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COMMENTARY

Neutrophils enlist IL-22 to restore order in
the gut
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Mammals are eukaryotic organisms, yet they
can harbor up to hundreds of trillions of
bacteria in their intestines through an elegant
form of mutualism (1). To extract maximal
benefit from these bacteria, the mucosal im-
mune system must respond in a tolerogenic
manner while remaining poised to vigorously
react to potential pathogens (2). Thus, intes-
tinal immune cells are charged with an ex-
ceedingly difficult task: to know when to
remain tolerant while always be poised to
vigorously respond to a microbial attack (3).
The intestinal epithelium greatly facilitates
this decision-making process by creating
a physical barrier between luminal bacteria
and underlying immune cells. The vast ma-
jority of intestinal bacteria are unable to pen-
etrate through the mucus-coated epithelial
lining, allowing immune cells to focus atten-
tion on a limited number of bacteria that
manage to circumvent the barrier. However,
under conditions of barrier compromise,
there is a greatly increased influx of intes-
tinal bacteria into the subepithelial space
that results in direct stimulation of proin-
flammatory immune responses (4). These

immune responses must be rapidly and po-
tently regulated to prevent development of
chronic inflammatory bowel diseases (IBDs),
such as ulcerative colitis and Crohn’s disease
(5). Over the last decade, a remarkable num-
ber of discoveries have led to an increasingly
sophisticated view of the mucosal immune
regulation during homeostasis and disease
(3). In PNAS, Zindl et al. (6) present another
significant advance in the understanding of
how immune cells regulate mucosal inflam-
mation and promote healing. Using a mouse
model of acute intestinal inflammation (co-
litis) induced by damage to the epithelial bar-
rier, the authors analyzed accumulation of
neutrophils and the cytokine IL-22 to estab-
lish a striking relationship between the two
that ultimately leads to resolution of intestinal
inflammation.
In response to intestinal insult/injury, a

combination of innate and adaptive immune
cells are sequentially recruited and activated
at sites of tissue damage. These immune
cells initially protect the host from microbial
invasion and further tissue damage; how-
ever, intestinal bacteria and injured cells also

act as danger signals to alert the immune
system to respond in a proinflammatory
manner (5). Thus, some of the immune
cells that infiltrate the intestine following
injury may initially worsen tissue damage.
Of the numerous immune cells that are
recruited to the intestine during inflamma-
tion, neutrophils are among the first res-
ponders (7).
While recruitment of neutrophils to sites

of intestinal injury or microbial invasion is
a crucial component of the inflammatory
response, migration of neutrophils across
the epithelium is associated with disruption
of barrier function that can increase recruit-
ment of more neutrophils due to enhanced
leakage of luminal contents into the mucosa
(8, 9). Furthermore, neutrophils that are acti-
vated by microbial products release proin-
flammatory mediators such as chemokines/
cytokines including IL-8, growth-regulated
oncogene (GRO)α, macrophage inflamma-
tory protein (MIP)1α, TNFα, IL-1β and lipid
mediators such as leukotriene B4 (LTB4) that
havemultiple consequences including recruit-
ment and activation of other leukocytes (10).
In addition to promoting recruitment of
defending leukocytes, neutrophils that
phagocytose bacteria and microbial products
release copious amounts of reactive oxygen
species (ROS) into the immediate tissue envi-
ronment. Superoxide anion produced by an
NADPH oxidase is rapidly converted to hy-
drogen peroxide, which, in turn, is modified
to hypochlorous acid by myeloperoxidase re-
leased from exocytosed neutrophils granules.
These ROS damage nearby cells/tissue by
indiscriminately oxidizing/chlorinating pro-
teins and damaging DNA. Furthermore, the
granules released by activated neutrophils
also contain potent peptides and enzymes
that not only help kill microbes but also de-
grade proteins and attract additional leuko-
cytes. One abundant enzyme released from
degranulating neutrophils is elastase, which
has been shown to degrade barrier-forming
proteins on epithelial cells.

Fig. 1. Following insult/injury to the intestinal epithelium,microbial-induced local secretionofchemokines (KC,MIP-2, etc.)
and other factors promote the recruitment of neutrophils (Nϕ), macrophages (Mϕ), and dendritic cells (DCs). Infiltrating
neutrophilsbecomeactivated andproduceROSandbioactive lipidmediators (LTB4,etc.) that aid inmicrobial killing, but have
the bystander effect ofdamaging intestinal epithelial cells and compromising barrier function.This injuryphase is followedby
a resolution phase where IL-23, TNF, and possibly other cytokines induce IL-22 production by neutrophils. IL-22 leads to the
production of antimicrobial peptides (S100A8, Reg3β) and healing of the intestinal epithelial barrier.
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If recruitment and activation of neutro-
phils and other immune cells were to con-
tinue unabated, then the intestinal mucosa
would ensue severe and potentially life-
threatening damage, as is seen in fulminant
cases of IBD (11). However, under normal
circumstances, there is resolution of the acute
inflammatory response. It is now well appre-
ciated that, in addition to injuring tissues,
neutrophils play an active role in resolution
of intestinal inflammation. For this to occur, a
complex series of events must ensue that in-
cludes subsequent production/release of anti-
inflammatory mediators along with removal
of infiltrated neutrophils. Neutrophils help to
clean out inflamed areas by actively engulfing
microbes and inflammatory debris in addition
to switching from release of proinflammatory
molecules to active participation in the pro-
duction/release of a variety of lipid mediators
that include lipoxins, resolvins, and protectins
(12). These agents counteract the recruitment
of more neutrophils, thereby promoting reso-
lution in addition to helping in the healing
process by promoting epithelial cell migra-
tion. Similarly, certain proteases produced by
neutrophils serve to inactivate chemokines/
cytokines, thereby diminishing further leu-
kocyte recruitment. Dead and dying neutro-
phils are cleared from sites of inflammation,
through efficient phagocytosis by local and
recruitedmacrophages. Lipid mediators such
as resolvin E1 play important roles in en-
hancing macrophage-mediated clearance of
neutrophils, thus lessening the risk of release
of neutrophil-derived enzymes from dead
cells (13).
In addition to neutrophils themselves,

cytokines have been shown to function in
the resolution of inflammation at mucosal
surfaces. IL-17 is primarily derived from
Th17 cells and may limit intestinal inflam-
mation via the induction of chemokines,
cytokines, and growth factors from epithelial
cells. IL-22 is a cytokine of the IL-10 super-
family that plays a crucial role in the resolu-
tion of intestinal inflammation (14, 15). IL-22
is produced predominantly by natural killer
(NK) cells, Th17/Th22 CD4+ T cells, and in-
nate lymphoid cells (ILCs), and the primary
cellular targets of this cytokine in the intestine
are epithelial cells (16, 17). On binding to the
IL-22 receptor (IL-22R1, also known as
IL22RA1) and activating STAT-3 in intesti-
nal epithelial cells, IL-22mediates twomajor
functions (18). First, it induces the produc-
tion of antimicrobial peptides including
β-defensins, S100 calcium-binding proteins,
and regenerating gene family (Reg) family
proteins. These factors are critical for host
protection against bacterial pathogens (19).
Second, IL-22 stimulates proliferation, dif-

ferentiation, and migration of intestinal ep-
ithelial cells, which aids in wound repair
and restitution of the barrier following insult.
These combined functions of IL-22 likely
contribute to the beneficial roles it plays in
experimental and human IBD (14).
Zindl et al. observe that following the

induction of acute dextran sodium sulfate
(DSS)-induced intestinal injury, the recruit-
ment of several innate immune cells, namely
macrophages and neutrophils, paralleled an
increase in IL-22 production (Fig. 1). The
authors make the striking observation that
neutrophils themselves were an important
source of IL-22. Upon stimulation with IL-
23 and TNFα, colonic neutrophils produced
IL-22. Interestingly, IL-22 was found to lo-
calize within neutrophil granules, suggesting
that these cells may rapidly release IL-22 via
exocytosis when primed by key inflamma-
tory signals. The in vivo relevance of these
observations was established by antibody-
mediated depletion of neutrophils, resulting
in a significant reduction in IL-22 expres-
sion. Additionally, elegant adoptive transfer
studies using WT or IL-22-deficient neutro-
phils into DSS-treated IL-22–deficient mice
firmly established that IL-22 production by
neutrophils is sufficient to induce antimicro-
bial peptide expression by epithelial cells
and to promote the resolution of colitis.
Until recently, many immune cells present

in the inflamed intestine were considered
“guilty by association.” There is now begin-
ning to be a deeper appreciation for the com-
plexity of mucosal immune responses during
inflammation. For example, proinflamma-
tory Th1 CD4+ T cells are well appreciated

to contribute to the pathology of IBD;
however, Foxp3+CD4+ regulatory T cells
can protect from and even treat intestinal
inflammation (20). Thus, as a whole, CD4+

T cells can be considered both bad and good
guys when it comes to their roles in regulat-
ing pathology. The current discovery by
Zindl et al. demonstrates that neutrophils
likewise exhibit complex immunological be-
haviors. They potently generate ROS and
tissue-degradingenzymes thatultimatelydam-
age neighboring cells, including intestinal
epithelial cells, and increase permeability (11).
However, once neutrophils are done wreaking
havoc, they play an active role in restoring
epithelial integrity and inducing antimi-
crobial defenses. Of course many intriguing
questions about how neutrophils and IL-22
regulate intestinal homeostasis remain. Al-
though neutrophil-derived IL-22 is sufficient
for antimicrobial defense and restitution of
epithelial integrity, is it necessary? Are there
different subsets of neutrophils that mediate
unique biological functions such as IL-22
production? Do neutrophils release IL-22
from granules? Are activated monocytes/
macrophages/dendritic cells critical for
neutrophil-mediated IL-22 production? Do
neutrophils secrete other cytokines/factors
that promote epithelial integrity and/or an-
timicrobial responses? What are other epi-
thelial cell responses to IL-22 and are they
direct or indirect? The answers to these ex-
citing questions that have been inspired by
Zindl et al. will hopefully lead to a deeper
understanding of how mucosal immune cells
and cytokines may be manipulated to treat
acute and chronic intestinal inflammation.
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