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Endotoxic shock is the primary cause of morbidity and mortality in hospital patients, creating an urgent need to explore
the mechanisms involved in sepsis. Our previous studies showed that T-cell immunoglobulin- and mucin-domain-
containing molecule-4 (Tim-4) attenuated the inflammatory response through regulating the functions of macrophages.
However, the mechanism by which Tim-4 does this has not been fully elucidated. In this study, we found that Tim-4
expression was increased in lipopolysaccharide (LPS)-induced endotoxic shock. Interestingly, the survival rate of mice in
the Tim-4 overexpression group was higher than that of the control group after LPS administration. To investigate the
function of Tim-4 in LPS-induced inflammation, we further demonstrated that Tim-4 attenuated LPS-induced endotoxic
shock by inhibiting cytokine production by macrophages. Blocking expression of Tim-4 and nuclear factor-kappa B (NF-κB)
signal inhibition showed that Tim-4 inhibited cytokine production via NF-κB signaling pathway. This study indicates that
Tim-4 may exert its immune modulation by regulating inflammatory factor secretion and might act as a novel potential
target for inflammatory diseases, especially endotoxic shock.
Laboratory Investigation (2016) 96, 1189–1197; doi:10.1038/labinvest.2016.94; published online 12 September 2016

Endotoxic shock, also referred to as septic shock, is one of the
leading causes of morbidity and mortality in hospital
patients,1 as well as in experimental animal models.2 The
innate immune system, including innate immune cells such as
macrophages and dendritic cells, is the first line of defense
against endotoxic shock, which is induced mainly by Gram-
negative bacteria through stimulation of Toll-like receptors
(TLRs).3 TLR4 is engaged by lipopolysaccharide (LPS) from
Gram-negative bacteria, whereas other components of
microbes are recognized via other TLRs.4 However, all TLRs
activate nuclear factor-kappa B (NF-κB) and the mitogen-
activated protein kinase pathway, and the engagement of
TLRs results in a potent inflammatory response characterized
by the release of abundant proinflammatory cytokines and
chemokines.5 In clinical practice, endotoxic shock is defined
as a systemic inflammatory response to the presence of a
documented infection in critically ill patients.6 Although

multiple treatments are currently used to deal with severe
endotoxic shock, due to the complicated nature of sepsis,
endotoxic shock remains as the most common cause of death
in intensive care units.7,8 Therefore, substantial efforts should
be made to clarify the mechanisms of immunopathology
involved in endotoxic shock in order to develop new
therapeutic strategies.

T-cell immunoglobulin- and mucin-domain-containing
molecule-4 (Tim-4) was first discovered in 2001 as a novel
immune regulator.9 In contrast to other Tim family members,
Tim-4 is selectively expressed on antigen-presenting cells,
especially on macrophages and mature myeloid-derived
dendritic cells.9 Tim-4 acts as a ligand for Tim-1, which
prompts T-cell expansion and survival.10,11 It has been
associated with a variety of immune regulatory disorders
including allergy, asthma, and autoimmunity.12 Moreover,
Tim-4 promotes macrophages to engulf the apoptotic or
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necrotic bodies by recognizing phosphatidylserine exposed on
the surface of apoptotic cells and is involved in innate
immunity-mediated diseases.13–15 Our previous data confirm
that Tim-4 negatively regulates macrophages and reduces the
levels of proinflammatory cytokines stimulated by Concana-
valin A (ConA).16 It is known that ConA, LPS, or interferon-γ
stimulation induces Tim-4 expression in macrophages.16,17

Rodriguez-Manzanet R and colleagues11 also reported that the
expression of Tim-4 on CD11c−CD11b+ splenic macrophages
is increased after LPS stimulation, suggesting the upregulation
of Tim-4 upon activated macrophages induced by LPS.
Moreover, the expression of Tim-4 on DCs phagocytosed
Escherichia coli particles increases 3- to 4-fold,18 indicating
that Tim-4 may involve in the development of endotoxic
shock. However, the mechanism of Tim-4 in LPS-induced
endotoxin shock remains elusive.

In this study, we developed an experimental endotoxin-
stimulated septic shock model in order to address the role of
Tim-4 in the development of endotoxic shock. We found that
Tim-4 protected mice from LPS-induced septic shock by
inhibiting proinflammatory cytokines in an NF-κB-dependent
manner.

MATERIALS AND METHODS
Animals
Six to eight-week-old female BALB/c mice were purchased
from the Shandong University Laboratory Animal Center
(Shandong, China). All mice were housed in the animal
facilities under pathogen-free conditions. Experimental pro-
cedures were approved by the Animal Care and Use
Committee of Shandong University.

Cell and Plasmids
RAW264.7 cells (ATCC TIB-71) were purchased from
Shanghai Institutes for Biological Science (Shanghai, China)
and cultured in DMEM media, supplemented with 10% fetal
bovine serum and penicillin/streptomycin. Stable macrophage
cell lines overexpressing Tim-4 (RAW264.7-Tim-4) and
the control cell line (RAW264.7-pcDNA3) were established
in our laboratory. The plasmids pEGFP-N1-Tim-4, mU6-
Tim-4-shRNA, and pcDNA3-Tim-4 were constructed and
conserved.

LPS-Induced Endotoxic Shock
BALB/c mice were administered LPS (0111:B4) (Sigma, St
Louis, MO, USA) at 15 mg/kg by intraperitoneal injection to
induce endotoxic shock, and saline was used as control. Eight
hours later, the bone marrow, spleen, lung, and kidney were
collected to detect Tim-4 mRNA and protein expression.
Subsequently, overexpression of Tim-4 was conducted in
animal models. In detail, the mixture of 60 μg pEGFP-N1-
Tim-4 or pEGFP-N1 plasmid DNA and PEI at 10:1 of N:P
was administered to BALB/c mice by tail vein injection.
Twenty-four hours later, 15 mg/ml LPS was given by
intraperitoneal injection to induce endotoxic shock. Three

days later, Tim-4 mRNA and protein expression in liver,
spleen, lung, and kidney was determined. The survival rate of
mice in the two groups was observed for 40 h. The serum
concentrations of tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6) were measured using ELISA kits
(eBioscience Biotec, San Diego, USA).

Knockdown of Tim-4 was conducted. A mixture of mU6-
Tim-4-shRNA or mU6 plasmid DNA and PEI at 10:1 was
administered to BALB/c mice. Twenty-four hours later,
15 mg/ml LPS was given by intraperitoneal injection to
induce endotoxic shock. Three days later, Tim-4 mRNA and
protein expression in spleen and lung, the survival rate and
the concentration of TNF-α and IL-6 were detected as
described above.

Macrophage Isolation
Peritoneal macrophages were isolated from BALB/c mice.
Briefly, 1 ml of a sterile 6% starch solution was injected into
the abdominal cavity for 72 h. Serum-free DMEM medium
was used to rinse the peritoneal lavage and the exudated cells
were collected. The cells were cultured in DMEM with 10%
fetal bovine serum in 24-well plates and used for subsequent
experiments.

Transfection
A total of either 0.2, 0.6, or 1 μg pcDNA3-Tim-4 or mU6-
Tim-4-shRNA and their control plasmids (pcDNA3, mU6,
respectively) were transfected into macrophages by Lipofec-
tamine2000. Forty-eight hours later, 100 ng/ml of LPS was
used to stimulate the macrophages for 24 h. The concentra-
tions of IL-6 and TNF-α in supernatant fractions were
detected by ELISA.

Tim-4 Blockade
Either 1, 2.5, or 5 μg/ml of Tim-4 antibody (Cat# AF2826,
R&D, USA) or 10 μg/ml of control goat IgG (R&D, USA) was
incubated with macrophages for 1 h, then LPS was used to
stimulate for 24 h and IL-6, TNF-α levels in supernatant
fractions were detected by ELISA.

NF-κB Signal Inhibition
Peritoneal macrophages or stable cell line RAW264.7-Tim-4
(cells overexpressing Tim-4) and control cells RAW264.7-
pcDNA3 were pretreated with 83.3 μg/ml of NF-κB inhibitory
ligand (Cat# 25-007, upstate, USA) for 30 min, then
incubated with 5 μg/ml Tim-4 blocking antibody or isotype
control IgG for 1 h. LPS (100 ng/ml) was used to stimulate for
24 h, and TNF-α and IL-6 levels in supernatants were
measured by ELISA.

Semi-Quantitative RT-PCR and Quantitative Real-Time
PCR
Total cellular RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and cDNA synthesized
according to the manufacturer’s instructions. Specific primers
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used for RT-PCR assays were as follows: 5′-CTACAGACA
TAGCCGTACTCA-3′ (sense) and 5′-GTCTTCATCATCCCT
CCC-3′ (antisense) for Tim-4, 5′-TGCGTGACATCAAA
GAGAAG-3′ (sense) and 5′-TCCATACCCAAGAAG-3′ (anti-
sense) for β-actin. Quantitative real-time PCR reaction was
run on CFX96 Real-time PCR system (Bio-rad, USA) as
follows: 95 °C for 10 min (an initial denaturation step),
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min
(annealing and extension). In addition, melting curve (55–
95 °C) was performed at the end of each run. Gene-specific
primers were as follows: Tim-4, forward (5′-ACAGGACAGA
TGGATGGAATACCC-3′) and reverse (5′-AGCCTTGTGTT
TCTGCG-3′); β-actin, forward (5′-GGCATCGTGATGGA
CTCCG-3′) and reverse (5′-GCTGGAAGGTGGACAGCG
A-3′). The relative expression of target gene was calculated
considering its amplification efficiencies.

Western Blotting
Tissues were ground and lysed by Cell LyticäM (Sigma) and
added to gel-loading buffer. After boiling for 10min, proteins
were resolved by SDS-polyacrylamide gel electrophoresis and
electro-blotted onto a polyvinylidene fluoride membrane
(Millipore, Jinan, China). Membranes were blocked with 3%
bovine serum albumin and incubated with indicated anti-
bodies. After washing in PBS-containing 0.5% Tween 20, the
bound primary antibody was detected with anti-rabbit IgG or
anti-mouse IgG (Zhongshan, Beijing, China). After washing,
the antibody-bound protein was visualized by enhanced
chemiluminescence. Antibodies used are as follows: anti-
Tim-4 (SAB3500444, Sigma), anti-GAPDH (60004-I-Ig, pro-
teintech TM), and anti-β-Actin (TA-09, Zhongshanjinqiao).

ELISA
TNF-α and IL-6 concentrations in culture supernatants or
serum were measured by ELISA kits according to the
manufacturer’s instructions.

Statistical Analysis
Unpaired Student’s t-test (GraphPad Prism 5.0; GraphPad
Software, San Diego, CA, USA) was used for comparison
between two groups. Survival plots of mice with treated group
and control were constructed using the Kaplan–Meier
method and were compared using the log rank test. A value
of Po0.05 was considered significant.

RESULTS
Tim-4 Expression is Increased in LPS-Induced Endotoxic
Shock
Previously, our group had shown that Tim-4 was significantly
induced by ConA, interferon-γ and LPS in macrophages
in vitro.16,17 To examine whether Tim-4 is also induced by
LPS in vivo, BALB/c mice were administered LPS by
intraperitoneal injection and the expression level of Tim-4
mRNA was measured by RT-PCR and real-time RT-PCR. As
shown in Figure 1, Tim-4 mRNA expression in bone marrow,
spleen, lung, and kidney was significantly induced by LPS
administration. Tim-4 protein expression was also enhanced
in these organs after LPS stimulation (Supplementary
Figure 1A). In addition, similar results were observed in
C57BL/6 mice (Supplementary Figure 1B). These results
suggest that LPS-induced Tim-4 may have a role in the
regulation of the inflammatory response.

Figure 1 Tim-4 (T-cell immunoglobulin- and mucin-domain-containing molecule-4) expression is increased in lipopolysaccharide (LPS)-induced
endotoxic shock. BALB/c mice were administered LPS (15 mg/kg) by intraperitoneal injection, and saline was used as control. Eight hours later, bone
marrow, spleen, lung, and kidney were excised and RT-PCR was used to detect Tim-4 mRNA expression (a). The relative expression level of Tim-4 mRNA
was analyzed by Image-J software and student’s t-test (b). Real-time RT-PCR was also used to detect Tim-4 mRNA expression in these organs (c).

The role of TIM-4 in endotoxic shock
L Xu et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 96 November 2016 1191

http://www.laboratoryinvestigation.org


Tim-4 Attenuates LPS-Induced Endotoxic Shock
To further investigate the function of Tim-4 in inflammation
induced by LPS, the Tim-4 eukaryotic expression plasmid was
administered to BALB/c mice before LPS injection. Three
days later, the mice were killed and Tim-4 mRNA and protein
expression in liver, spleen, lung, and kidney was detected by
RT-PCR or western blotting. As shown in Figure 2, the
expression of Tim-4 was increased in these organs in
experimental group (a) as compared with the control group.
Moreover, the survival rate of mice in the Tim-4 over-
expression group was 45% within 40 h after LPS treatment.
However, the survival rate of the control group was only 23%
(b). The concentrations of TNF-α (c) and IL-6 (d) in serum
were lower in Tim-4 overexpression group compared with the
controls as well.

To further confirm the role of Tim-4 in vivo, we
constructed the Tim-4-shRNA plasmid to interfere with
Tim-4 expression. As shown in Figure 3, the expression of
Tim-4 in spleen and lung in Tim-4-shRNA group decreased
correspondingly. The survival rate of Tim-4 knockdown
mice was 18%, whereas the control group was 32%, 40 h
after LPS treatment (b). The concentrations of TNF-α (c)
and IL-6 (d) in serum were higher in Tim-4-shRNA group
compared with controls as well. Taken together, these results
indicate that Tim-4 protects mice from LPS-induced
septic shock.

Tim-4 Inhibits Cytokine Production of Macrophages
Macrophages are the primary source of cytokines such as IL-6
and TNF-α in the process of inflammation. To further
investigate whether Tim-4 protects mice from LPS-induced
septic shock by inhibiting macrophages, we isolated the
peritoneal macrophages from BALB/c mice and transfected
overexpression and knockdown plasmids of Tim-4 to
macrophages before LPS treatment. Moreover, Tim-4 anti-
body was incubated with macrophages for 1 h before LPS
stimulation. The IL-6 and TNF-α levels in supernatants were
detected by ELISA. As shown in Figure 4, the concentrations
of IL-6 and TNF-α in Tim-4 overexpression group were
decreased in contrast to control group. Consistently, the levels
of inflammatory factors in Tim-4 knockdown or blocking
group were increased in contrast to the controls. These results
further verified the inhibitory effect of Tim-4 on the
production of inflammatory cytokines in macrophages.

Tim-4 Inhibits Cytokine Production via NF-κB Signaling
Pathway
NF-κB is one of the pivotal transcription factors regulating
gene expression in inflammatory responses. Therefore, we
speculated that Tim-4 might participate in the process of LPS-
induced endotoxic shock by inhibiting cytokine production.
We constructed the stable cell line RAW264.7-Tim-4, which
overexpressed Tim-4 and pretreated them with NF-κB
inhibitory ligand for 30 min before LPS stimulation. As

Figure 2 Tim-4 (T-cell immunoglobulin- and mucin-domain-containing molecule-4) overexpression attenuates lipopolysaccharide (LPS)-induced
endotoxic shock. A mixture of 60 μg pEGFP-N1-Tim-4 or pEGFP-N1 plasmid DNA and PEI at 10:1 was administered to BALB/c mice by tail vein injection.
Three days later, the mice were sacrificed and Tim-4 mRNA and protein expression in liver, spleen, lung, and kidney was detected by RT-PCR or western
blotting (a). Twenty-four hours after Tim-4 or control plasmid administration, 15 mg/ml of LPS was given by intraperitoneal injection to induce
endotoxic shock. The survival rate of mice in the two groups was observed for 40 h (b) (*Po0.05). Tumor necrosis factor-α (c) and interleukin-6 (d) in
serum was measured by ELISA.
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shown in Figure 5, the TNF-α (a) and IL-6 (b) levels in
supernatants from Tim-4 overexpression macrophages were
decreased compared with control; however, NF-κB inhibitory
ligand reversed the decrease of TNF-α and IL-6 levels.
Peritoneal macrophages were also pretreated with NF-κB
inhibitory ligand and then incubated with Tim-4 blocking
antibody before LPS treatment. The results show that
TNF-α (c) and IL-6 (d) levels in supernatants of Tim-4
blocking group were increased compared with control. NF-κB
inhibitory ligand also abrogated the differences between two
groups. These results suggest that Tim-4 may inhibit cytokine
production via NF-κB signaling pathway.

DISCUSSION
Stimulation of macrophages is essential in the development of
endotoxic shock.19 Bacterial components, especially LPS,
activate macrophages to produce proinflammatory cytokines,
such as TNF-α, IL-1, IL-6, and other inflammatory
mediators,20 which then trigger a cascade of reactions that
contributes to systemic inflammation.21 Previous studies by
our group have shown that Tim-4 expression on HMCs
increased in a mouse model after ConA administration,
coincident with the increased expression of Tim-4 on
macrophages after stimulation.16,17 Moreover, we observed
increased Tim-4 expression on PBMCs from systemic lupus
erythematosus22 and type 2 diabetes patients.23 It therefore
appears that the potential role of Tim-4 is to downregulate the

innate immune system, particularly macrophages, in order
to decrease excessive inflammatory reactions. Recently, we
identify Tim-4 as a critical regulator of LPS-induced
macrophage activation by inhibiting NO production
in vitro.17 These observations collectively support the
hypothesis that Tim-4 has functional roles in attenuating
inflammation-related diseases. In the current study, we
further demonstrate that Tim-4 protects mice against LPS-
induced endotoxic shock by suppressing the activation of
macrophages through the NF-κB signaling pathway. These
observations suggest that Tim-4 might be involved in the
pathogenesis of macrophage-mediated endotoxic shock by
inhibiting inflammatory factor production.

Normally, the inflammatory response in sepsis involves a
complex interplay of different biological systems and cell
types, resulting in severe dysregulation of the inflammatory
network.24 At the onset of endotoxic shock, a nonresolving
inflammatory reaction occurs, which can lead to organ
damage and dysfunction. Subsequently, cytokines attract
multiple immune cells, including macrophages, and these
recruited cells produce even more cytokines to perpetuate the
response.25 Excessive production of proinflammatory cyto-
kines, especially TNF-а and IL-6, leading to endothelial
damage, increased microvascular permeability, platelet aggre-
gation, myocardial dysfunction and ischemia/reperfusion
(I/R) injury,25,26 which frequently leads to organism
disability and body death in endotoxic shock. Therefore, the

Figure 3 Tim-4 (T-cell immunoglobulin- and mucin-domain-containing molecule-4) knockdown aggravates lipopolysaccharide (LPS)-induced endotoxic
shock. A mixture of 60 μg mU6-Tim-4-shRNA or mU6 plasmid DNA and PEI at 10:1 was administered to BALB/c mice by tail vein injection. Three days
later, the mice were sacrificed and Tim-4 mRNA and protein expression in spleen and lung was detected by RT-PCR or western blotting (a). Twenty-four
hours after Tim-4-shRNA or control plasmid administration, 15 mg/ml of LPS was given by intraperitoneal injection to induce endotoxic shock. The
survival rate of mice in the two groups was observed for 40 h (b) (*Po0.05). Tumor necrosis factor-α (c) and interleukin-6 (d) in serum was measured
by ELISA.
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uncontrolled inflammatory reaction induced by macrophage-
derived inflammatory cytokines is the primary mechanism in
the process of sepsis. In our study, we demonstrated that
Tim-4 expression was increased in LPS-induced experimental
endotoxic shock, indicating that Tim-4 might participate in
the process. To further investigate the role of Tim-4 in the
development of endotoxic shock induced by LPS in vivo, Tim-
4 eukaryotic expression and interference plasmids were
administered to BALB/c mice before LPS injection. The
results show that Tim-4 can attenuate the levels of
inflammatory factors such as TNF-а and IL-6. More
importantly, the survival rate of the Tim-4 overexpression
group was higher than controls. Accordingly, the survival rate
of mice in the Tim-4 downregulated group was lower. Tim-4
is exclusively expressed on macrophages and mature DCs, and
regulates T-cell functions or mediates the phagocytosis of
apoptotic cells through affecting the functions of
macrophages.10,11,13–15,27,28 Combined with our previous
data, these results indicate that Tim-4 may suppress the
degree of inflammation and protect mice from LPS-induced
septic shock at least partially in vivo.

Macrophages are primary producer of TNF-α and IL-6,
and TNF-α is the critical driver of septic shock.29 Studies have

shown that Tim-4 may modulate secretion of TNF-α by
regulating the ability of resident peritoneal macrophages,27

which is consistent with our published data.16 To confirm
whether Tim-4 participates in endotoxic shock by regulating
the functions of macrophages, we included Tim-4 over-
expression and interference plasmids or blocking antibody to
macrophages before LPS stimulation. The results show that
TNF-α and IL-6 levels in supernatants were decreased in the
Tim-4 overexpression group, and increased when interference
plasmid or blocking antibody was given before LPS stimula-
tion. Although Tim-4 is also found on NKT and B1 cells,
Tim-4 is selectively highly expressed on macrophages and
mature myeloid-derived dendritic cells. Therefore, we spec-
ulate that Tim-4 may suppress the degree of endotoxic shock
at least partially by regulating the function of macrophages.
In the future, the in vivo role of Tim-4 in LPS-induced
endotoxic shock by regulating macrophages should be further
identified using macrophage specific Tim-4 gene conditional
knockout mice.

LPS is the major factor in the development of septic
shock,30 and it initiates the inflammatory response through
the TLR4 signaling pathway.31 In the process of endotoxic
shock, LPS binds to LPS-binding protein and is delivered to

Figure 4 Tim-4 (T-cell immunoglobulin- and mucin-domain-containing molecule-4) inhibits cytokines production of macrophages. Peritoneal
macrophages were isolated regularly from BALB/c mice. pcDNA3-Tim-4 plasmid DNA or pcDNA3 (0.2, 0.6, and 1 μg) were transfected into macrophages
by Lipofectamine2000. Forty-eight hours later, LPS (final concentration, 100 ng/ml) was used to stimulate the macrophages for 24 h, and interleukin-6
(IL-6) (a) and tumor necrosis factor-α (TNF-α) (d) levels in supernatants were detected by ELISA. A total of 0.2, 0.6, and 1 μg mU6-Tim-4-shRNA plasmid
DNA or mU6 were transfected into macrophages by Lipofectamine2000. Forty-eight hours later, lipopolysaccharide (LPS; final concentration was 100 ng/
ml) was used to stimulate the macrophages for 24 h, and IL-6 (b) and TNF-α (e) levels in supernatants were detected by ELISA. 1, 2.5 or 5 μg/ml of Tim-
4 antibody was incubated with macrophages for 1 h, then 100 ng/ml of LPS was used to stimulate for 24 h and IL-6 (c), TNF-α (f) levels were detected
by ELISA.
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CD14 on the surface of macrophages, which leads to the
interaction with the TLR4/myeloid differentiation protein-2
complex.32 This interaction leads to activation of NF-κB
through the MyD88 dependent pathway, and ultimately
results in the production of cytokines and other inflammatory
molecules.33 In the development of endotoxic shock, undue
cell stimulation might result in an uncontrolled host response
leading to tissue damage and organ dysfunction. To clarify
how Tim-4 works in the suppression of inflammatory factors
by regulating macrophages, NF-κB inhibitory ligand was
administered before LPS stimulation. The NF-κB transcrip-
tion factor is a critical regulator of immunologically mediated
immediate transcriptional responses, especially in LPS-
induced macrophage activation and proinflammatory cyto-
kine production.34 The results demonstrate that the levels of
inflammatory factors such as TNF-α and IL-6 were decreased
markedly, indicating that Tim-4 inhibits cytokine production
via NF- kB signaling pathway, at least in part. We have
revealed that Tim-4 inhibits NO production and iNOS
expression via NF-kB signaling pathway. 17 It is reported
that mice deficient in iNOS gene are more resistant to

LPS-induced acute lung injury than wild-type mice.35 There-
fore, we speculate that Tim-4 might protect mice from
LPS-induced endotoxic shock partially by inhibiting NO
production. In addition, Tim-4 has been identified as a
phosphatidylserine receptor that mediates the phagocytosis of
apoptotic cells by macrophages13–15 and may be responsible
for the maintenance of the homeostatic state of resident
peritoneal macrophages.27 Though endothelial cell apoptosis
is considered to be crucial for the development of severe
sepsis/septic shock,36 uptake of apoptotic cells inhibits the
proinflammatory mediators such as TNF-α and increases the
immunosuppressive cytokine TGF-β secreted by activated
macrophages. Moreover, apoptotic cells protect mice against
LPS-induced shock.37 It is reasonable that Tim-4 might be
involved in LPS-induced endotoxic shock by promoting the
uptake of apoptotic cells.

Our previous studies have shown that the phosphorylation
of NF-κB p65 induced by LPS was inhibited in macrophages
that overexpressed Tim-4, whereas its phosphorylation was
promoted when Tim-4 was blocked.17 It is well known that
the activation of NF-κB is linked to a sequential cascade that

Figure 5 Tim-4 (T-cell immunoglobulin- and mucin-domain-containing molecule-4) inhibits cytokine production via nuclear factor-kappa B (NF-κB)
signaling pathway. Tim-4 overexpression stable cell line RAW264.7-Tim-4 and control cells RAW264.7-pcDNA3 were pretreated with 83.3 μg/ml of NF-kB
inhibitory ligand for 30 min. Lipopolysaccharide (LPS; 100 ng/ml) was used to stimulate these cells for 24 h, and tumor necrosis factor-α (TNF-α) (a) and
interleukin-6 (IL-6) (b) levels in supernatants were measured by ELISA. Peritoneal macrophages were pretreated with 83.3 μg/ml of NF-kB inhibitory
ligand for 30 min, then incubated with 5 μg/ml Tim-4 blocking antibody or isotype control IgG for 1 h. LPS (100 ng/ml) was used to stimulate these cells
for 24 h, and TNF-α (c) and IL-6 (d) levels in supernatants were measured by ELISA.
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IKK-dependent IκBα degradation and the phosphorylation of
IκBα at serine residues, which is essential for the activation
and release of NF-κB.38 Tim-4 does not contain a tyrosine-
kinase phosphorylation motif in the cytoplasmic domain;10

therefore, the mechanisms of interaction between Tim-4
and NF-κB pathway are not yet clear. A recent report has
shown that Tim-4 can affect macrophage phagocytosis by
interacting with integrin co-receptors.39 The adhesion
receptor αVβ3 integrin ligation results in sustained increases
of NF-κB DNA-binding activity in human blood monocytes
and monocyte-derived macrophages.40 Tim-4 contains an
RGD motif in IgV domain and interacts with αVβ3 integrin
in A549 cells.41 In addition, Tim-4 activates autophagy
by directly interacting with AMPKα1.42 However, the
exact mechanism of Tim-4 downregulation of the NF-κB
pathway in LPS-activated macrophages needs to be further
investigated.

In summary, the present study demonstrates that Tim-4
attenuates LPS-induced endotoxic shock, and that Tim-4
inhibits cytokine production via macrophages in vitro.
Additionally, we report that Tim-4 may suppress cytokine
production via NF-κB signaling pathway in the development
of endotoxic shock, indicating Tim-4 as a potent target for the
treatment of endotoxic shock.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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