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T helper type 1 memory cells disseminate postoperative
ileus over the entire intestinal tract

© 2010 Nature America, Inc. All rights reserved.
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Localized abdominal surgery can lead to disruption of motility in the entire gastrointestinal tract (postoperative ileus). Intestinal
macrophages produce mediators that paralyze myocytes, but it is unclear how the macrophages are activated, especially those in
unmanipulated intestinal areas. Here we show that intestinal surgery activates intestinal CD103 +CD11b+ dendritic cells (DCs)
to produce interleukin-12 (IL-12). This promotes interferon-G (IFN-G) secretion by CCR9+ memory T helper type 1 (TH1) cells
which activates the macrophages. IL-12 also caused some TH1 cells to migrate from surgically manipulated sites through the
bloodstream to unmanipulated intestinal areas where they induced ileus. Preventing T cell migration with the drug FTY720 or
inhibition of IL-12, T-bet (TH1-specific T box transcription factor) or IFN-G prevented postoperative ileus. CCR9+ TH1 memory
cells were detected in the venous blood of subjects 1 h after abdominal surgery. These findings indicate that postoperative ileus
is a TH1 immune-mediated disease and identify potential targets for disease monitoring and therapy.
Postoperative ileus is a frequent and severe complication after intestinal
surgery1–5. The bowel dysmotility associated with this condition can
last for days, and it necessitates parenteral nutrition and leads to risk
of aspiration and infectious complications. The resulting costs in the
US exceed $1 billion per year6,7. The clinically most relevant problem
is the dissemination of postoperative ileus over the entire intestinal
tract, the so-called ‘gastrointestinal field effect’, which halts peristalsis
in areas that had not been surgically handled2,3,8,9. Inhibitory
neuronal signals in the intestine have traditionally been considered
responsible5,8,10, but the underlying mechanisms are unclear. Neither
prophylaxis nor effective treatments are available.
Intestinal dysmotility is typically accompanied by increased expression of proinflammatory cytokines such as IL-1, IL-6 and tumor necrosis factor-A (TNF-A), followed by infiltration of polymorphonuclear
neutrophilic granulocytes (PMNs) and macrophages3,10. Activated
macrophages in the intestinal muscularis express inducible nitric oxide
synthase (iNOS), whose product nitric oxide directly inhibits smooth
muscle cell function11. Macrophage depletion or inhibition prevents
ileus and inflammation4,12, demonstrating their essential role in postoperative ileus. Macrophages can be activated by CD4+ T helper cells13,
however, the role of T helper cells in postoperative ileus is unclear.
DCs activate T helper cells and promote differentiation into TH1,
TH2 or TH17 effector cells by the cytokines they secrete. TH1 cells are
induced by IL-12, a heterodimer consisting of a p40 and a p35 chain,
and express the transcription factor T-bet14. They promote immunity
against bacteria and viruses and can precipitate Crohn’s disease, a
type of chronic inflammatory bowel disease (IBD)15–18. By contrast,

TH2 cells are involved in containing parasite infections, promote
allergy and ulcerative colitis and secrete IL-4 and IL-5 (ref. 17). TH17
cells have been implicated in autoimmune diseases19–21 including
Crohn’s disease13,22–24. They are regulated by distinct transcription
factors such as signal transducer and activator of transcription-3
(STAT3), are maintained by IL-23, a heterodimer of p40 and p19,
produce IL-17 and TNF-A and recruit PMNs20. Differentiated T effector cells circulate through the body, a proportion of which develop
into memory cells for more rapid recall responses to re-infection25.
There is evidence that some memory T cells reside in nonlymphoid
tissues for even faster local recall responses 26 that are induced by
tissue-resident DCs27,28. In the intestine, distinct DC subsets have
been linked to the induction of regulatory T cells for maintenance of
intestinal homeostasis or to the stimulation of TH1 or TH17 cells29–31.
Although postoperative ileus is more prevalent than IBD, the role of
DCs in postoperative ileus has not been studied yet.
RESULTS
CD4+ T memory cells are essential for postoperative ileus
We studied the role of T cells in a mouse model of postoperative ileus
induced by standardized surgical manipulation of the small intestine32. We measured transit of orally administered fluorescent dextran
through the intestinal tract by fluorometry. In sham-operated control
mice, most dextran had progressed to the colon after 1.5 h, whereas
intestinal manipulation retarded its progression such that the dextran
reached only the upper jejunal segments (Fig. 1a,b). This delay did
not occur in CD4-knockout mice (Fig. 1a,b), indicating that T helper

1Institutes

for Molecular Medicine and Experimental Immunology, University Clinic of Bonn, Bonn, Germany. 2Department of Surgery, University of Bonn Medical
School, Bonn, Germany. 3Institute for Infection Immunology, Twincore Research Center, Hannover, Germany. 4These authors contributed equally to this work.
Correspondence should be addressed to J.C.K. (kalff@uni-bonn.de) regarding surgical questions or C.K. (ckurts@web.de) regarding immunological questions.
Received 25 June; accepted 6 October; published online 28 November 2010; doi:10.1038/nm.2255

NATURE MEDICINE

VOLUME 16 | NUMBER 12 | DECEMBER 2010

1407

cells were essential. The geometric center of dextran progression
confirmed these findings and will be used here as quantitative parameter for intestinal dysmotility and postoperative ileus (Fig. 1b).
To investigate whether the general lack of T helper cells in these
mice was responsible for protection from postoperative ileus, we
used OT-II mice, which have normal T helper cell numbers, but
all of them are specific for ovalbumin. These mice were also protected from postoperative ileus (Fig. 1b), indicating that the
T helper cell specificity was crucial. These results also suggested that
T helper cells need to be activated, as the OT-II cells were naive in
our model, owing to the lack of their cognate antigen in our experimental system. We tested this interpretation by depleting T cells
expressing the activation marker CD25. Indeed, this prevented
postoperative ileus (Fig. 1b), indicating that either memory T cells
or T regulatory cells (Treg cells) were involved. We found that Treg
cells were not responsible, as intestinal manipulation did not lead
to postoperative ileus in DEREG mice33 that had been depleted of
Treg cells by injecting diphteria toxin (Fig. 1b), implying that memory
T helper cells mediated postoperative ileus.
Postoperative ileus is accompanied by inflammation of all intestinal segments, which is marked by increased proinflammatory
cytokine and iNOS expression and PMN infiltration (Supplementary
Fig. 1)3,32. We determined whether these parameters depend on memory T helper cells by using CD4-knockout mice. Although TNF-A,
IL-1, IL-6 and iNOS expression was still increased in the small
intestine of these mice, this increase was much lower than in
CD4-competent control mice (Fig. 1c and Supplementary Fig. 1c).
PMN infiltration was unaffected. Thus, although a local inflammatory response was generated after intestinal manipulation in
CD4-knockout mice, it was less intense, suggesting that T helper cells
locally enhanced inflammation. In the large intestine, all parameters
of inflammation were decreased in the CD4-knockout mice (Fig. 1d),
indicating a requirement for T helper cells for colon inflammation.
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measured mRNA levels of the cytokines that induce TH1, Th2 and
TH17 cells or are produced by them. We found that mRNA for IL-12 p35
and T-bet were upregulated in the muscularis of the manipulated small
intestine as compared with sham-operated controls (Fig. 2a), suggesting that a TH1 response was generated. IFN-G and T-bet mRNA were
increased in both the small and large intestine over sham-operated controls
(Fig. 2a,b), consistent with the presence of TH1 cells. mRNA encoding
IL-12 and IL-23 p40, IL-23 p19, IL-4, IL-5, IL-17A and STAT3 were not
upregulated (Fig. 2a,b), suggesting neither TH2 nor TH17 responses were
generated. Flow cytometry confirmed the presence of IFN-G–producing
memory TH1 cells in the manipulated, but not the sham-operated small
intestine (Fig. 2c,d). Neither IL-17–producing nor IL-4–producing
T helper cells were detected (Fig. 2d), verifying that intestinal manipulation induced a local TH1, but not a TH2 or TH17, response.
To determine whether this TH1 response is required for postoperative ileus, we used IFN-G–knockout, IL-12 p35–knockout mice and, as
a control, IL-23 p19–knockout mice. Manipulated IFN-G–knockout
and IL-12 p35 knockout mice showed near-normal FITC-dextran
transit, as opposed to IL-23 p19–knockout mice (Fig. 2e), indicating
that a TH1, but not TH17, response was needed. We confirmed this
finding by measuring the excretion time of a glass ball after rectal
insertion (hereafter referred to as colon transit time), which selectively probes for dysmotility of the colon as a measure of the field
effect. Colon transit time was also delayed in C57BL/6 and IL-23p19–
knockout mice but partially normalized in IFN-G–knockout mice and
completely normalized in IL-12 p35–knockout mice (Fig. 2f). We also
used mice deficient for the TH1 transcription factor T-bet on the less
TH1-prone BALB/c background. BALB/c mice also showed impaired
dextran transit and colon motility after intestinal manipulation, and
these symptoms were completely attenuated in T-bet–knockout mice
(Fig. 2e,f). These findings indicated that IL-12 p35, T-bet and IFN-G
are necessary for postoperative ileus.
IFN-G was not produced by CD8+ T cells, and only small amounts
were released by natural killer T cells in response to intestinal manipulation (Supplementary Fig. 2a,b). However, depletion of natural
killer cells did not alter colon transit time (Supplementary Fig. 2c),
confirming that TH1 cells were the source of functionally relevant
IFN-G in the context of postoperative ileus.
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Figure 1 T helper memory cells are essential
for ileus. (a) Dextran transit through the
intestinal segments in C57BL/6 and CD4knockout (KO) mice who were sham-operated
or intestinally manipulated (IM). Jej, jejunal
segments. (b) Mean geometrical center of
dextran transit in C57BL/6, CD4-knockout,
OT-II, CD25 cell–depleted and DEREG mice
after intestinal manipulation or sham operation
(Sham). (c,d) Ratio of mRNA levels for IL-1,
IL-6, TNF-A, iNOS and numbers of PMNs in
the muscularis of the small intestine (c) and
colon (d) of manipulated over sham-operated
C57BL/6 or CD4-knockout mice. Results
are representative of five (a and b) and three
(c and d) independent experiments in groups of
four to five mice, and data are means o s.e.m.
Statistical analysis was done by Kruskal-Wallis
with Dunn’s post hoc test; *P < 0.05.
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TH1-responses are essential for postoperative ileus
Of the inflammatory mediators studied above, only iNOS was
regulated in a T helper cell–dependent manner in both the small
and large intestine after intestinal manipulation (Fig. 1c,d). Because
iNOS is essential for postoperative ileus11,
a
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Figure 2 Intestinal manipulation induces TH1 responses that are essential for postoperative ileus. (a,b) Ratio of mRNA levels of IL-12 p35, IL-12 and
IL-23 p40, IFN-G, T-bet, IL-4, IL-17, IL-23p19 and STAT3 in the muscularis of the small intestine (a) or colon (b) of C57BL/6 mice after operation
(OP), either intestinal manipulation or sham operation, over nonoperated controls, as determined by RT-PCR. (c) FACS analysis of CD4+ T helper cells
from the small intestinal muscularis re-stimulated and stained for CD25 and CD44 and intracellularly for IFN-G. (d) CD25+ and CD25− CD4+CD44+
memory T helper cells from the small intestinal muscularis were re-stimulated and intracellularly stained for IFN-G, IL-4 and IL17A. Numbers indicate
proportions of cells expressing the respective cytokine, as measured by flow cytometry. (e,f) Mean geometrical center of orally administered FITCdextran (e) or colonic transit time of a 2-mm glass ball (f) after intestinal manipulation or sham operation. C57BL/6 mice served as controls for
p19-knockout, IFN-G–knockout and p35-knockout mice, and BALB/c mice for T-bet–knockout mice. Results are representative of four (a and b), three
(c and d) and six (e and f) independent experiments in groups of six mice, and data are means o s.e.m. Statistical analysis was done by Mann-Whitney
test; *P < 0.05.

Next we determined mRNA expression of IL-12 p35, T-bet, IFN-G
and iNOS in mice deficient in these molecules (Supplementary Fig. 3)
to clarify their sequence of action. We calculated how much these
mRNAs were upregulated in manipulated knockout mice over
sham-operated mice as a percentage of the upregulation in wildtype mice (Table 1). The results were consistent with the sequence
of IL-12 inducing T-bet, resulting in upregulation of IFN-G, which
then induced iNOS expression, and thus supported our hypothesis
of TH1 cell–induced macrophage activation. Some results deviated
from the classical TH1 cascade as IL-12 p35 induction was partially reduced in IFN-G–knockout mice, and IFN-G induction
was only partially reduced in T-bet–knockout mice (Table 1
and Supplementary Fig. 3). This might be explained by positive
feedback loops between IL-12, T-bet and IFN-G, through which these
mediators affect each other’s expression34. Collectively, these findings
indicate that the TH1 memory response induced by intestinal manipulation is required for postoperative ileus and the field effect.
TH1 memory cells migrate between intestinal segments
The major problem in postoperative ileus is paralysis of the entire intestinal tract. To test whether migration of TH1 memory cells to unmanipulated areas might be responsible, we quantified the number of CD25+
T helper cells in the manipulated small intestine and the unmanipulated colon. T helper cell numbers declined in the manipulated small
intestinal muscularis but increased in the colon (Fig. 3a), supporting
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cell migration, although the increase in the colon was not significant. To
unequivocally show migration, we painted the small intestine with fluorescent carboxyfluorescein succinimidyl ester (CFSE) to label resident
cells and performed intestinal manipulation. One day later, we found
CFSE-labeled CD25+ T helper cells in the colonic muscularis of manipulated, but not sham-operated, mice (Fig. 3b,c). Flow cytometry and
immunofluorescence microscopy confirmed the presence of CD4+IFN-G+
cells in the colon of manipulated mice (Supplementary Fig. 4).
CFSE+ T helper cell numbers were increased in the portal vein and
peaked 45 min after intestinal manipulation (Fig. 3d), suggesting that
they left the small intestine through this route. These CFSE+ cells
expressed the T cell memory markers CD25 and CD44, as expected,
and also the chemokine receptor CCR9 (Fig. 3e), which facilitates
T cell homing to the intestine35. Emigration of TH1 memory cells
through the portal vein was slightly increased also in sham-operated
mice (Fig. 3d). We speculated this might be due to CFSE-induced
local inflammation and therefore manipulated mice without CFSE
labeling and determined the numbers of CCR9 +CD25+CD44+
T helper cells that produce IFN-G in the portal vein blood. This
analysis confirmed that TH1 memory cells exited the small intestine
through the portal vein (Fig. 3f) but did not exclude that these cells
also used other routes, such as lymphatic vessels. Approximately 75%
of the exiting CCR9+ CD25+ CD44+ T helper cells produced IFN-G,
partially explaining why the absolute cell numbers were lower than
in the CFSE analysis (Fig. 3d).
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Table 1 Expression of TH1 mediators following intestinal manipulation in knockout mice
p35
Small intestine

Mean

Wild type
IFN-G knockout
T-bet knockout
p35 knockout

100.0
63.7
87.9

Colon

Mean

Wild type
IFN-G knockout
T-bet knockout
p35 knockout

100.0
150.8
92.3

T-bet

o
o
o
ND

s.d.

Mean

21.0
21.1
18.8

100.0
110.7
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o
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o
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9.0
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**
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o
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s.d.
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39.0
33.9
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o
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51.0
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*
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*

The presence of migrating CCR9+ memory TH1 cells in the
venous blood of mice (Fig. 3f) suggested that analogous cells
may be increased in the blood of humans undergoing abdominal
surgery. We therefore studied five individuals undergoing hemicolectomy, gastrectomy or resection of jejunal segments and compared them with subjects after exploratory laparotomy, thoracotomy
or vascular surgery (details in Supplementary Table 1). One hour
after abdominal surgery, numbers of CCR9+CD45RO+ (memory)
IFN-G–producing T helper cells were nearly tenfold elevated in the blood
compared to those in subjects after nonabdominal surgery (Fig. 3g),
supporting a role of the TH1 cascade in humans.

vein of mice after intestinal manipulation (Fig. 4a). FTY720-treated
mice were protected from both postoperative ileus and the field effect
(Fig. 4b,c), confirming the necessity of T cell migration for the field effect.
IFN-G expression in the manipulated small intestine was substantially
reduced after treatment (Fig. 4d), explaining why FTY720 improved
peristalsis also locally within the manipulated small intestine.
We next asked how the intestinal T H1 cascade was initiated.
Expression of IFN-G and IL-12 p70 (the bioactive form of IL-12)
was elevated in the muscularis of the manipulated small intestine
30 min after intestinal manipulation (Fig. 4e). We focused on IL-12
because it was the most upstream TH1 component in our analysis
(Table 1). However, IL-12 p35–knockout mice could not be used to
clarify the role of intestinal IL-12 because these mice possess very
few TH1 cells as a result of the necessity of this cytokine for differentiation of naive T cells into TH1 cells14. Therefore, we treated
IL-12–competent mice before intestinal manipulation with antibodies that block IL-12 p40. This was possible despite the presence of
p40, a subunit shared with IL-23, because IL-23 was neither induced
nor relevant in postoperative ileus (Figs. 2 and 3). Blocking IL-12

IL-12-induced TH1 cell migration causes postoperative ileus
To determine whether TH1 cell migration from the manipulated
intestine contributed to postoperative ileus, we treated mice with
FTY720, an immunosuppressive drug that sequesters lymphocytes in
lymphatic36 and mucosal37 tissues, and thereby prevents their migration between organs, including the intestine38. First we confirmed that
this drug prevented the exit of TH1 memory cells through the portal
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The table indicates how much the respective gene was upregulated in manipulated knockout mice as compared to sham-operated mice as percentage of the upregulation in
wild-type (WT) mice, which had been defined as 100% (intestinal manipulationknockout / shamknockout)/(intestinal manipulationWT / shamWT). Values are based on the ratios given in
Supplementary Figure 3. Results are representative of three independent experiments in groups of five mice. Data are means o s.e.m., and statistical analysis was done by KruskalWallis with Dunn’s post hoc test; *P < 0.05; **P < 0.01; ***P < 0.001. ND, not determined.
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Figure 4 Pharmacological inhibition of memory TH1 cell activation and migration protects mice from postoperative ileus. (a) Numbers of CD4+CCR9+
CD44+CD25+IFN-G+ TH1 cells in portal vein blood of FTY720- or PBS-treated C57BL/6 mice 45 min after intestinal manipulation or sham operation.
(b,c) C57BL/6 mice were injected with 0.7 mg per kg body weight FTY720 or PBS 24 h and 0 h before intestinal manipulation or sham operation.
Dextran transit (b) and colonic transit time (c) were determined 1 d later. (d) IFN-G mRNA levels in the muscularis of the small intestine and colon of
C57BL/6 mice 40h after FTY720 or PBS treatment and 24 h after intestinal manipulation or sham operation. (e) IL-12 p70 and IFN-G concentrations
in small intestinal muscularis homogenates 30 and 60 min after intestinal manipulation or sham operation. (f–h) C57BL/6 mice were injected with
antibodies against IL-12 p40 (anti–IL-12) or control immunoglobulin 24 h and 0 h before intestinal manipulation or sham operation. Gastrointestinal
dextran transit (f), colonic transit (g) and exit of TH1 cells through the portal vein (h) were determined. Results are representative of two (a, e and h),
three (b, c, d, f and g) independent experiments in groups of four or five mice, and data are means o s.e.m. Statistical analysis was done by MannWhitney test; *P < 0.05; **P < 0.01.

p40 indeed suppressed postoperative ileus (Fig. 4f) and prevented
the field effect (Fig. 4g), indicating that IL-12 produced after intestinal manipulation is required for postoperative ileus. To clarify the
mechanism whereby IL-12 acted in postoperative ileus, we examined the exit of TH1 memory cells after blocking IL-12. Inhibition of
IL-12 completely prevented egress of cells via the portal vein (Fig. 4h),
indicating that local production of IL-12 initiated TH1 memory cell
migration and the field effect.
DCs produce pathogenic IL-12 after intestinal manipulation
Next, we identified the source of IL-12 in the manipulated intestine.
Only CD11c+ cells expressing class II major histocompatibility complex expressed this cytokine (Fig. 5a and Supplementary Fig. 5),
suggesting DCs are the main source of IL-12. Nearly all muscularis
DCs, including the IL-12–producing ones, expressed the subtype
markers CD11b and CD103 (Fig. 5a). Few DCs were present in the
muscularis of sham-operated mice, but the numbers increased by
30-fold after intestinal manipulation (Fig. 5b). This recruitment was
probably a consequence of surgical trauma, the resulting local inflammation or both, because DCs were not recruited to unmanipulated
colons (Fig. 5b). DCs in the manipulated small intestine expressed
high amounts of the co-stimulatory molecules CD40, CD80 and CD86
(Fig. 5c and Supplementary Fig. 6a) and induced proliferation of
naive T helper cells in co-culture (Supplementary Fig. 6b–d). These
T helper cells secreted IFN-G, but little IL-17 and IL-4 (Fig. 5d), indicating that DCs from the manipulated intestine induced TH1 but not
TH17 or TH2 differentiation. These findings support the scenario that
small intestinal DCs induce a TH1 response via IL-12.
We postulated that if this were the case, depletion of DCs should
prevent postoperative ileus. We used CD11c-DTR mice, which allow
for conditional ablation of CD11c+ cells39, and depleted DCs before
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intestinal manipulation. Depletion efficiency in the small intestinal
muscularis was typically about 95% (Supplementary Fig. 7). This
prevented postoperative ileus (Fig. 5e) and the field effect (Fig. 5f).
IL-12 p35 mRNA was only eightfold increased in the small intestine
(Fig. 5g) of DC-depleted mice as compared to a more than 400-fold
elevation in undepleted controls. Colonic IL-12 p35 mRNA was marginally increased (Fig. 5h). mRNA levels of several TH1 mediators
were reduced in both the small and the large intestines following DC
depletion (Fig. 5g,h). These findings confirm that DCs in the small
intestine initiate a TH1 response leading to postoperative ileus.
DISCUSSION
Ileus is a serious complication after abdominal surgery that traditionally was thought to result from neuronal dysfunction. The discovery
that macrophages are essential1,3–5 indicated that immune processes are
important, but failed to explain why unmanipulated intestinal segments
were subsequently paralyzed. Pharmacological or electrical stimulation
of the vagus nerve can reduce macrophage activation and attenuate
postoperative ileus40. However, it remains to be seen how neuronal
dysfunction can lead to dysregulation of macrophages during postoperative ileus, particularly given, postoperative ileus still occurs after
small bowel transplantation, where the intestine is denervated41.
Here we have shown that local inflammation after intestinal
manipulation causes ileus only when a TH1 response is generated.
TH1 memory cells had at least two roles: they amplified local inflammation, which paralyzed the small intestine, and they migrated via
the blood to the colon, which caused the field effect. TNF-A expression and PMN infiltration did not coincide with the onset of symptoms of ileus and were not dependent on T helper cells. Instead, TH1
cells and mediators were essential in initiating postoperative ileus.
These findings do not rule out the contribution of neuronal signals
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to the development of postoperative ileus. Indeed, there is cross-talk
between such the nervous and immune system, both in postoperative
ileus and IBD10,40,42, and further examination of this cross-talk and
its implications for postoperative ileus is warranted.
TH1 cells were thought to be responsible for most immune
cell–mediated inflammatory diseases, including IBD15–18. Later, IL-23
and TH17 cells were implicated in some IBD models22,24,43–46. We
found that IL-23 was dispensable for postoperative ileus, excluding
a role for IL-23–dependent TH17 cells. This cytokine not only maintains TH17 cell responses but also regulates Treg cells43, which did not
contribute to the development of postoperative ileus. The dispensability of TH17 cells may be explained by the time needed for
TH17 differentiation (1 week47), which exceeds the time frame of
hours during which postoperative ileus takes place. This short time
frame alone was strong evidence that naive T helper cells cannot
be involved, because their differentiation into T H1 effector cells
requires at least 1 d. In contrast, memory TH1 cells contain preformed T-bet and can secrete high amounts of IFN-G immediately
after IL-12 stimulation48, and therefore they are theoretically capable of migrating to the colon and activating macrophages in that
time span. A role for antigen-specific memory TH1 cells was verified by the lack of postoperative ileus in OT-II mice. These mice
cannot mount T cell responses with specificity for the antigens relevant
in postoperative ileus. It is likely that numerous intestinal antigens are
relevant, and these need to be identified in future studies.
The TH1 memory response leading to postoperative ileus was initiated by IL-12, indicating that this cytokine governs not only differentiation of TH1 cells but also their migration in the effector phase.
A role of TH1 memory cell migration was supported by the effectiveness
of FTY720, which prevents T cell egress from lymphoid and mucosal
tissues36–38. FTY720 also prevented IFN-G production by intestinal
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TH1 cells, which may explain why it prevented postoperative ileus also
locally. These findings suggest that FTY720-related drugs might be useful in postoperative ileus.
The IL-12–producing DCs were of the CD11b+CD103+ subset,
which can imprint CCR9 expression in T helper cells 49,50. This is
consistent with our detection of circulating CCR9+ TH1 memory cells.
Such DCs have been reported to induce Treg cell differentiation50,51
or to prime TH17 cells under inflammatory conditions52,53. A role
for CD11b+CD103+DCs in pathogenic TH1 responses has not been
previously reported31.
Developing new therapies for postoperative ileus requires identification of mediators that are essential for disease development. We identified DCs, IL-12 p35, T-bet and IFN-G as essential mediators and excluded
the TH17 pathway. Furthermore, antibodies against IL-12 prevented
postoperative ileus and the field effect. This effect on TH1 cell migration may also be relevant in Crohn’s disease, where IL-12 blockade was
effective in clinical trials54. Depletion of the DCs that produce IL-12, or
inhibiting TH1 cell migration by treatment with FTY720, was also effective, suggesting new prophylactic or therapeutic opportunities. Finally,
the detection of CCR9+ memory TH1 cells in the bloodstream may allow
monitoring postoperative ileus in subjects after abdominal surgery.
METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
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Mice and reagents. Mice had been backcrossed for more than ten generations to C57BL/6 and were used at 8–12 weeks of age. Governmental review
boards (Bezirksregierung Köln, from 2008 Landesamt für Natur, Umwelt und
Verbraucherschutz NRW in Recklinghausen, Germany) approved all mouse
experiments. We depleted CD25+ cells with 300 Mg per mouse PC61 antibody,
which removed 85–90% of CD25+ cells55, and natural killer cells with 300 Mg
per mouse NK1.1-specific antibody. We blocked IL-12 p40 with 500 Mg per
mouse clone C17.8 antibody. We used FTY720 at 0.7 mg per kg body weight. All
reagents, if not otherwise specified, were from Sigma (Taufkirchen).
Standardized intestinal manipulation in mice. We performed standardized
surgical intestinal manipulation of the small intestine as previously
described56–58. Briefly, after isoflurane narcosis, the peritoneal cavity was
opened by a midline incision and the small intestine was placed onto sterile
moist gauze and manipulated by moist cotton applicators once from the oral
to aboral direction, strictly avoiding contact with stomach or colon. Then,
two layers of running suture with 5.0-size silk closed the laparotomy. Shamoperated mice underwent laparotomy without manipulation.
For CFSE labeling of the small intestine, we placed the small intestine
into PBS containing 10 MM CFSE and incubated for 10 min (see also
Supplementary Methods).
Functional studies. We measured gastrointestinal FITC-dextran transit as previously described56–58. Briefly, 24 h after intestinal manipulation, we anesthetized
the mice and applied fluorescent-labeled 70-kDa FITC-dextran via gavage into the
stomach. After 90 min, we divided the entire gastrointestinal tract into 15 pieces
(stomach, ten equal parts from the small bowel, cecum and three equal parts of
the colon) and measured the fluorescence intensity in each intestinal segment by
fluorometry. We calculated the geometric center of FITC-dextran as (3 (% FITC
per segment × segment number)) / 100 and displayed as a horizontal bar graph.
We performed colonic transit measurement 24 h after intestinal manipulation
as previously described56–58. Briefly, we inserted a 2-mm glass ball retrogradely
3 cm deep into the colon of slightly isoflurane-anesthetized mice and measured
the time until excretion after recovery from anesthesia.
Isolation of intestinal immune cells. After removal of the Peyer’s patches, we
separated the muscularis from the mucosa by slipping 5-cm-length sections from
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the intestine or colon over a glass rod, stripped the muscularis from the mucosa
and isolated immune cells as previously described59. We cut the muscularis into
5-mm pieces and digested these for 45 min at 37 °C with 100 U ml−1 collagenase
type VIII and 50 U ml−1 DNase I in HBSS containing 10% FCS and 10 mM
HEPES. Then samples were shaken vigorously for 10 s, and supernatants were
passed through 40-Mm nylon mesh.
Analysis of human blood samples by flow cytometry. Analysis had been
approved by the Ethics Board of the University Clinic of Bonn, and the subjects
gave informed consent for the analysis. We collected 5 ml of human blood and
stained the leukocytes with antibodies against CCR9 (clone 3C7), CD45RO
(UCHL1) and CD4 (SK3), followed by intracellular staining for IFN-G (B27)
after a 4-h incubation in the presence of brefeldin A and CD3/CD28-specific
beads (BD).
Statistical analyses. We compared two non-normally distributed groups by
Mann-Whitney test with Prism software (GraphPad) and more groups by
Kruskal-Wallis with Dunn’s post hoc test. Results are given as means o s.e.m.;
*P < 0.05; **P < 0.01; ***P < 0.001.
Additional methods. We performed cell culture experiments, immunofluorescence histology, RT-PCR, ELISA and flow cytometry by standard methods as
previously described60. Detailed methodology (for example, primer sequences
and antibodies used) is described in the Supplementary Methods.
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