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ABSTRACT
Background Interleukin 27 (IL-27) is an important
cytokine regulating host immune responses. However, its
role in sepsis-induced immunosuppression remains
unclear.
Aim To investigate the role of IL-27 in modulating
sepsis-induced immunosuppression using a murine
model of caecal ligation and puncture (CLP)-induced
sepsis followed by secondary challenge with
Pseudomonas aeruginosa.
Methods CLP or sham surgery was performed in
wild-type (WT) and IL-27 receptor (IL-27R)/WSX-1
knockout (KO) mice, and then mice were infected with
intratracheal P aeruginosa.
Results IL-27 was upregulated in patients with sepsis
and septic mice. Following sepsis and secondary
intrapulmonary bacterial challenge, IL-27R KO mice had
higher survival rates and improved bacterial clearance
from lung and blood compared with WT mice, which
was associated with early increased pulmonary cytokine/
chemokine production, as well as enhanced neutrophil
recruitment to airspaces. Neutralisation of IL-27 in septic
mice significantly improved survival and clearance of
bacteria from the lungs of septic mice infected with
P aeruginosa, and direct application of recombinant
IL-27 could increase susceptibility to P aeruginosa
infection. The resistance of septic IL-27R KO mice to
secondary P aeruginosa infection was abrogated by
depletion of alveolar macrophages (AMs) and
neutrophils. AMs from septic IL-27R KO mice had higher
bacterial uptake and killing capacities, enhanced
cytokine/chemokine production, and increased expression
of costimulatory molecules compared with those from
WT mice, while neutrophils from septic IL-27R KO mice
had increased bacterial killing ability and higher
expression of adhesion molecule Mac-1 compared with
WT neutrophils.
Conclusions IL-27 is an important mediator of sepsis-
induced impairment of lung antibacterial host defence.

INTRODUCTION
Sepsis is the leading cause of death in hospitalised
patients. It is estimated that 15–19 million sepsis
cases occur worldwide per year with mortality rates
of 20–50%.1 2 Sepsis initiates a complex immuno-
logical response characterised by an intensive
inflammatory response, and then the body mounts
an anti-inflammatory response.3 With contemporary
standard-of-care measures, most patients survive the
early hyperinflammatory phase but enter a stage of
immunosuppression,4 which is evidenced by the
frequent occurrence of secondary nosocomial

infections, in particular bacterial pneumonia caused
by Pseudomonas aeruginosa.5 6

Although the potential mechanisms of immuno-
suppression are not fully characterised, increased
interleukin (IL)-10 and decreased cell-surface
antigen-presenting complex human leukocyte
antigen (HLA)-DR have been implicated in
increased susceptibility to secondary nosocomial
infections in sepsis.6 7 In addition, increased
expression of negative costimulatory molecules pro-
grammed death 1 (PD-1), cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4), and
B-lymphocyte and T-lymphocyte attenuator was
also considered to mediate sepsis-induced immuno-
suppression.8–10 Importantly, some encouraging
results from use of the new immunotherapeutic
agent against PD-1 point the way for immunother-
apy in sepsis.7 8 11 Identification of immunomodu-
latory molecules mediating sepsis-induced
immunosuppression would provide a new thera-
peutic approach, thereby reversing the immuno-
compromised state and decreasing the occurrence
of secondary nosocomial infections in patients with
sepsis.
IL-27 is a heterodimeric cytokine composed of

IL-27p28 and Epstein–Barr virus induced gene 3
(EBI3),12 which signals through a heterodimeric
receptor complex consisting of the common IL-6
receptor chain gp130 and a unique IL-27 receptor
α chain (IL-27R) WSX-1.13 IL-27 has been identi-
fied as a vital modulator of immune responses in
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Figure 1 Elevated expression of
interleukin (IL)-27p28 and Epstein–Barr
virus induced gene 3 (EBI3) mRNA and
IL-27p28 protein in sepsis patients. (A)
mRNA expression levels for IL-27p28
and EBI3 mRNA were measured by
real-time PCR in whole blood obtained
from patients with sepsis and healthy
control donors. (B) IL-27 protein was
measured by ELISA in serum samples
from patients with sepsis and healthy
control donors. Each symbol represents
an individual subject, and horizontal
bars represent median values. Data
were analysed by Mann–Whitney test,
**p<0.01, ***p<0.001 when
compared between groups denoted by
horizontal lines.

Figure 2 Increased expression levels of interleukin (IL)-27 in septic mice. (A) Wild-type mice were subjected to sham or caecal ligation and puncture
(CLP) surgery. Lungs and spleens were removed for total RNA isolation at the indicated time points and quantitative real-time PCR was performed.
Mean values are shown as fold induction relative to transcript levels in mice at 0 h (n=6 mice/group). (B) Blood and lungs were obtained from mice at
the indicated time points after sham or CLP surgery. Samples were assayed for IL-27 content by specific ELISA (n=6 mice/group). Data were expressed
as mean±SEM and analysed using Mann–Whitney test, *p<0.05 when compared with sham mice. EBI3, Epstein–Barr virus induced gene 3.
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T cells,12 14 15 and it also regulates biological functions of other
immune effector cells, such as macrophages and
neurtophils.13 16 17

Regarding the regulatory role of IL-27 in host immune
responses, we hypothesised that IL-27 may participate in
sepsis-induced immunosuppression. In this study, we sought to
investigate the effects of IL-27 on pulmonary host defence
against secondary P aeruginosa pneumonia in a model of caecal
ligation and puncture (CLP)-induced sepsis.

METHODS
See online supplement for additional details.

Study population
Patients were randomly selected from The First Affiliated
Hospital of Chongqing Medical University intensive care unit.
The diagnosis of sepsis was based on the criteria recommended
by the American College of Chest Physicians and Society of
Critical Care Medicine Consensus Conference.18 The study was
approved by the Clinical Research Ethics Committee of The
First Affiliated Hospital of Chongqing Medical University.

Animal models
CLP was used as a model of systemic sepsis syndrome.19 To create
a relevant model of secondary pneumonia, 1×105 P aeruginosa
(strain UI-18) was administered intratracheally to CLP or sham
mice.

Statistics
Data were expressed as mean±SEM. Differences between
groups were analysed by Mann–Whitney test or one-way ana-
lysis of variance (ANOVA) with Bonferroni’s multiple compari-
son post hoc tests if appropriate. Survival curves were compared
using the log-rank (Mantel–Cox) test. A p value of 0.05 or less
was considered statistically significant. GraphPad Prism V.5 soft-
ware was used for all statistical analysis and graphing.

RESULTS
IL-27 is elevated in patients with sepsis
To study whether IL-27 is expressed in sepsis, we detected
IL-27 expression levels in whole blood collected from a cohort
of patients with sepsis. The demographic and clinical
characteristics of the subjects are listed in online
supplementary table S1. Quantitative real-time PCR analysis

Figure 3 Caecal ligation and puncture (CLP) resulted in impaired host immune responses. (A) Viable splenocyte subsets were quantitated by flow
cytometry 24 h after surgery in sham and CLP mice (n=6 mice/group). (B) Splenocytes isolated from sham or CLP mice were stimulated with
heat-killed (HK) Pseudomonas aeruginosa (equivalent to 1×106 colony-forming units (CFUs) per mL) for 24 h, after which IL-12 and interferon
γ (IFN-γ) were determined by ELISA (n=6 mice/group). (C) Mice underwent sham or CLP surgery; 4 days post surgery, mice were sensitised with
trinitrophenol (TNP), and 4 days after sensitisation, mice had rechallenge with TNP (footpad injection). At 24 h after rechallenge, the degree of
footpad swelling was quantitated versus phosphate-buffered saline (PBS) injection (n=6 mice/group). (D) Wild-type mice underwent either CLP or
sham surgery; 24 h later, mice were administered intratracheal P aeruginosa and monitored for 10 days after challenge for survival (n=16 mice/
group). (E) Lung and blood CFUs in sham and CLP mice at 24 h after secondary P aeruginosa infection (n=6 mice/group). Survival curves were
analysed using the log-rank (Mantel–Cox) test, and other data were expressed as mean±SEM and analysed using the Mann–Whitney test. *p<0.05
compared with sham mice. i.t., intratracheal; PA, P aeruginosa.
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showed that expression of EBI3 and IL-27p28 subunits was
markedly elevated in patients with sepsis compared with that
of healthy control subjects (figure 1A). In addition, IL-27

protein levels in serum samples of patients with sepsis were sig-
nificantly higher than those of healthy individuals (figure 1B).
Notably, those who did not survive had significantly more

Figure 4 Septic interleukin (IL)-27R−/− mice were resistant to secondary Pseudomonas aeruginosa pneumonia. (A) Wild-type (WT) and IL-27R−/−

mice underwent either caecal ligation and puncture (CLP) or sham surgery; 24 h later, mice were administered intratracheal P aeruginosa and
monitored for survival and body weight relative to baseline over a 10-day period after challenge (n=16 mice/group). (B and C) Clearance of
P aeruginosa by septic WT and IL-27R−/− mice. Lungs (B) and blood (C) were harvested at the indicated time points following secondary
intratracheal P aeruginosa infection after CLP, for assessment of colony-forming units (CFUs) (n=6 mice/group). (D) Representative H&E stainings of
lung tissue at 4 or 24 h after secondary inoculation with P aeruginosa in WT and IL-27R−/− mice. (E) Histological scores of secondary P aeruginosa
pneumonia in septic WT and IL-27R−/− mice (n=6 mice/group). Survival curves were analysed using the log-rank (Mantel–Cox) test, and other data
were expressed as mean±SEM and analysed using the non-parametric Mann–Whitney test. *p<0.05 compared with IL-27R−/− mice. i.t.,
intratracheal; PA, P aeruginosa.
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serum IL-27 than the survivors (figure 1B). Thus, IL-27 may
play a major part in clinical sepsis.

CLP induces elevated IL-27 expression
We next examined the expression of IL-27 in the murine CLP
model. Accordingly, we analysed the expression of EBI3 and
p28 subunits of IL-27 in the lung and spleen during the course
of sepsis. Six hours after CLP, IL-27 expression in these tissues
increased and reached a maximum level at 12 h, then declined
thereafter (figure 2A). IL-27-specific ELISA further confirmed
that IL-27 protein was upregulated in the blood and lung 6 h
after CLP, which peaked at 48 h and then declined (figure 2B).

CLP results in a defect in immune function of wild-type mice
To determine the changes in host immunity following CLP,
cellular components of the spleen were first quantified.
Compared with sham mice, CLP caused a significant loss in
absolute cell counts for total splenocytes, CD4 T, CD T and
B cells (figure 3A). Splenocytes from CLP mice also displayed
significantly decreased levels of IL-12 and interferon (IFN)-γ
compared with those from sham mice (figure 3B). In addition,
CLP mice had an impaired delayed-type hypersensitivity
response compared with sham mice (figure 3C). Furthermore,
CLP using a 26-gauge puncture led to 0–10% mortality in wild-
type (WT) mice from three independent experiments (data not
shown), which was indistinguishable from sham mice. In con-
trast, CLP mice had substantial mortality when subsequently
challenged with P aeruginosa (figure 3D). This high lethality
was associated with significantly increased P aeruginosa colony-
forming units (CFUs) in the lung and blood of CLP mice com-
pared with sham mice (figure 3E). These data are in accordance
with earlier investigations and show that CLP impairs the host
immune responses, resulting in increased susceptibility to sec-
ondary bacterial pneumonia.3 6

Survival of WT and WSX-1-deficient (IL-27R−/−) mice
following CLP and subsequent secondary pneumonia
with P aeruginosa
Regarding the increased expression of IL-27 during sepsis, we
hypothesised that IL-27 may play an important role in the
pathophysiology of sepsis. However, the mortality of IL-27R−/−

mice was not significantly different from that of their WT coun-
terparts following CLP alone (figure 4A). Since CLP resulted in
the impairment of immune response, we investigated the role
of IL-27 in host defence against secondary P aeruginosa chal-
lenge in septic mice. IL-27R−/− mice showed significantly
decreased mortality and weight loss after secondary pulmonary
P aeruginosa infection compared with WT mice in the septic
setting (figure 4A). This decreased mortality was associated
with controlled bacterial growth in the lung (figure 4B) and in
the peripheral blood (figure 4C). H&E staining of lung sections
showed that lung inflammation was exaggerated in IL-27R−/−

mice at 4 or 24 h after induction of secondary P aeruginosa
infection (figure 4D), which was further reflected by signifi-
cantly higher pathology scores compared with WT mice
(figure 4E). These data suggest that IL-27R deficiency confers
protection against secondary pneumonia with P aeruginosa in
septic mice.

Lung cytokine production in septic WT and IL-27R−/− mice
following secondary P aeruginosa infection
To determine underlying mechanisms by which IL-27R−/− mice
were protected from lethality by secondary challenge with P

aeruginosa, we first examined the influence of IL-27R deficiency
on the induction of cytokine/chemokine in the lung. As shown
in table 1, IL-27R−/− mice had significantly higher levels of
tumour necrosis factor α (TNF-α), IL-1β, CXCL1, CXCL2,
CXCL10, IL-6, IL-12 and IL-17 at the early time point (4 h
after P aeruginosa administration) compared with infected WT
mice, and levels of CXCL10 remained significantly elevated in
IL-27R−/− mice even at 24 h. In addition, septic IL-27R−/− mice

Table 1 Total lung cytokine levels (pg/mL) in septic wild-type
(WT) and interleukin (IL)-27R–/– mice after secondary challenge
with Pseudomonas aeruginosa

0 4 h 24 h

TNF-α
WT 188±56 333±85 521±76
IL-27R−/− 211±87 581±161* 663±131

IL-1β
WT 133±59 253±81 356±113
IL-27R−/− 226±88 468±116* 612±176

CXCL1
WT 372±112 551±162 761±176
IL-27R−/− 486±98 887±152* 826±168

CXCL2
WT 121±57 281±76 316±103
IL-27R−/− 176±85 423±100* 488±176

CXCL10
WT 622±137 1008±515 1536±656
IL-27R−/− 867±226 1883±917* 2127±1168*

IL-6
WT 512±167 778±333 1179±613
IL-27R−/− 692±328 1097±512* 1088±675

IL-12
WT 311±112 453±184 583±222
IL-27R−/− 466±176 727±226* 813±336

IL-17
WT 115±55 279±165 421±126

IL-27R−/− 176±73 511±183* 633±262
IL-10
WT 1768±843 3611±1347 4611±1356
IL-27R−/− 1255±933 2151±1687 2873±1634*

Data were expressed as mean±SEM. Differences between WT and IL-27R−/− mice
were analysed using the non-parametric Mann–Whitney test.
*p<0.05 compared with corresponding WT control. n=6 mice per time point.
TNF-α, tumour necrosis factor α.

Table 2 Lung cell counts in septic wild-type (WT) and interleukin
(IL)-27R–/– mice after challenge with Pseudomonas aeruginosa

Monocytes Neutrophils Lymphocytes

4 h
WT 6.8×105±1.1×105 1.5×105±1.2×105 0.9×104±0.8×104

IL-27R−/− 7.1×105±1.3×105 3.4×105±1.6×105* 1.1×104±1.2×104

24 h
WT 7.6×105±1.5×105 2.6×105±1.6×105 1.1×104±0.5×104

IL-27R−/− 7.9×105±1.7×105 4.3×105±2.3×105* 0.7×104±0.7×104

Data were expressed as mean±SEM. Differences between WT and IL-27R−/− mice
were analysed using the non-parametric Mann–Whitney test.
*p<0.05 compared with corresponding WT control. n=6 mice per time point.
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displayed a significantly lower concentration of anti-
inflammatory cytokine IL-10 at 24 h after secondary P aerugi-
nosa infection. These findings were consistent with the
increased lung inflammation in IL-27R−/− mice (figure 4D),
and suggest that IL-27R−/− deficiency skews the cytokine
balance towards an early proinflammatory response that may
promote bacterial clearance.

Lung leukocyte recruitment in WT and IL-27R−/− mice
following secondary P aeruginosa infection
Having observed the significant difference in cytokine/chemo-
kine production, we further assessed lung recruitment of leuko-
cytes 4 and 24 h after P aeruginosa administration in septic WT
and IL-27R−/− mice. Intriguingly, at 4 and 24 h following intra-
tracheal P aeruginosa infection, septic IL-27R−/− mice had a

Figure 5 Interleukin (IL)-27
neutralisation restored pulmonary host
defence in septic wild-type (WT) mice.
(A) Survival of septic WT mice
following IL-27 neutralisation with
anti-IL-27 blocking antibodies upon
secondary Pseudomonas aeruginosa
infection (n=16 mice/group). (B and C)
Lung and blood colony-forming units
(CFUs) in septic WT mice following
IL-27 neutralisation with anti-IL-27
blocking antibodies upon secondary P
aeruginosa infection (n=6 mice/group).
(D) The release of cytokine/chemokine
in the lungs of septic WT mice
following IL-27 neutralisation with
anti-IL-27 blocking antibodies at 4 h
upon secondary P aeruginosa infection
(n=6 mice/group). (E) The number of
neutrophils in the lungs at 4 h after
secondary P aeruginosa challenge
(n=6 mice/group). Survival curves were
analysed using the log-rank
(Mantel–Cox) test, and other data
were expressed as mean±SEM and
analysed using the non-parametric
Mann–Whitney test. *p<0.05
compared with mice treated with
anti-IL-27 antibodies. i.t., intratracheal;
PA, P aeruginosa; TNF-α, tumour
necrosis factor α.
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significantly higher number of neutrophils in the lungs com-
pared with septic WT mice (table 2). However, there was no sig-
nificant difference in the number of monocytes and
lymphocytes.

Depletion of IL-27 reduces the susceptibility to secondary
P aeruginosa infection
Because septic IL-27R−/− mice were protected from secondary
P aeruginosa infection, we determined the potential beneficial
effects of blocking the biological function of IL-27 in vivo.
Septic WT mice were pretreated with anti-IL-27 neutralising
antibodies and then infected with P aeruginosa.
Anti-IL-27-treated mice had significantly higher survival (figure
5A) and enhanced clearance of P aeruginosa from the lung
(figure 5B) and blood (figure 5C) compared with control
IgG-treated mice. In addition, treatment with anti-IL-27 anti-
bodies increased the early levels of cytokines and chemokines
(except for IL-10), and the early numbers of neutrophils in the
lung of septic mice (figure 5E, F). These results are similar to
what was observed in IL-27R−/− mice.

Treatment with recombinant IL-27 promotes development
of P aeruginosa pneumonia
To directly determine the influence of IL-27, we inoculated it
into naïve mice and then mice were subjected to P aeruginosa
infection. Treatment with recombinant IL-27 significantly
increased mortality (figure 6A) and deceased bacterial clearance
from the lung (figure 6B) and blood (figure 6C) compared with
control mice. IL-27 treatment also reduced the early levels of
cytokines and chemokines (except for IL-10) and the early
numbers of neutrophils in the lung (figure 6E, F), suggesting
that inoculation of exogenous IL-27 mimics sepsis settings.

IL-27R deficiency modulates functions of alveolar
macrophages
Alveolar macrophages (AMs) constitute up to 95% of the
immune cells in the alveolar space, and they are the first line of
host defence against bacteria in the lung. Besides their scavenger
functions, such as phagocytosis and subsequent digestion of bac-
teria, AMs can promote the generation of subsequent inflamma-
tory responses by expressing cytokines, chemokines or other
inflammatory mediators.20–22 As shown in figure 7, depletion of
AMs significantly increased mortality (figure 7A) and deceased
bacterial clearance from the lung (figure 7B) and blood
(figure 7C) in septic IL-27R−/− mice upon secondary P aeruginosa
infection. We therefore investigated the contribution of IL-27 to
the responsiveness of AMs in sepsis. CLP resulted in a significant
increase in IL-27R mRNA in pulmonary macrophages (alveolar
plus interstitial) compared with sham controls (figure 7D). To
exclude the influence of interstitial macrophages on the mRNA
expression of IL-27R detected by real-time PCR, we next exam-
ined IL-27R protein expression on the cell surface of AMs, and
IL-27R were expressed at higher levels on AMs lavaged from
septic mice compared with sham controls (figure 7E). Then we
studied bacterial uptake and killing capacities of AMs. Bacterial
uptake and killing capacities were significantly higher in AMs iso-
lated from septic IL-27R−/− mice compared with those from WT
mice (figure 7F), and treatment with recombinant IL-27 inhibited
bacterial uptake and killing capacities in AMs from WT mice but
not IL-27R−/− mice.

To further assess the activation status of AMs during second-
ary infection, we determined the expression of cytokines, che-
mokines and cell-surface costimulatory molecules by AMs after
CLP upon stimulation with heat-killed P aeruginosa. AMs from
IL-27R−/− mice showed significantly higher production of
TNF-α, IL-1β, CXCL1, CXCL2, CXCL10, IL-6 and IL-12 than
those from WT mice (see online supplementary figure S1A).
Treatment with recombinant IL-27 inhibited the production of

Figure 6 Interleukin (IL)-27
treatment impaired pulmonary host
immunity in wild-type (WT) mice. WT
mice were injected with intraperitoneal
recombinant IL-27 or saline, and then
mice were challenged with
intraperitoneal Pseudomonas
aeruginosa 24 h later. (A) Survival of
WT mice treated with recombinant
IL-27 upon P aeruginosa infection
(n=12 mice/group). (B and C) Lung
and blood colony-forming units (CFUs)
in WT mice treated with recombinant
IL-27 upon P aeruginosa infection (n=6
mice/group). (D) The release of
cytokine/chemokine in the lungs of WT
mice treated with recombinant IL-27 at
4 h upon P aeruginosa infection (n=6
mice/group). (E) The number of
neutrophils in the lungs at 4 h after P
aeruginosa challenge (n=6 mice/
group). Survival curves were analysed
using the log-rank (Mantel–Cox) test,
and other data were expressed as
mean±SEM and analysed using the
non-parametric Mann–Whitney test.
*p<0.05 compared with mice treated
with recombinant IL-27. i.t.,
intratracheal; PA, P aeruginosa; TNF-α,
tumour necrosis factor α.
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these inflammatory mediators in AMs from WT mice but not
from IL-27R−/− mice. In addition, a significant higher expres-
sion of CD40, CD86 or CD80 was noted in AMs from
IL-27R−/− mice compared with WT mice after stimulation with
heat-killed P aeruginosa (see online supplementary figure S1B).
Also, the addition of IL-27 resulted in a significantly decreased
expression of CD40, CD86 or CD80 on WT AMs, but not
IL-27R−/− AMs.

Although IL-27 has been reported to stimulate the production
of anti-inflammatory cytokine IL-10,12 addition of anti-IL-10
blocking antibodies showed no apparent effect on bacterial
uptake and killing capacities, and the expression of cytokine/
chemokine and cell-surface costimulatory molecules in AMs
mediated by IL-27.

IL-27R influences the responsiveness of neutrophils
towards P aeruginosa
Neutrophil recruitment mediated by cytokine/chemokine from
activated AMs at the site of infection is also an essential

component of the early immune responses to clear invading bac-
teria in the lung,19 and depletion of neutrophils significantly
increased mortality (figure 8A) and deceased bacterial clearance
from the lung (figure 8B) and blood (figure 8C) in septic
IL-27R−/− mice upon secondary P aeruginosa infection. The
contribution of IL-27 to the responsiveness of neutrophils in
sepsis was then investigated. We found that the mRNA level of
IL-27R in neutrophils recovered from CLP mice was not signifi-
cantly different from that of sham-operated mice (figure 8D),
and flow cytometry analysis confirmed that the level of IL-27R
protein was comparable in septic CLP and sham-operated mice
(figure 8E). We further investigated whether IL-27R deficiency
influenced intrinsic antibacterial functions of neutrophils and
found that bacterial killing ability was significantly higher in
IL-27R−/− neutrophils than that of WT neutrophils, while bac-
terial uptake was not significantly different between IL-27R−/−

and WT neutrophils (figure 8F). When proinflammatory cyto-
kines were assayed in culture supernatants from neutrophils sti-
mulated by heat-killed P aeruginosa, we found that exogenous

Figure 6 Continued
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Figure 7 Interleukin (IL)-27 modulated immune responses of alveolar macrophages (AMs). (A) Survival of septic IL-27R−/− mice depleted of AMs
upon secondary Pseudomonas aeruginosa infection. IL-27R−/− mice underwent caecal ligation and puncture (CLP) surgery; 24 h later, mice were
given clodronate liposomes or phosphate-buffered saline (PBS) liposomes followed by secondary P aeruginosa challenge 24 h later (n=16 mice/
group). Survival curves were analysed using the log-rank (Mantel–Cox) test. *p<0.05 compared with mice treated with clodronate liposomes. (B and
C) Lung and blood colony-forming units (CFUs) in IL-27R−/− mice depleted of AMs upon secondary P aeruginosa infection (n=6 mice/group); data
were expressed as mean±SEM and analysed using the non-parametric Mann–Whitney test. *p<0.05 compared with mice treated with clodronate
liposomes. (D) Wild-type (WT) mice were killed at 24 h after sham or CLP surgery, and relative expression of IL-27R (WSX-1) mRNA was determined
by quantitative PCR (n=6 mice/group). Each symbol represents an individual subject and horizontal bars represent median values. (E) Cell-surface
expression of IL-27R on AMs after CLP or sham surgery determined by flow cytometry. (F) AMs from WT and IL-27R−/− mice were infected with P
aeruginosa (multiplicity of infection, 10) in the presence or absence of recombinant IL-27 (50 ng/mL) and anti-IL-10 neutralising antibodies (2 mg/
mL). Extracellular bacteria were then removed by washing with tobramycin. Cells were lysed and live intracellular bacteria were determined by
culture for evaluation of bacterial uptake (t=0) and intracellular killing (t=2 h). Data were expressed as mean±SEM and analysed using Mann–
Whitney test (D and E) or one-way analysis of variance (ANOVA) (F). *p<0.05 when compared between groups denoted by horizontal lines. i.t.,
intratracheal; PA, P aeruginosa.
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Figure 8 Interleukin (IL)-27 modulated immune responses of neutrophils. (A) Survival of septic IL-27R−/− mice depleted of neutrophils upon secondary
Pseudomonas aeruginosa infection. IL-27R−/− mice underwent caecal ligation and puncture (CLP) surgery; 24 h later, mice were given anti-Gr-1 antibodies or
IgG control followed by secondary P aeruginosa challenge 24 h later (n=16 mice/group). Survival curves were analysed using the log-rank (Mantel–Cox) test.
*p<0.05 compared with mice treated with anti-Gr-1 antibodies. (B and C) Lung and blood colony-forming units (CFUs) in IL-27R−/− mice depleted of
neutrophils upon secondary P aeruginosa infection (n=6 mice/group); data were expressed as mean±SEM and analysed using the non-parametric Mann–
Whitney test. *p<0.05 compared with mice treated with anti-Gr-1 antibodies. (D) Neutrophils were purified from the bone marrow of wild-type (WT) mice at
24 h after CLP surgery, and relative expression of IL-27R (WSX-1) mRNA was determined by quantitative PCR (n=6 mice/group). (E) Cell-surface expression of
IL-27R on neutrophils after CLP or sham surgery determined by flow cytometry. (F) Neutrophils from WT and IL-27R−/− mice were infected with P aeruginosa
(multiplicity of infection, 100) in the presence or absence of recombinant IL-27 (50 ng/mL) and anti-IL-10 neutralising antibodies (2 mg/mL). Cells were washed
with buffer containing tobramycin to remove extracellular bacteria and were lysed. Live intracellular bacteria were counted by culture of lysates for
determination of bacterial uptake (t=0) and intracellular killing (t=1 h). Data were expressed as mean±SEM and analysed using Mann–Whitney test (D and E)
or one-way analysis of variance (ANOVA) (F ); *p<0.05 when compared between groups denoted by horizontal lines. i.t., intratracheal; PA, P aeruginosa.
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IL-27 treatment enhanced TNF-α and IL-1β production from
stimulated neutrophils (see online supplementary figure S2A).
However, when the expression of adhesion molecules Mac-1
and leukocyte function-associated antigen 1 (LFA-1) on neutro-
phils were assayed, we found that IL-27 could decrease surface
expression of Mac-1 but not LFA-1 on neutrophils (see online
supplementary figure S2B). In addition, anti-IL-10 antibodies
had no effects on these functions mediated by IL-27 in
neutrophils.

DISCUSSION
Sepsis ranks in the top 10 causes of death worldwide.11 Most
sepsis patients do not die from an overwhelming proinflamma-
tory immune response but in an immunosuppressive state,
which leads to increased susceptibility to secondary (opportunis-
tic) infections.7 11 23 The current study found that IL-27 regu-
lated the increased susceptibility to secondary P aeruginosa
pneumonia in septic mice. Importantly, IL-27R−/− mice were
more resistant to secondary bacterial pneumonia in the septic
setting, with strikingly lower lung and blood bacterial burdens
and increased survival compared with WT mice. These findings
demonstrate that IL-27 induced during sepsis sensitises hosts to
secondary bacterial infections in the post-sepsis period.

Here we used a non-lethal CLP model before induction of
pneumonia, and IL-27R−/− and WT mice had survival rates
>90% following CLP. This was in contrast to previous findings
that mice deficient for the EBI3 subunit of IL-27 were resistant to
sepsis in a lethal CLP model.24 In light of substantially increased
IL-27 expression levels in the lung after CLP, we were interested
in investigating the role of IL-27 in sepsis-induced suppression of
host defence in the lung. We reported that IL-27R deficiency pro-
tected mice against secondary P aeruginosa pneumonia during
CLP-induced sepsis, and IL-27 expression promotes the develop-
ment of secondary P aeruginosa pneumonia. These results in
animal studies are consistent with recent clinical findings that
IL-27 was a novel candidate diagnostic biomarker for predicting
bacterial infection in patients with sepsis.25 26 Considering that
IL-27 was elevated in patients with sepsis, targeting IL-27 may
provide a new therapeutic approach for preventing patients with
sepsis from secondary bacterial infections.

To understand the protection against P aeruginosa pneumonia
afforded by IL-27R deficiency in septic mice, lung cytokine/che-
mokine production following P aeruginosa challenge in septic
WT and IL-27R−/− mice was determined. Compared with WT
counterparts, septic IL-27R−/− mice displayed significantly
higher levels of TNF-α, IL-1β, CXCL1, CXCL2, CXCL10, IL-6,
IL-12 and IL-17 4 h after secondary P aeruginosa infection. This
upregulated cytokine/chemokine profile was associated with
increased early neutrophil recruitment in the lung in IL-27R−/−

mice. Several studies have addressed the inhibitory effects of
IL-27 on T helper 1 (Th1), Th2 and Th17 cell responses.12 27

Interestingly, post-septic IL-27R−/− mice had lower concentra-
tions of IL-10 at 24 h after secondary P aeruginosa infection.
Therefore, the upregulation of early proinflammatory response
and downregulation of anti-inflammatory IL-10 in septic
IL-27R−/− mice may contribute to improved bacterial
clearance.

As described previously,19–22 AMs and neutrophils were
essential for rapid clearance of invading bacteria in the lung.
Interestingly, IL-27R was upregulated in AMs but not in neutro-
phils during sepsis and mediated the responsiveness of AMs and
neutrophils to P aeruginosa. AMs from septic IL-27R−/− mice
had higher bacterial uptake and killing capacities, enhanced
cytokine/chemokine production, and increased expression of

costimulatory molecules compared with those from WT mice.
Recombinant IL-27 could inhibit antimicrobial activity and cyto-
kine/chemokine in WT AMs. In neutrophils, IL-27R−/− neutro-
phils from septic mice also had an increased killing ability
compared with WT neutrophils. Lung recruitment of neutro-
phils from the circulation to penetrate the blood vessels after
infection relies on adherence of neutrophils to endothelial cells,
which is associated with two adhesion molecules Mac-1 and
LFA-1 on neutrophils.28 Intriguingly, we found that IL-27R−/−

neutrophils had a significantly higher expression of Mac-1 com-
pared with WT neutrophils after CLP, suggesting that IL-27
might suppress neutrophil adhesion through downregulating the
expression of Mac-1. Although recombinant IL-27 could also
significantly decrease bacterial killing ability and Mac-1 expres-
sion in neutrophils, it enhanced IL-1β and TNF-α production
by neutrophils upon the stimulation of P aeruginosa, indicating
that these proinflammatory effects of IL-27 on neutrophils were
different from immunosuppressive effects on AMs. It has been
reported that IL-27-mediated IL-10 production contributes to
an anti-inflammatory role of IL-27 in T cells,12 29 and IL-10 is
an important cytokine mediator of sepsis-induced immunosup-
pression.6 However, there was no significant difference in
IL-10 produced in the supernatants by WTand IL-27R−/− AMs
and neutrophils upon P aeruginosa stimulation (data not
shown), and anti-IL-10 blocking antibodies showed no appar-
ent effects on IL-27-mediated effects on AMs or neutrophils,
indicating that these immunoregulatory effects of IL-27 on
AMs and neutrophils may not be dependent on IL-10. Taken
together, these results confirm a central role for IL-27 in pro-
moting infection during the early phases of host defence
response in septic hosts by regulating the responses of AMs
and neutrophils. However, other immune cells including CD4,
CD8 and γδ T cells, and natural killer cells also express
IL-27R.13 27 30 We cannot exclude a possibility that IL-27 may
also regulate the functions of these cell types in the late-phase
response to secondary P aeruginosa in septic hosts, which
requires further studies.

Overall, here we established that IL-27 impairs lung host
immune responses against secondary bacterial challenge in a
sublethal sepsis model. Our findings enlarge the understanding
of pathophysiology during sepsis and may have important thera-
peutic implications.
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