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Background: Interleukin 22 (IL-22) and signal transducer and activator of
transcription 3 (STAT3) are two important regulators of inflammation.
Crohn’s disease and ulcerative colitis are considered inflammatory bowel
diseases (IBDs), due to the belief that these diseases result from dysregulated
responses of the intestinal immune system to bacteria present in the com-
mensal flora.
The Problem: It is debated whether a breakdown of immune tolerance is the
primary cause of these diseases or occurs downstream of an initial defect of the
intestinal barrier and intestinal epithelial cells (IECs).
Basic/Clinical Science Advances: Recent reports suggest a crucial role for IL-
22 in the regulation of gut inflammation as well as epithelial barrier integrity.
Local IL-22 gene delivery enhances expression of its downstream effector,
STAT3, within colonic epithelial cells and induces both STAT3-dependent
expression of mucus-associated molecules and restitution of mucus-producing
goblet cells. IEC-specific deletion of STAT3 results in significant susceptibility
to experimental colitis with a striking defect in epithelial restitution. STAT3
activation, thus, may regulate immune homeostasis in the gut by promoting
IL-22-dependent mucosal wound healing.
Clinical Care Relevance: The importance of IL-22/STAT3 signaling in IEC
wound healing suggests a critical role for epithelial homeostasis in IBDs.
Conclusion: Effective healing of the IECs could be considered a primary target
in the development of treatments for IBDs. IL-22/STAT3 signaling exerts a
protective role in the process of intestinal mucosal wound healing and may
thereby provide a promising therapeutic approach to the treatment of IBDs.

BACKGROUND
The intestinal epithelium pro-

vides the first line of immune defense
against pathogens and a mechanism
for processing food antigens. Defec-
tive healing of mucosa underlies
many important intestinal diseases,
including inflammatory bowel dis-
eases (IBDs) such as Crohn’s disease
(CD) and ulcerative colitis. It is gen-
erally believed that disregulation of
the intestinal immune response and
disruption of the intestinal epithelial

barrier are key features of IBDs. The
respective contributions of the im-
munological pathways and/or the
intestinal mucosal wound healing
response have not yet been fully
elucidated.

Recent reports have identified a
crucial role for interleukin 22 (IL-22)
in the regulation of both gut inflam-
mation and epithelial barrier integ-
rity. IL-22 gene delivery leads to
rapid amelioration of dextran so-
dium sulfate (DSS)-induced colitis,1

Min Zhao

Submitted for publication August 8, 2011.

*Correspondence: Wound Healing and Cell

Biology Laboratory, Institute of Basic Medical

Science, Trauma Center of Postgraduate Medical

School, Chinese PLA General Hospital, 28 Fu

Xing Road, Beijing 100853, People’s Republic of

China (e-mail: fuxiaobing@vip.sina.com).

**Correspondence: Institute for Regenerative

Cures, University of California Davis School of

Medicine, 2921 Stockton Blvd., Room 1617, Sac-

ramento, CA 95817 (e-mail: minzhao@ucdavis

.edu).

Abbreviations
and Acronyms

CD = Crohn’s disease

CECs = colonic epithelial cells

DSS = dextran sodium sulfate

IL = interleukin

IBDs = inflammatory bowel
diseases

IECs = intestinal epithelial cells

JAK kinases = Janus kinases

NK = natural killer

STAT3 = signal transducer and
activator of transcription 3
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whereas IL-22 knockout (IL-22 -/- ) mice show in-
creased intestinal epithelial damage, along with
systemic bacterial burden and significantly in-
creased mortality.2 Sugimoto et al. demonstrated
that IL-22 local gene delivery enhanced signal
transducer and activator of transcription 3
(STAT3) activation within colonic epithelial cells
(CECs), and induced both STAT3-dependent ex-
pression of mucus-associated molecules and resti-
tution of mucus-producing goblet cells.1 Pickert
et al. showed that intestinal epithelial STAT3 ac-
tivation regulated immune homeostasis in the in-
testine by promoting IL-22-dependent mucosal
wound healing.3 IL-22 and STAT3 are two impor-
tant mediators of intestinal mucosal inflammation
and wound healing (Fig. 1), and as such, we will
focus on the roles of these two important immune
signaling molecules in mucosal epithelial wound
healing.

CLINICAL PROBLEM ADDRESSED

IBDs such as CD and ulcerative colitis are con-
sidered two of the most prevalent gastrointestinal
diseases, and are lifelong diseases occurring early
in life. The incidence of IBDs has markedly in-
creased in recent years. The cellular/molecular
mechanisms of IBDs have not yet been clarified,
and immunosuppressive agents that nonspecifi-
cally reduce inflammation and immunity have
been used as the mainstay treatments for IBDs.
Evidence indicates that a dysregulation of mucosal
immunity in the gut of IBD causes an overpro-
duction of inflammatory cytokines and trafficking
of effector leukocytes into the bowel, thus leading
to an uncontrolled intestinal inflammation.4 Whe-
ther a breakdown of immune tolerance is the pri-
mary cause of these diseases or occurs downstream
of an initial defect in the IECs/intestinal epithelial
barrier is not yet clear.

RELEVANT BASIC SCIENCE CONTEXT

Recent research in the field of IBD has led to the
identification of several cytokine pathways that
may be potential therapeutic targets. One of these
pathways comprises IL-22, a less well-defined cy-
tokine associated with mucosal immune disorders.
IL-22 was initially known as IL-10-related T-cell-
derived inducible factor.5 Studies have revealed
that IL-22 targets cells of the digestive, skin, and
respiratory organ systems, thereby mediating epi-
thelial innate immunity.6–8 IL-22 is produced by a
subgroup of IL-17-producing CD4 + T-cells (Th17
cells).8,9 More recently, a unique IL-22 producing
CD4 + T helper subset (Th22) has been identified in
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Figure 1. The mucosal defense system: the intestinal epithelium lines the mucosal surface of the intestinal tract and is a key player in intestinal homeostasis.
It provides the first line of immune defense against pathogens and a mechanism for proper processing of food antigens. Recent reports have identified a
crucial role for IL-22/STAT3 signaling in the regulation of both gut inflammation and epithelial barrier integrity, which may provide a promising therapeutic
approach to the treatment of IBDs, as well as other intestinal disorders (redrawn from Fig. 4 in Ref.22). IL, interleukin; STAT3, signal transducer and activator of
transcription 3. Color images available online at www.liebertpub.com/wound
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psoriatic skin samples.7 Human Langerhans cells
may differentiate T cells into the IL-22-producing T
helper phenotype.10 Innate human immune cell
types such as natural killer (NK) cells and lym-
phoid tissue inducer cells also produce IL-22.11,12 A
distinct NK cell population (NKp46 + ) present in
the mucosa-associated lymphoid tissue produces
high levels of IL-22 and may be the main source of
IL-22 in mucosal immunity.13 IL-22 can target
epithelial cells instead of immune cells.9,14,15 IL-22,
therefore, unlike other cytokines, has functions in
epithelial cells as well as in inflammation.

The recent discovery that IL-22 activates STAT3
has improved our understanding of how IL-22
regulates intestinal epithelial wound healing in
addition to its important role in the immune re-
sponse. STAT3 has been identified as the key
molecule involved in mediating the wound healing
effect of IL-22. STAT3 is a transcription factor ac-
tivated by a variety of cytokines and growth fac-
tors. On activation by Janus kinases (JAK
kinases), STAT3 translocates to the nucleus, where
it regulates expression of genes involved in apo-
ptosis, proliferation, migration, and survival, de-
pending on the cell type. It has been shown that
high levels of phosphorylated STAT3, the active
form, are present in both CD and ulcerative colitis,
but not in healthy intestinal tissue.16

EXPERIMENTAL MODEL OR MATERIAL:
ADVANTAGES AND LIMITATIONS

Experimental IBD was induced in the murine
model in these studies. This is a well-used animal
model for IBDs. The advantage of using this model
is the highly detailed knowledge of its genetic ma-
keup. Deletion of STAT3 specifically in IECs has
several advantages. Pickert et al. demonstrated the
effects of STAT3 in epithelial cells, and excluded
possible confounding involvement of the effects of
STAT3 in immune cells. After removal of the colitis
inducer DSS, wild-type animals with STAT3 gene
intact in intestinal epithelium recovered, whereas
animals with STAT3 gene knockout in IECs
showed significantly delayed epithelial wound
healing, epithelial erosion, and weight loss. These
results clearly demonstrate the role of IL-22/
STAT3 in IECs. IL-22 could promote wound heal-
ing through increased cell migration in IECs in
wound assays.6 The protective role of IL-22 in IBD
is likely to be linked to its functions in enhancing
epithelial innate defense mechanisms and epithe-
lial barrier integrity. IBDs result from complicated
pathological processes, which include inflamma-
tory responses, breaking down of the epithelial

barrier integrity, and it is possible that these two
pathological processes may interact with and ex-
acerbate each other. An initial breakdown of epi-
thelial barrier integrity may severely impact the
immune response. The contribution of each of these
processes, however, is yet to be defined.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

IL-22 signals through a class II cytokine receptor
composed of two subunits, IL-22R1 and IL-10R2.9

IL-10R2 is widely expressed in immune cells (T, B,
and NK cells), whereas IL-22R1 expression is pres-
ent in a variety of nonimmune tissues, including
skin, lung, small intestine, liver, colon, kidney, and
pancreas.8,9 On binding to its heterodimeric recep-
tor complex, IL-22R1 and IL-10R2, IL-22 activates
the JAK1 and Tyk2 tyrosine kinases, thus leading to
the phosphorylation of STAT3 and, to a lesser ex-
tent, of STAT1 and STAT5.8,9

T cell-specific STAT3 knockout mice showed im-
paired T cell proliferation.17 Activation of the IL-6/
STAT3 cascade in lamina propria T cells induced
prolonged survival of pathogenic T cells and, indeed,
inactivation of this cascade contributed to the at-
tenuation of chronic intestinal inflammation.18

Disruption of innate immune responses may be
brought about either by genetically engineered in-
activation of the STAT3 cascade in the CECs or by
macrophage-induced intestinal inflammation.19

These results were confirmed in a subsequent study
by using a conditional STAT3 knockout mouse
strain in which efficient deletion of STAT3 protein
in innate cells (macrophages and CECs), but not
acquired cells (T and B cells), caused development of
a lethal colitis immediately in adults.20

A novel microinjection-based local gene-delivery
system allowed the targeting of inflamed mucosa
and supplementation of local IL-22 expression
restricted to the delivered site.1 This method dem-
onstrated the role of IL-22–mediated activation of
the innate immune pathway in Th2-mediated colitis:
IL-22 gene delivery enhanced STAT3 activation
specifically within CECs and induced both STAT3-
dependent expression of mucus-associated molecules
and restitution of mucus-producing goblet cells.1

Importantly, IL-22 contributed to the rapid amelio-
ration of local intestinal inflammation by enhancing
the production of membrane-bound mucins (Muc-1,
-3, -10, and -13).1 Membrane-bound mucins are
stored in goblet cell vacuoles and form a static ex-
ternal barrier at the epithelial surface. Recent find-
ings have indicated that Muc-2 and Muc-3 contribute
to the suppression of experimental colitis. It is,
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therefore, possible that IL-22 stimulates mucus
production and goblet cell restitution under intesti-
nal inflammatory conditions and also contributes to
the rapid attenuation of this inflammation. Con-
sistent with these findings, Pickert et al. demon-
strated a pivotal role for STAT3 activation in IECs
for the restoration of the balance at the mucosal
surface of the intestine in an experimental colitis
model.3 By using genetically engineered mice with
intestinal epithelial STAT3 deletion, Pickert et al.
defined IECs as important players in STAT3-de-
pendent intestinal homeostasis and indicated that
epithelial STAT3 activation in DSS-induced colitis
was dependent on IL-22, which was secreted by
CD11c+ cells in response to Toll-like receptor stim-
ulation.3 Activation of epithelial STAT3 regulated
genes associated with cellular stress, apoptosis, and
wound repair, thus revealing an important role of
STAT3 in resolution of inflammation in the gut.3 To
further test the role of IL-22 and STAT3 signaling in
human intestine, Neufert and colleagues extended
their recent findings by showing that activation of
STAT3 also occurs in human IECs from patients
with IBD.21 The authors stained colonic biopsies ob-
tained from patients with CD with an antibody spe-
cific to phospho-STAT3, and found that samples from

patients with active CD showed elevated STAT3 ac-
tivity in the lamina propria as well as in IECs com-
pared with controls.21 This result confirmed their
findings using experimental colitis in mice in human
tissues.3 Although the repetitive injection of a spe-
cific anti-IL-22 antibody every other day had little
impact on the development of experimental colitis,
antibody-mediated neutralization of IL-22 resulted
in a significant delay in weight gain during the res-
olution phase, thus suggesting a protective role for
IL-22 during resolution of experimental colitis.21

The protective roles of IL-22/STAT3 in intestinal
mucosal host defense may include the following: (1)
IL-22 induces the proliferation and reconstitution
of mucosal epithelial cells through the activation of
STAT3, which enhances the healing response and
prevents further penetration of microbes into the
epithelial layer9; (2) IL-22 helps goblet cells to re-
generate and produce mucus-associated proteins,
which form the essential static external barrier
separating intestinal flora from IECs9; (3) STAT3
activation in IECs after induction of colitis or in-
jury regulates the signaling pathways that are
commonly involved in wound healing and which
subsequently induce cell proliferation, remodeling
of extracellular matrix and cell migration, and

Figure 2. Schematic model of the regulation of intestinal homeostasis by the IL-22/STAT3 pathway in IECs. In the intestine, both innate and adaptive immune
cells are capable of producing IL-22 in response to various stimuli. For instance, NKp46 + cells present in the mucosa-associated lymphoid tissue are the major
innate source of IL-22. On binding to its heterodimeric receptor complex, IL-22R1 and IL-10R2, IL-22 activates the JAK1 and Tyk2 tyrosine kinases, thus leading
to the phosphorylation of STAT3. The active STAT3 then translocates to the nucleus, where it regulates gene expression, which subsequently contributes to the
suppression of intestinal inflammation, induces the expression of mucus-associated proteins and the restitution of mucus-producing goblet cells, and
enhances the motility of IECs in the process of mucosal wound healing. NK, natural killer; JAK kinases, Janus kinases; IECs, intestinal epithelial cells. Color
images available online at www.liebertpub.com/wound
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contribute to the process of mucosal
wound healing; and (4) IL-22 stimulates
the production and secretion of various
antimicrobial peptides, such as defensins,
cathelicidins, and C-type lectins, from
IECs and Paneth cells.9 These antimicro-
bial peptides further sequester and di-
rectly kill the invading pathogens through
various mechanisms (Fig. 2).

INNOVATION

One innovative aspect of the target
articles is to unmask the molecular cross-
talk between the immune system and the
intestinal epithelium. Based on the ex-
perimental data, the authors hypothesize
a model in which a barrier defect within
the intestinal epithelium facilitates the
translocation of intestinal microbes into
the submucosa where they encounter
dendritic cells and other innate immune
cells.1,3,21 On pattern recognition includ-
ing activation of Toll-like receptors by
innate immune cells, early defense
mechanisms are activated that include
the production of IL-22 by IL-22-produc-
ing innate cells (e.g., CD11c + cells). Sub-
sequently, IL-22 binds to the IL-22
receptor complex expressed by IECs that
initiates a signaling cascade and results
in the activation of STAT3 in IECs.
STAT3 phosphorylation in IECs then
promotes a transcriptional cascade which
comprises the induction of targets that
favor mucosal wound healing.1,3,21 Sev-
eral mechanisms including proliferation,
antiapoptosis, and production of antimi-
crobial proteins such as RegIIIb and Re-
gIIIc are thereby involved in restoration
of intestinal homeostasis. Thus, targeting
the IL-22/STAT3 signaling pathway in
IECs is a promising therapeutic approach
in situations where intestinal homeosta-
sis is compromised, for example, CD, and
ulcerative colitis.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

Recent human- and experimental animal-based
studies have highlighted the IL-22/STAT3 signal-
ing pathway in IBDs. The activation of IL-22/
STAT3 has a protective role in the intestinal epi-
thelium through which cells of the innate immune
responses regulate host defense, inflammation,

and tissue homeostasis at epithelial barrier sur-
faces. Accordingly, targeting the IL-22/STAT3 sig-
naling pathway may be a promising therapeutic
approach for patients with intestinal disorders
such as CD and ulcerative colitis.

Development, plasticity, and cell-lineage relation-
ships of innate sources of IL-22 in mouse and hu-
man diseases remain unclear. Further examination

TAKE-HOME MESSAGE
Basic science advances

IL-22 is a central regulator of mucosal host defense, and is crucial for
epithelial barrier integrity. IL-22 binds to its receptor complex, thereby resulting
in the activation of STAT3 in IECs. Activation of STAT3 significantly enhances
wound healing responses in IECs through the upregulation of many genes
important to epithelial wound healing, stimulation of IEC proliferation and
migration, reduction of epithelial erosion in vivo, and subsequent recovery of
body weight after DSS-induced colitis in mice. The mucosal healing responses
also include expression of mucus-associated proteins, the restitution of mucus-
producing goblet cells, and enhancement of IEC motility. Recovery of the barrier
should also contribute to the suppression of intestinal inflammation. Thus, the
protective role of IL-22/STAT3 in intestinal mucosal host defense may include
(1) inducing the proliferation and restitution of mucosal epithelial cells through
the activation of STAT3; (2) helping goblet cell regeneration and production of
mucus-associated proteins; (3) modulating the genes that are commonly in-
volved in wound healing and induce cell proliferation, remodeling of extracel-
lular matrix, and cell migration during mucosal wound healing; and (4)
stimulating secretion of antimicrobial peptides. The IL-22/STAT3 signaling in-
volved in intestinal homeostasis sheds new light on the molecular mechanisms
underlying the mucosal wound healing process.

Clinical science advances
Animal experiments have identified the molecular basis of IL-22/STAT3

signaling in IBDs, and found similarities to pathogenic functions in chronic
inflammatory skin diseases. In IBDs, IL-22/STAT3 signaling plays an essential
role in epithelial wound healing. Further investigation of the mechanisms of IL-
22/STAT3 signaling in psoriasis and IBDs will yield significant insights into
epithelial wound healing and inflammatory responses. Elucidating these con-
flicting effects will aid in the design of therapeutic treatments targeting the IL-
22/STAT3 pathway for the treatment of IBDs.

Relevance to clinical care
Importantly, healing of the epithelium and recovery of the barrier function

has significant effects in improving the overall health of the organism, including
mucosal erosion and body weight recovery. These are important parameters
that clinicians aim at improving. Healing of the epithelium may have an equally
important role in the management of IBDs.

However, the protective role of IL-22/STAT3 signaling in IBD marks an
important first step in linking the immune system to the intestinal epithelium.
Future studies should focus on defining the context-dependent functions of IL-
22/STAT3 signaling in intestinal inflammation and repair, including the effect of
microbial communities at epithelial barrier surfaces, and the spatial and tem-
poral co-expression of other proinflammatory or regulatory cytokines. In addi-
tion, the role of IL-22/STAT3 signaling during tumorigenesis should be
addressed, to develop therapeutic approaches that will target intestinal mu-
cosal wound healing while avoiding tumor development or exacerbation.
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pin-pointing the role of different IL-22-expressing
subsets is needed to underline the regulatory
network of cytokine expression in immunity and
homeostasis of the intestinal tract. In addition, the
IL-22/STAT3 signaling pathway plays a protective
role in the regulation of intestinal inflammation,
enhances wound repair, and is crucial for epithe-
lial barrier integrity. Unfortunately, similar to
many cytokines that hold dual roles, IL-22 plays an
essential role in the pathogenesis of psoriasis.7,9,14

IL-22 can synergize with other proinflammatory
cytokines to induce many of the pathogenic phe-
notypes of keratinocytes and exacerbate disease
progression.7,9,14 Further investigation aimed at
elucidating these apparently conflicting effects
will aid in the design of therapeutic treatments
targeting the IL-22/STAT3 pathway for the treat-
ment of persistent infections, chronic inflamma-
tion, and autoimmune diseases. Finally, current
studies have revealed the roles of IL-22/STAT3
signaling in aiding tissue repair.1,3,14,21,22 In par-
ticular, IL-22 is constitutively expressed by
CD11c + cells within the small intestine, a tissue
that undergoes constant renewal and is suscepti-
ble to tumorigenesis. It is, therefore, critical to
devise an elaborate regulatory method to keep IL-
22/STAT3 signaling under control to promote
mucosal wound healing during inflammation
while avoiding tumorigenesis, because STAT3 ac-
tivation may be related to tumor formation.

FUTURE DEVELOPMENT OF INTEREST

Future studies will focus on defining the context-
dependent functions of IL-22/STAT3 signaling in

tissue inflammation and repair, including the
effect of microbial communities at the epithelial
barrier surface and the spatial and temporal co-
expression of other proinflammatory or regula-
tory cytokines. In addition to the role of IL-22/
STAT3 signaling under inflammatory conditions,
the role of this signaling pathway in tumorigen-
esis needs to be more closely examined. Better
understanding is important for development of
therapeutic treatments targeting the IL-22/
STAT3 pathway for the treatment of intestinal
mucosal disorders, which block potential tumor-
igenic side-effects during the mucosal wound-
healing process, but leave the protective functions
of IL-22 intact.
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