):805–20. Epub

2010/03/23. https://doi.org/10.1016/j.cell.2010.01.022 PMID: 20303872.

5. Billack B. Macrophage activation: role of toll-like receptors, nitric oxide, and nuclear factor kappa B.

American journal of pharmaceutical education. 2006; 70(5):102. Epub 2006/12/07. PMID: 17149431;

PubMed Central PMCID: PMCPMC1637021.

Grail protects against endotoxemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0208279 December 20, 2018 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208279.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208279.s002
https://doi.org/10.1016/j.it.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23036432
https://doi.org/10.1038/nri2402
http://www.ncbi.nlm.nih.gov/pubmed/18802444
https://doi.org/10.1097/MCC.0b013e328344b446
https://doi.org/10.1097/MCC.0b013e328344b446
http://www.ncbi.nlm.nih.gov/pubmed/21346564
https://doi.org/10.1016/j.cell.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://www.ncbi.nlm.nih.gov/pubmed/17149431
https://doi.org/10.1371/journal.pone.0208279


6. Benoit M, Desnues B, Mege JL. Macrophage polarization in bacterial infections. J Immunol. 2008; 181

(6):3733–9. Epub 2008/09/05. PMID: 18768823.

7. Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory diseases. International

journal of biological sciences. 2014; 10(5):520–9. Epub 2014/06/10. https://doi.org/10.7150/ijbs.8879

PMID: 24910531; PubMed Central PMCID: PMCPMC4046879.

8. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. The Journal of clinical

investigation. 2012; 122(3):787–95. Epub 2012/03/02. https://doi.org/10.1172/JCI59643 PMID:

22378047; PubMed Central PMCID: PMCPMC3287223.

9. Nurieva RI, Zheng S, Jin W, Chung Y, Zhang Y, Martinez GJ, et al. The E3 ubiquitin ligase GRAIL regu-

lates T cell tolerance and regulatory T cell function by mediating T cell receptor-CD3 degradation.

Immunity. 2010; 32(5):670–80. Epub 2010/05/25. https://doi.org/10.1016/j.immuni.2010.05.002 PMID:

20493730; PubMed Central PMCID: PMCPMC2915546.

10. Anandasabapathy N, Ford GS, Bloom D, Holness C, Paragas V, Seroogy C, et al. GRAIL: an E3 ubiqui-

tin ligase that inhibits cytokine gene transcription is expressed in anergic CD4+ T cells. Immunity. 2003;

18(4):535–47. Epub 2003/04/23. PMID: 12705856.

11. Song G, Liu B, Li Z, Wu H, Wang P, Zhao K, et al. E3 ubiquitin ligase RNF128 promotes innate antiviral

immunity through K63-linked ubiquitination of TBK1. Nat Immunol. 2016; 17(12):1342–51. Epub 2016/

11/01. https://doi.org/10.1038/ni.3588 PMID: 27776110.

12. Chen YC, Chan JY, Chiu YL, Liu ST, Lozano G, Wang SL, et al. Grail as a molecular determinant for the

functions of the tumor suppressor p53 in tumorigenesis. Cell Death Differ. 2013; 20(5):732–43. Epub

2013/02/02. https://doi.org/10.1038/cdd.2013.1 PMID: 23370271; PubMed Central PMCID:

PMCPMC3619241.

13. Liu P, Hsieh P, Lin H, Liu T, Wu H, Chen C, et al. Grail is involved in adipocyte differentiation and diet-

induced obesity. Cell death & disease. 2018; 9(5):525. Epub 2018/05/11. https://doi.org/10.1038/

s41419-018-0596-8 PMID: 29743578; PubMed Central PMCID: PMCPMC5943410.

14. Aziz M, Yang WL, Matsuo S, Sharma A, Zhou M, Wang P. Upregulation of GRAIL is associated with

impaired CD4 T cell proliferation in sepsis. J Immunol. 2014; 192(5):2305–14. Epub 2014/01/31. https://

doi.org/10.4049/jimmunol.1302160 PMID: 24477910; PubMed Central PMCID: PMCPMC3943916.

15. Angus DC, van der Poll T. Severe sepsis and septic shock. The New England journal of medicine.

2013; 369(9):840–51. Epub 2013/08/30. https://doi.org/10.1056/NEJMra1208623 PMID: 23984731.

16. Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Turnbull IR, Vincent JL. Sepsis and septic shock.

Nature reviews Disease primers. 2016; 2:16045. Epub 2017/01/25. https://doi.org/10.1038/nrdp.2016.

45 PMID: 28117397; PubMed Central PMCID: PMCPMC5538252.

17. Cohen J. The immunopathogenesis of sepsis. Nature. 2002; 420(6917):885–91. Epub 2002/12/20.

https://doi.org/10.1038/nature01326 PMID: 12490963.

18. Gogos CA, Drosou E, Bassaris HP, Skoutelis A. Pro- versus anti-inflammatory cytokine profile in

patients with severe sepsis: a marker for prognosis and future therapeutic options. The Journal of infec-

tious diseases. 2000; 181(1):176–80. Epub 1999/12/23. https://doi.org/10.1086/315214 PMID:

10608764.

19. Shalova IN, Lim JY, Chittezhath M, Zinkernagel AS, Beasley F, Hernandez-Jimenez E, et al. Human

monocytes undergo functional re-programming during sepsis mediated by hypoxia-inducible factor-

1alpha. Immunity. 2015; 42(3):484–98. Epub 2015/03/10. https://doi.org/10.1016/j.immuni.2015.02.

001 PMID: 25746953.

20. Nayak L, Goduni L, Takami Y, Sharma N, Kapil P, Jain MK, et al. Kruppel-like factor 2 is a transcriptional

regulator of chronic and acute inflammation. The American journal of pathology. 2013; 182(5):1696–

704. Epub 2013/03/19. https://doi.org/10.1016/j.ajpath.2013.01.029 PMID: 23499374; PubMed Central

PMCID: PMCPMC3644709.

21. Ranjan R, Deng J, Chung S, Lee YG, Park GY, Xiao L, et al. The transcription factor nuclear factor of

activated T cells c3 modulates the function of macrophages in sepsis. Journal of innate immunity. 2014;

6(6):754–64. Epub 2014/06/28. https://doi.org/10.1159/000362647 PMID: 24970700; PubMed Central

PMCID: PMCPMC4201910.

22. Wang D, Shi L, Xin W, Xu J, Xu J, Li Q, et al. Activation of PPARgamma inhibits pro-inflammatory cyto-

kines production by upregulation of miR-124 in vitro and in vivo. Biochem Biophys Res Commun. 2017;

486(3):726–31. Epub 2017/03/28. https://doi.org/10.1016/j.bbrc.2017.03.106 PMID: 28342874.

23. Araujo CV, Campbell C, Goncalves-de-Albuquerque CF, Molinaro R, Cody MJ, Yost CC, et al. A PPAR-

gamma AGONIST ENHANCES BACTERIAL CLEARANCE THROUGH NEUTROPHIL EXTRACEL-

LULAR TRAP FORMATION AND IMPROVES SURVIVAL IN SEPSIS. Shock (Augusta, Ga). 2016; 45

(4):393–403. Epub 2015/12/01. https://doi.org/10.1097/shk.0000000000000520 PMID: 26618986;

PubMed Central PMCID: PMCPMC4792770.

Grail protects against endotoxemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0208279 December 20, 2018 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/18768823
https://doi.org/10.7150/ijbs.8879
http://www.ncbi.nlm.nih.gov/pubmed/24910531
https://doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
https://doi.org/10.1016/j.immuni.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20493730
http://www.ncbi.nlm.nih.gov/pubmed/12705856
https://doi.org/10.1038/ni.3588
http://www.ncbi.nlm.nih.gov/pubmed/27776110
https://doi.org/10.1038/cdd.2013.1
http://www.ncbi.nlm.nih.gov/pubmed/23370271
https://doi.org/10.1038/s41419-018-0596-8
https://doi.org/10.1038/s41419-018-0596-8
http://www.ncbi.nlm.nih.gov/pubmed/29743578
https://doi.org/10.4049/jimmunol.1302160
https://doi.org/10.4049/jimmunol.1302160
http://www.ncbi.nlm.nih.gov/pubmed/24477910
https://doi.org/10.1056/NEJMra1208623
http://www.ncbi.nlm.nih.gov/pubmed/23984731
https://doi.org/10.1038/nrdp.2016.45
https://doi.org/10.1038/nrdp.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/28117397
https://doi.org/10.1038/nature01326
http://www.ncbi.nlm.nih.gov/pubmed/12490963
https://doi.org/10.1086/315214
http://www.ncbi.nlm.nih.gov/pubmed/10608764
https://doi.org/10.1016/j.immuni.2015.02.001
https://doi.org/10.1016/j.immuni.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25746953
https://doi.org/10.1016/j.ajpath.2013.01.029
http://www.ncbi.nlm.nih.gov/pubmed/23499374
https://doi.org/10.1159/000362647
http://www.ncbi.nlm.nih.gov/pubmed/24970700
https://doi.org/10.1016/j.bbrc.2017.03.106
http://www.ncbi.nlm.nih.gov/pubmed/28342874
https://doi.org/10.1097/shk.0000000000000520
http://www.ncbi.nlm.nih.gov/pubmed/26618986
https://doi.org/10.1371/journal.pone.0208279


24. Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of p53. Cell. 2009; 137(3):413–

31. Epub 2009/05/05. https://doi.org/10.1016/j.cell.2009.04.037 PMID: 19410540.

25. Levine AJ, Tomasini R, McKeon FD, Mak TW, Melino G. The p53 family: guardians of maternal repro-

duction. Nat Rev Mol Cell Biol. 2011; 12(4):259–65. Epub 2011/03/24. https://doi.org/10.1038/nrm3086

PMID: 21427767.

26. Hotchkiss RS, Tinsley KW, Hui JJ, Chang KC, Swanson PE, Drewry AM, et al. p53-dependent and

-independent pathways of apoptotic cell death in sepsis. J Immunol. 2000; 164(7):3675–80. Epub 2000/

03/22. PMID: 10725725.

27. Komarova EA, Krivokrysenko V, Wang K, Neznanov N, Chernov MV, Komarov PG, et al. p53 is a sup-

pressor of inflammatory response in mice. FASEB journal: official publication of the Federation of Amer-

ican Societies for Experimental Biology. 2005; 19(8):1030–2. Epub 2005/04/07. https://doi.org/10.1096/

fj.04-3213fje PMID: 15811878.

28. Liu G, Park YJ, Tsuruta Y, Lorne E, Abraham E. p53 Attenuates lipopolysaccharide-induced NF-kap-

paB activation and acute lung injury. J Immunol. 2009; 182(8):5063–71. Epub 2009/04/04. https://doi.

org/10.4049/jimmunol.0803526 PMID: 19342686.

Grail protects against endotoxemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0208279 December 20, 2018 14 / 14

https://doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
https://doi.org/10.1038/nrm3086
http://www.ncbi.nlm.nih.gov/pubmed/21427767
http://www.ncbi.nlm.nih.gov/pubmed/10725725
https://doi.org/10.1096/fj.04-3213fje
https://doi.org/10.1096/fj.04-3213fje
http://www.ncbi.nlm.nih.gov/pubmed/15811878
https://doi.org/10.4049/jimmunol.0803526
https://doi.org/10.4049/jimmunol.0803526
http://www.ncbi.nlm.nih.gov/pubmed/19342686
https://doi.org/10.1371/journal.pone.0208279

