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ABSTRACT
The aim of this study was to test the hypothesis that
gene expression and release of IL-27 may be modu-
lated by Tyk2. Macrophages derived from the perito-
neum or bone marrow of C57BL/10SnJ (WT) mice
produced abundant amounts of IL-27(p28) following
TLR4 activation by LPS. In contrast, production of IL-
27(p28), but not EBI3, was reduced by �50% in TLR4-
activated macrophages derived from mice with ge-
netic deficiency of Tyk2 compared with WT macro-
phages. Frequencies of IL-27(p28)�F4/80�CD11b�
cells were lower in TLR4-activated macrophages de-
rived from Tyk2�/� mice. Mechanistically, Tyk2�/�
resulted in disruption of a type I IFN-dependent
mechanism for production of IL-27(p28), which was
induced by type I IFNs, and release of IL-27 was de-
fective in macrophages from IFN-��/� and IFNAR1�/�
mice. In contrast, Tyk2 was not required to mediate
the effects of IL-27 on target gene expression in
CD4� T cells. In vivo, we observed that Tyk2�/� mice
have improved survival following endotoxic shock or
polymicrobial sepsis induced by CLP. Plasma levels of
IL-27(p28) during endotoxic shock or polymicrobial
sepsis were markedly reduced in Tyk2�/� mice com-
pared with WT mice. Disruption of IL-27 signaling us-
ing IL-27RA�/� mice was protective against sepsis-
associated mortality. These data suggest that Tyk2
may mediate adverse outcomes of SIRS by promoting
the production of IL-27. In conclusion, this report
identifies Tyk2 as a prerequisite factor in the molecu-

lar networks that are involved in generation of IL-27.
J. Leukoc. Biol. 96: 123–131; 2014.

Introduction
Severe sepsis and septic shock are life-threatening complica-
tions of bacterial and fungal infections [1]. SIRS is frequently
observed in response to noninfectious trauma and displays
similar clinical features as pathogen-induced sepsis. It has been
estimated that the worldwide incidence of sepsis may reach 18
million cases/year, with mortality rates of 20–50% [2]. The
pathophysiology of severe sepsis and SIRS is not understood
completely [3]. The current consensus is that a dysbalance in
the acute inflammatory response plays a central role during
sepsis/SIRS [4]. The molecular mechanisms of acute inflam-
mation include, but are not limited to, the activation of intra-
cellular kinase signaling cascades. The activity of kinases regu-
lates the downstream release of multiple cytokines, which may
have protective or adverse effects during sepsis/SIRS.

Tyk2 is a member of the JAK family of intracellular recep-
tor-associated kinases, which plays a critical role during LPS-
induced endotoxin shock (an experimental model of SIRS)
[5]. Expression of Tyk2 occurs ubiquitously, including various
immune cell types, such as macrophages, DCs, NK cells, mast
cells, T cells, and B cells [6]. Tyk2 associates with several cyto-
kine receptors, including IFNAR1, IL-12R�, IL-10R2, gp130,
and IL-13R� [6]. Human T cells with a genetic defect in Tyk2
manifested failure of cytokine-induced signaling [6–8].
Whereas Tyk2�/� mice are protected during endotoxic shock
[5], Tyk2�/� mice display reduced survival rates following
infection with Toxoplasma gondii or Listeria monocytogenes [9,
10]. Tyk2 is required for the production of IFN-� and IFN-�
(type I IFNs) in response to TLR4 activation by LPS in macro-
phages and during endotoxic shock [5]. For instance, mRNA
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for IFN-� and IFN-�4 is diminished in LPS-activated macro-
phages derived from Tyk2�/� mice, whereas generation of
several other proinflammatory cytokines and NO remains in-
tact in Tyk2�/� mice following endotoxic shock [5].

IL-27 is another factor that appears to be involved in the
outcome of experimental sepsis (IL-27) [11]. IL-27 is a het-
erodimeric cytokine assembled by noncovalent interactions of
the subunit proteins, IL-27(p28) and EBI3 [12, 13]. IL-27
binds with high affinity to the IL-27RA receptor (also known
as WSX-1), transducing signaling via gp130 [14]. Signaling via
the IL-27RA/gp130R complex initiates phosphorylation of
STAT1 and STAT3 and downstream modulation of target
genes in T lymphocytes [15, 16]. The biological effects of
IL-27 vary greatly in being dependent on the immunological
context. IL-27 may promote inflammation in models of
chronic colitis, bacterial infection, and arthritis [11, 17, 18].
On the other hand, IL-27 may silence inflammation, as seen in
protozoan infections and in autoimmune encephalitis [19–21].

Production of IL-27 has been noted in the course of viral,
bacterial, fungal, and protozoan infections [11, 19, 22]. Major
cellular sources of IL-27 are DCs and macrophages that have
been activated by microbial products [13, 23]. Binding of LPS
to the TLR4 receptor results in abundant production of IL-27
[23]. For gene expression of IL-27, MyD88 and TRIF adaptor
proteins are required [24, 25]. MyD88 mediates activation of
NF-�B (c-Rel) for induction of gene expression of IL-27 [25].
TRIF mediates the nuclear translocation of IRFs, such as IRF-1,
IRF-3, and IRF-9, which bind to the promoter region of IL-
27(p28) to promote transcriptional activation [24, 26]. In ad-
dition, we have reported recently that Akt/PI3K signaling an-
tagonized TLR4-dependent, de novo synthesis of IL-27(p28) in
cultures of peritoneal macrophages and during endotoxic
shock [23].

In this study, we have investigated the molecular mecha-
nisms of gene expression and release of IL-27(p28) in macro-
phages and during sepsis. As IL-27(p28) and Tyk2 have been
described as central players of endotoxic shock, we hypothe-
sized a potential cross-talk of IL-27(p28) and Tyk2. We un-
cover a novel role of Tyk2 as a regulating factor for produc-
tion of IL-27(p28) during sepsis. Tyk2 promoted the release of
IL-27(p28) by activating the endogenous production of type I
IFNs. Our findings suggest that deficiency of Tyk2 protects
against shock-associated mortality by disruption of the genera-
tion of adverse IL-27(p28).

MATERIALS AND METHODS

Research animals
All procedures were performed in accordance with the U.S. National Insti-
tutes of Health guidelines, the University Committee on Use and Care of
Animals of the University of Michigan, the State Investigation Office of
Rhineland-Palatinate, the Federation of European Laboratory Animal Sci-
ence Associations guidelines, and Directive 2010/63/EU of the European
Parliament and of the Council of the European Union. IL-27RA�/�

(B6N.129P2-Il27ratm1Mak v/J) mice were bred at the University Medical
Center Mainz. IFNAR1�/� (B6.129P2-Ifnar1tm1Agt) and IFN-��/�

(B6.129P2-Ifnbtm1TI) mice were bred at the University of Veterinary Medi-
cine Vienna. TRIF�/� mice were bred at the University of Michigan. Male

mice of strains TLR4�/� (B6.B10ScN-Tlr4lps-del/JthJ), MyD88�/�

[B6.129P2(SJL)-Myd88tm1.1Defr/J], C57BL/10SnJ, and Tyk2�/� (B10.D1-
H2q/SgJ, a naturally occurring mis-sense mutation in Tyk2, resulting in a
loss of function), were from The Jackson Laboratory (Bar Harbor, ME,
USA). Tyk2�/� mice were on a C57BL/10SnJ background, and all other
strains were on a C57BL/6 background. For the data shown in Fig. 5, we
used Tyk2�/� mice (B6N.129P2-Tyk2tm1Biat) on a C57BL/6N back-
ground, as described previously [27]. All animals were housed under spe-
cific pathogen-free conditions.

Cultures of macrophages
BMDM were obtained from femurs and tibias and incubated for 7 days in
RPMI-1640 medium (25 mM HEPES, 100 U/ml penicillin-streptomycin,
20% FCS, 30% L cell conditioned media). For experiments, BMDM were
plated at 5 � 105 cells/ml in RPMI 1640 (25 mM HEPES, 100 U/ml peni-
cillin-streptomycin, 0.1% BSA). For cell activation, LPS (Escherichia coli,
0111:B4; Sigma-Aldrich, St. Louis, MO, USA) or rmIFN-� (R&D Systems,
Minneapolis, MN, USA) was used. For peritoneal-elicited macrophages,
mice were injected i.p. with 1 ml thioglycollate (2.4%) and cells harvested
by peritoneal lavage, 4 days later, as described elsewhere [23].

Cultures of T cells
Primary CD4� T cells were purified from splenocytes by MACS with a
mouse CD4� T Cell Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach,
Germany), according to the manufacturer’s instructions. Cells were seeded
in 24-well plates at a density of 1.5 � 106 cells/ml/well in IMDM, supple-
mented with 10% FCS, 100 �g/ml penicillin, 100 U/ml streptomycin, 2
mM L-glutamine, and 50 �M �-ME. Anti-mCD3� (5 �g/ml) and anti-
mCD28 (1 �g/ml) antibodies were added, and cells were grown under
neutral condition, i.e., in the presence of anti-IL-12 (5 �g/ml), anti-IFN-�
(5 �g/ml), and anti-IL-4 (1 �g/ml), and incubated at 37°C for 48 h in the
presence or absence of rmIL-27. All antibodies and cytokines were from
eBioscience (San Diego, CA, USA).

Endotoxic shock
Body weight was measured for each individual mouse before injection with
LPS (10 mg/kg body weight i.p.; E. coli 0111:B4; Sigma-Aldrich). Plasma
was collected in EDTA (5–10 mM) and survival monitored at least twice
daily for 10 days [23]. Body-surface temperature was measured using a
YSI4600/YSI427 thermometer.

CLP
Polymicrobial sepsis was induced by CLP, as described elsewhere [28].
Briefly, mice were anesthetized using ketamine/xylazine before a 1-cm mid-
line incision in the abdomen. The distal part of the cecum (5–7 mm) was
ligated, punctured through-and-through with a 21-G needle, and a small
portion of feces extruded to ensure patency. After wound closure, the mice
received 1 ml sterile NaCl 0.9% s.c. for fluid resuscitation. The surgeon was
blinded regarding the age/sex-matched groups of WT or transgenic mice.
Monitoring of survival, EDTA plasma collection, and measurements of
body-surface temperature was done as described above.

ELISA
ELISA kits (R&D Systems) for mouse IL-27(p28) and IFN-� were per-
formed according to the manufacturer’s instructions [23].

Analysis of mRNA by PCR
From experiments using macrophages, the total RNA was extracted
[RNeasy Kit; Qiagen, Valencia, CA, USA; or TriFAST (peqGOLD peqlab)],
reverse-transcribed (TaqMan; Applied Biosystems, Life Technologies, Carls-
bad, CA, USA) and amplified (SYBR Green Mastermix; Applied Biosys-
tems) as described elsewhere [23]. Results were calculated by the 2-��

comparative threshold relative quantification method and normalized to
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GAPDH. The following mouse primer sequences were used (Invitrogen,
Carlsbad, CA, USA): p28 (forward) 5=-GGCCATGAGGCTGGATCTC-3=, p28
(reverse) 5=-AACATTTGAATCCTGCAGCCA-3=; EBI3 (forward) 5=-GGCT-
GAGCGAATCATCAA-3=, EBI3 (reverse) 5=-GAGAGAGAAGATGTC-
CGGGAA-3=; GAPDH (forward) 5=-TACCCCCAATGTGTCCGTCGTG-3=,
GAPDH (reverse) 5=-CCTTCAGTGGGCCCTCAGATGC-3=.

For the work with CD4� T cells, the total RNA was isolated with Tri-
FAST (peqGOLD peqlab), converted to cDNA (iScript cDNA synthesis kit;
Bio-Rad, Hercules, CA, USA), and PCRs performed in duplicates on a
Stratagene Mx3000P machine. Expression levels were normalized to the
housekeeping gene Ube2d2. Primers and probes for Ube2d2 and IL-10 are
available through the Real-Time Primer and Probe Database (http://medgen.
ugent.be/rtprimerdb/index.php; IDs 3377 and 3892, respectively). Primers
for Tbx21 (QT00129822), Gata3 (QT00170828), and ll12r�2 (QT00136416) were
purchased from Qiagen (QuantiTect). Primers (Sigma-Aldrich) and probes
(Metabion, Martinsried, Germany) for STAT1 were as follows: STAT1 (for-
ward) 5=-GATCAGCTGCAAACGTGGTTC-3=, STAT1 (reverse) 5=-GCTTTT-
TAAGCTGCTGACGGA-3=, STAT1 (probe) 5=-FAM-CCATTGTTGCA-
GAGACCCTGCAGCA-BHQ-3=.

Flow cytometry
Macrophages were incubated with monensin (2 �M; Sigma-Aldrich) and
stained using the Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA,
USA) and BD Fc Block. Fifty thousand events were acquired on a BD LSR
II flow cytometer (BD Biosciences) and data analyzed with WinList for
Win32 3.0 software (Verity Software House, Topsham, ME, USA). All anti-
bodies used were anti-mouse, together with matched fluorochrome-labeled
isotype controls (eBioscience): PE IL-27(p28) (Clone MM27-7B1), allophy-
cocyanin F4/80 (Clone BM8), efluor450 CD11b (Clone M1/70).

Statistical analysis
In vitro experiments were performed independently, two to three times,
and in vivo data were generated with the numbers of mice/group, as
indicated in the figure legends. Data sets from all independent experi-
ments were analyzed by one-way ANOVA, two-tailed Student’s t-test,
Mann-Whitney test, and survival data by the log-rank (Mantel-Cox) test
using GraphPad Prism Version 5.04. All values are expressed as mean,
error bars represent sem, and differences were considered significant
when P � 0.05.

RESULTS

Tyk2 promotes the production of IL-27(p28) by
TLR4-activated F4/80�CD11b� macrophages
To study a potential cross-talk of Tyk2 with the production of
IL-27, BMDM were obtained from C57BL/10SnJ WT mice or
Tyk2�/� mice. BMDM were stimulated with LPS, followed by
analysis of mRNA levels for IL-27(p28), using RT-PCR (Fig. 1A). As
expected, TLR4 activation strongly induced gene expression of
IL-27(p28) in BMDM from WT mice. The relative gene expres-
sion of IL-27(p28) was reduced by 	50% in TLR4-activated
BMDM from Tyk2�/� mice compared with BMDM from WT
mice (Fig. 1A). When mRNA for EBI3 was quantified, a five-
fold increase following TLR4 activation by LPS was observed
compared with EBI3 mRNA amounts in resting BMDM (Fig.
1B). Baseline gene-expression levels of EBI3 appeared to be
higher than for IL-27(p28) (data not shown). Interestingly, the
amounts of mRNA for EBI3 were not significantly lower in
LPS-activated BMDM from Tyk2�/� mice compared with WT
mice (Fig. 1B). As EBI3 is also a subunit for IL-35, its expres-
sion is not specific for IL-27. Accordingly, we focused our sub-
sequent studies on IL-27(p28) and Tyk2.

In response to LPS activation, IL-27(p28) protein accumu-
lated in supernatants of BMDM from WT mice in a time-de-
pendent manner (6–24 h), whereas much less IL-27(p28) was
released by TLR4-activated BMDM from Tyk2�/� mice (Fig.
1C). In LPS-activated, thioglycollate-elicited peritoneal macro-
phages (“tissue macrophages”), the appearance of IL-27(p28)
in supernatant fluids was also partly defective with genetic ab-
sence of Tyk2 (Fig. 1D). Production of IL-27(p28) was similar
in studies with LPS-activated BMDM compared with peritoneal
macrophages. For subsequent experiments, we used BMDM, as
BMDM preparations yielded higher cell numbers and purity.

Flow cytometry staining for intracellular IL-27(p28) in cul-
tured BMDM, derived from WT mice or Tyk2�/� mice,
showed reduced intracellular staining for IL-27(p28) in F4/
80�CD11b� cells from Tyk2�/� mice after LPS (45.9% vs.

Figure 1. Tyk2 is required for gene expression and release of IL-27(p28) in TLR4-activated macrophages. (A) RT-PCR of IL-27(p28) gene expres-
sion in BMDM from C57BL/10SnJ (WT) mice or Tyk2�/� mice after incubation with LPS (1 �g/ml) at time-points 3–24 h. (B) RT-PCR of EBI3
gene expression in LPS-activated BMDM from WT mice or Tyk2�/� mice at different time-points. Samples were from identical experiments as
RT-PCR for IL-27(p28), as shown above; n.s., not significant. (C) Release of IL-27(p28) in supernatants of cultured BMDM from WT mice or
Tyk2�/� mice after incubation with LPS for the indicated time-points; ELISA. (D) Quantification of IL-27(p28) in supernatants of cultured thio-
glycollate-elicited peritoneal macrophages from WT mice or Tyk2�/� mice left untreated (Ctrl) or activated with LPS (1 �g/ml) for 8 h; ELISA.
One-way ANOVA; mean 
 sem; *P � 0.05; **P � 0.01; ***P � 0.001. Graphs are aggregates from three independent experiments.
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26.4%; Fig. 2A and B). Only minimal staining was observed
with isotype control antibodies, and virtually all BMDM from
both strains of mice were CD11b�F4/80� double-positive
(	95%; data not shown).

The production of IL-27(p28) by macrophages in response
to TLR4 activation required the presence of both adaptor
proteins MyD88 and TRIF at all time-points studied (Supple-
mental Fig. 1). As the MyD88-dependent pathways (I�B, ERK,
JNK, p38) are fully functional in Tyk2�/� cells [5], we hy-
pothesized that Tyk2 may modulate IL-27(p28) production via
TRIF-dependent mechanisms, such as IFNs.

Tyk2 is part of a type I IFN-dependent mechanism to
promote IL-27(p28) production by F4/80�CD11b�
macrophages
To test the hypothesis that endogenous-secreted factors may
be involved in the production of LPS-induced IL-27(p28), we
performed supernatant transfer experiments (Fig. 3A).
BMDM, derived from WT mice, were incubated with LPS or
with medium for 12 h. Thereafter, conditioned supernatants
were collected and transferred to BMDM from TLR4�/�
mice for another 3-h incubation, followed by RNA isolation
and determination of IL-27(p28) expression by RT-PCR in
BMDM (TLR4�/�). Macrophages from TLR4�/� mice were
used to prevent direct activation of IL-27(p28) gene expres-
sion by the presence of LPS in the transferred supernatants.
Indeed, coincubation with conditioned supernatants from LPS-
treated BMDM (WT) resulted in the expression of IL-27(p28)
mRNA in BMDM from TLR4�/� mice (Fig. 3B), suggesting
an involvement of endogenous-secreted factors.

According to the existing literature, we favored the possibil-
ity of IFN-dependent expression of IL-27 via Tyk2 signaling
[24, 26]. Genetic deficiency of Tyk2 was confirmed to result in
defective type I IFN production in LPS-activated BMDM (Fig. 4A), as
described before in thioglycollate-elicited peritoneal macro-
phages [5]. Addition of type I IFN to cultures of BMDM from
WT mice induced the production of IL-27(p28) (Fig. 4B).
LPS-activated BMDM from IFNAR1�/� and IFN-��/� mice
displayed a substantially defective generation of IL-27(p28) in
supernatants (Fig. 4C). When intracellular IL-27(p28) was as-
sessed, the frequencies of IL-27(p28)�F4/80�CD11b� cells
were lower in LPS-activated BMDM from IFNAR1�/� mice
(26.9%) and IFN-��/� mice (23.9%) compared with BMDM

from WT mice (48.3%; Fig. 4D and E). Collectively, a partial
requirement of Tyk2 for production of IL-27(p28) in LPS-acti-
vated macrophages appeared to be linked to impaired synthe-
sis of type I IFNs in Tyk2�/� macrophages.

Tyk2 is dispensable for mediating the effects of IL-27
on CD4� T cells
As Tyk2 is required for gene expression of IL-27(p28) (Fig. 1),
we tested whether Tyk2 is also involved in mediating the bio-
logical effects of IL-27 in T cells. For these studies, CD4� T
cells were purified from spleens of healthy WT mice and
Tyk2�/� mice and incubated under neutral conditions (anti-

Figure 2. Lower frequencies of IL-27(p28)�F4/
80�CD11b� macrophages derived from Tyk2�/�
mice compared with WT mice. (A) Flow cytometry for
intracellular IL-27(p28) and surface markers F4/80
and CD11b in TLR4-activated BMDM derived from WT
mice or Tyk2�/� mice; LPS (1 �g/ml), 2 �M monen-
sin, 12 h. Ctrl, BMDM treated with 2 �M monensin but
without LPS. (B) Mean fluorescence intensity (MFI) of
anti-IL-27(p28) PE-labeled antibody staining in LPS-
activated BMDM from Tyk2�/� mice or WT mice.
Data are shown as representatives of three indepen-
dent experiments (A) or were pooled from three inde-
pendent experiments (B), each done in duplicates.
Student’s two-tailed t-test; mean 
 sem; *P � 0.05.

Figure 3. A role of endogenous factors for promoting the release of IL-
27(p28) in cultures of TLR4-activated macrophages. (A) Schematic over-
view of the experimental design of supernatant-transfer experiments.
BMDM, from WT mice, were incubated with LPS (1 �g/ml) for 12 h be-
fore transfer of conditioned supernatants to BMDM derived from
TLR4�/� mice, followed by RNA isolation and RT-PCR, 3 h later.
TLR4�/� BMDM were used to exclude direct effects of LPS during the
second incubation step. (B) RT-PCR of the relative IL-27(p28) expression
normalized to GAPDH of the experiments described above. Levels of
mRNA for IL-27(p28) induced by supernatants from unstimulated WT
BMDM were used as onefold (Ctrl; left bar). Conditioned supernatants
from LPS-activated WT BMDM strongly up-regulated mRNA for IL-
27(p28) when incubated with TLR4�/� BMDM (center bar). The right
bar shows negative controls demonstrating the absence of IL-27(p28) pro-
duction when TLR4�/� BMDM were incubated directly with LPS in nor-
mal media (no transfer of WT BMDM conditioned supernatants). Data
are representative of three independent experiments. One-way ANOVA;
mean 
 sem; **P � 0.01.
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IL-4, anti-IL-12, anti-IFN-�). Following incubation with rmIL-
27, the RNA expression levels of several target genes of IL-27
signaling were analyzed. A major biological function of IL-27 is
known to be induction of gene expression of IL-10 in T cells
[15, 16]. In our experiments, IL-27 promoted gene expression
of IL-10 in CD4� T cells without a significant difference ob-
served in CD4� T cells from WT mice compared with Tyk2�/�

mice (Fig. 5A). IL-27 strongly induced mRNA for IL-12rb2 in
CD4� T cells in a similar fashion as cells from WT mice and
Tyk2�/� mice (Fig. 5B). Tbx21 is a Th1 cell-specific transcrip-
tion factor controlling the expression of IFN-� in Th1 cells.
rIL-27 strongly induced gene expression of Tbx21 after 48 h with-
out requiring the presence of Tyk2 (Fig. 5C). Finally, IL-27 acti-
vated expression of STAT1 in CD4� T cells (WT) and CD4� T
cells (Tyk2�/�; Fig. 5D). Similar observations for gene expres-
sion of IL-10, Tbx21, IL-12rb2, and STAT1 were made when
CD4� T cells from WT mice and Tyk2�/� mice were incubated
with different concentrations of IL-27 (1 and 100 ng/ml; two to
three independent experiments; data not shown). In conclusion,
these findings suggest that Tyk2 is not essential in T cells to me-
diate the biological effects following ligation of IL-27 with the
IL-27RA/gp130R complex.

IL-27 mediates Tyk2-associated mortality during
experimental sepsis
To evaluate the in vivo relevance of Tyk2 as a regulator of
IL-27(p28) production, we used LPS-induced shock as a
model of SIRS. We have reported earlier on a role for Tyk2
during endotoxic shock [5]. In the current study, we first
confirmed a clear survival benefit of Tyk2�/� mice
(B10.D1-H2q/SgJ; naturally occurring loss-of-function muta-
tion) during endotoxic shock (Fig. 6A). Survival of
Tyk2�/� mice was 89% compared with 33% in C57BL/
10SnJ WT mice receiving the same dose of LPS from E. coli
(10 mg/kg body weight i.p.; Fig. 6A). Hypothermia is an
early predictor of mortality during endotoxic shock in ro-
dents and was also found to be less-severe in Tyk2�/� mice
(Fig. 6B). The plasma concentrations of type I IFNs were
substantially lower in Tyk2�/� mice compared with WT
mice (Fig. 6C), as reported before [5].

Concentrations of IL-27(p28) in plasma were highly elevated
in WT mice during endotoxic shock, whereas IL-27(p28)
plasma levels were reduced substantially in Tyk2�/� mice
(Fig. 6D). IL-27(p28) was not detectable in plasma of healthy,
untreated WT or Tyk2�/� mice (data not shown).

Figure 4. Tyk2 activates the endogenous production of type I IFNs for enhancing the release of IL-27(p28). (A) Detection of IFN-� secretion by
LPS-activated macrophages from WT mice or Tyk2�/� mice; Ctrl, unstimulated control macrophages; 8 h; ELISA. (B) Induction of IL-27(p28)
release from BMDM (WT) after incubation with IFN-� (1000 U/ml); 8 h; ELISA. (C) IL-27(p28) release of BMDM from WT mice, IFNAR1�/�
mice, or IFN-��/� mice after LPS; 8 h. (D) Flow cytometry of IL-27(p28)�F4/80�CD11b� BMDM from WT mice, IFNAR1�/� mice, or IFN-
��/� mice after LPS; 12 h; monensin (2 �M). Numbers indicate the percentage of IL-27(p28)�F4/80�CD11b� cells. (E) Representative dot-
plot images of the experiments described in D; all dot-plots were gated on CD11b� cells. Data are pooled from three independent experiments
(A–C) or done with n � 4 mice/group (D and E). One-way ANOVA (A, C, and D) or Student’s two-tailed t-test (B); mean 
 sem; *P � 0.05;
***P � 0.001.
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Next, we used the model of polymicrobial sepsis following
CLP to expand our findings on the cross-talk between Tyk2
and IL-27(p28). Genetic deficiency of Tyk2 was protective at
time-points 	60 h after CLP with 7-day survival rates of 53% in
Tyk2�/� mice versus 6% in WT mice (Fig. 7A). Early mea-
surements of body-surface temperature after CLP were already
indicative of a beneficial outcome of polymicrobial sepsis in
Tyk2�/� mice (Fig. 7B). The detection of IL-27(p28) in
plasma revealed a 	50% reduction of IL-27(p28) after CLP in
Tyk2�/� mice (Fig. 7C), similar to the observations for endo-
toxic shock (Fig. 6D).

To evaluate the relevance of IL-27 for the outcome of LPS-
induced shock, mice with targeted genetic deletion of IL-27RA
(IL-27RA�/�) were used. Whereas five out of n � 11
C57BL/6 mice in the control group had a lethal outcome of
endotoxic shock, all IL-27RA�/� mice (n�10) survived (Fig.
8). However, IL-27RA�/� mice showed clinical symptoms of
shock following LPS injections (lethargy, scuffing, piloerec-

tion), suggesting that protection of the IL-27RA�/� strain is
not complete. The differences in survival rates of WT mice in
Figs. 6 and 8 may be explained by using C57BL/6 mice in Fig.
6 and C57BL/10SnJ in Fig. 8 as the appropriate WT control
strains. In conclusion, IL-27RA�/� mice were greatly pro-
tected against LPS-induced mortality compared with C57BL/6
WT mice (Fig. 8).

DISCUSSION

In this report, we found Tyk2 to be required for the release of
IL-27(p28) by macrophages and during in vivo models of sep-
sis/SIRS. The lower amounts of IL-27(p28) detected in
Tyk2�/� mice may contribute to the enhanced resistance of
Tyk2�/� mice during sepsis/SIRS, which was previously
linked to the effects of type I IFNs [5]. Our data suggest that
type I IFNs during sepsis/SIRS may act via IL-27, given the

Figure 5. IL-27-mediated induction of target genes does not require Tyk2 in CD4� T cells. CD4� T cells from 8- to 12-week-old WT mice and Tyk2�/�
mice were stimulated with rmIL-27 (10 ng/ml) under neutral conditions or left without IL-27 (Ctrl) for 48 h. Total RNA was isolated, and mRNA expres-
sion for IL-10 (A), IL-12rb2 (B), Tbx21 (C), and STAT1 (D) was determined by RT-PCR. Data were normalized to the housekeeping gene Ube2d2 and
calculated relative to untreated WT cells (Ctrl). Data are pooled from three independent experiments. One-way ANOVA; mean 
 sem; n.s., not
significant.

Figure 6. Survival and release of IL-27(p28) in Tyk2�/� mice following endotoxic shock. (A) Survival of WT mice (n�9) and Tyk2�/� mice
(n�9) during endotoxic shock following injection with LPS (10 mg/kg body weight i.p.). (B) Body-surface temperature of WT mice and
Tyk2�/� mice, 24 h after LPS injection of the experiment described above. (C) Plasma concentrations of IFN-� following endotoxic shock (1
and 3 h) in WT mice and Tyk2�/� mice (n�6/group); ELISA. (D) Detection of IL-27(p28) in plasma during endotoxic shock in WT mice
(n�7) and Tyk2�/� mice (n�8); 6 h; ELISA. Survival curves were analyzed using the log-rank (Mantel-Cox) test, and frames (B–D) were ana-
lyzed using the nonparametric Mann-Whitney test. *P � 0.05; **P � 0.01.
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protection of IL-27RA�/� mice during endotoxic shock (Fig.
8). In this context, Tyk2 may modulate TRIF-dependent rather
than MyD88-dependent production of IL-27(p28), as signaling
pathways downstream of MyD88 have been reported to remain
functional in Tyk2�/� macrophages [5]. Other reports have
also suggested the involvement of endogenous IFN production
as contributing factors for gene expression of IL-27 [26]. We
have expanded these previous observations by specific quantifi-
cation of the p28 subunit in supernatants and using intracellu-
lar staining techniques in F4/80�CD11b� macrophages. The
resistance of IL-27RA�/� mice in LPS-induced shock is in
line with a previous study, demonstrating up-regulation of
mRNA for EBI3 and p28 during polymicrobial sepsis following
CLP [11]. The use of EBI3�/� mice or administration of a
IL-27RA-Fc fusion protein to disrupt IL-27 functions during
polymicrobial sepsis results in improved survival rates [11].
EBI3�/� mice show enhanced clearance of bacteria in the
peritoneal cavity and blood, most likely as a result of a better
recruitment of leukocytes to the site of infection [11]. In addi-
tion, leukocytes from EBI3�/� mice may have better bacteri-
cidal activity because of higher amounts of ROS produced fol-

lowing activation [11]. In a model of severe CLP (“overwhelm-
ing sepsis”), a trend for better survival of Tyk2�/� mice (20%
Tyk2�/� mice vs. 0% WT mice) correlated with lower con-
centrations of IL-6 and CXCL10 [29]. Therefore, we suggest
that several cytokines, in addition to IL-27, may cooperate to
confer protection of Tyk2�/� mice during sepsis.

In support of our findings, earlier reports have associated
Tyk2 gene disruption with partial defects in cytokine responses
and diminished LPS-induced NO production in macrophages
[27]. Genetic deficiency of Tyk2 results in changes in basal
gene expression and proteome patterns [30, 31]. The produc-
tion of type I IFNs and IFN-inducible gene expression is, in
particular, dependent on the presence of Tyk2 [5, 27, 31, 32].
In addition to regulation of IL-27 as reported here, Tyk2 is
involved in expression of IL-12 and IL-23 following TLR4 acti-
vation, at least in DCs [33].

Although phosphorylation of Tyk2 in response to IL-27 has
been demonstrated in keratinocytes and naive CD4� T cells
[34, 35], it has not yet been tested whether Tyk2 is nonredun-
dant for IL-27 signaling. In our experiments, following IL-27
stimulation of cultures of CD4� T cells from WT mice or
Tyk2�/� mice, we did not find differences in the expression
of target genes, such as IL-10, STAT1, IL-12rb2, and Tbx21
(Fig. 5). This suggests that association of Tyk2 with gp130 may
not be required in CD4� T cells for IL-27 signaling. This is in
analogy to the situation with IL-6 and LIF in murine cells. IL-6
and LIF use the gp130R chain and phosphorylate Tyk2 [36],
whereas Tyk2 signaling is not essential for IL-6 and LIF signal-
ing [27, 37, 38].

Heterodimeric IL-27 is formed by the subunit proteins IL-
27(p28) and EBI3. We focused our studies on detection of IL-
27(p28), as EBI3 is also incorporated into IL-35, and EBI3 ap-
peared not to be modulated by Tyk2 (Fig. 1B). Additional
binding partners of IL-27(p28), such as CLF-1, have been re-
ported [39]. In our preliminary experiments, gene expres-
sion of CLF-1 was not inducible by LPS in macrophages
(data not shown). In addition, the potential existence of

Figure 7. Survival and release of IL-27(p28) in Tyk2�/� mice during
polymicrobial sepsis following CLP. (A) Survival of WT mice (n�16)
and Tyk2�/� mice (n�17) in polymicrobial sepsis following CLP
(“high-grade”). (B) Body-surface temperature of WT mice (n�16) and
Tyk2�/� mice (n�16), 24 h after CLP from the same experiment
described in A. (C) Plasma concentrations of IL-27(p28), 10 h after
CLP in WT mice (n�7) and Tyk2�/� mice (n�8). Survival curves
were analyzed using the log-rank (Mantel-Cox) test, and frames (B and
C) were analyzed using the nonparametric Mann-Whitney test. **P �
0.01; ****P � 0.0001.

Figure 8. Protection of IL-27RA�/� mice from shock-associated
mortality. Survival curves of IL-27RA�/� mice (n�10) compared with
C57BL/6 (WT) mice (n�10) following endotoxic shock (LPS 10
mg/kg body weight i.p.). Data were acquired with the numbers of
mice/group as indicated. Log-rank (Mantel-Cox) test; *P � 0.05.
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IL-27(p28) monomers or homodimers cannot be ruled out.
In the current absence of specific quantification methods
for IL-27(p28) monomers or homodimers, this is difficult to
study. Interestingly, in a model of transgenic overexpres-
sion, IL-27(p28) was found to antagonize gp130 signaling
and heterodimeric IL-27 [40].

SIRS and severe sepsis are major causes of morbidity and
mortality [41, 42]. The release of cytokines is a central factor
during the pathogenesis of SIRS and sepsis, contributing to
early exuberant inflammation and adverse outcomes [43]. A
change in paradigms has also acknowledged that during the
later phases of sepsis, profound immunosuppression, including
apoptosis of immune cells, can occur [44, 45]. IL-27 can exert
biphasic effects by promoting acute inflammation, while down-
modulating chronic inflammation via IL-10 [13]. Thereby, the
functional characteristics of IL-27 are in parallel to the nat-
ural course of sepsis (early hyperinflammation and later im-
munosuppression) leading to mortality. For these reasons,
interception of IL-27 may be an appealing prospective strat-
egy for therapeutic reversal of the dysbalanced immune re-
sponses of SIRS and sepsis. Furthermore, IL-27 has been
identified recently as a diagnostic biomarker for sepsis in
critically ill children [46]. In adult patients with sepsis, mea-
surements of IL-27 alone were inferior to testing of procal-
citonin, whereas combined analysis of IL-27 and procalci-
tonin improved diagnostic discrimination in patients with
nonlung sources of infection [47].

In conclusion, it has been suggested that IL-27 is a critical
factor balancing acute and chronic inflammation, but how
production of IL-27 is regulated remains insufficiently under-
stood. In this report, we describe for the first time that Tyk2 is
required for full release of IL-27(p28) from LPS-activated mac-
rophages and during sepsis. Our studies suggest the existence
of a detrimental “Tyk2/IL-27 axis” during SIRS/sepsis.
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