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Apoptotic Cells Protect Mice against
Lipopolysaccharide-Induced Shock1
Yi Ren,2*†§ Yi Xie,* Guoping Jiang,* Jianqing Fan,‡ Joseph Yeung,* Wen Li,*
Paul K. H. Tam,* and John Savill§
LPS is a main causative agent of septic shock. There is a lack of effective therapies. In vitro studies have shown that uptake of
apoptotic cells actively inhibits the secretion by activated macrophages (M) of proinflammatory mediators such as TNF-␣ and
that such uptake increases the antiinflammatory and immunosuppressive cytokine TGF-␤. We therefore investigated the protective effect of apoptotic cells against LPS-induced endotoxic shock in mice. The current report is the first study to demonstrate that
administration of apoptotic cells can protect mice from LPS-induced death, even when apoptotic cells were administered 24 h after
LPS challenge. The beneficial effects of administration of apoptotic cells included 1) reduced circulating proinflammatory cytokines, 2) suppression of polymorphonuclear neutrophil infiltration in target organs, and 3) decreased serum LPS levels. LPS can
quickly bind to apoptotic cells and these LPS-coated apoptotic cells can be recognized and cleared by M in a CD14/thrombospondin/vitronectin receptor-dependent manner, accompanied with suppression of TNF-␣ and enhancement of IL-10 expression by LPS-activated M. Apoptotic cells may therefore have therapeutic potential for the treatment of septic shock. The
Journal of Immunology, 2008, 180: 4978 – 4985.

B

acterial LPS as a constituent of the cell wall of Gramnegative bacteria is a major causative agent of septic
shock. In experimental animals, LPS challenge leads to
pathophysiological changes similar to the human septic shock syndrome. During sepsis, LPS starts a complex cascade of events in
responsive cells, particularly in monocytes, macrophages (M),3
and polymorphonuclear neutrophils (PMNs) that leads to the production of endogenous mediators (1– 4). LPS initiates rapid influx
and activation of leukocytes, coupled with overproduction of
proinflammatory mediators, such as TNF-␣, IL-1, IL-6, IL-12,
IFN-␥, eicosanoids, and NO free radicals, that are thought to underlie the tissue damage that precedes multiple organ dysfunction
syndrome (i.e., loss of capillary integrity, multiple organ dysfunction, distributive shock, septic shock, and death) (5, 6). To date, it
has been very difficult to identify effective therapies for the Gramnegative shock syndrome.
Among the cytokines induced by LPS, IL-1, TNF-␣, IL-12,
and IFN-␥ are the key factors in the development of septic
disease (7–9). However, therapies aimed at neutralizing these
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cytokines have proved largely ineffective in clinical trials (10,
11). Various newer approaches, including molecules that can
bind LPS and neutralize its activities, could have potential clinical applications. The therapies at directed at neutralizing LPS
by using anti-LPS Abs have been in clinical trials for a number
of years but have so far demonstrated disappointing outcomes
(12, 13). Therefore, there is still an urgent need for development
of new therapeutic approaches to increase the survival of patients with septic shock.
Clearance of apoptotic cells by M promotes resolution of
inflammation (14, 15). Fadok et al. observed that the phagocytosis of apoptotic cells by LPS-stimulated M decreased proinflammatory cytokine (IL-1␤, IL-8, GM-CSF, TNF-␣, and IL10) secretion by driving TGF-␤ production (16). Similarly,
macrophages secrete an increased amount of secretory leukocyte protease inhibitor when ingesting apoptotic cells, which
could also contribute to the resolution of the inflammatory response (17). Voll et al. reported that the presence of apoptotic
cells during monocyte activation with LPS increases their secretion of the antiinflammatory and immunoregulatory cytokine
IL-10 and decreases secretion of the proinflammatory cytokines
TNF-␣, IL-1, and IL-12 (18). Furthermore, not only CD36 Ab
but also exposure to apoptotic cells can modulate myeloid dendritic cell maturation in response to inflammatory signals, probably via IL-10 expression (19). These findings indicate that interaction with apoptotic cells not only prevents the release of
toxic and immunogenic intracellular contents, but that it also
stimulates myeloid cells (monocytes, macrophages, and dendritic cells) to express an antiinflammatory or suppressive phenotype. We therefore hypothesized that administration of apoptotic cells can be used for the treatment of LPS-induced sepsis.
To date, most of our knowledge about nonphlogistic phagocytosis of apoptotic cells has been focused on action in vitro, but the
contributions of apoptotic cells in various inflammatory states in
vivo and the significance in vivo of reducing inflammatory reaction remain to be fully clarified. In this study, mice challenged with
high doses of LPS resulted in a syndrome resembling septic shock
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in humans (20, 21). We investigated the protective effect of apoptotic cells, demonstrating that i.v. administration of apoptotic
cells up to 24 h after onset of endotoxemia protected mice from
LPS-induced lethality, which was associated with significantly inhibited production of TNF-␣, IL-12, and IFN-␥, decreased LPS
concentration in serum, and reduction of PMN infiltration in the
lungs, liver, heart, and kidneys. Apoptotic cells may therefore have
therapeutic potential for the treatment of septic shock.

Materials and Methods
All chemicals were from Sigma-Aldrich unless otherwise indicated. Culture media and supplements were from Life Technologies, and sterile tissue
culture plasticware was from Falcon Plastics.

Sepsis induced by LPS
BALB/c mice at 8 wk of age were used. A single dose of 2.8 mg/kg LPS
(O11:B4) in 100 l of sterile saline was administered i.v. Mice were then
randomly divided into control and treatment groups. Mice in the treatment
group were injected apoptotic PMNs i.v. with various doses of apoptotic
cells at different time points after LPS injection. Mice in the control group
were administrated with PBS (pH 7.4) after LPS injection. Serum samples
and organs were collected. The general conditions and mortality were recorded for up to 3 wk after injection to ensure that no additional late deaths
occurred.

Sepsis induced by cecal ligation and puncture (CLP)
For induction of sepsis by CLP, mice were anesthetized with pentobarbital
(60 mg/kg) (Abbott Laboratories), a 1-cm midline incision was made on
the anterior abdomen, and the cecum was exposed and ligated below the
ileocecal junction without causing bowel obstruction. Four punctures were
made in the cecum using a 21-gauge needle to induce lethal CLP sepsis, the
cecum was returned to the abdomen, and the peritoneal wall and skin
incision were closed. One hour later, 10 millions of apoptotic PMNs or
PBS were injected into CLP mice i.v.

Measurement of PMN infiltration
Infiltrated PMNs in organs were detected by immunohistochemical staining. Paraffin sections were incubated with Ab against mouse PMN overnight at 4°C. Sections were then washed with PBS. Endogenous peroxidase
was inactivated in 3% H2O2 in methanol, and then incubated with biotinylated link Ab and peroxidase-conjugated streptavidin (DakoCytomation).
After being washed with PBS, sections were developed with 3,3⬘-diaminobenzidine to produce a brown color. Purified rabbit-nonspecific IgG was
used as a negative control.

Isolation of peripheral blood PMNs and M
PMNs were isolated from the peripheral blood of healthy donors by dextran sedimentation and discontinuous plasma-Percoll (Pharmacia) density
gradients using the methods described by Savill et al. (22). PMNs were
aged in tissue culture for 24 h in Iscove’s DMEM with 10% FBS and
PMNs underwent apoptosis spontaneously in culture. Viability of ⬎99%
was confirmed by trypan blue exclusion, and apoptosis was verified by
light microscopy of May-Giemsa-stained cytopreps. Human monocytes
were isolated by counterflow centrifugation as described previously (23)
and cultured in Iscove’s DMEM with in 96-well plates (1 ⫻ 105 per well).
After 1 h of incubation at 37°C and 5% CO2, the wells were cultured for
7 days in Iscove’s DMEM with 10% autologous serum to mature into M
(22, 24). LPS-coated PMNs were prepared by incubating apoptotic PMNs
with LPS (10 g/ml) at 37°C for 30 min. The free LPS was washed away
with PBS. Control apoptotic PMNs were treated identically except that
LPS was absent.

Preparation of apoptotic PMNs
PMNs were aged in cultured for 24 h in Iscove’s DMEM with 10% FBS
and PMNs underwent apoptosis spontaneously in culture (22). The viability of ⬎99% confirmed by trypan blue exclusion, and apoptosis verified by
light microscopy of May-Giemsa-stained cytopreps, showed the typical
apoptotic PMN characteristics, that is, condensed nuclei and vacuolated
cytoplasm. The apoptotic and necrotic PMNs were also confirmed by annexin-V/propidium iodide staining and detection by FACS.

Phagocytosis assay
Apoptotic PMNs and LPS-coated PMNs were washed twice with PBS,
suspended in Iscove’s DMEM, and 5 ⫻ 105 cells were added to each
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washed well of M. After interaction for 30 min at 37°C in 5% CO2
atmosphere, the wells were washed in saline at 4°C to remove noningested apoptotic cells. The wells were fixed with 2% glutaraldehyde
and then stained for myeloperoxidase to reveal ingested cells. The proportion of M ingesting PMNs was counted using inverted light
microscopy.

Cytokines in mice sera or supernatants of cell culture
Concentrations of cytokines such as IL-12, IL-6, IFN-␥, IL-10, and TNF-␣
in mouse sera were detected by BD Cytometric Bead Array (CBA) (BD
Biosciences) according to the manufacturer’s recommendations. In brief,
25 l of the mixed capture beads was mixed with 25 l of mouse serum
and 25 l of mouse inflammation PE detection reagent for 2 h at room
temperature. The beads were washed and analyzed by a FACScan flow
cytometer (BD Biosciences). Concentrations of TGF-␤, IL-10, and
TNF-␣ in mouse serum or in supernatants of cell culture were detected
using ELISA kits (R&D Systems) according to the manufacturer’s
recommendations.

Measurement of LPS in mouse serum
The concentrations of LPS in mouse serum were detected by using Limulus
amebocyte lysate (LAL) assay (Associates of Cape Cod) according to the
instructions provided by the manufacturer. In brief, 50 l of serum was
added in triplicate to 50 l of LAL in a pyrogen-free microplate well. After
incubation at 37°C for 10 min, 100 l of prewarmed substrate solution was
added and then 100 l of stop buffer was added at the 16-min time point.
The absorbance was measured at 540 –550 nm. One nanogram of endotoxin
is equivalent to 5 endotoxin units.

LPS binding to apoptotic PMNs
Apoptotic PMNs were interacted with LPS (10 g/ml) for 30 min at room
temperature. LPS binding was detected by FACS using LPS Ab conjugated
with FITC.

Statistical analysis
Results are presented as means ⫾ SEM. Differences between groups at any
point in time were tested using ANOVA and were followed by the Bonferroni post hoc test. Two-sample comparisons were performed using the
Student t test. Survival data were analyzed with Kaplan-Meier test ( p ⬍
0.05 was considered to be significant).

Results
Administration of apoptotic cells protected mice from
endotoxic lethality
We used human apoptotic PMNs with ⬎50% apoptotic cells as
verified by May-Giemsa-stained cytopreps and ⬎99% viability as
assessed by trypan blue exclusion. The apoptotic and necrotic
PMNs were also confirmed by annexin V/propidium iodide staining with detection by FACS (Fig. 1). The effect of administration
of a single injection of apoptotic cells on survival of mice challenged with LPS (2.8 mg/kg) i.v. was investigated. After LPS challenge alone, mice showed signs of severe sepsis symptoms such as
reduced mobility, conjunctivitis, diarrhea, and fur ruffling within
3 h. LPS-treated mice began to die at 8 –12 h and all mice died
within 3 days in the control group. In contrast, mice in the group
injected i.v. with apoptotic cells (10 ⫻ 106/mouse) immediately
after challenge with LPS exhibited fewer signs of sickness. Only
20% of treated mice died at day 7; that is, treatment with apoptotic
cells resulted in 80% survival (n ⫽ 12, p ⬍ 0.001) (Fig. 2A). Late
deaths in the treatment group were not observed during the 3 wk
after LPS injection, indicating that apoptotic cell treatment conferred a complete and lasting protection against lethal endotoxemia. By contrast, human apoptotic cells (10 ⫻ 106/mouse) were
injected into normal mice and no abnormalities were observed during 3 wk after injection.
To further examine whether the administration of apoptotic cells
has a beneficial effect in another animal model, we induced sepsis
in mouse by CLP. Without any treatment, 52% of mice (12 of 25)
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APOPTOTIC CELLS PROTECT MICE AGAINST LPS-INDUCED SHOCK
Table I. Effect of apoptotic cells on reduction of septic symptoms
Symptoms
Observation
Timea

24 h

FIGURE 1. Annexin V vs propidium iodide (PI) density plots in logarithmic scale. PMNs were isolated from blood and aged in cultured for
24 h and PMNs underwent apoptosis spontaneously. Four populations
are resolved. Fresh isolated PMNs are double negative and are seen in
the lower left quadrant (3). Cells that are annexin V (⫹)/PI (⫺) (1) are
apoptotic. The annexin V (⫹)/PI (⫹) cell population (2) has been
described as secondary necrotic or advanced apoptotic. Cells in the last
quadrant (4), which are annexin V (⫺)/PI (⫹), may be cells with
stripped cytoplasmic membranes (leaving isolated nuclei), cells in late
necrosis, or cellular debris.

died within 5 days. Mice with apoptotic cell treatment 1 h after
CLP exhibited fewer signs of sickness. Less than 20% of treated
mice (4 of 22) died in the first 3 days (Fig. 2B).
We next investigated whether delayed administration of apoptotic cells would also prevent mice from endotoxic lethality. Treatment with apoptotic cells (10 ⫻ 106/mouse) was initiated 1, 3, 6,
and 24 h, respectively, after the onset of endotoxemia. Delayed

48 h

72 h

96 h

Time of Administration
for Apoptotic Cells
after LPS Challengeb

Reduced
Mobility

Conjunctivitis

Diarrhea

Control
1h
3h
6h
24 h
Control
1h
3h
6h
24 h
Control
1h
3h
6h
24 h
Control
1h
3h
6h
24 h

⫹⫹
⫹
⫹⫹
⫹⫹
⫹
⫹⫹
⫹/⫺
⫹
⫹
⫹/⫺
⫹⫹
⫺
⫹/⫺
⫹/⫺
⫺
⫹⫹
⫺
⫺
⫺
⫺

⫹⫹
⫹
⫹⫹
⫹⫹
⫹
⫹⫹
⫹/⫺
⫹
⫹
⫹
⫹⫹
⫺
⫹/⫺
⫹/⫺
⫺
⫹⫹
⫺
⫺
⫺
⫺

⫹⫹
⫹
⫹
⫹
⫺
⫹
⫺
⫺
⫺
⫺
⫹
⫺
⫺
⫺
⫺
⫹
⫺
⫺
⫺
⫺

a

Time after administration of apoptotic cells.
Mice were injected with 10 ⫻ 106 apoptotic PMNs.
⫹⫹ indicates that more than two-thirds of mice had symptoms; ⫹, one-third to
two-thirds of mice had symptoms; ⫹/⫺, less than one-third of mice had symptoms;
⫺, no mice had symptoms.
b

treatments at all time points not only significantly protected
mice from lethal shock (n ⫽ 6/group, p ⬍ 0.05, Fig. 2C), but
they also reduced the sepsis symptoms obviously (Table I). No
late deaths occurred during the subsequent 3-wk period of observation. These results indicated that delayed administration of
apoptotic cells in mice provided protection from LPS-induced
lethal shock.
Administration of apoptotic cells attenuated LPS-induced
organ damage
We further investigated whether injection of apoptotic cells would
attenuate LPS-induced organ damage. The mice received apoptotic
cells or PBS injection (as control) immediately after challenge

FIGURE 2. Effect of administration of apoptotic cells on survival in
LPS- and CLP-induced sepsis. A, Mice were administered a single dose of
apoptotic cells (10 ⫻ 106/mouse) i.v. at the time of LPS administration (2.8
mg/kg, i.v.). Apoptotic cells conferred significant protection against lethality (n ⫽ 12/group, p ⬍ 0.05). B, Mice had induced sepsis by CLP and then
were administered a single dose of apoptotic cells (10 ⫻ 106/mouse) i.v.
Apoptotic cells conferred significant protection against lethality (n ⫽ 25
for control group and n ⫽ 22 for apoptotic cell-treated group, p ⬍ 0.05).
C, Effect of delayed administration of apoptotic cells on prevention of the
endotoxin lethality. Mice in control group were injected with LPS (2.8
mg/mouse, i.v.). Treatment with apoptotic cells (10 ⫻ 106/mouse) was
initiated 1, 3, 6, and 24 h after the onset of endotoxemia. Delayed treatment
at all time points significantly protected mice from lethal shock (n ⫽
6/group, p ⬍ 0.05).

FIGURE 3. Effect of injection of apoptotic cells on PMN infiltration.
The mice received apoptotic cells or PBS injection (as control) immediately after challenge with LPS (2.8 mg/kg, i.v.) and were sacrificed at 6 and
24 h after injection of apoptotic cells. A, The PMN staining (brown) in
livers, lungs, kidneys, and hearts at 6 h after injection of apoptotic cells. B,
Number of infiltrated PMNs by immunohistochemical staining (n ⫽ 12;
ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.001).
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FIGURE 4. Effect of administration of apoptotic cells on cytokine production after challenge with LPS in vivo. The mice received apoptotic cells or PBS
injection (as control) immediately after challenge with LPS (2.8 mg/kg, i.v.). Heart blood was collected at various time points after injection of apoptotic
cells, and cytokines were assessed by BD Cytometric Bead Array and ELISA (n ⫽ 6; ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.001).

with LPS (2.8 mg/kg, i.v.) and were sacrificed at 6 and 24 h after
injection of apoptotic cells. The livers, lungs, kidneys, and hearts
were collected for PMN staining. In mice injected with LPS alone,
light microscopic examination showed PMN infiltration and hemorrhage in the lung, liver, heart, and kidney (Fig. 3A). However,
these changes were attenuated in mice treated with apoptotic cells.
Because PMN infiltration significantly correlated with the severity
of inflammation, we assayed the number of infiltrated PMNs by
immunohistochemical staining. Six hours after LPS challenge, the
number of infiltrated PMNs in liver, lung, heart, and kidney were
46.9 ⫾ 9.8, 372.3 ⫾ 89.5, 13.1 ⫾ 5.6, and 26.5 ⫾ 9.3, respectively. However, in the apoptotic cell-treated mice, the infiltrated
PMNs were 29.5 ⫾ 7.5, 166.8 ⫾ 24.8, 4.1 ⫾ 3.1 and 12.1 ⫾ 2.3,
respectively (Fig. 2B, n ⫽ 12, p ⬍ 0.05). Similar patterns were
observed at 24 h (Fig. 3B).

Mice received apoptotic cells (or PBS as control) 1.5 h after being
injected i.v. with 2.8 mg/kg LPS. Heart blood was collected at
various time points after injection of apoptotic cells, and cytokines were assessed by BD Cytometric Bead Array and ELISA.
In the control group receiving LPS above, the level of IL-12
peaked at 3 h and declined after 6 h. In comparison, the level of
TNF-␣ reached a peak at 1.5 h and markedly declined thereafter. Apoptotic cell treatment resulted in significantly lower circulating levels of IL-12, TNF-␣, and IFN-␥ compared with the
control group at certain time points, while IL-6 and TGF-␤ were
not affected (Fig. 4). The level of IL-10 in apoptotic cell-treated
mice at 3 h was significantly higher than that of the control
group (Fig. 4). These results demonstrated that apoptotic cell
treatment could reduce LPS-induced proinflammatory responses in vivo.

Apoptotic cell treatment decreased cytokine levels
in vivo

Administration of apoptotic cells reduced LPS concentrations
in mice

We next assayed the levels of cytokines in the serum from apoptotic cell-treated and untreated mice at the indicated time points.

We further measured the plasma concentrations of LPS in apoptotic cell-treated and control mice. Mice injected with LPS (2.8 mg/kg,

FIGURE 5. Effect of administration of apoptotic
cells on plasma LPS levels after challenge with LPS in
vivo. Mice received various doses of apoptotic cells
(2 ⫻ 106, 10 ⫻ 106, and 20 ⫻ 106/mouse) immediately
after injection with LPS (2.8 mg/kg, i.v.). Heart blood
was collected at various time points after injection of
apoptotic cells, and LPS was detected by LAL assay
(n ⫽ 6; ⴱ, p ⬍ 0.05).
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FIGURE 6. LPS binding to apoptotic PMNs. Apoptotic PMNs were interacted with PBS (A) or 10 g/ml
LPS (B) for 30 min at room temperature. LPS binding
was detected by FACS using LPS Ab conjugated with
FITC. Results shown are representative of three
experiments.

i.v.) were sacrificed immediately and exhibited a LPS concentration in
serum of 25,000 ⫾ 1,638 ng/ml as detected by LAL assay. Mice
received PBS (as control) or various doses of apoptotic cells
(2 ⫻ 106, 10 ⫻ 106, and 20 ⫻ 106/mouse) at 1.5 h after being
injected i.v. with 2.8 mg/kg LPS. Heart blood was collected at
various time points after injection of apoptotic cells, and LPS
was detected by LAL assay. In the control group, the circulating
LPS concentration was 13,780 ⫾ 1,110 ng/ml at 1.5 h and
2018 ⫾ 221 ng/ml at 24 h after injection of PBS. Injection of
apoptotic cells at 10 ⫻ 106 and 20 ⫻ 106/mouse significantly
attenuated the concentrations of LPS in the sera of mice at
1.5 h, while injections of 2 ⫻ 106/mouse had no effects (n ⫽
6/group, Fig. 5).
Binding of apoptotic PMNs to LPS

coated apoptotic PMNs, we investigated whether TSP/␣v␤3 and
CD14, a receptor for LPS, are involved. Uptake of apoptotic
PMNs was specifically reduced by TSP mAb (A6.1) and RGDS
(Arg-Gly-Asp-Ser) peptide (which is an inhibitor of VnR), but
not by RGES (Arg-Gly-Glu-Ser) peptide, CD14 mAbs (61D3),
and control mAb (Fig. 8). When applied to LPS-coated apoptotic PMNs, 61D3, A6.1, and RGDS had proportional inhibitory
effects (Fig. 8). These results suggested that LPS-increased
phagocytosis involved recruitment of CD14-dependent recognition to the TSP/VnR system.
LPS-coated apoptotic PMNs inhibit TNF-␣ and IL-10 release
by LPS-stimulated M
Previous studies have shown that M uptake of apoptotic cells via
CD14-dependent recognition does not release proinflammatory

Our data showed that circulating LPS can be quickly reduced by
administration of apoptotic cells at 1.5 h after LPS injection. Thus,
we hypothesized that decreased LPS levels in serum may be due to
LPS binding to apoptotic cells. Apoptotic PMNs were interacted
with 10 g/ml LPS for 30 min at room temperature and then labeled with LPS Ab conjugated with FITC. LPS binding was detected by flow cytometry. Fig. 6 demonstrates that most apoptotic
PMNs can bind LPS.
LPS accelerated the clearance of apoptotic PMNs by human
monocyte-derived M
Our data showed that LPS can bind to apoptotic cells. To determine whether LPS-coated apoptotic cells can be taken up by M
quickly and safely, assays for phagocytosis of LPS-coated apoptotic PMNs were performed. Apoptotic PMNs were incubated with
LPS at 10 g/ml for 30 min and then LPS-coated apoptotic PMNs
were interacted with M for 30 min. When compared with M
taking up untreated apoptotic PMNs, a greater proportion of M
was able to ingest LPS-coated PMNs (22.6 ⫾ 2.8% for apoptotic
PMNs and 43.9 ⫾ 5.6% for LPS-coated apoptotic PMNs, n ⫽ 12,
p ⬍ 0.05; Fig. 7A). This increase was also apparent when phagocytosis was expressed as the number of apoptotic cells ingested
per 100 M (23.5 ⫾ 10.7 for apoptotic PMNs and 57.3 ⫾ 9.5
for LPS-coated PMNs, n ⫽ 12, p ⬍ 0.05; Fig. 7B). Furthermore,
the number of apoptotic cells within 100 phagocytically competent M (i.e., those M taking up PMNs) was also increased
by LPS coating from 130.0 ⫾ 8.4 to 180.0 ⫾ 5.3 (n ⫽ 12, p ⬍
0.05; Fig. 7B).
LPS-increased phagocytosis was CD14- and thrombospondin
(TSP)-dependent
Previous studies have shown that human monocyte-derived M
recognition of apoptotic PMN used TSP/␣v␤3 vitronectin receptor (VnR) integrin (22, 24). To determine what recognition
mechanism was used by M recognizing and ingesting LPS-

FIGURE 7. Effect of LPS on clearance of apoptotic PMNs by human
monocyte-derived M. Apoptotic PMNs were incubated with LPS at 10
g/ml for 30 min and then LPS-coated apoptotic PMNs were interacted
with M for 30 min. A, Percentage of M taking up PMNs. B, Phagocytic
capacity of M taking up cells. Phagocytosis was expressed as the number
of cells ingested per 100 M and the number of cells within 100 phagocytically competent M (i.e., those M taking up PMNs). The data were
expressed as means ⫾ SEM, and similar results were obtained from three
independent experiments (ⴱ, p ⬍ 0.05).
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Discussion

FIGURE 8. Specific inhibition of M recognition of LPS-coated PMNs
by inhibitors of LPS/TSP/␣v␤3. Uptake of apoptotic PMNs was specifically
reduced by TSP mAb (A6.1) and RGDS peptide, but not by control peptide
(RGES), CD14 mAbs (61D3), and control mAb. Recognition of LPScoated apoptotic PMN was inhibited by 61D3, A6.1, and RGDS. The data
were expressed as means ⫾ SEM, and similar results were obtained from
three independent experiments (ⴱ, p ⬍ 0.05).

mediators (25), while LPS clearance through CD14 activates M
to release proinflammatory cytokines (26). We therefore investigated whether proinflammatory cytokine release was triggered in
M that ingested LPS-coated PMNs. M interacted with 10 g/ml
LPS or culture medium as control for 12 h and then washed were
incubated with LPS-coated PMNs for 30 min. Noningested cells
were washed away and M were incubated with culture medium
for 24 h. TNF-␣ and IL-10 in supernatants of cell culture were
detected by ELISA. Exposure of M to LPS resulted in significant
TNF-␣ and IL-10 expression. By contrast, M uptake of LPScoated PMNs down-regulated LPS-stimulated M production of
TNF-␣ and increased secretion of IL-10 (Fig. 9). Furthermore,
LPS-coated PMNs alone did not stimulate M expression of
TNF-␣ (Fig. 9). These data demonstrated that LPS promotes proinflammatory cytokine release, whereas M clearance of LPScoated PMNs, like apoptotic PMNs, can inhibit LPS-enhanced
TNF-␣ expression.

FIGURE 9. TNF-␣ and IL-10 release by M phagocytosing LPScoated PMNs. M were interacted with 10 g/ml LPS or culture medium
as control for 12 h, and washed M were then incubated with LPS-coated
PMNs or untreated PMNs for 30 min. Noningested cells were washed away
and M were incubated with culture medium for 24 h. TNF-␣ and IL-10
in supernatants of cell culture were detected by ELISA. The data are expressed as means ⫾ SEM, and similar results were obtained from three
independent experiments (ⴱⴱ, p ⬍ 0.001).

In vitro studies showed that uptake of apoptotic cells actively inhibits the secretion by activated M of proinflammatory mediators
such as TNF-␣ and that it increases the antiinflammatory and immunosuppressive cytokine TGF-␤ (16, 18, 27). The current study
is the first to demonstrate that administration of apoptotic cells
can protect mice from LPS-induced death, even when apoptotic
cells were administered 24 h after LPS challenge. The beneficial
effects of administration of apoptotic cells included 1) reduced
circulating proinflammatory cytokines, 2) suppression of PMN
infiltration in target organs, and 3) decreased serum LPS levels.
The underlying mechanisms of the beneficial effect of apoptotic cells, however, require further clarification in the future.
Activated M are the major cells of the immune system to
produce proinflammatory cytokines such as TNF-␣, IL-12, and
IL-1. TNF-␣ may play a role in the initiation or progression of
multiple organ failure in septic shock (28), and there is an association between TNF-␣ and severity of shock and mortality
(29 –31). TNF-␣ can induce vascular endothelial cells to express adhesion molecules (E-selectin and integrins such as
CD11a/CD18b), stimulating migration of PMNs (32, 33), and
therefore mediate the inflammatory changes in the multiple organs, resulting in PMN-dependent organ damage (34). IL-12 is
another product of M that is important in sepsis pathogenesis.
It is rapidly produced by phagocytic cells after stimulation with
LPS (35). IL-12 participates in the amplification of the inflammatory and immune responses, which is essential in the development of septic shock and multiple organ failure (36).
Therefore, inhibiting secretion of these cytokines from activated
M is a key issue for sepsis treatment. Our study showed that
administration of apoptotic cells can significantly reduce the production of IL-12, TNF-␣, and IFN-␥. One likely mechanism for
this effect was demonstrated by our in vitro studies demonstrating
that apoptotic cells, even if coated with LPS, increased the secretion by LPS-stimulated macrophages of the antiinflammatory and
immunoregulatory cytokine IL-10 and decreased secretion of the
proinflammatory cytokine TNF-␣. These in vivo data were also
corroborated by a recent study demonstrating that phagocytosis of
apoptotic cells by activated macrophages results in strong inhibition of IL-12 gene expression (37).
Infiltration of PMNs into the major organs such as the lung and
liver is associated with multiple organ damage and is one of the
hallmarks of a systemic inflammatory response induced by endotoxin (38 – 40). In our present study, LPS injection caused increased PMN infiltrations in the lung, liver, heart, and kidney,
which were partially reversed by apoptotic cell administration. The
mechanisms by which apoptotic cell administration decreased
PMN infiltration in multiple organs will require clarification in the
future. However, ICAM-1 mediates PMN migration across the
vascular membrane and into tissues, leading to organ injury.
TNF-␣ is involved in the regulation of ICAM-1 expression. Apoptotic cell administration can decrease TNF-␣ level, and may
therefore lead to down-regulation of ICAM-1 and reduced PMN
infiltration.
In numerous clinical trials, attempts to target molecular
events occurring in sepsis “downstream” of LPS have not been
associated with improved survival. Some have suggested that
agents able to remove endotoxin from the blood of septic patients would be of considerable clinical value. The data presented here suggest the possibility that, in addition to protection
via suppression of proinflammatory cytokine expression, apoptotic cell treatment can also protect from endotoxin shock via
direct binding and removal of LPS. We demonstrated that
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apoptotic cells can directly bind LPS with high affinity and that
this binding may lead to more rapid reduction of serum LPS
concentrations after a bolus dose.
As apoptotic cells are quickly coated by LPS, we investigated
how M recognize these LPS-coated apoptotic cells and whether
phagocytosis of these cells is antiinflammatory. There are number
of receptors for LPS such as CD14 (41, 42), macrophage scavenger receptor class A (43), and TLR4 (44, 45). The TLR4 family
plays a central role in activation of innate immune system. LPS is
thought to bind directly to TLR4, and it initiates the transmembrane signaling via an adaptor protein MyD88, leads to activation
of NF-B, and induces a number of inflammatory mediators (46).
In our study, we showed that CD14, but not TL4, is one of the
receptors for LPS-coated apoptotic cell uptake (data not shown).
Additionally, mAbs to TSP and ␣v␤3 inhibit LPS-coated PMN
uptake. Our study also showed that phagocytosis of LPS-coated
PMNs is safe and nonphlogistic, as engulfment of LPS-coated
PMN suppresses TNF-␣ and enhances IL-10 expression by
LPS-activated M. These results further confirm the observation of Devitt et al., who reported that CD14 mediates M
recognition and phagocytosis of apoptotic cells without release
of proinflammatory cytokines (25). Our data suggested that
CD14 may cooperate with TSP and VnR to take up LPS-coated
apoptotic PMN (i.e., CD14 might be involved in recognizing or
tethering apoptotic cells to M (26)) and that additional receptors such as ␣v␤3 are needed for LPS-coated apoptotic cell
uptake.
Taken together, these results reveal that apoptotic cells have
therapeutic potential for experimental septic shock by reducing
release of the proinflammatory cytokines and circulating LPS concentration. More importantly, apoptotic cells can be administered
significantly later after the acute phase response (24 h). Thus, treatment with apoptotic cells may offer a new strategy for the management of patients with sepsis and septic shock. However, note
that the amount of PMN infused is rather high. Although we
showed that 10 ⫻ 106 PMNs is efficient to protect mice against
septic shock, further investigation is needed to understand how
many cells would be efficient for humans. Furthermore, it would be
possible to trigger PMN apoptosis combined with lesser amounts
of apoptotic PMN injection.

Acknowledgments
We thank Professor C. D. Gregory and Dr. A. Devitt for providing CD14
Abs, and C. Gilchrist for proofreading this manuscript.

Disclosures
The authors have no financial conflicts of interest.

References
1. Veckman, V., M. Miettinen, S. Matikainen, R. Lande, E. Giacomini,
E. M. Coccia, and I. Julkunen. 2003. Lactobacilli and streptococci induce inflammatory chemokine production in human macrophages that stimulates Th1
cell chemotaxis. J. Leukocyte Biol. 74: 395– 402.
2. Glauser, M. P., G. Zanetti, J. D. Baumgartner, and J. Cohen. 1991. Septic shock:
pathogenesis. Lancet 338: 732–736.
3. Mathison, J. C., E. Wolfson, and R. J. Ulevitch. 1988. Participation of tumor
necrosis factor in the mediation of gram negative bacterial lipopolysaccharideinduced injury in rabbits. J. Clin. Invest. 81: 1925–1937.
4. Doherty, G. M., J. R. Lange, H. N. Langstein, H. R. Alexander, C. M. Buresh, and
J. A. Norton. 1992. Evidence for IFN-␥ as a mediator of the lethality of endotoxin
and tumor necrosis factor-alpha. J. Immunol. 149: 1666 –1670.
5. Tracey, K. J., and S. F. Lowry. 1990. The role of cytokine mediators in septic
shock. Adv. Surg. 23: 21–56.
6. Deitch, E. A. 1992. Multiple organ failure: pathophysiology and potential future
therapy. Ann. Surg. 216: 117–134.
7. Heinzel, F. P., R. M. Rerko, P. Ling, J. Hakimi, and D. S. Schoenhaut. 1994.
Interleukin 12 is produced in vivo during endotoxemia and stimulates synthesis
of gamma interferon. Infect. Immun. 62: 4244 – 4249.

8. Ozmen, L., M. Pericin, J. Hakimi, R. A. Chizzonite, M. Wysocka, G. Trinchieri,
M. Gately, and G. Garotta. 1994. Interleukin 12, interferon gamma, and tumor
necrosis factor alpha are the key cytokines of the generalized Shwartzman reaction. J. Exp. Med. 180: 907–915.
9. Wysocka, M., M. Kubin, L. Q. Vieira, L. Ozmen, G. Garotta, P. Scott, and
G. Trinchieri. 1995. Interleukin-12 is required for interferon-gamma production
and lethality in lipopolysaccharide-induced shock in mice. Eur. J. Immunol. 25:
672– 676.
10. Vincent, J. L., Q. Sun, and M. J. Dubois. 2002. Clinical trials of immunomodulatory therapies in severe sepsis and septic shock. Clin. Infect. Dis. 34:
1084 –1093.
11. Tsuji, F., K. Oki, A. Okahara, H. Suhara, T. Yamanouchi, M. Sasano, S. Mita,
and M. Horiuchi. 2002. Differential effects between marimastat, a TNF-alpha
converting enzyme inhibitor, and anti-TNF-alpha antibody on murine models for
sepsis and arthritis. Cytokine 17: 294 –300.
12. Quezado, Z. M., C. Natanson, D. W. Alling, S. M. Banks, C. A. Koev, R. J. Elin,
J. M. Hosseini, J. D. Bacher, R. L. Danner, and W. D. Hoffman. 1993. A controlled trial of HA-1A in a canine model of gram-negative septic shock. J. Am.
Med. Assoc. 269: 2221–2227.
13. Boom, S. J., J. A. Davidson, P. Zhang, J. Reidy, and G. Ramsay. 1993. Comparison of HA-1A and E5 monoclonal antibodies to endotoxin in rats with endotoxaemia. Eur. J. Surg. 159: 559 –561.
14. Savill, J. 2000. Apoptosis in resolution of inflammation. Kidney Blood Press. Res.
23: 173–174.
15. Ren, Y., and J. Savill. 1998. Apoptosis: the importance of being eaten. Cell Death
Differ. 5: 563–568.
16. Fadok, V. A., D. L. Bratton, A. Konowal, P. W. Freed, J. Y. Westcott, and
P. M. Henson. 1998. Macrophages that have ingested apoptotic cells in vitro
inhibit proinflammatory cytokine production through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J. Clin. Invest. 101: 890 – 898.
17. Odaka, C., T. Mizuochi, J. Yang, and A. Ding. 2003. Murine macrophages produce secretory leukocyte protease inhibitor during clearance of apoptotic cells:
implications for resolution of the inflammatory response. J. Immunol. 171:
1507–1514.
18. Voll, R. E., M. Herrmann, E. A. Roth, C. Stach, J. R. Kalden, and I. Girkontaite.
1997. Immunosuppressive effects of apoptotic cells. Nature 390: 350 –351.
19. Urban, B. C., N. Willcox, and D. J. Roberts. 2001. A role for CD36 in the
regulation of dendritic cell function. Proc. Natl. Acad. Sci. USA 98: 8750 – 8755.
20. Gutierrez-Ramos, J. C., and H. Bluethmann. 1997. Molecules and mechanisms
operating in septic shock: lessons from knockout mice. Immunol. Today 18:
329 –334.
21. Oku, H., H. Nakazato, T. Horikawa, Y. Tsuruta, and R. Suzuki. 2002. Pirfenidone
suppresses tumor necrosis factor-alpha, enhances interleukin-10, and protects
mice from endotoxic shock. Eur. J. Pharmacol. 446: 167–176.
22. Savill, J. S., P. M. Henson, and C. Haslett. 1989. Phagocytosis of aged human
neutrophils by macrophages is mediated by a novel “charge-sensitive” recognition mechanism. J. Clin. Invest. 84: 1518 –1527.
23. Ren, Y., and J. Savill. 1995. Proinflammatory cytokines potentiate thrombospondin-mediated phagocytosis of neutrophils undergoing apoptosis. J. Immunol. 154: 2366 –2374.
24. Savill, J., N. Hogg, Y. Ren, and C. Haslett. 1992. Thrombospondin cooperates
with CD36 and the vitronectin receptor in macrophage recognition of neutrophils
undergoing apoptosis. J. Clin. Invest. 90: 1513–1522.
25. Devitt, A., O. D. Moffatt, C. Raykundalia, J. D. Capra, D. L. Simmons, and
C. D. Gregory. 1998. Human CD14 mediates recognition and phagocytosis of
apoptotic cells. Nature 392: 505–509.
26. Gregory, C. D., and A. Devitt. 2004. The macrophage and the apoptotic cell: an
innate immune interaction viewed simplistically? Immunology 113: 1–14.
27. Fadok, V. A., D. L. Bratton, D. M. Rose, A. Pearson, R. A. Ezekewitz, and
P. M. Henson. 2000. A receptor for phosphatidylserine-specific clearance of apoptotic cells. Nature 405: 85–90.
28. Enomoto, N., Y. Takei, M. Hirose, T. Kitamura, K. Ikejima, and N. Sato. 2003.
Protective effect of thalidomide on endotoxin-induced liver injury. Alcohol Clin.
Exp. Res. 27: 2S– 6S.
29. Calandra, T., J. D. Baumgartner, G. E. Grau, M. M. Wu, P. H. Lambert,
J. Schellekens, J. Verhoef, and M. P. Glauser. 1990. Prognostic values of tumor
necrosis factor/cachectin, interleukin-1, interferon-alpha, and interferon-gamma
in the serum of patients with septic shock: Swiss-Dutch J5 Immunoglobulin
Study Group. J. Infect. Dis. 161: 982–987.
30. Pinsky, M. R., J. L. Vincent, J. Deviere, M. Alegre, R. J. Kahn, and E. Dupont.
1993. Serum cytokine levels in human septic shock: relation to multiple-system
organ failure and mortality. Chest 103: 565–575.
31. Waage, A., and S. Steinshamn. 1993. Cytokine mediators of septic infections in
the normal and granulocytopenic host. Eur. J. Haematol. 50: 243–249.
32. Oberholzer, A., C. Oberholzer, and L. L. Moldawer. 2000. Cytokine signaling:
regulation of the immune response in normal and critically ill states. Crit. Care
Med. 28: N3–N12.
33. Rios-Santos, F., C. F. Benjamim, D. Zavery, S. H. Ferreira, and Q. Cunha Fde.
2003. A critical role of leukotriene B4 in neutrophil migration to infectious focus
in cecal ligaton and puncture sepsis. Shock 19: 61– 65.
34. Horgan, M. J., G. P. Palace, J. E. Everitt, and A. B. Malik. 1993. TNF-alpha
release in endotoxemia contributes to neutrophil-dependent pulmonary edema.
Am. J. Physiol. 264: H1161–H1165.
35. Germann, T., and E. Rude. 1995. Interleukin-12. Int. Arch. Allergy Immunol. 108:
103–112.
36. Assenmacher, M., M. Lohning, A. Scheffold, R. A. Manz, J. Schmitz, and
A. Radbruch. 1998. Sequential production of IL-2, IFN-gamma, and IL-10 by

The Journal of Immunology

37.
38.

39.
40.

41.

42.

individual staphylococcal enterotoxin B-activated T helper lymphocytes. Eur.
J. Immunol. 28: 1534 –1543.
Chung, E. Y., S. J. Kim, and X. J. Ma. 2006. Regulation of cytokine production
during phagocytosis of apoptotic cells. Cell Res. 16: 154 –161.
Shanley, T. P., R. L. Warner, and P. A. Ward. 1995. The role of cytokines and
adhesion molecules in the development of inflammatory injury. Mol. Med. Today
1: 40 – 45.
Nussler, A. K., U. A. Wittel, N. C. Nussler, and H. G. Beger. 1999. Leukocytes,
the Janus cells in inflammatory disease. Langenbecks Arch. Surg. 384: 222–232.
Hewett, J. A., A. E. Schultze, S. VanCise, and R. A. Roth. 1992. Neutrophil
depletion protects against liver injury from bacterial endotoxin. Lab. Invest. 66:
347–361.
Wright, S. D., R. A. Ramos, P. S. Tobias, R. J. Ulevitch, and J. C. Mathison.
1990. CD14, a receptor for complexes of lipopolysaccharide (LPS) and LPS
binding protein. Science 249: 1431–1433.
Soler-Rodriguez, A. M., H. Zhang, H. S. Lichenstein, N. Qureshi, D. W. Niesel,
S. E. Crowe, J. W. Peterson, and G. R. Klimpel. 2000. Neutrophil activation by

4985

43.

44.

45.

46.

bacterial lipoprotein versus lipopolysaccharide: differential requirements for serum and CD14. J. Immunol. 164: 2674 –2683.
Hampton, R. Y., D. T. Golenbock, M. Penman, M. Krieger, and C. R. Raetz.
1991. Recognition and plasma clearance of endotoxin by scavenger receptors.
Nature 352: 342–344.
da Silva Correia, J., and R. J. Ulevitch. 2002. MD-2 and TLR4 N-linked glycosylations are important for a functional lipopolysaccharide receptor. J. Biol.
Chem. 277: 1845–1854.
Hoshino, K., O. Takeuchi, T. Kawai, H. Sanjo, T. Ogawa, Y. Takeda, K. Takeda,
and S. Akira. 1999. Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are
hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene product. J. Immunol. 162: 3749 –3752.
Zhang, F. X., C. J. Kirschning, R. Mancinelli, X. P. Xu, Y. Jin, E. Faure,
A. Mantovani, M. Rothe, M. Muzio, and M. Arditi. 1999. Bacterial lipopolysaccharide activates nuclear factor-B through interleukin-1 signaling mediators in
cultured human dermal endothelial cells and mononuclear phagocytes. J. Biol.
Chem. 274: 7611–7614.

