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Background. Toll-like receptor 4 (TLR4) is a critical receptor involved in the sensing of gram-negative bacterial infection. How-
ever, the roles of TLR4 in sepsis are cell-type specific. Dendritic cells (DCs) are known to play a central role in microbial detection,
alerting the immune system to the presence of infection and coordinating adaptive immune response. The goal of this study was to
investigate the impact of DC-specific TLR4 signaling on host defense against intra-abdominal polymicrobial sepsis.

Methods. C57BL/6, global Tlr4 knockout, cell-specific knockout control, and CD11c-specific Tlr4-/- mice underwent cecal liga-
tion and puncture (CLP).

Results. Specific deletion of TLR4 on DCs in mice improved survival and enhanced bacterial clearance. Deletion of TLR4 on DCs
was associated with lower levels of circulating interleukin 10 (IL-10), higher polymorphonuclear leukocyte (PMN) accumulation in the
peritoneal cavity, and higher expression of chemokine (C-X-C motif) receptor 2 (CXCR2) on PMNs after CLP. In vitro studies of
DC and neutrophil cocultures confirmed that TLR4-dependent secretion of IL-10 from DCs regulated neutrophil CXCR2 expression.

Conclusions. Our data shed light on a previously unrecognized role for TLR4 signaling on DCs in driving IL-10 secretion during
sepsis and, through this pathway, regulates PMN recruitment via suppression of CXCR2 expression.
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Polymicrobial intra-abdominal infections resulting from perfora-
tion and/or necrosis of the gastrointestinal tract are an important
etiology of sepsis. Failure to clear the infections leads to septic
shock resulting from sustained and excessive activation of a syste-
mic inflammatory response [1].Toll-like receptor 4 (TLR4) plays a
central role in the response to intra-abdominal sepsis through the
sensing of lipopolysaccharide (LPS) from gram-negative bacteria
abundant in enteric microbes. Although TLR4 seemed like an at-
tractive therapeutic target, a trial testing a TLR4/MD2 antagonist in
patients with severe sepsis or septic shock failed to improve 28-day
mortality [2]. The reasons for the lack of benefit can be ascribed to
redundancies between innate immune sensing pathways and to a
failure to appreciate the diverse and cell-specific functions of TLR4
in the host response during bacterial sepsis.

TLR4 is expressed on different subsets of immune and non-
immune cells [3–6], and the function of TLR4 varies by cell
type. For example, we have shown that TLR4 is essential to
LPS uptake by hepatocytes [7–9]. In clear distinction, TLR4 ac-
tivation in macrophages leads to enhanced phagocytosis and in-
flammatory mediator production [7, 10]. To our knowledge, the
contribution of TLR4 on other relevant cell types to the host re-
sponse to sepsis has not been investigated.

Dendritic cells (DCs) play an essential role in detectingmicro-
bial invasion and in guiding host antimicrobial responses [11].
CD11c+ DCs become activated in the spleen and then lymph
nodes by 8 hours following cecal ligation and puncture (CLP)
[12], a model that recapitulates the features of intra-abdominal
sepsis due to gastrointestinal perforation. Furthermore, the per-
centages of splenic and peritoneal DCs precipitously drop with-
in 24 hours after CLP [13, 14]. Deletion of CD11c+ DCs results
in greater mortality after CLP, confirming the key role of these
professional antigen-presenting cells to the host survival response
in sepsis [15]. The specific function of DC subsets or pattern-
recognition receptors on DCs in the initial host response to
intra-abdominal sepsis has not been defined. We show here
that selective deletion of TLR4 from CD11c+ DCs results in en-
hanced bacterial clearance following CLP-induced sepsis. This
appears to be a consequence of the downregulation of CXCR2
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on polymorphonuclear leukocytes (PMNs) by DC-derived inter-
leukin 10 (IL-10), leading to impaired PMN chemotaxis. This
finding demonstrates the central role for DCs in regulating
PMN responses in intra-abdominal sepsis and the specific role
of TLR4 in promoting IL-10 production in CD11c+ DCs.

MATERIALS AND METHODS

Reagents
Ultrapure LPS (Escherichia coli 0111:B4) was obtained from List
Biological Laboratories. Low-molecular-weight polyinosinic-
polycytidylic acid was purchased from InvivoGen. Neutralizing
IL-10 antibody (Ab; clone IESS-2A5) was from eBioscience,
while mouse immunoglobulin G1 isotype control Ab and re-
combinant IL-10 were obtained from BD Bioscience.

Animals
Animal protocols were approved by the Animal Care and Use
Committee of the University of Pittsburgh, and the experiments
were performed in strict adherence to the National Institutes of
Health Guidelines for the Use of Laboratory Animals. Male
C57BL/6 (wild type [WT]) and CD11c-Cre mice were specif-
ic-pathogen-free animals, weighed approximately 25 g, and
were from Jackson Laboratories. Male Tlr4loxP/loxP (Flox) mice,
cell-specific (DC-Tlr4-/-) mice, and global Tlr4 knockout
(Tlr4-/-) mice were bred and cohoused at our facility and used
at the age of 8–12 weeks. All mice developed were on a
C57BL/6 genetic background. Flox and cellular-specific Tlr4-/-

mice were generated as previously described [7, 16].

CLP
Sepsis was induced by CLP as previously described [7]. In brief,
laparotomy was performed under isoflurane anesthesia (Pira-
mal Critical Care). The cecum (0.5 cm) was ligated and punc-
tured twice with a 22-gauge needle. In some experiments, mice
also received antibiotics (Primaxin 25 mg/kg; Merck) subcuta-
neously every 12 hours, starting 2 hours after CLP. At the study
end point, mice were anesthetized with isoflurane and eutha-
nized by opening the chest cavity and withdrawing blood by
cardiac puncture.

Isolation of Splenic DCs and PMNs
Mouse spleens were collected under sterile conditions and cut into
pieces. The spleen pieces were transferred into collagenase (1mg/
mL in Roswell Park Memorial Institute [RPMI] 1640 medium)
and incubated at 37°C for 1 hour. The collagenase solution con-
taining splenocytes were filtered through a 70-µm cell strainer.
Erythrocytes were lysed with lysis solution. Cells were spun
down at 800g for 5 minutes and washed twice in phosphate-
buffered saline (PBS). Cells were resuspended in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and
1000 UI/mL penicillin-streptomycin. The splenocytes were fur-
ther separated by using MACSmagnetic bead isolations (Miltenyi
Biotec). Cells were mixed with anti-CD11c or Ly6G magnetic
beads to positively select for DCs and PMNs, respectively.

In Vitro Generation of DCs
Bone marrow specimens from the femurs and tibias of WT or
Tlr4-/- mice were collected under sterile conditions and incubated
with collagenase (1mg/mL in RPMI 1640 medium) at 37°C for 1
hour. The collagenase solution containing released cells was fil-
tered through a 70-µm cell strainer. Cells were spun down at 800g
for 5 minutes. Erythrocytes were lysed with lysis solution. Ery-
throid cells, T and B lymphocytes, natural killer (NK) cells, and
granulocytes were removed by incubation with anti-TER-119,
CD3, B220, NK-1.1, and GR1, followed by rabbit complement
(Cederlane). Bone marrow cells were cultured in RPMI 1640
medium with 10% FBS, glutamine, nonessential amino acids, so-
dium pyruvate, HEPES, 2-mercaptoethanol, pen strep, granulo-
cyte-macrophage colony-stimulating factor (20 ng/mL; R&D
Systems), and interleukin 4 (10 ng/mL; Peprotech). Medium
and cytokines were renewed every 2 days. Immature DCs were
purified after 6 days of culture by positive isolation with MACS
beads labeled with anti-CD11c (Milteny Biotec).

Adoptive Transfer of DCs
Bone marrow–derived DCs from WT or Tlr4-/- mice were gen-
erated in vitro as described above, and 5 × 105 DCs were resus-
pended in PBS and injected intraperitoneally into DC-Tlr4-/-

mice immediately after CLP.

Bacterial Culture
Peritoneal lavage fluid (PLF) and blood specimens for bacterial
culture were collected as mice were euthanized at time points
after CLP. PLF and blood specimens were subjected to serial
10-fold dilutions and cultured at 37°C overnight in 5% sheep
blood agar (Teknova). Colony-forming units (CFUs) were
quantified by manual counting.

Assessment of Cytokine Levels
Plasma, PLF, and cell culture supernatant samples were analyzed
using interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), IL-
10, interleukin 12 (IL-12), CXCLl, CXCL2, CXCL5, and CCL2
enzyme-linked immunosorbent assay kits from R&D Systems.

Flow Cytometry
Cells were blocked for Fc receptors with anti-mouse CD16/32
(BD Bioscience) for 5 minutes and then were stained with fluo-
rochrome-conjugated Ab for 30 minutes at 4°C in the dark.
Data were acquired with a BD FACS LSR Fortessa flow cytom-
eter (BD Bioscience) and analyzed with FlowJo analytical soft-
ware (TreeStar). Each experiment was repeated 3 times.

Comparative Polymerase Chain Reaction (PCR) Analysis
Total RNA was extracted with the RNeasy mini extraction kit
(Qiagen) according to the manufacturer’s instructions. Two-
step, real-time reverse-transcription PCR (RT-PCR) was per-
formed as previously described [17] with forward and reverse
primer pairs prevalidated and specific for Cxcr2 (Qiagen). All
samples were assayed in duplicate and normalized to the actin
messenger RNA (mRNA) abundance.
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Statistical Analysis
All data were analyzed using GraphPad Prism software (Graph-
Pad Software). Data were analyzed using a 2-tailed t test. For
measurements of bacterial CFU, groups were compared using
the nonparametric Mann–Whitney U test. Survival data were
analyzed using the log-rank test. A P value of <.05 was consid-
ered statistically significant for all experiments. All values are
presented as mean values ± SD, except for bacterial counts,
for which median values are designated.

RESULTS

DC-Specific TLR4 Regulates Bacterial Clearance and Thus Regulates
Systemic Inflammation and Survival After CLP
We have previously shown that both global deletion of Tlr4, as well
as deletion of TLR4 specifically onmyeloid cells, results in impaired
bacterial clearance and reduced survival following CLP [7]. To es-
tablish the role of TLR4 on CD11c+ DCs in polymicrobial sepsis,

CLP without antibiotics was performed on DC-Tlr4-/- mice and
their controls (Flox). Surprisingly, deletion of Tlr4 expression spe-
cifically on DCs significantly improved survival after CLP (P = .04
vs Floxmice; Figure 1A). These results indicate that TLR4 signaling
on CD11c+ DCs is crucial for host survival after CLP.

To test whether differences in bacterial clearance account for
the improved survival in DC-Tlr4-/- mice, the number of CFUs
was measured in the blood and PLF 18 hours after CLP. For all
results, WT mice served as controls for the global Tlr4-/- mice,
and mice from the Flox parent strain served as controls for DC-
Tlr4-/- mice. Consistent with our previous results [7], bacterial
counts in global Tlr4-/- mice were significantly higher than
those in WT mice in the blood and PLF (Figure 1B and 1C).
However, bacterial levels in DC-Tlr4-/- mice were 2 logs lower
than those found in Flox controls (Figure 1B and 1C), suggest-
ing that TLR4 expression on CD11c+ DCs leads to decreased
bacterial clearance after CLP. To ensure that the insertion of

Figure 1. Dendritic cell (DC)–specific Toll-like receptor 4 (TLR4) regulates bacterial clearance and thus regulates systemic inflammation and survival after cecal ligation and
puncture (CLP). Wild-type (WT), global Tlr4-/-, Flox (cell-specific Tlr4-/- control), and DC-Tlr4-/- mice were subjected to CLP without antibiotic treatment. A, Seven-day survival
after CLP. Data are from 20 mice per group from 2 separate experiments. Statistical difference was tested using the log-rank test. B and C, Blood and peritoneal lavage fluid (PLF)
were collected at 18 hours after CLP. Bacterial counts in blood (B) and peritoneal lavage fluid (C). Data are from 8 mice per group from 2 separate experiments. Statistical
difference was tested using a nonparametric Mann–Whitney U statistics. D, Plasma cytokine level. Blood was collected 4 and 18 hours after CLP. Plasma tumor necrosis factor
α (TNF-α), interleukin 6 (IL-6), interleukin 12p70 (IL-12p70), and interleukin 10 (IL-10) concentrations were measured by enzyme-linked immunosorbent assay. Data are
means ± SD from 8 mice per group from 4 separate experiments. Statistical difference was tested using a 2-tailed paired t test. Abreviation: CFU, colony-forming units.
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the cre recombinase had no effect, we subjected mice expressing
the CD11c-driven cre recombinase to CLP and found no impact
on blood or peritoneal bacterial levels, percentages of peritoneal
DCs or PMNs, or circulating IL-6 levels after CLP when com-
pared to WT mice (Supplementary Figure 1A–D).

Circulating TNF-α and IL-6 levels were significantly higher in
global Tlr4-/- mice than in WT mice, whereas TNF-α and IL-6
levels were lower in DC-Tlr4-/- mice than in the Flox controls
(Figure 1D). Therefore, cytokine markers of the systemic inflam-
matory response correlated with bacterial load. Plasma IL-10 lev-
els were significantly lower in global Tlr4-/- and DC-Tlr4-/- mice
as compared to their respective controls (Figure 1D). However,
no significant difference was detected in the plasma IL-12p70

concentration between any of the strains following CLP (Fig-
ure 1D). Thus, IL-10 appeared to be regulated independently of
bacterial load and in a DC-specific TLR4–dependent manner.

DC-Specific TLR4 Regulates PMN Recruitment to Peritoneum After CLP
To determine whether TLR4 status regulates the relative PMN
and DC recruitment in the peritoneal cavity, PLF was collected
4 and 18 hours after CLP, and the abundance of PMNs
(CD11b+Ly6G+ cells) and DCs (CD11c+ cells) was assessed
by flow cytometry. Interestingly, the absolute numbers and per-
centages of PMNs in PLF were significantly higher in global
Tlr4-/- and DC-Tlr4-/- mice than those in their respective con-
trols (Figure 2A), indicating that DC-specific TLR4 is an

Figure 2. Dendritic cell (DC)–specific Toll-like receptor 4 (TLR4) regulates polymorphonuclear leukocyte (PMN) recruitment to peritoneum after cecal ligation and puncture
(CLP). Wild-type (WT), global Tlr4-/-, Flox, and DC-Tlr4-/- mice were subjected to CLP without antibiotic treatment. Peritoneal lavage fluid (PLF) was collected 4 and18 hours after
CLP. A, Percentage and number of PMNs were measured by flow cytometry. Number indicates percentage of CD11b and Ly6G double-positive cells. The total number of PMNs
in the peritoneal cavity is specified as the mean ± standard deviation (SD) for 6 mice per group. Statistical difference was tested using a 2-tailed paired t test. B, Chemokine
level in PLF. PLF was collected 4 and 18 hours after CLP. CXCL1, CXCL2, CXCL5, and CCL2 concentrations in PLF were measured by enzyme-linked immunosorbent assay. Data
are means ± SD from 8 mice per group from 2 separate experiments. Statistical difference was tested using a 2-tailed paired t test. C, CXCR2 expression on peritoneal PMNs.
PLF was collected from out-of-box control mice (Cont) and 4 and 18 hours after CLP. Mean fluorescence intensity (MFI) for CXCR2 expression was measured by flow cytometry.
Data are means ± SD for 3 mice in the control group and 6 mice per CLP group. Statistical difference was tested using a 2-tailed unpaired t test.
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important regulator of PMN recruitment after CLP. The per-
centage of CD11c+ cells relative to total cells in the peritoneal
cavity was decreased 18 hours after CLP, compared with control
(Supplementary Figure 2A and 2B). This reduction in relative
abundance was similar across all 4 strains. However, the total
number of peritoneal CD11c+ cells increased following CLP,
and this increase was greater in the global Tlr4-/- and DC-
Tlr4-/- strains (Supplementary Figure 2C), suggesting that
TLR4 may be involved in either the recruitment or turnover
of CD11c+ cells in the peritoneal cavity following CLP.

PMN recruitment to a site of infection is known to be driven
by chemokines [18]. Unexpectedly, concentrations of CXCL1,
CXCL2, CXCL5, and CCL2 in plasma (Supplementary Fig-
ure 3A–D) and PLF (Figure 2B) were significantly lower in
DC-Tlr4-/- mice than in their controls 18 hours after CLP.
These chemokine levels were significantly higher in global
Tlr4-/- mice than in WT controls (Figure 2B). Therefore, levels
of chemokines appear to correlate with bacterial levels but not
with the number of PMNs in the peritoneal cavity.

PMN surface CXCR2 (CXC chemokine receptor 2) expres-
sion is known to be suppressed in severe sepsis [19]. The
engagement of CXCR2 by chemokines recruits PMNs to infec-
tion sites. To test whether DC-specific TLR4 regulates CXCR2
expression on PMNs, peritoneal PMNs were analyzed by flow
cytometry for CXCR2 expression. The mean fluorescence inten-
sity (MFI) of CXCR2 was lower in all strains of mice 4 and

18 hours after CLP, compared with naive controls (Figure 2C).
Interestingly, the MFI of CXCR2 in Tlr4-/- and DC-Tlr4-/- mice
was significantly higher than in their respective controls at both
4 and 18 hours after CLP (Figure 2C). These findings suggest
that signaling by DC-specific TLR4 suppresses PMN recruit-
ment to the peritoneum through a mechanism that determines
CXCR2 expression on PMNs after CLP.

Adoptive Transfer of WT DCs Impairs Bacterial Clearance and PMN
Recruitment in DC-Tlr4-/- Mice After CLP
Although CD11c is expressed highly by conventional DCs, it is
also present at lower levels on the surface of plasmacytoid DCs
and macrophage subsets [20]. Therefore, we performed adop-
tive transfer experiments to establish whether conventional
DCs are one of the CD11c+ cells that regulate bacterial clearance
and PMN influx in a TLR4-dependent manner during CLP-
induced sepsis. Immediately after CLP, DC-Tlr4-/- mice were
injected intraperitoneally with WT or Tlr4-/- bone marrow–
derived DCs generated in vitro (5 × 105 cells/mouse). DC-
Tlr4-/- mice injected with PBS without cells were used as the
control for mice that underwent adoptive transfer with DCs.
Mice were euthanized 18 hours after CLP. As expected, the bac-
terial load in PLF was significantly higher in DC-Tlr4-/- mice
that received WT DCs than in mice that received Tlr4-/- DCs
and PBS (Figure 3A). PMN counts in PLF were inversely corre-
lated to bacterial load (Figure 3B). Furthermore, peritoneal

Figure 3. Adoptive transfer of wild-type dendritic cells (DCs) impairs bacterial clearance and polymorphonuclear leukocyte (PMN) recruitment in DC-Tlr4-/- mice after cecal
ligation and puncture (CLP). DC-Tlr4-/- mice were subjected to CLP without antibiotic administration. Immediately after CLP, DC-Tlr4-/- mice were intraperitoneally injected with
wild-type (WT) DCs or Tlr4-/- DCs (0.5 million cells/mouse). Mice injected with WT DCs, Tlr4-/- DCs, or phosphate-buffered saline (PBS) were subjected to CLP. Peritoneal lavage
fluid (PLF) and plasma were collected 18 hours after CLP. Control mice (Cont) are mice only subjected to injection. A, Bacterial counts in PLF. Data are from 6 mice per group from
2 separate experiments. Statistical difference was tested using a nonparametric Mann–Whitney U test; *P < .05 vs Tlr4-/- DCs and PBS. B and C, PMNs in PLF were analyzed by
flow cytometry for total number of PMNs (B) and mean fluorescence intensity (MFI) for CXCR2 expression (C). D, Circulating cytokine and chemokine levels. Plasma interleukin 6
(IL-6), CXCL1, interleukin 10 (IL-10), and interleukin 12p70 (IL-12p70) concentrations were measured by enzyme-linked immunosorbent assay. Data are means ± SD from 3 mice
per control group and 6 mice per CLP group. Statistical difference was tested using the 2-tailed unpaired t test. Abreviation: CFU, colony-forming units.
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PMN CXCR2 expression in the mice that received WT DCs
after CLP was approximately 50% lower when compared to
PMNs from mice that received WT DCs without CLP (Fig-
ure 3C). In contrast, only a modest decrease in PMN CXCR2
expression was detected in the PBS-treated and Tlr4-/- DC–
transfer groups after CLP (Figure 3C). Circulating IL-6 and
CXCL1 levels correlated to bacterial load (Figure 3D). Plasma
IL-10 concentrations increased dramatically in mice that re-
ceived WT DCs as compared to mice given PBS or Tlr4-/-

DCs after CLP (Figure 3D). Plasma IL-12p70 levels were similar
in all 3 groups (Figure 3D). These data confirm that DCs are one
of the CD11c+ cell types that regulate bacterial clearance and
PMN responses through a TLR4-dependent mechanism in
CLP-induced sepsis.

CLP With Antibiotics Reveals a Role for DC-Specific TLR4 in IL-10
Production in Polymicrobial Sepsis
The above results in the CLP model without antibiotics indicate

that DC-specific TLR4 is important for bacterial clearance and

PMN trafficking. To evaluate the impact of DC-specific TLR4

on the systemic inflammatory response independent of variations

in bacterial clearance, CLP was performed with antibiotic treat-

ment. Antibiotic treatment reduced levels of bacteria (to unde-

tectable levels in blood and by 2–4 logs in the peritoneum) and

equalized the bacterial counts between all 4 mouse strains. As ex-

pected, more PMNs (CD11b+Ly6G+ cells) were recruited to the

peritoneum in global Tlr4-/- and DC-Tlr4-/- mice after CLP as

compared to the respective control mice (Figure 4A). PMN

CXCR2 expression decreased in the WT and Flox strains 18

Figure 4. Cecal ligation and puncture (CLP) with antibiotics reveals a role for dendritic cell (DC)–specific Toll-like receptor 4 (TLR4) in interleukin 10 (IL-10) release in
polymicrobial sepsis. Mice were subjected to CLP with the administration of the antibiotic Primaxin (25 mg/kg, subcutaneously starting 2 hours after CLP and then every
12 hours). Peritoneal lavage fluid (PLF) and plasma was collected 18 hours after CLP. Control mice (Cont) are out-of-box mice. A and B, Polymorphonuclear leukocyte
(PMN) count (A) and mean fluorescence intensity for CXCR2 expression on peritoneal PMNs (B) were measured by flow cytometry. C, Circulating cytokine and chemokine
level. Plasma interleukin 6 (IL-6), CXCL1, CXCL2, CXCL2, interleukin 10 (IL-10), and interleukin 12p70 (IL-12p70) concentrations were measured by enzyme-linked immunosorbent
assay. Data are means ± SD for 3 mice per control group and 6 mice per CLP group. Statistical difference was tested using a 2-tailed unpaired t test.
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hours after CLP, whereas no significant reduction of CXCR2 was

detected in the global Tlr4-/- or DC-Tlr4-/-mice (Figure 4B). These

results further confirm that DC-specific TLR4 regulates PMN re-
cruitment via downregulation of CXCR2 on PMNs. The systemic

inflammatory response, measured by IL-6, CXCL1, CXCL2, and

CCL2 levels, was suppressed in the global Tlr4-/- mice but not
the DC-Tlr4-/- mice (Figure 4C). These results suggest that DC-

specific TLR4 influences the systemic inflammatory response in-

directly by impacting the efficiency of bacterial clearance after

CLP. Interestingly, plasma IL-10 levels (Figure 4C) were signifi-
cantly lower in global Tlr4-/- and DC-Tlr4-/- mice, while plasma

IL-12p70 concentrations (Figure 4C) were lower in the Tlr4-/-

mice but not the DC-Tlr4-/- mice, as compared to their controls.
These results indicate that DC-specific TLR4 is important for sys-

temic release of IL-10 during sepsis.

TLR4 Signaling on DCs Regulates CXCR2 Expression on PMNs via IL-10
After LPS Stimulation In Vitro
To confirm the role of DC-specific TLR4 in the regulation of

PMN CXCR2 expression, WT splenic PMNs (Ly6G+) were co-

cultured with splenic WT DCs or Tlr4-/-DCs. The expression of

Cxcr2 was quantitated using real-time PCR. Cxcr2 expression

on PMNs decreased 4 hours after LPS stimulation (100 ng/

mL), compared with findings for unstimulated control PMNs

(Figure 5A). The Cxcr2 expression decreased further after LPS

stimulation in the coculture with WT DCs but not with Tlr4-/-

DCs (Figure 5A). Importantly, IL-10 levels in medium was in-

versely correlated with the Cxcr2 expression level (Figure 5B).

Furthermore, Cxcr2 expression in coculture with WT DCs or

Tlr4-/- DCs remained at levels similar to those for unstimulated

controls after stimulation with polyinosinic-polycytidylic acid (a

Figure 5. Dendritic cell (DC)–specific Toll-like receptor 4 (TLR4) regulates CXCR2 expression in polymorphonuclear leukocytes (PMNs) via interleukin 10 (IL-10) after lipo-
polysaccharide (LPS) stimulation in vitro. DCs (CD11c+) and PMNs (Ly6G+) were isolated from spleen and stimulated with LPS (100 ng/mL) or polyinosinic-polycytidylic acid (PIC;
10 µg/mL) for 4 hours. A, The relative expression of Cxcr2 was quantitated by real-time reverse-transcription polymerase chain reaction analysis. B, IL-10 concentration in
medium was measured by enzyme-linked immunosorbent assay. C, PMNs cocultured with wild-type (WT) DCs or Tlr4-/- DCs in the presence of LPS (100 ng/mL) were treated
with IL-10 antibody (1 mg/mL) or recombinant IL-10 (20 ng/mL), respectively. PMNs cocultured with WT DCs treated with immunoglobulin G1 (IgG1) served as a control for IL-10
antibody treatment. Cxcr2 expression was measured by flow cytometry. Data are mean values ± SD from 3 experiments. Statistical difference was tested using by the 2-tailed
paired t test. Abbreviation: MFI, mean fluorescence intensity.
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TLR3 ligand; 10 µg/mL) for 4 hours (Figure 5A). These results
indicate that stimulation of TLR4 on DCs selectively downregu-
lates PMN Cxcr2 expression, which may be mediated via IL-10.

IL-10 is known to inhibit PMN recruitment [21]. To further
test the role of IL-10 in the regulation of PMN CXCR2 expres-
sion, PMNs cocultured with WT DCs plus LPS were treated
with IL-10 Ab (1 mg/mL). IL-10 Ab prevented the loss of sur-
face CXCR2 expression on PMNs in response to LPS (Fig-
ure 5C). Conversely, addition of recombinant IL-10 (20 ng/
mL) reduced surface CXCR2 expression on PMNs cocultured
with Tlr4-/- DCs plus LPS (Figure 5C). These data demonstrate
that DCs downregulate PMN CXCR2 expression by secreting
IL-10 through a TLR4-dependent mechanism.

DISCUSSION

Activation of TLR on DCs contributes to DC maturation and
regulates DC antigen presentation and T-cell differentiation
[22]. For infections that involve gram-negative bacteria, TLR4
is central to this integrated response through the sensing of
LPS [23]. Indeed, DC responses are altered in global Tlr4 knock-
out or mutant mice in CLP-induced sepsis [13, 14]. Here, using
a cell-selective Tlr4 deletion strategy, we demonstrate a major
role for TLR4 signaling on DCs in polymicrobial sepsis and
that many of the effects are mediated through DC-derived IL-
10 release. DC-derived IL-10 secretion downregulates PMN
CXCR2 expression, PMN accumulation in the peritoneal cavity,
and bacterial clearance. These observations, combined with our
previous results [7], provide insights into the diverse and cell-
selective roles of TLR4 in polymicrobial sepsis.

In clear contrast to our previous studies showing that deletion
of Tlr4 from myeloid cells leads to less effective bacteria clear-
ance in a CLP model without antibiotics, deletion of TLR4 from
CD11c+ DCs leads to a marked improvement in bacterial clear-
ance and host survival. CD11c is expressed highly by conven-
tional DCs, a subset of myeloid DCs, and to a lesser extent by
inflammatory macrophages and by macrophage subsets associ-
ated with epithelia [20]. The fact that we were able to recapitu-
late the TLR4-specific responses with adoptive transfer of Tlr4+/
+ conventional DCs into DC-Tlr4-/- mice confirms that conven-
tional DCs are one of the CD11c+ cell types involved in our ob-
served CD11c-restricted, TLR4-dependent responses. The
central role of conventional DCs in gram-negative bacterial
and polymicrobial intra-abdominal responses is not entirely un-
expected. In CD11c-DTR mice, deletion of CD11c+ cells result-
ed in reduced host survival after CLP [24]. Early activation of
DCs has been documented in the spleen and lymph nodes in
CLP-induced sepsis [12]. The capacity of splenic DCs to secrete
IL-12 is suppressed after CLP, whereas IL-10 release is en-
hanced [25]. Others have shown that TLR4 stimulation drives
IL-10 production by DCs in vitro [26] and in vivo during sepsis
[12, 27]. We found that DC-specific TLR drives IL-10 produc-
tion in CLP-induced sepsis, with or without antibiotics. This

distinction is important because, in the CLP model, systemic in-
flammation correlates with bacteria load in the absence of anti-
biotics, while bacterial counts are similar when antibiotics are
used early. Even with antibiotics, only IL-10 exhibited significant
dependence on DC-specific TLR4. We have previously shown
that plasma concentrations of systemic inflammatory cytokines,
such as IL-6, are lower in myeloid-specific Tlr4-/- mice in a CLP
model with antibiotic administration [7]. While TLR4 expression
on myeloid cells contributes to the systemic release of different
inflammatory mediators, TLR4 signaling on DCs appears to be
a key step for IL-10 secretion in CLP-induced sepsis.

Our results show that a major consequence of DC-derived IL-
10 is to reduce CXCR2 expression on PMNs through a mecha-
nism that suppresses CXCR2 mRNA levels. This is associated
with suppression of PMN accumulation in the peritoneal cavity.
DCs are known to control PMN homeostasis, and deletion of
DCs results in higher numbers of PMNs in peripheral organs,
such as the lung [28] and spleen [29]. Whether this effect on
baseline PMN homeostasis is due to IL-10 is unknown, but
IL-10 deletion has been shown to enhance PMN recruitment
into the peritoneal cavity following E. coli inoculation [30].
Scott et al [31] reported that treatment with anti–IL-10 Ab en-
hanced PMN recruitment in the liver after CLP. The mecha-
nism of IL-10 regulation of PMN recruitment is unclear. We
provide evidence that the target of DC-derived IL-10 is the
amount CXCR2 on the surface of PMNs.

CXCR2 is essential for PMN chemotaxis in response to
CXC chemokines [32]. PMNs from patients with sepsis have
reduced surface expression of CXCR2 [19, 24]. PMN CXCR2
expression is also reduced in experimental sepsis [33], and
blockade of CXCR2 in mice leads to reduction in PMN re-
cruitment to the lung after CLP in mice [34]. Others have
shown that PMN CXCR2 expression is regulated by inducible
nitric oxide synthase during sepsis [33]. Our data link TLR4
stimulation on DCs to PMN CXCR2 expression via IL-10.
IL-10 has been shown to protect organs from secondary dam-
age from excessive inflammation during septic insults [35].
Therefore, the balance between the beneficial protective effects
of IL-10 and the detrimental consequences of sustained or ex-
cessive IL-10 production on bacterial clearance may be skewed
in CLP-induced sepsis in the absence of antibiotics, where a
large microbial burden overwhelms the clearance capacity of
the host.

In summary, we provide compelling evidence that TLR4 on
DCs regulates IL-10 production, which in turn regulates PMN re-
cruitment into the peritoneal cavity during intra-abdominal sepsis.
Our findings suggest that modulation of DC-specific TLR4 signal-
ing maybe a new therapeutic strategy for DC immunotherapy in
inflammatory disease. Furthermore, these findings, together with
our previous findings, indicate the importance of understanding
the diverse and cell-specific roles of critical innate immune recep-
tors in the integrated host response to serious infections.
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