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Abstract
Malignant fibrous histiocytoma amplified sequence 1 (MFHAS1) has a potential immuno-

regulatory role dependent on Toll-like receptors (TLRs). TLR2, associated with deleterious

systemic inflammation, cardiac dysfunction, and acute kidney injury, acts synergistically in

sepsis. The role of MFHAS1 in targeting TLR2 involved in sepsis has not been examined

thus far. This study aimed to examine the relationship of MFHAS1 and sepsis, and the effect

of MFHAS1 on the TLR2 signaling pathway. Blood samples were collected from eight sep-

sis patients after surgery and eight patients undergoing selective surgery to determine

blood MFHAS1 levels. HEK 293 cells, RAW 264.7 macrophages and THP-1 monocytes

were used to confirm the effect of MFHAS1 on TLR2 signaling pathway. Our study showed

that blood MFHAS1 was significantly elevated in septic patients, and MFHAS1 was more

increased in mononuclear cells from septic patients. Pam3CSK4 (TLR2 ligand) was found

to induce MFHAS1 production in RAW 264.7 murine macrophages and THP-1 human

monocytes in a time-dependent manner. MFHAS1 has dual effects on TLR2 signaling path-

way and inflammation, i.e., inhibitory effect at 6 hours, and then stimulatory effect after 24

hours through the activation of TLR2/NF-κB signaling pathway, and MFHAS1 induced the

phosphorylation of JNK and p38 after TLR2 stimulation.

Introduction
MFHAS1 (malignant fibrous histiocytoma amplified sequence 1) is a member of the ROCO
protein family, which consists of multi-domain proteins sharing a conserved ROC-COR supra-
domain [1, 2]. MFHAS1 is a predicted oncoprotein in MFHs (malignant fibrous histiocytomas)
and gastrointestinal tumors [1, 3, 4]. It can also regulate erythropoiesis through the Raf/MEK/
ERK pathway [5]. Interestingly, Ng et al. found that siRNA knockdown ofMfhas1 in RAW
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264.7 macrophages strongly enhances IL-6 production following LPS and polyI:C stimulation,
suggesting a potential immunomodulatory role for MFHAS1 [6]. MFHAS1 was found to regu-
late the transmembrane Toll-like receptor (TLR)–dependent signaling [6].

Modulation of TLR signaling as a therapeutic strategy is an area of research that has
prompted much excitement and debate in the management of sepsis. Sepsis is an important
cause of mortality [7–9], and is the most common cause of mortality in the intensive care unit
(ICU) [10]. Death from sepsis is understood to be a complex process, driven by a lack of nor-
mal immune homeostatic functions, and an excessive production of proinflammatory cyto-
kines, which leads to multi-organ failure. To improve clinical management and outcomes in
critically ill patients, the Surviving Sepsis Campaign guidelines were published ten years ago,
and were last revised in 2012 [11]. However, to date, there have been no commercially available
successful strategies for targeting the molecular pathways involved in sepsis.

The vast majority of sepsis cases involve infection with either gram-positive or gram-nega-
tive bacteria [12, 13]. The innate immune system forms the first line of defense against micro-
bial infection, and is activated by the engagement of innate immune receptors, also known as
pattern recognition receptors (PRRs), in response to invading pathogenic microbes [14–16].
TLRs, with an extracellular domain involved in bacterial ligand recognition, are the most
widely described PRRs [17–20]. Eleven TLRs have been discovered in humans [19]. TLR2 and
TLR4, which are expressed on the cell surface, are the only TLRs known to be responsive to
microbial ligands [21]. TLR4 and TLR2 signaling is the key pathway in sepsis pathophysiology
[22].

Our previous studies (unpublished) have shown, by real-time fluorescence quantitative
PCR, that the relative mRNA levels of MFHAS1 in TLR4 knockout mice are lower than that in
wild type mice, and that MFHAS1 may play a negative regulatory role in TLR4 signaling path-
way. Ng et al. studied TLR4 and TLR3 [6]. Unlike TLR4and TLR3, TLR2 is associated with del-
eterious systemic inflammation, cardiac dysfunction, acute kidney injury (a common entity in
critically ill patients) and is mostly triggered by severe sepsis [23–25]. TLR2 is a functional
receptor for components of gram-positive bacteria including LTA, peptidoglycan (PGN), and
bacterial lipopeptides, thus being responsible for the detection of gram-positive bacteria [26,
27]. TLR2 also plays a critical role in mediating mitochondrial dysfunction in peritoneal leuko-
cytes, during polymicrobial sepsis [28]. In humans, signaling by TLR2 activates the MyD88
pathway, which results in the activation of transcription factors, including nuclear factor-κB
(NF-κB), members of the interferon (IFN)-regulatory factor (IRF) family, and mitogen-acti-
vated protein kinase (MAPK) signaling pathways, which ultimately leads to the production of
inflammatory cytokines, C reactive protein (CRP), Pentraxin 3,etc. MAPKs include p38, c-Jun
NH2-terminal kinase (JNK), and extracellular signal-related kinase 1/2 (ERK1/2) [29]. IL-6,
and CRP, etc. serve as biomarkers, which may aid clinical decision-making and predicting sep-
sis-related outcomes [30–32].

Molecules targeting TLR signaling pathways in sepsis exist, but thus far none have proven
efficacy in clinical trials [20]. Clinical trials with biomodulators aimed at inhibiting inflamma-
tory signaling pathways have generally failed to improve outcomes in patients with sepsis [33–
35]. MFHAS1 is expected to act as a new biomodulator, affecting TLRs signaling. Until now,
little was known about the relationship of MFHAS1 and sepsis, and the mechanisms underly-
ing the effect of MFHAS1 on the TLR2 signaling pathway and inflammation. The aim of this
present study is to investigate the relationship of MFHAS1 and sepsis, and the effects of
MFHAS1 on the TLR2 signaling pathway and inflammation, and highlight this protein as an
optional target in the treatment of inflammation in sepsis.

MFHAS1, Sepsis and TLR2 Signaling Pathway
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Methods

Patients and blood samples
Patients who were admitted to the ICU for sepsis after surgery at Fudan University Shanghai
Cancer Center between January 2014 and September 2014 were enrolled in our study. The
2012 Surviving Sepsis Campaign guidelines were used to diagnose sepsis [36]. Patients who
were admitted to the ICU after surgery not for sepsis at Fudan University Shanghai Cancer
Center between January 2014 and September 2014 were enrolled in the control group. All pro-
cedures were performed under a protocol approved by the Ethics Committee at Fudan Univer-
sity Shanghai Cancer Center, and written informed consent was obtained from all patients.
The methods were carried out in accordance with the approved guidelines. A total of sixteen
patients (eight patients with sepsis and eight patients without sepsis) were included. We col-
lected data regarding age, gender, types of disease, and types of infection. Blood samples were
collected from patients after including in the study. Each blood sample was transferred imme-
diately to a heparinized tube and centrifuged at -80°C. Blood samples were used to measure the
concentrations of IL-6 and MFHAS1 through ELISA.

Isolation of peripheral blood mononuclear cells (PBMC)
PBMC were isolated from human collected blood samples by density gradient centrifugation
over Lympholyte Mammal (TBDscience, China) according to the instructions of the manufac-
turer. Briefly, blood was diluted 1:1 with RPMI-1640 medium (v/v), precisely applied on the
surface of the gradient (density: 1.086 ± 0.001 g/cm3) and centrifuged at 400 × g for 30 min at
15°C. Then, the PBMC layer at the interface was carefully collected and transferred into a 15
ml Falcon tube, washed with RPMI-1640 medium and centrifuged again for 10 min at 800 × g.
The obtained cell pellet was re-suspended in RPMI-1640 medium for western blotting.

Reagents and chemicals
Pam3CSK4 (TLR2 ligand) and Lipofectamine 2000 were purchased from InvivoGen1 (San
Diego, CA, USA), anti–GAPDH and anti-HIS mAbs were purchased from Abcam1 (Cam-
bridge, UK), anti-pJNK (phosphorylated JNK), anti–JNK, anti-pERK (phosphorylated ERK),
anti-ERK, anti-pp38 (phosphorylated p38), anti-p38, anti-p-p65 (phosphorylated p65) mAbs
were purchased from Cell Signalling Technology1 (Danvers, MA, USA), anti-MFHAS1 (K-
19) polyclonal antibody was purchased from Santa Cruz Biotechnology, Inc.1 (Dallas, TX,
USA).

Cells
The HEK-293 cell line with stableMFHAS1 expression (referred to as “293-MFHAS1” in this
article), human acute monocytic leukemia cell line (THP-1), RAW 264.7 macrophage were all
provided by Dr. Miao (Fudan University Shanghai Cancer Center, China) as a gift. Cells were
maintained in high-glucose DMEM (HyClone, Thermo, USA) supplemented with penicillin,
streptomycin, and 10% FBS (HyClone).

Plasmids
pGL4.32[luc2P/NF-κB–RE/Hygro] and renilla vector reporter plasmid were purchased from
Promega1 (Madison, USA), REPOTMAP-1 vector reporter plasmid and IRF7-Gal4 fusion vec-
tors were purchased from GenomeDitech1 (Shanghai, China), expression vectors for human
TLR2 and monocyte differentiation antigen CD14 (CD14) were purchased from Genechem1
(Shanghai, China). Plasmid pCDH-shMFHAS1 was gifted by Dr. Miao.

MFHAS1, Sepsis and TLR2 Signaling Pathway
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Luciferase assay
Transfections for luciferase assays were carried out using the HEK 293 cell line. Subconfluent
HEK 293 cells were transfected with 10 ng renilla (internal transfection control), 100 ng
pGL4.32[luc2P/NF-κB–RE/Hygro] vector reporter plasmid (firefly luciferase), or 20 ngREPOTM

AP-1 vector reporter plasmid (firefly luciferase), 100ng pCDH-TLR2 with or without 50 ng
CD14 expression plasmids, and empty vector, for an equal amount of DNA in each well. For the
IRF7 assays, 1–3 ng IRF7-Gal4 fusion vectors were used in combination with 60 ng pFR lucifer-
ase reporter. All the transfections were completed using Lipofectamine 2000. At 24 h post-trans-
fection, cells were treated with Pam3CSK4 (100 ng/mL or 10μg/mL). Dual-Luciferase Reporter
Assay System (Promega, Madison) was used to test luciferase activity. Firefly luciferase activity
was normalized to renilla luciferase activity.

RNA isolation and quantitative RT-PCR
The cells and their growth media were collected. The cells were collected in Trizol1 (Invitro-
gen, Carlsbad, CA) to isolate total RNA, according to the manufacturer’s instructions. RNA
200 ng was used as a template in reverse transcription with iScript™ cDNA Synthesis Kit (Bio-
Rad, Hercules, CA). cDNA was amplified using primers specific for IL6 andMfhas1. Real-time
PCR was performed with the iTaq™ SYBR Green Supermix (Bio-Rad, Hercules, CA) in the Ste-
pOnePlus™ Real-Time PCR System (Life Technologies, USA). GAPDH and β-actin was used to
normalize the amount of RNA in samples. Primers used in this study can be found in S1 Table.

ELISA
Cytokine levels were measured in cell supernatant (without FBS) by ELISA, performed accord-
ing to the manufacturer’s instructions. We used the following ELISA kits: mouse IL-6 (R&D
Systems, Inc. Minneapolis, USA), mouse TNF-α (R&D Systems, Inc. Minneapolis, USA), and
human IL-6 (Proteintech, Chicago, USA). Human blood MFHAS1 ELISA kit was purchased
from CUSABIO1 (Wuhan, China).

Western blotting
Samples containing equal amounts of protein were fractionated on a 10% SDS-PAGE gel and
transferred onto a Hybond TM-P membrane (GE Healthcare, Little Chalfont, UK) by using
Trans-Blot cell (Bio-Rad Laboratories, Hercules, CA, USA). The membrane was then blocked
with blocking solution (8% skim milk in TBS-T, according to vendor’s suggestion) at room
temperature for 1 h, followed by incubation with titrated primary-antibody-containing blocking
solution (5% BSA in TBS-T) at 4°C overnight. On the second day, the blot was washed three
times with 10 ml TBS-T for 15 min, and then incubated with titrated HRP conjugated secondary
antibody in blocking solution (5% BSA in TBS-T) for 1 h. After TBS-T washes (5 min, three
times), the target protein signals on the membrane were visualized by chemiluminescence
reagent (MerckMillipore, Billerica, MA, USA) exposed on X-ray films (MidSci, St. Louis, MO,
USA). For image signal quantification, the scanned gel TIFF files were further analyzed by using
Image J software.

During the assessment of pJNK, pp38, pERK, phosphatase inhibitor and protease inhibitor
were used in cell lysis. pp38 was first tested by western blotting, and then p38, pERK, ERK,
pJNK, JNK were successively tested after stripping for 20 min using the Rapid Stripping Buffer
(Promoton, Shanghai, China).

MFHAS1, Sepsis and TLR2 Signaling Pathway
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Statistical analysis
GraphPad Prism Version 5 (GraphPad Software, San Diego, CA) was used to compare two or
more means by t-test, one-way or two-way ANOVA, depending on the experimental condi-
tions. When an overall statistically significant difference was measured (p< 0.05), a Tukey
post-test was performed to adjust the P value for multiple comparisons. The P values, and the
respective comparison for which they were calculated, are indicated in the figure legends. Data
are expressed as means ± SD. P values below 0.05 were considered significant. All experiments
were performed in triplicate, and equivalent results were obtained in each experiment.

Results

MFHAS1 is elevated in septic patients and in macrophages/monocytes
following TLR2 stimulation
We recruited eight septic patients (all patients were gram-positive infection), post-surgery,
from the ICU. All patients were diagnosed as having sepsis, based on the Surviving Sepsis Cam-
paign guidelines 2012. Eight patients in the control group were admitted to the ICU after sur-
gery not for sepsis. The gender, ages, types of disease, and types of infection did not differ
significantly between sepsis and control groups (p> 0.05). Blood IL-6 and MFHAS1 concen-
trations were found to be significantly higher in the sepsis group than in the control group
(p< 0.05) (Table 1).

MFHAS1mRNA was found to be more increased inPBMC from septic patients than control
ones (p = 0.032) (Fig 1A). TLR2 ligand, Pam3CSK4, induces MFHAS1 production in RAW
264.7 and THP-1 cells, in a time-dependent manner, until 72 h. The expression ofMfhas1
increased significantly at 6 h stimulation, and continues to remain high after 24 h, however, it
does not show further elevation after this time point (Fig 1B, 1C, 1D and 1E).

MFHAS1 has an inhibitory effect on TLR2 and inflammation after 6 hours
stimulation
We used Pam3CSK4 to stimulate TLR2 for 6 h, and found that the relative luciferase activity of
NF-κB versus renilla was significantly lower in 293-MFHAS1 cells transiently transfected with
TLR2 or TLR2/CD14 than in the control cells (HEK 293 cells transiently transfected with
TLR2 or TLR2/CD14) (p< 0.01) (Fig 2A), and induction of IL-6 expression was also signifi-
cantly lower in 293-MFHAS1 cells than in the control cells, as measured by RT-PCR and
ELISA (p< 0.05) (Fig 2B and 2C). These results demonstrate that MFHAS1 inhibits TLR2 sig-
naling pathway and inflammation at the first 6 hours. CD14 and the elevation of Pam3CSK4
concentration can assist TLR2 to further enhance the activation of NF-κB (p< 0.05) (Fig 2A).
The efficiency of transfection of TLR2 plasmids does not differ significantly between groups, as
measured by western blotting (S1 Fig).

Table 1. Gender, age, blood IL-6 and MFHAS1 concentrations in septic patients and controls.

Group Gender Age IL-6 (pg/mL) MFHAS1(pmol/L)

Sepsis (n = 8) M(80%) 63.67±5.28 35.06±8.09 819.00±135.09

Control (n = 8) M(60%) 63.17±7.17 4.63±1.32 531.17±129.16

P 0.490 0.894 <0.0001 0.004

doi:10.1371/journal.pone.0143662.t001
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MFHAS1 has a stimulatory effect on the TLR2 and inflammation, after 24
hours stimulation
The relative luciferase activities of NF-κB versus renilla, and AP-1 versus renilla, were both
found to be significantly higher in 293-MFHAS1 cells than in the control cells after 24 h stimu-
lation with Pam3CSK4, through TLR2 (p< 0.001). CD14 and the elevation of Pam3CSK4 con-
centration can assist TLR2 to further enhance the activation of NF-κB and AP-1 (p< 0.01)
(Fig 3A and 3B). Induction of IL-6 expression was also significantly higher in 293-MFHAS1
cells than in control cells, as measured by RT-PCR and ELISA after 24 h stimulation with
Pam3CSK4, through TLR2 (p< 0.05). Induction of IL-6 expression measured by RT-PCR and
ELISA at 36 h was significantly higher than that at 24 h (p< 0.05) (Fig 3C and 3D).

Fig 1. The expression ofMFHAS1 in PBMC andmacrophages/monocytes after TLR2 stimulation. (A) PBMC was isolated from the peripheral blood of
humane in the control group and the septic patients. The gene expression ofMFHAS1 in the PMBC was analyzed by qPCR. n = 8/group. (B) After stimulation
with 10 ng/mL Pam3CSK4 for designated time, RAW 264.7 macrophages indicated a time lag inMfhas1 expression. The expressions ofMFHAS1 and
GAPDHwere detected by western blotting. (C) The corresponding optical density of MFHAS1 bands normalized with GAPDH. (D) After stimulation with
10ng/mL Pam3CSK4 for designated time, THP-1 indicated a time lag inMFHAS1 expression. The expressions ofMFHAS1 andGAPDHwere detected by
western blotting. (E) The corresponding optical density of MFHAS1 bands normalized with GAPDH. Data are presented as mean ± SD in each group. Image
J was used in optical density measurement otherwise as indicated. *p < 0.05, compared with control.

doi:10.1371/journal.pone.0143662.g001

MFHAS1, Sepsis and TLR2 Signaling Pathway
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Knockdown using shMFHAS1 directed againstMfhas1 in RAW 264.7 macrophages signifi-
cantly activated IL-6 and TNF-α production, following 6 h stimulation with Pam3CSK4,
through TLR2, as measured by ELISA (p< 0.001). However, when RAW 264.7 macrophages
in which knockdown had been performed using shMFHAS1 were stimulated with Pam3CSK4
for 24 h, through TLR2, IL-6 and TNF-α production both significantly declined (p< 0.05) (Fig
4A and 4B). The RT-PCR results of IL-6 were the same as those with ELISA (Fig 4C). However,
MFHAS1 has different effect on TLR4. Following 6 and 24 h stimulation with LPS, through
TLR4, knockdown using shMFHAS1 directed againstMfhas1 in RAW 264.7 macrophages sig-
nificantly activated IL-6 production (p< 0.001) (Fig 4D). The levels of secreted IL-6 and TNF-
α production following 6 h Pam3CSK4 stimulation, as measured by ELISA, were significantly

Fig 2. MFHAS1 inhibits the transcriptional activity of NF-κB and IL-6 production 6 h after stimulation with Pam3CSK4 through TLR2. (A) HEK 293
cells and 293-MFHAS1 cells were transiently transfected with 100 ng TLR2 or 100 ng TLR2/50 ng CD14 expression plasmids, and 100 ng NF-κB-dependent
luciferase reporter plasmid as well as 10 ng renilla plasmid. Post transfection for 24 h, these transfected cells were exposed to mock treatment, Pam3CSK4
100 ng/mL or 10 μg/mL for 6 h, and fold increase in luciferase activity was measured for NF-κB activation using dual luciferase kits. The relative luciferase
activity was calculated from the ratio of NF-κB-Luc (firefly) activity to renilla activity. (B) HEK 293 cells and 293-MFHAS1 cells were transiently transfected
with 100 ng TLR2, and 24 h post-transfected cells were untreated or exposed to Pam3CSK4 100 ng/mL or 10μg/mL. After treatment for 6 h, IL-6 expression
was assayed by quantitative RT-PCR and normalized to GAPDH. (C) HEK 293 cells and 293-MFHAS1 cells were transiently transfected with 100 ng TLR2,
and 24 h post-transfected cells were untreated or exposed to Pam3CSK4 100 ng/mL. The cell supernatant was collected and the amounts of IL-6 were
determined by ELISA at 6 h post-treatment. Values are the means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, or ***p < 0.001.

doi:10.1371/journal.pone.0143662.g002
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lower in RAW 264.7 macrophages transfected with HIS-MFHAS1 (264.7-MFHAS1) than in
control cells (p< 0.001). However, when cells were stimulated for 24 h, the levels of secreted
IL-6 and TNF-α production were both significantly higher in 264.7-MFHAS1 than in control
cells (p< 0.001). Moreover, IL-6 and TNF-α production rose in a time-dependent manner
(p< 0.05) (Fig 4A and 4B). The efficiency of shMFHAS1 knockdown was confirmed by both
RT-PCR and western blotting (Fig 4E and 4F).

MFHAS1 does not affect IRF-7 and IFN-β production
Signaling by TLR2 in humans involves adaptor proteins, which interact with downstream pro-
tein kinases that ultimately lead to the activation of transcription factors, including members of
the IRF family apart from NF-κB. No significant differences were observed in luciferase activity
in transcription factor IRF-7 (Fig 5A) and inflammatory factor IFN-β production (Fig 5B and
5C) between 293-MFHAS1 transiently transfected with TLR2 or TLR2/CD14 and HEK 293

Fig 3. MFHAS1 activates NF-κB, AP-1, and IL-6 expression 24 h after stimulation with Pam3CSK4 through TLR2. (A, B) HEK 293 cells and
293-MFHAS1 cells were transiently transfected with 100 ng TLR2 or 100 ng TLR2/50 ng CD14 expression plasmids, an100 ng NF-κB luciferase reporter
plasmid (A) or 20 ng AP-1 luciferase reporter plasmid (B) and 10 ng renilla plasmid. 24 h post-transfected cells were exposed to mock treatment, Pam3CSK4
100 ng/mL or 10μg/mL. At 24 h posttreatment, fold increase in luciferase activity was measured for NF-κB or AP-1 activation using dual luciferase kits. The
relative luciferase activity was calculated from the ratio of NF-κB/AP-1 (firefly) activity to renilla activity. (C, D) HEK 293 cells and 293-MFHAS1 cells were
transiently transfected with 100 ng TLR2 or 100 ng TLR2/50 ng CD14 expression plasmids, and 24 h post-transfected cells were untreated or exposed to
Pam3CSK4 100 ng/mL. After 24 h and 36 h posttreatment, induction of IL-6 expression was assayed by quantitative RT-PCR and normalized to β-actin (C).
Cell supernatant was collected and the amounts of IL-6 were determined by ELISA (D). Values are the means ± SD from at least three independent
experiments. *p < 0.05, **p < 0.01, or ***p < 0.001.

doi:10.1371/journal.pone.0143662.g003
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cells transiently transfected with TLR2 or TLR2/CD14 (control) after 24 h stimulation with
Pam3CSK4 through TLR2 (p> 0.05). However, CD14 and an increase in Pam3CSK4 concen-
tration can assist TLR2 to further enhance the activation of IRF-7 (p< 0.05) (Fig 5A).

MFHAS1 induces the phosphorylation of JNK and p38 in a time-
dependent manner
The expression of pJNK was higher in 264.7-MFHAS1 than in control cells, immediately (5 min)
following stimulation with 10 ng/mL Pam3CSK4 until 1 h. The expression of pp38 was also
higher in 264.7-MFHAS1 than in the control cells after 5 min stimulation with 10 ng/mL
Pam3CSK4. However, pERK levels did not increase earlier in 264.7-MFHAS1 than in control
cells. These results demonstrate that MFHAS1 induces the phosphorylation of JNK and p38, but
not ERK, in a time-dependent manner (Fig 6).

However, following 6 h stimulation through TLR2 by Pam3CSK4, the levels of pJNK
expression in 264.7-MFHAS1 cells were lower than that in the control. MFHAS1 inhibits the
phosphorylation of JNK after 6 h TLR2 stimulation. After 24 h TLR2 stimulation, pJNK
expression levels were found to be higher in 264.7-MFHAS1 cells than that in the control once
again. MFHAS1 activates the phosphorylation of JNK after 24 h TLR2 stimulation. The phos-
phorylation of NF-κB p65 was also increased in 264.7-MFHAS1 cells than that in the control
following 24 h TLR2 stimulation through Pam3CSK4 (Fig 7).

Fig 4. IL-6 and TNF-α production after stimulation with Pam3CSK4 by knockdown ofMfhas1 using shMFHAS1. (A, B) RAW 264.7 macrophages were
transfected with shMFHAS1 or pCDH empty vector or HIS-MFHAS1 plasmid, and 24 h post-transfected cells were treated with 10 ng/mL Pam3CSK4. Cell
supernatant was collected after 6, 12, and 24 h posttreatment, and IL-6 (A) and TNF-α (B) production were measured by ELISA. (C, D) RAW 264.7
macrophages were transfected with shMFHAS1 or pCDH empty vector, and 24 h post-transfected cells were untreated or treated with 10 ng/mL Pam3CSK4
(C), or 50 ng/mL LPS (D). At 6 h and 24 h posttreatment, IL-6 expression was measured by RT-PCR and normalized to β-actin. (E, F) The knockdown
efficiency of shMFHAS1 at 6 h and 24 h was assessed by RT-PCR (E) and western blotting (F). Values are the means ± SD from at least three independent
experiments. *P < 0.05.

doi:10.1371/journal.pone.0143662.g004
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Discussion
Sepsis, which is a huge and expensive medical problem worldwide, can lead to septic shock,
multiple organ dysfunction syndrome and death. Physicians and researchers are actively
engaged in finding biomarkers or biomodulators in sepsis. Our study shows that MFHAS1’s
activity is associated with sepsis in humans and MFHAS1 levels increase during immune
response. MFHAS1 is an intracellular protein. Since the expression ofMFHAS1 was increased
in PBMC from patients with sepsis in this article, the elevation of blood MFHAS1 may because
it gets released during cell necrosis in sepsis. Biomarkers such as IL-6 and CRP etc. are widely
studied in the diagnosis and treatment of sepsis. Our results suggest that the role of MFHAS1
in sepsis and its potential utility in the management of this condition must be investigated
further.

The essence of sepsis is inflammation. TLR signaling acts synergistically in the initiation of
the innate immune response to bacterial infection during sepsis. Our study investigated the
effect of MFHAS1 on the TLR2 signaling pathway, and its difference from TLR4. We used

Fig 5. MFHAS1 does not affect transcription factor IRF-7 and IFN-β expression. (A) HEK293 and 293-MFHAS1 cells were transiently transfected with
100 ng TLR2 or 100 ng TLR2/50 ng CD14 expression plasmids, the pFR luciferase reporter gene along with plasmid expressing IRF7-Gal4 3 ng. Then these
24 h post-transfected cells were treated with mock, 100 ng/mL or 10μg/mL Pam3CSK4 for 24 h, and luciferase reporter gene activity was measured. (B)
HEK293 and 293-MFHAS1 cells were transiently transfected with 100 ng TLR2 expression plasmids, and 24 h post-transfected cells were untreated or
treated with 100 ng/mL Pam3CSK4 for 24 h. IFN-βmRNA expression was assayed by quantitative RT-PCR. (C) The relative IFN-βmRNA level was
normalized to GAPDH. Values are the means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, or ***p < 0.001.

doi:10.1371/journal.pone.0143662.g005
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Pam3CSK4 to stimulate the TLR2 signaling pathway in HEK 293 cells and RAW 264.7 cells, as
Pam3CSK4 is a specific ligand for TLR2. Interestingly, we find that MFHAS1 exerts dual effects
on the TLR2 signaling pathway in both HEK 293 cells and RAW 264.7 cells. HEK 293 cells lack
TLRs. When we transfected HEK 293 cells with TLR2 expression plasmid, the reaction of
downstream signaling was due to the activation of TLR2. Therefore, we can confirm that TLR2
is responsible for the dual effects of MFHAS1. We also used shRNA to verify MFHAS1’s effect
on TLR2. Since our aim was to study the humanMFHAS1 gene, we used human shRNA to
knockdownMfhas1 in RAW 264.7 cells. The RAW 264.7 cell, which is of murine origin, is an
adherent cell that can be transfected more easily, unlike the human macrophage U937 and
THP-1 suspended cells. We tested the efficiency of shMFHAS1 in this study by RT-PCR and
western blotting, and results obtained were found to support that shMFHAS1 was successful in
the RAW 264.7 cell. Using this shMFHAS1 technique in the RAW 264.7 macrophage, we find
that MFHAS1 has an inhibitory effect on TLR2 signaling pathway and inflammation at the
first 6 hours, and a stimulatory effect after 24 hours. This conforms to the results obtained
from HEK 293 cells. However, we have not got the same effect of MFHAS1 on TLR4 using the
same shMFHAS1 technique. Bone [37] has introduced the term “compensatory anti-inflam-
matory response syndrome” (CARS), reflecting immunoparalysis in septic patients in contrast
to the systemic inflammatory response syndrome (SIRS). SIRS was thought to be followed by
CARS. However, more and more studies suggest that SIRS and CARS appear alternately, that is

Fig 6. MFHAS1 induces phosphorylation of JNK and p38. (A) RAW 264.7 macrophages were transfected with HIS-MFHAS1 or pCDH empty vector
plasmid, and 24 h post-transfected cells were treated with 10 ng/mL Pam3CSK4 for 0, 1, 3, 5, 30, 60, 90 min, respectively. Cells were collected and the
protein levels of pJNK, JNK, pp38, p38, pERK, ERK, HIS-MFHAS1 and GAPDH were examined by western blotting. (B) Quantified data of the pJNK, pp38,
pERK levels. Levels of pJNK, pp38, pERK respectively normalized to JNK, p38, ERK levels were shown.

doi:10.1371/journal.pone.0143662.g006
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immunological variables behave in a mixed and time-dependent manner [38–41]. MFHAS1
may represent one of the factors that changes in the different stages of sepsis through TLR2,
although the time span of the inhibitory effect of MFHAS1 is short. Twenty-four hours after
activation of TLR2, MFHAS1 stimulates the production of inflammatory cytokines, resulting
in pro-inflammatory effects.

Ng et al. showed that the siRNA knockdown ofMfhas1 in RAW 264.7 macrophages
strongly enhanced IL-6 production following LPS and polyI:C stimulation. Our previous stud-
ies (unpublished) of the TLR4 signaling pathway indicated similar results, suggesting that
MFHAS1 might play a negative regulatory role in the TLR4 signaling pathway. These results
differ slightly from this study. Although TLR2 and TLR4 share similar downstream pathways,
MFHAS1 affects TLR2 signaling pathway in a different way from TLR4, according to this

Fig 7. MFHAS1 activates pJNK in a time-dependent manner. (A) RAW 264.7 macrophages were transfected with HIS-MFHAS1 or pCDH empty vector
plasmid, and 24 h post-transfected cells were untreated or treated with 10 ng/mL Pam3CSK4 for 6 h or 24 h. Cells were collected and pJNK, JNK, p-p65,
GAPDH and HIS-MFHAS1 protein levels were determined by western blotting. (B) Quantified data of the pJNK and p-p65 levels. Levels of pJNK normalized
to JNK levels, and pJNK/p-p65 normalized to GAPDHwere shown.

doi:10.1371/journal.pone.0143662.g007
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Fig 8. Model of the effect of MFHAS1 on TLR2 signaling pathway in response to TLR2 stimulation for 6–24 h.

doi:10.1371/journal.pone.0143662.g008
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study. Moreover, Ng et al’s study did not measure the NF-κB, AP-1 luciferase activity, or IL-6,
TNF-α production at 24 h following TLR activation. They only measured 6 h data. This may
explain the different results obtained. The difference in ligands used in this study, compared to
the other studies referred to, may contribute another reason.

In order to further investigate the TLR2 signaling pathway and the dual effect of MFHAS1,
we focused on the downstream signaling pathway of TLR2 affected by MFHAS1. A few signal-
ing cascades may be triggered when TLR2 is stimulated. In this study, MFHAS1 was observed
to stimulate the phosphorylation of JNK and p38 immediately after TLR2 activation. However,
while TLR2 was stimulated for 6 h, the effect of MFHAS1 on TLR2 was inhibitory, compared
to the control. MFHAS1 was found to inhibit the phosphorylation of JNK, and the production
of NF-κB and IL-6 at 6 h TLR2activation. The inhibitory effect of MFHAS1 on TLR2 does not
continue. After 24 h TLR2 activation, MFHAS1 was found to stimulate the phosphorylation of
JNK, NF-κB p65 and the production of NF-κB and IL-6. Therefore, we propose a pathway
through which MFHAS1 affects TLR2 signaling cascade after 6–24 h TLR2 stimulation: TLR2
ligands (Pam3CSK4 in this article) activate TLR2, and then MFHAS1 activates the JNK signal-
ing pathway, which induces the transcription factors NF-κB and AP-1, resulting in the eleva-
tion of inflammatory cytokines IL-6 and TNF-α (Fig 8).As to the pathway affected by
MFHAS1 within 6 h TLR2 stimulation, and the reason why the stimulatory effect of MFHAS1
does not sustain in the first 6 h, it needs further study. Other pathways may involve in the effect
of MFHAS1 on TLR2 signaling pathway.

IFN-βmRNA induction, stimulated by TLR2, is regulated by IRF7 and NF-κB. TLR2-me-
diated IRF7 activation requires endocytosis. We found that MFHAS1 did not affect transcrip-
tion factor IRF-7 and IFN-β production in this study, suggesting that MFHAS1 does not have
any effect on the endocytosis of TLR2 during inflammation. In this study, we find that CD14
can assist TLR2 to further enhance the activation of NF-κB, AP-1, and IRF7.These results con-
form to the effect of CD14, which acts as a TLR-associated molecule.

In accordance with the effect of MFHAS1 on TLR2 signaling pathway, directly targeting
MFHAS1 may affect the inflammatory reaction. MFHAS1 has dual effects on TLR2 mediated
inflammation, which makes it a target of interest in the design of new therapeutics to restore
immune balance in infectious and inflammatory diseases. Further research should be focused
on whether MFHAS1 has the same effect on TLR2, using other ligands like bacterial lipopep-
tides, and animal experiments should be performed to further verify the effect of MFHAS1 on
the TLR2 signaling pathway, and its effect on inflammation and sepsis.

In conclusion, through TLR2, MFHAS1 has inhibitory effect on the TLR2 signaling pathway
and inflammation at the first 6 hours, and then has stimulatory effects after 24 hours through
JNK/NF-κB/AP-1 signaling pathway. In the context of sepsis, research efforts have been
directed toward molecules with the potential to affect inflammatory cytokines such as IL-6 and
TNF-α, in order to alleviate SIRS during sepsis. Given its dual effects on TLR2 signaling path-
way and inflammation, MFHAS1 might be a suitable novel therapeutic tool to achieve immune
balance in sepsis.

Supporting Information
S1 Fig. The transfection efficiency does not differ significantly between groups.HEK 293
cells and 293-MFHAS1 cells were transiently transfected with TLR2 or TLR2/CD14 expression
plasmids for luciferase activity test. Cells were collected and lysed with cell lysis buffer added
with PMSF. The expression level of TLR2 was evaluated by western blotting. A. In the NF-κB-
dependent luciferase activity test, cells were treated with Pam3CSK4 for 6 h. B. In the NF-κB-
dependent luciferase activity test, cells were treated with Pam3CSK4 for 24 h. C. In the IRF-7

MFHAS1, Sepsis and TLR2 Signaling Pathway

PLOS ONE | DOI:10.1371/journal.pone.0143662 November 24, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143662.s001


luciferase activity test, cells were treated with Pam3CSK4 for 24 h.
(PDF)

S1 Table. Primers used in this study.
(PDF)

Acknowledgments
We would like to express our gratitude to Shuang Chang (SC), from School of Basic Medical
Sciences, Fudan University, Shanghai, China for technical assistance of western blotting.

Author Contributions
Conceived and designed the experiments: JZ DM CHM. Performed the experiments: JZ QQS
MMZ JS HHW. Analyzed the data: JZ HHW. Contributed reagents/materials/analysis tools:
DM CHM. Wrote the paper: JZ.

References
1. Dihanich S. MASL1: a neglected ROCO protein. Biochemical Society transactions. 2012; 40(5):1090–

4. PMID: 22988871

2. Dihanich S, Civiero L, Manzoni C, Mamais A, Bandopadhyay R, Greggio E, et al. GTP binding controls
complex formation by the human ROCO protein MASL1. The FEBS journal. 2014; 281(1):261–74. doi:
10.1111/febs.12593 PMID: 24286120

3. Sakabe T, Shinomiya T, Mori T, Ariyama Y, Fukuda Y, Fujiwara T, et al. Identification of a novel gene,
MASL1, within an amplicon at 8p23.1 detected in malignant fibrous histiocytomas by comparative
genomic hybridization. Cancer research. 1999; 59(3):511–5. PMID: 9973190

4. WengWH,Wejde J, Ahlen J, Pang ST, Lui WO, Larsson C. Characterization of large chromosome
markers in a malignant fibrous histiocytoma by spectral karyotyping, comparative genomic hybridiza-
tion (CGH), and array CGH. Cancer genetics and cytogenetics. 2004; 150(1):27–32. PMID: 15041220

5. Kumkhaek C, Aerbajinai W, Liu W, Zhu J, Uchida N, Kurlander R, et al. MASL1 induces erythroid differ-
entiation in human erythropoietin-dependent CD34+ cells through the Raf/MEK/ERK pathway. Blood.
2013; 121(16):3216–27. doi: 10.1182/blood-2011-10-385252 PMID: 23327923

6. Ng AC, Eisenberg JM, Heath RJ, Huett A, Robinson CM, Nau GJ, et al. Human leucine-rich repeat pro-
teins: a genome-wide bioinformatic categorization and functional analysis in innate immunity. Proceed-
ings of the National Academy of Sciences of the United States of America. 2011; 108 Suppl 1:4631–8.
doi: 10.1073/pnas.1000093107 PMID: 20616063

7. Zheng G, Lyu J, Huang J, Xiang D, Xie M, Zeng Q. Experimental treatments for mitochondrial dysfunc-
tion in sepsis: A narrative review. Journal of research in medical sciences: the official journal of Isfahan
University of Medical Sciences. 2015; 20(2):185–95.

8. Medzhitov R. Recognition of microorganisms and activation of the immune response. Nature. 2007;
449(7164):819–26. PMID: 17943118

9. Stevenson EK, Rubenstein AR, Radin GT, Wiener RS, Walkey AJ. Two decades of mortality trends
among patients with severe sepsis: a comparative meta-analysis*. Critical care medicine. 2014; 42
(3):625–31. doi: 10.1097/CCM.0000000000000026 PMID: 24201173

10. Ferrer R, Artigas A, Suarez D, Palencia E, Levy MM, Arenzana A, et al. Effectiveness of treatments for
severe sepsis: a prospective, multicenter, observational study. American journal of respiratory and criti-
cal care medicine. 2009; 180(9):861–6. doi: 10.1164/rccm.200812-1912OC PMID: 19696442

11. Schorr CA, Dellinger RP. The Surviving Sepsis Campaign: past, present and future. Trends in molecu-
lar medicine. 2014; 20(4):192–4. doi: 10.1016/j.molmed.2014.02.001 PMID: 24698888

12. Yao YM, Luan YY, Zhang QH, Sheng ZY. Pathophysiological aspects of sepsis: an overview. Methods
in molecular biology (Clifton, NJ). 2015; 1237:5–15.

13. Balk RA. Systemic inflammatory response syndrome (SIRS): where did it come from and is it still rele-
vant today? Virulence. 2014; 5(1):20–6. doi: 10.4161/viru.27135 PMID: 24280933

14. Ishii KJ, Koyama S, Nakagawa A, Coban C, Akira S. Host innate immune receptors and beyond: mak-
ing sense of microbial infections. Cell host & microbe. 2008; 3(6):352–63.

MFHAS1, Sepsis and TLR2 Signaling Pathway

PLOS ONE | DOI:10.1371/journal.pone.0143662 November 24, 2015 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143662.s002
http://www.ncbi.nlm.nih.gov/pubmed/22988871
http://dx.doi.org/10.1111/febs.12593
http://www.ncbi.nlm.nih.gov/pubmed/24286120
http://www.ncbi.nlm.nih.gov/pubmed/9973190
http://www.ncbi.nlm.nih.gov/pubmed/15041220
http://dx.doi.org/10.1182/blood-2011-10-385252
http://www.ncbi.nlm.nih.gov/pubmed/23327923
http://dx.doi.org/10.1073/pnas.1000093107
http://www.ncbi.nlm.nih.gov/pubmed/20616063
http://www.ncbi.nlm.nih.gov/pubmed/17943118
http://dx.doi.org/10.1097/CCM.0000000000000026
http://www.ncbi.nlm.nih.gov/pubmed/24201173
http://dx.doi.org/10.1164/rccm.200812-1912OC
http://www.ncbi.nlm.nih.gov/pubmed/19696442
http://dx.doi.org/10.1016/j.molmed.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24698888
http://dx.doi.org/10.4161/viru.27135
http://www.ncbi.nlm.nih.gov/pubmed/24280933


15. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006; 124(4):783–
801. PMID: 16497588

16. Sellge G, Kufer TA. PRR-signaling pathways: Learning frommicrobial tactics. Seminars in immunology.
2015; 27(2):75–84. doi: 10.1016/j.smim.2015.03.009 PMID: 25911384

17. Shibata T, Nakashima F, Honda K, Lu YJ, Kondo T, Ushida Y, et al. Toll-like receptors as a target of
food-derived anti-inflammatory compounds. The Journal of biological chemistry. 2014; 289(47):32757–
72. doi: 10.1074/jbc.M114.585901 PMID: 25294874

18. Hoang M, Potter JA, Gysler SM, Han CS, Guller S, Norwitz ER, et al. Human fetal membranes generate
distinct cytokine profiles in response to bacterial Toll-like receptor and nod-like receptor agonists. Biol-
ogy of reproduction. 2014; 90(2):39. doi: 10.1095/biolreprod.113.115428 PMID: 24429216

19. Beutler BA. TLRs and innate immunity. Blood. 2009; 113(7):1399–407. doi: 10.1182/blood-2008-07-
019307 PMID: 18757776

20. Foley NM, Wang J, Redmond HP, Wang JH. Current knowledge and future directions of TLR and NOD
signaling in sepsis. Military Medical Research. 2015; 2:1. doi: 10.1186/s40779-014-0029-7 PMID:
25722880

21. Brightbill HD, Modlin RL. Toll-like receptors: molecular mechanisms of the mammalian immune
response. Immunology. 2000; 101(1):1–10. PMID: 11012747

22. Bosmann M, Ward PA. The inflammatory response in sepsis. Trends in immunology. 2013; 34(3):129–
36. doi: 10.1016/j.it.2012.09.004 PMID: 23036432

23. Li Y, XiongW, Yang J, Zhong J, Zhang L, Zheng J, et al. Attenuation of Inflammation by Emodin in Lipo-
polysaccharide-induced Acute Kidney Injury via Inhibition of Toll-like Receptor 2 Signal Pathway. Ira-
nian journal of kidney diseases. 2015; 9(3):202–8. PMID: 25957424

24. Peng Y, Zhang X, Wang Y, Li S, Wang J, Liu L. Overexpression of toll-like receptor 2 in glomerular
endothelial cells and podocytes in septic acute kidney injury mouse model. Renal failure. 2015; 37
(4):694–8. doi: 10.3109/0886022X.2015.1011499 PMID: 25715637

25. Zhong J, Colicino E, Lin X, Mehta A, Kloog I, Zanobetti A, et al. Cardiac autonomic dysfunction: particu-
late air pollution effects are modulated by epigenetic immunoregulation of Toll-like receptor 2 and die-
tary flavonoid intake. Journal of the American Heart Association. 2015; 4(1):e001423. doi: 10.1161/
JAHA.114.001423 PMID: 25628407

26. Aderem A, Ulevitch RJ. Toll-like receptors in the induction of the innate immune response. Nature.
2000; 406(6797):782–7. PMID: 10963608

27. Takeuchi O, Hoshino K, Akira S. Cutting edge: TLR2-deficient and MyD88-deficient mice are highly
susceptible to Staphylococcus aureus infection. Journal of immunology (Baltimore, Md: 1950). 2000;
165(10):5392–6.

28. Gong Y, Zou L, Feng Y, Li D, Cai J, Chen D, et al. Importance of Toll-like receptor 2 in mitochondrial
dysfunction during polymicrobial sepsis. Anesthesiology. 2014; 121(6):1236–47. doi: 10.1097/ALN.
0000000000000470 PMID: 25272245

29. Takeda K, Akira S. TLR signaling pathways. Seminars in immunology. 2004; 16(1):3–9. PMID:
14751757

30. Dupuy AM, Philippart F, Pean Y, Lasocki S, Charles PE, Chalumeau M, et al. Role of biomarkers in the
management of antibiotic therapy: an expert panel review: I—currently available biomarkers for clinical
use in acute infections. Annals of intensive care. 2013; 3(1):22. doi: 10.1186/2110-5820-3-22 PMID:
23837559

31. Kojic D, Siegler BH, Uhle F, Lichtenstern C, Nawroth PP, WeigandMA, et al. Are there new approaches
for diagnosis, therapy guidance and outcome prediction of sepsis?World journal of experimental medi-
cine. 2015; 5(2):50–63. doi: 10.5493/wjem.v5.i2.50 PMID: 25992320

32. Dumache R, Rogobete AF, Bedreag OH, Sarandan M, Cradigati AC, Papurica M, et al. Use of miRNAs
as Biomarkers in Sepsis. Analytical cellular pathology (Amsterdam). 2015; 2015:186716.

33. Riedemann NC, Guo RF, Ward PA. Novel strategies for the treatment of sepsis. Nature medicine.
2003; 9(5):517–24. PMID: 12724763

34. Sharawy N, Lehmann C. New directions for sepsis and septic shock research. The Journal of surgical
research. 2015; 194(2):520–7. doi: 10.1016/j.jss.2014.12.014 PMID: 25596653

35. Ma J, Chen C, Barth AS, Cheadle C, Guan X. Lysosome and Cytoskeleton Pathways Are Robustly
Enriched in the Blood of Septic Patients: A Meta-Analysis of Transcriptomic Data. 2015;2015:984825.

36. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving Sepsis Campaign:
international guidelines for management of severe sepsis and septic shock, 2012. Intensive care medi-
cine. 2013; 39(2):165–228. doi: 10.1007/s00134-012-2769-8 PMID: 23361625

MFHAS1, Sepsis and TLR2 Signaling Pathway

PLOS ONE | DOI:10.1371/journal.pone.0143662 November 24, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1016/j.smim.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25911384
http://dx.doi.org/10.1074/jbc.M114.585901
http://www.ncbi.nlm.nih.gov/pubmed/25294874
http://dx.doi.org/10.1095/biolreprod.113.115428
http://www.ncbi.nlm.nih.gov/pubmed/24429216
http://dx.doi.org/10.1182/blood-2008-07-019307
http://dx.doi.org/10.1182/blood-2008-07-019307
http://www.ncbi.nlm.nih.gov/pubmed/18757776
http://dx.doi.org/10.1186/s40779-014-0029-7
http://www.ncbi.nlm.nih.gov/pubmed/25722880
http://www.ncbi.nlm.nih.gov/pubmed/11012747
http://dx.doi.org/10.1016/j.it.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23036432
http://www.ncbi.nlm.nih.gov/pubmed/25957424
http://dx.doi.org/10.3109/0886022X.2015.1011499
http://www.ncbi.nlm.nih.gov/pubmed/25715637
http://dx.doi.org/10.1161/JAHA.114.001423
http://dx.doi.org/10.1161/JAHA.114.001423
http://www.ncbi.nlm.nih.gov/pubmed/25628407
http://www.ncbi.nlm.nih.gov/pubmed/10963608
http://dx.doi.org/10.1097/ALN.0000000000000470
http://dx.doi.org/10.1097/ALN.0000000000000470
http://www.ncbi.nlm.nih.gov/pubmed/25272245
http://www.ncbi.nlm.nih.gov/pubmed/14751757
http://dx.doi.org/10.1186/2110-5820-3-22
http://www.ncbi.nlm.nih.gov/pubmed/23837559
http://dx.doi.org/10.5493/wjem.v5.i2.50
http://www.ncbi.nlm.nih.gov/pubmed/25992320
http://www.ncbi.nlm.nih.gov/pubmed/12724763
http://dx.doi.org/10.1016/j.jss.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25596653
http://dx.doi.org/10.1007/s00134-012-2769-8
http://www.ncbi.nlm.nih.gov/pubmed/23361625


37. Bone RC. Sir Isaac Newton, sepsis, SIRS, and CARS. Critical care medicine. 1996; 24(7):1125–8.
PMID: 8674323

38. Fijen JW, Kobold AC, de Boer P, Jones CR, van der Werf TS, Tervaert JW, et al. Leukocyte activation
and cytokine production during experimental human endotoxemia. European journal of internal medi-
cine. 2000; 11(2):89–95. PMID: 10745152

39. Marik PE, Flemmer M. The immune response to surgery and trauma: Implications for treatment. The
journal of trauma and acute care surgery. 2012; 73(4):801–8. doi: 10.1097/TA.0b013e318265cf87
PMID: 22976420

40. Gomez HG, Gonzalez SM, Londono JM, Hoyos NA, Nino CD, Leon AL, et al. Immunological characteri-
zation of compensatory anti-inflammatory response syndrome in patients with severe sepsis: a longitu-
dinal study*. Critical care medicine. 2014; 42(4):771–80. doi: 10.1097/CCM.0000000000000100
PMID: 24365860

41. Rosenthal M, Gabrielli A, Moore F. The evolution of nutritional support in long term ICU patients: from
multisystem organ failure to persistent inflammation immunosuppression catabolism syndrome.
Minerva anestesiologica. 2015.

MFHAS1, Sepsis and TLR2 Signaling Pathway

PLOS ONE | DOI:10.1371/journal.pone.0143662 November 24, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/8674323
http://www.ncbi.nlm.nih.gov/pubmed/10745152
http://dx.doi.org/10.1097/TA.0b013e318265cf87
http://www.ncbi.nlm.nih.gov/pubmed/22976420
http://dx.doi.org/10.1097/CCM.0000000000000100
http://www.ncbi.nlm.nih.gov/pubmed/24365860

