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Abstract
Objective  Intracellular adhesion molecule-1 (ICAM-1), a transmembrane glycoprotein belonging to the immunoglobulin 
superfamily, plays a critical role in mediating cell–cell interaction and outside-in cell signaling during the immune response. 
ICAM-1 is expressed on the cell surface of several cell types including endothelial cells, epithelial cells, leucocytes, fibro-
blasts, and neutrophils. Despite ICAM-1 has been detected on macrophage, little is known about the function and mechanism 
of macrophage ICAM-1.
Methods  To investigate the role of lipopolysaccharide (LPS) in ICAM-1 regulation, both the protein and cell surface expres-
sion of ICAM-1 were measured. The phagocytosis of macrophage was evaluated by flow cytometry and Confocal micros-
copy. Small interfering RNA and neutralizing antibody of ICAM-1 were used to assess the effect of ICAM-1 on macrophage 
phagocytosis. TLR4 gene knockout mouse and cytoplasmic and mitochondrial ROS scavenger were used for the regulation 
of ICAM-1 expression. ROS was determined using flow cytometry.
Results  In this study, we reported that macrophage can be stimulated to increase both the protein and cell surface expression 
of ICAM-1 by LPS. Macrophage ICAM-1 expression was correlated with enhanced macrophage phagocytosis. We found that 
using ICAM-1 neutralizing antibody or ICAM-1 silencing to attenuate the function or expression of ICAM-1 could decrease 
LPS-induced macrophage phagocytosis. Furthermore, we found that knocking out of TLR4 led to inhibited cytoplasmic 
and mitochondrial ROS production, which in turn, attenuated ICAM-1 expression at both the protein and cell surface levels.
Conclusion  This study demonstrates that the mechanism of ICAM-1-mediated macrophage phagocytosis is depending on 
TLR4-mediated ROS production and provides significant light on macrophage ICAM-1 in endotoxemia.
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Introduction

Sepsis or endotoxemia, one of the leading cause of death in 
the intensive care unit [1, 2], is a life-threatening condition 
that is caused by dysregulated the host response to infection 
[3]. In endotoxemia, microbes disturb host immune response 
and fail to regulate the inflammatory response [2, 3]. Mac-
rophages, a first line to defend against pathogens, play a piv-
otal role in sepsis or endotoxemia because of their functions, 
such as phagocytosis, inflammatory response, chemotaxis, 
antigen presentation [4–6]. Phagocytosis is a complex cel-
lular process. It requires a coordinated interaction between 
macrophage cell surface receptors and ligands on the surface 
of the particles, which leads to the dynamic rearrangement 
of the cytoskeleton [7, 8]. In fact, macrophage phagocyto-
sis depends on a variety of participants, including receptors 
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(such as Fc gamma receptors, complement receptor 3, and 
Mac-1) [9–11], cellular protein kinases [12], reactive oxy-
gen species (ROS) [13] and small guanosine triphosphatases 
(such as Rho, Rac) [9, 11]. Ligand binds with integrin 
Mac‐1 to promote macrophages phagocytosis through Syk 
activation and NF‐κB p65 translocation [14, 15]. Rho fam-
ily GTPases regulated F-actin rearrangement, which pro-
motes phagocytosis [9, 11]. Mac-1 is a ligand of Intracellular 
adhesion molecule-1 (ICAM-1; CD54) [16], which plays an 
essential role in protein kinases C and Rho [17].

ICAM-1, a transmembrane glycoprotein, belongs to 
the immunoglobulin supergene family. It has been found 
expressed on various cells, such as endothelial and epithelial 
cells, smooth muscle cells, fibroblasts, and most leukocyte 
subsets including lymphocytes, neutrophils and monocytes/
macrophages [14, 18, 19]. Inflammatory cytokines, such as 
interleukin (IL)-1, tumor necrosis factor-α (TNF), interferon 
(IFN) γ or with lipopolysaccharide (LPS) could increase 
ICAM-1 expression in multiple cell types [14, 17, 20]. 
Many studies have confirmed that the upregulated ICAM-1, 
especially on the resident cells (endothelial cells and epi-
thelial cells), was involved in the process of inflammation, 
endotoxemia, and sepsis [21–25]. As an adhesion molecular, 
ICAM-1 plays a critical role in leukocyte trafficking and 
cell adhesion [16, 18]. Interaction of ICAM-1 on endothe-
lial cells and Mac-1/LFA-1 on leukocytes could trigger the 
localized endothelial cell cytoskeletal rearrangements and 
promote leukocyte-endothelial interactions [26]. Notably, 
with inflammatory stimuli, not only the ICAM-1 on the 
resident cell was upregulated, but also the ICAM-1 on mac-
rophages. Under normal circumstances, ICAM-1 showed 
low expression on macrophages, while it was found upregu-
lated under the inflammatory condition [27–30]. However, 
they mostly focus on the role of endothelial cells ICAM-1 
or neutrophils ICAM-1, little is known about the function 
of macrophage-expressed ICAM-1. Previous studies found 
that ICAM-1 on endothelial cells mediated the cytoskeletal 
rearrangements of endothelia, which remind us to speculate 
that whether ICAM-1 on macrophages also participate in the 
macrophage phagocytosis.

In this study, we demonstrate that the increased ICAM-1 
on macrophages enhances the phagocytosis under LPS 
stimulation. The mechanism of ICAM-1-mediated mac-
rophage phagocytosis is depending on TLR4 signaling and 
cytoplasmic or mitochondrial reactive oxygen species (ROS) 
production. Therefore, our findings provided significant light 
on the regulation and phagocytosis of macrophage ICAM-1 
and suggest that macrophage ICAM-1 contributes to against 
pathogens through phagocytosis.

Materials and methods

Animals

C57BL/6 male mice (6–8 weeks old) were obtained from 
Southern Medical University Animal Center (Guangzhou, 
China). TLR4 knockout mice (6–8 weeks old) were pur-
chased from the Animal Core Facility of Nanjing Medical 
University (Nanjing, China). The experiments and animal 
care were performed in accordance with the guidelines of 
Southern Medical University.

Reagents

LPS (L3023), NAC (A7250) and apocynin (178385) were 
purchased from Sigma. MitoQ was from Focus Biomole-
cules (10-1363). Rabbit polyclonal antibody against GAPDH 
(5174) and Alexa Fluor® 555 Phalloidin (8953) were from 
Cell Signaling Technology. ICAM-1 neutralizing antibody 
(YN1/1.7.4) (16-0541-85), Mouse IgG Isotype Control 
(02-6502), and pHrodo® Green dye conjugate (P35366) 
were obtained from Thermo Fisher Scientific. H2DCFDA 
(ab113851) was obtained from Abcam. BUV395 Hamster 
Anti-Mouse ICAM-1 (740,222) was obtained from BD Bio-
sciences. Control siRNA (sc-37007), ICAM-1 siRNA (sc-
29355), and ICAM-1 antibody (sc-8439, sc-8439 PE) were 
purchased from Santa Cruz Biotechnology.

Bone marrow‑derived macrophages (BMDM) 
isolation and culture

BMDM were isolated as described [31]. Briefly, bone mar-
row cells were flushed out from tibia and femur of mice and 
cultured in macrophage medium (DMEM containing 10% 
FBS, complemented with 50 µg/ml penicillin/streptomycin 
and 10 ηg/ml M-CSF) at 37 °C, 5% CO2 for 7 days to dif-
ferentiate into mature macrophages.

Cell transfection

For silence ICAM-1 expression, cells were transfected with 
si-NC and si-ICAM-1 by Lipofectamine™ LTX Reagent 
(Invitrogen) according to the manufacturer’s instruction. 
After 48 h, the silencing efficiency was measured by flow 
cytometry and immunoblotting.

Quantification of phagocytosis

BMDM cells were seeded in 6-well plates at a density of 
2*105 cells/well. After the various treatments, cells were 
incubated with pHrodo™ Green  E. coli  BioParticles™ 
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Conjugate (0.5 µg/ml) for 1 h at 37 °C in the dark. The cells 
were collected and washed with PBS. The quantification of 
phagocytosis was analyzed by flow cytometry. Data were 
analyzed using FlowJo (TreeStar, USA).

Flow cytometry assay

To detect cell surface expression of ICAM-1, cells were 
incubated with BUV395 Hamster Anti-Mouse ICAM-1 (BD 
Biosciences) for 30 min on ice, washed three times with 
PBS, and analyzed by flow cytometry.

Western blot

The cells were lysed by RIPA buffer and the protein concen-
tration of lysates was determined by BCA kit (Thermo Fisher 
Scientific). The proteins were separated by SDS-PAGE and 
transferred to PVDF membranes (Millipore). After block-
ing with 5% skimmed milk for 1 h at room temperature, 
the membrane was incubated with primary antibodies over-
night at 4 °C. After washing the membranes three times with 
TBST, the membranes were incubated with secondary anti-
body at room temperature for 1 h, followed by visualization 
using ECL reagent (Millipore). The densitometric analysis 
of protein was performed by Image Pro Plus.

Confocal microscopy

Phagocytosis: BMDM cells were treated as required and 
incubated with pHrodo™ Green E. coli BioParticles™ Con-
jugate (0.5 µg/ml) for 1 h at 37 °C in the dark. After washed 
by PBS, cells were fixed with 4% paraformaldehyde (10 min 
at room temperature), permeabilized with 0.5% Triton X-100 
in PBS (10 min) and block with 5% bovine serum albu-
min (BSA) for 1 h. Then cells were incubated with Alexa 
Fluor 555 Phalloidin (Phalloidin can be used to describe 
the shape of the cell under confocal microscopy, 1:20) at 
4 °C overnight. The nuclei were counterstained with DAPI 
(10 min) before images were taken on fluorescence micro-
scope (Nikon Corporation).

ICAM-1 expression: Cells were seeded in glass slides. 
After necessary treatment, cells were fixed with 4% para-
formaldehyde (10 min at room temperature) and block with 
5% bovine serum albumin (BSA) for 1 h. Then cells were 
incubated with ICAM-1 antibody PE (1:200) at 4 °C for 
1 h at room temperature. Nuclei were counterstained with 
DAPI (10 min) before images were taken on fluorescence 
microscope (Nikon Corporation).

Reactive oxygen species measurement

BMDM cells at a density of 2*105 cells/well in a 6-well plate 
were cultured. After various treatments, cells were collected 

and stained cells in culture media with 20 µM DCFDA 
(Abcam, ab113851) for 30 min at 37 °C in the dark. The 
cells were then washed twice with PBS after suspended in 
fresh DMEM, cells were analyzed by FACScan flow cytom-
etry (BD Biosciences). Data were analyzed using FlowJo 
(TreeStar, USA).

MnSOD and NADPH activity detection

MnSOD activity was measured using the MnSOD Assay Kit 
with WST-8 (Beyotime Biotechnology, China) following the 
manufacturer’s instructions. NADPH activity was measured 
by NADPH ELISA kit (Albion, China) following the manu-
facturer’s instructions.

Statistical analysis

Results are given as mean ± SD. Comparisons between two 
groups was performed by the Student t-test, whereas mul-
tiple groups were assessed by the one-way ANOVA with 
SPSS20.0 statistic software. P value < 0.05 were considered 
statistically significant.

Results

ICAM‑1 is upregulated and correlated 
with enhanced phagocytosis on macrophage by LPS

Although several studies have reported on the presence of 
ICAM-1 on macrophage[27, 29], little is known about the 
function of macrophage ICAM-1 under LPS stimulation. 
To investigate the role of LPS in ICAM-1 regulation, we 
compared the expression of ICAM-1 in BMDM after stimu-
lating with or without LPS (1 μg/ml). We found that the per-
centage of ICAM-1-positive macrophages and the terms of 
mean fluorescence intensity (MFI) of ICAM-1 macrophages 
were significantly increased upon LPS stimulation in a time-
dependent manner (Fig. 1a–c). To confirm the flow analysis, 
ICAM cell surface expression was performed after exposure 
to LPS followed by confocal microscopy, which obtained the 
similar result (Fig. 1d). To further investigate the effect of 
LPS on ICAM-1, ICAM-1 expression was measured after 
LPS stimulation followed by western blot, which shows that 
LPS induced higher levels of ICAM-1 protein (Fig. 1e,f), 
suggesting that macrophages expression of ICAM-1 can be 
increased upon LPS stimulation at both the cell surface and 
protein levels.

Experimental study reported that ICAM-1 regulate 
cytoskeletal rearrangements of endothelia [17] and its ligand 
Mac-1 is a key regulator of phagocytosis [15], we hypoth-
esized that macrophage ICAM-1 might be required for LPS-
induced macrophage phagocytosis. To test this hypothesis, 
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we measured the macrophage phagocytosis using pHrodo 
by flow cytometry and confocal microscopy. Flow analysis 
showed that LPS significantly increased the percentage of 
pHrodo-positive macrophages (pHrodopos) in a time-depend-
ent manner (Fig. 1g, h). Confocal microscopy also showed 
similar results, which displays LPS significantly increased 

macrophage phagocytosis as measured by both the percent-
age of macrophages ingesting targets (% phagocytosis) and 
the number of ingested opsonized targets per phagocytic 
cell (phagocytic index) (Fig. 1i–k). Interestingly, ICAM-
1-positive macrophages exhibited a greater phagocytosis 
(pHrodopos) than ICAM-1 negative cells, suggesting that 

Fig. 1   LPS increases ICAM-1 expression and related to phagocyto-
sis in macrophage. BMDM cells were treated with LPS (1 μg/ml) at 
the indicated time. (a–c) ICAM-1 cell surface expression was ana-
lyzed by flow cytometry. a Representative histogram of ICAM-1 
cell surface expression. b Percentage of ICAM-1-positive (ICAM-
1pos) macrophage is shown. c Mean fluorescence intensity (MFI) is 
shown. (d) ICAM-1 cell surface expression was measured by confo-
cal microscopy. e, f BMDM cells were treated with or without LPS 
for 24 h. e ICAM-1 protein expression was analyzed by western blot. 
GAPDH was used as a loading control. f Quantification of ICAM-1 
expression. g, h BMDM cells were treated with LPS at the indicated 
time. Macrophage phagocytosis was analyzed using pHrodo by flow 
cytometry. g Representative histogram illustrating the detection of 

pHrodo associated macrophages. h Percentage of pHrodo-positive 
(pHrodopos) macrophages is shown. i–k BMDM cells were treated 
with or without LPS for 24  h. Macrophage phagocytosis was ana-
lyzed using pHrodo by confocal microscopy. i Representative image 
of macrophage phagocytosis. j Percent of cells that displayed active 
phagocytosis was calculated. k Phagocytic index levels are shown. 
The phagocytic index levels indicate the average number of tar-
gets per 200 cells. l–m Frequency of pHrodo positive macrophages 
within the ICAM-1 positive (ICAM-1pos) or negative (ICAM-1neg) 
population in LPS stimulated BMDM cells. Each bar represents 
the mean ± SD based on three independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001
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the relation between ICAM-1 and macrophage phagocytosis 
(Fig. 1l, m). Collectively, these results suggest the potential 
involvement of ICAM-1 in the regulation of LPS-induced 
macrophage phagocytosis.

LPS‑induced macrophage phagocytosis 
is dependent on ICAM‑1

To confirm whether ICAM-1 plays a role in the regulation of 
LPS-induced macrophage phagocytosis, we used ICAM-1 
neutralizing antibody (anti-ICAM-1 mAb) to block the func-
tion of macrophage cell surface ICAM-1. We found that 
surface blockade of ICAM-1 decreased the percentage of 
pHrodo-positive macrophages (Fig. 2a, b) by flow cytom-
etry. To confirm the flow analysis, the effect of ICAM-1 on 
macrophage phagocytosis was detected by confocal micros-
copy. We found that anti-ICAM-1 mAb inhibited the LPS-
induced macrophage phagocytosis (Fig. 2c–e). These results 
suggest that cell surface blockade of ICAM-1 suppresses 
LPS-induced macrophage phagocytosis.

To further investigate the role of ICAM-1 in phagocy-
tosis, we compared the efficient macrophage phagocytosis 
in si-NC and si-ICAM-1 cells after LPS stimulated. As 
shown in Fig. 3a and b, si-ICAM-1 showed significantly 

down-regulated the expression of ICAM-1 protein, com-
pared with si-NC cells. Flow analysis showed that LPS-
induced phagocytosis was significantly decreased in ICAM-1 
silenced cells, compared with si-NC cells (Fig. 3c, d). In 
parallel, confocal microscopy analysis also showed similar 
results, knockdown of ICAM-1 significantly suppressed 
the efficient macrophage phagocytosis (Fig. 3e–g). Taken 
together, these results suggest that ICAM-1 is required for 
LPS-induced macrophage phagocytosis.

ICAM‑1 regulates LPS‑induced macrophage 
phagocytosis, is TLR4‑dependent

Having identified a role for ICAM-1 in macrophage phago-
cytosis, the potential associated mechanisms were next 
investigated. Since the corresponding receptor of LPS is 
TLR4, which has been reported as a regulator of phagocy-
tosis [32] we, therefore, investigated whether TLR4 could 
regulate ICAM-1 expression at both cell surface and pro-
tein in LPS-induced macrophage phagocytosis. Our results 
also indicated that TLR4 was essential for LPS-induced 
macrophage phagocytosis (Fig. 4a, b). Next, we examined 
ICAM-1 cell surface expression and total protein in mac-
rophage from WT or TLR4 knockout macrophage with or 

Fig. 2   ICAM-1 neutralizing antibody attenuates LPS-induced phago-
cytosis in macrophage. BMDM cells were pretreated with or without 
neutralizing antibodies against ICAM-1 for 15 min and then exposed 
to LPS (1 μg/ml) for 24 h. a, b Macrophage phagocytosis was ana-
lyzed using pHrodo by flow cytometry. a Representative histogram 
illustrating the detection of pHrodo associated macrophages. b Per-

centage of pHrodo-positive (pHrodopos) macrophages is shown. c–e 
Macrophage phagocytosis was analyzed using pHrodo by confocal 
microscopy. c Representative image of macrophage phagocytosis. 
Percentage of phagocytosis (d) and Phagocytic index levels (e) are 
shown. Each bar represents the mean ± SD based on three independ-
ent experiments. *P < 0.05, **P < 0.01
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without LPS stimulation. We found that TLR4 knockout 
macrophage had no impact on ICAM-1 expression at both 
cell surface and total protein (Fig. 4c–f) on normal condition. 
However, the cell surface expression of ICAM-1 upon LPS 
stimulation was significantly inhibited in TLR4 knockout 
macrophage, compared with WT macrophage (Fig. 4c–e). 
Furthermore, as shown in Fig. 4f and g, TLR4 knockout 
macrophage also showed decreased ICAM-1 protein expres-
sion after LPS stimulation by western blot analysis. These 
data suggest that LPS-induced macrophage phagocytosis is 
dependent on TLR4-mediated ICAM-1 expression.

ROS production is required for TLR4‑mediated 
ICAM‑1 expression

Because ROS is involved in phagocytic process and TLR4 
signaling [13], we hypothesized that ROS might contrib-
ute to TLR4-mediated ICAM-1 expression in macrophage. 
We measured the change of ROS in BMDM cells after 

LPS treatment using redox-sensitive fluorescent probe 
2′,7′-Dichlorofluorescein diacetate (DCFH2-DA). As shown 
in Fig. 5a and b, ROS was dramatically increased in response 
to LPS treatment, indicating that oxidative stress occurred in 
LPS treated BMDM cells. Then, cells were pretreated with 
antioxidant, NAC, which degrades intracellular ROS, before 
LPS treatment. We found NAC pretreatment almost fully 
reversed the LPS-induced phagocytosis and ROS outburst 
(Fig. 5a–d). Moreover, we found that the production of ROS 
upon LPS stimulation was significantly decreased in TLR4 
knockout macrophage, compared with WT macrophage 
(Fig. 5e, f). To establish the role for ROS in macrophage 
ICAM-1 expression by LPS, we measured ICAM-1 protein 
levels and cell surface expression, pretreatment with NAC, 
follow by LPS stimulation. We found that NAC effectively 
decreased the percentage of ICAM-1-positive macrophage 
and terms of mean fluorescence intensity (MFI) of ICAM-1 
on macrophage, indicating that ROS regulated ICAM-1 cell 
surface expression (Fig. 5g–i). Furthermore, as shown in 

Fig. 3   Silencing of ICAM-1 expression reduces LPS-induced phago-
cytosis in macrophages. BMDM cells were transfected with si-NC or 
si-ICAM-1 for 48 h. a, b The efficiency of silencing was evaluated by 
western blot after 48  h. GAPDH was used as quantitative controls. 
BMDM cells transfected with si-NC or si-ICAM-1 were treated with 
LPS for 24 h to assay the macrophage phagocytosis. c, d Macrophage 
phagocytosis was analyzed using pHrodo by flow cytometry. c Rep-

resentative histogram illustrating the detection of pHrodo associated 
macrophages. d Percentage of pHrodo-positive (pHrodopos) mac-
rophages is shown. e–g Macrophage phagocytosis was analyzed using 
pHrodo by confocal macroscopy. e Representative image of mac-
rophages phagocytosis. Percentage of phagocytosis (f) and Phago-
cytic index levels (g) are shown. Each bar represents the mean ± SD 
based on three independent experiments. *P < 0.05, **P < 0.01
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Fig. 5j and k, NAC also showed decreased ICAM-1 pro-
tein levels after LPS stimulation by western blot analysis, 
indicating that ROS also regulated ICAM-1 protein levels. 
To confirm the origin of ROS, we measure the activity of 
NADPH or Mn-SOD, which indicates intracellular ROS or 
mitochondria ROS, respectively. We found that LPS could 
increase NADPH or Mn-SOD activity and TLR4 knockout 

can inhibit NADPH and Mn SOD activity after LPS stimu-
lation (Fig. 5l and m). Besides, apocynin (inhibit NADPH 
oxidases) or MitoQ (degrade mitochondria ROS) pretreat-
ment could suppress the overproduction of ROS after LPS 
stimulation (Fig. 5n and o). Furthermore, Apocynin and 
MitoQ pretreatment could inhibit ICAM-1 cell surface 
expression (Fig. 5p and q) and the protein levels (Fig. 5r and 

Fig. 4   TLR4 regulates ICAM-1 expression upon LPS stimulation. 
LPS stimulated BMDM cells from WT and TLR4 knockout mice for 
24 h. Macrophage phagocytosis and ICAM-1 cell surface expression 
were analyzed by flow cytometry. a Representative histogram illus-
trating the detection of pHrodo associated macrophages. b Percentage 
of pHrodo-positive (pHrodopos) macrophages is shown. c Representa-

tive histogram of ICAM-1 cell surface expression. d Percentage of 
ICAM-1-positive (ICAM-1pos) macrophages is shown. e Mean fluo-
rescence intensity (MFI) is shown. f ICAM-1 total protein expression 
was measure by western blot. GAPDH was used as a loading control. 
g Quantification of ICAM-1 expression. Data shown represent three 
independent experiments, *P < 0.05, **P < 0.01
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Fig. 5   Inhibition of ROS reduces LPS-induced macrophage ICAM-1 
expression and phagocytosis. BMDM cells were pretreated with or 
without 5 mM NAC, 5 μM apocynin, or 10 nM MitoQ for 1 h before 
LPS (1  μg/ml, 24  h) treatment. Macrophage phagocytosis and ROS 
production were measured by flow cytometry. a Representative his-
togram of ROS production. b Percentage of ROS-positive (ROSpos) 
macrophages is shown. c Representative histogram illustrating 
the detection of pHrodo associated macrophages. d Percentage of 
pHrodo-positive (pHrodopos) macrophages is shown. e, f The produc-
tion of ROS was measured in LPS-stimulated BMDM from WT and 
TLR4 knockout mice. e Representative histogram of ROS produc-
tion is shown. f Percentage of ROS-positive (ROSpos) macrophages is 
shown. g–i BMDM cells were pretreated with NAC 1 h before LPS 
(1  μg/ml) treatment. ICAM-1 cell surface expression was analyzed 

by flow cytometry. g Representative histogram of ICAM-1 cell sur-
face expression. h Percentage of ICAM-1-positive (ICAM-1pos) mac-
rophages is shown. i Mean fluorescence intensity (MFI) is shown. j 
ICAM-1 total protein level is measure by western blot. GAPDH was 
used as a loading control. k Quantification of ICAM-1 expression. l 
ELISA measured NADPH activity. m WST-8 assessed MnSOD activ-
ity. n ROS production was measured by flow cytometry. o Percent-
age of ROS-positive (ROSpos) macrophages is shown. p ICAM-1 cell 
surface expression was measured by flow cytometry. q Percentage 
of ICAM-1-positive (ICAM-1pos) macrophages is shown. r ICAM-1 
total protein level is measure by western blot. GAPDH was used as a 
loading control. s Quantification of ICAM-1 expression. Data shown 
represent three independent experiments, *P < 0.05, **P < 0.01
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s), indicating ROS (both NADPH-derived and mitochon-
dria-derived ROS) contributes to ICAM-1 expression. Taken 
together, these results suggest that TLR4-mediated ROS pro-
duction is required for ICAM-1 expression in macrophage.

Discussion

Endotoxemia, a systemic inflammatory response induced by 
infection, can result in multiple organ dysfunction and death 
[1–3]. Despite many advances in treatment, such as antibi-
otic therapy, ventilator management, resuscitative strategies, 
and blood glucose maintenance, sepsis or medotoxemia is 
still one of the main causes of death in critical patients [31, 
33, 34]. The innate immune system, the first response to 
infection, plays a critical role in the initiation and develop-
ment of sepsis [4, 5]. Phagocytosis plays a critical role in 
that process. Hence, it is essential for us to understand the 
underlying pathogenetic mechanisms of macrophage phago-
cytosis in endotoxemia or sepsis. Therefore, in this study, 
we identified the function and mechanism of ICAM-1 in 
LPS-induced macrophage phagocytosis.

ICAM-1 plays an important role in leukocyte traffick-
ing, immunological synapse formation and numerous cel-
lular immune responses [16, 17, 35]. ICAM-1 is now known 
expressed on essentially most leukocyte subsets (such as 
neutrophils and macrophages/monocyte), endothelial cells, 
epithelial cells, fibroblasts and others. Under non-inflam-
matory conditions, ICAM-1 expression is constitutively low 
on most cell types, including macrophage [14, 29]. How-
ever, under inflammatory conditions (such as TNF-α, IL-1β, 
IFN-γ stimulation), ICAM-1 is upregulated, particularly on 
endothelium, which regards as a marker of pro-adhesive state 
in endothelial cells [17, 30]. Besides, in sepsis, upregulation 
of ICAM-1 in organs had been reported in many studies [21, 
24]. Several studies used anti-ICAM-1 antibodies or gene 
deficiency animals to investigate the direct role of ICAM-1 
in sepsis, but inconsistent results were found among them 
[23, 25]. Some studies reported that blockade of ICAM-1 is 
beneficial for the septic animals, while others revealed that 
blockade of ICAM-1 decreased the survival rate in the sep-
sis model [22, 24, 36]. The direct role of ICAM-1 in sepsis 
still remained controversial, but these studies revealed that 
ICAM-1 play a critical role in sepsis. However, the mecha-
nism they focus on are soluble ICAM-1, endothelial ICAM-1 
or neutrophil ICAM-1, the knowledge about the function of 
macrophage-expressed ICAM-1 is limited.

At present, ICAM-1 is not commonly thought as a mac-
rophage cell surface antigen, but it can be upregulated in 
macrophage under numerous infectious and inflammatory 
settings. Early studies have reported that ICAM-1 expres-
sion was significantly increased in bone marrow-derived 
macrophage, human macrophage cell line THP1, or 

peritoneal macrophage after M. tuberculosis, mycobacte-
rial or BCG infection [37–40]. The surface expression and 
mRNA levels of ICAM1 in macrophage can be detected in 
microgravity experiments [41]. Furthermore, inflammatory 
factors, such as TNF-ɑ, LPS, stimulate ICAM-1 expres-
sion in mouse macrophages [29]. Although several studies 
have reported that the relationship between ICAM-1 and 
macrophage polarization [27, 28], little know about others 
function of ICAM-1 on macrophage under LPS stimula-
tion. In our results, the cell surface expression of ICAM-1 
was increased in LPS-stimulated macrophage. Besides, we 
found that ICAM-1 protein levels also significantly increased 
after LPS stimulation. Since LPS is the major component 
of Gram-negative bacteria, and Mac-1, a ligand of ICAM-1 
[16], involve in phagocytosis, we hypothesized that elevated 
macrophage ICAM-1 may associated with phagocytosis. 
Indeed, we found that ICAM-1-positive macrophages exhib-
ited a greater phagocytosis than ICAM-1 negative cells, 
which indicates that ICAM-1 could enhance the macrophage 
phagocytosis.

Phagocytosis is a complex cellular process that is a key 
role in innate immunity. To investigate the relationship 
between ICAM-1 and macrophage phagocytosis, we inhib-
ited ICAM-1 by neutralizing antibody or silenced its expres-
sion by siICAM-1. We found that macrophage phagocytosis 
was significantly decreased by inhibited ICAM-1, suggesting 
ICAM-1 is required for macrophage phagocytosis. Study has 
shown that the C-terminal domain of ICAM-1 could interact 
with cellular a-actinins or filamin B [42], which promotes 
cytoskeletal rearrangements, which is necessary for phago-
cytosis. Besides, the cytoplasmic tyrosine kinase Syk [12] 
and small guanosine triphosphatases Rho [9, 11] have been 
link to macrophage phagocytosis and could be activated by 
ICAM-1, which provides the downstream mechanism of 
ICAM-1-mediate macrophage phagocytosis. Of note, inhib-
iting of macrophage ICAM-1 did not affect the phagocytosis 
without LPS stimulation, indicating that ICAM-1-dependent 
macrophage phagocytosis requires activated macrophage by 
LPS.

As we all know, LPS is a ligand of TLR4 and TLR4 
signaling activates macrophage phagocytosis, so we 
explored the relationship between TLR4 and ICAM-1 
in macrophage. Although several studies have reported 
that TLR4 regulated ICAM-1 expression in many cell 
types, such as aortic valve interstitial cells [43, 44], 
coronary artery endothelial cells [45], pulmonary vas-
cular endothelial cells [46] and neutrophils [47], little is 
known about the relationship between ICAM-1 and mac-
rophage. Therefore, in this study, we found that ICAM-1 
cell surface expression was decreased in TLR4 knockout 
macrophage after LPS stimulation at both cell surface 
expression and total protein levels, suggesting that TLR4 
regulates ICAM-1 expression in macrophage. In addition, 
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the TLR4-dependent activation of phagocytosis was inhib-
ited by neutralizing or silencing of ICAM-1, providing 
that TLR4-dependent activation of phagocytosis requires 
signaling through ICAM-1. Because ROS contributes to 
macrophage phagocytosis and TLR4 signaling [32], we 
hypothesized that ROS production by LPS/TLR4 signal-
ing associated with ICAM-1 expression in macrophage. 
Indeed, we observed high levels of ROS in LPS-stimulated 
WT cells, which could be decreased in TLR4 knockout 
macrophage. Besides, decreasing the production of ROS 
by NAC can inhibit the cell surface expression of ICAM-1, 
indicating ROS production triggered by LPS/TLR4 signal-
ing associated with ICAM-1 expression in macrophage. 
The production of ROS by macrophage majorly relies on 
Nox2 gene, which could be regulated by TLR4-dependent 
PI3K signaling [48]. In this study, we found that not only 
cytoplasmic ROS but also mitochondrial ROS induced 
increasing ICAM expression in macrophage. Other studies 
have shown that ICAM-1 expression is mediated by PI3K 
[49, 50]. We suppose that the detailed mechanism may be 
due to PI3K signaling activated triggered by LPS/TLR4 
signaling causes Nox2 gene or mitochondrial induces 
ROS production, which leads to the increase of ICAM-1 
expression resulting in Syk or Rho activated, which in turn 
regulates macrophage phagocytosis. It has been shown that 
ICAM-1-mediated endocytosis is clathrin- and caveolar-
independent in several cell types, yet it involves cytoskel-
etal reorganizations similar to macropinocytosis [51], can 
support uptake of large micrometer sized particles [52], 
depend on acid sphingomyelinase production of ceramide 
at the cell surface in areas of endocytosis [53], but the 
detail mechanism is unclear, therefore, further studies are 
required to further illuminate the mechanistic details of 
ICAM-1-dependent macrophage phagocytosis.

In conclusion, we have identified the effect of ICAM-1 
in mediating LPS-induced macrophage phagocytosis and 
the mechanism of ICAM-1-mediated macrophage phago-
cytosis is depending on TLR4-mediated cytoplasmic and 
mitochondrial ROS production. Therefore, our findings 
provided significant light on the expression of macrophage 
ICAM-1, maybe enhanced in endotoxemia or sepsis through 
phagocytosis.
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