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Abstract

Background: IL-25 is emerging as a key regulator of inflammation in the intestinal mucosa because of its ability to
promote type 2 while suppressing Th1 and Th17 responses. Several previous studies reported inconsistent results
on the role of exogenous IL-25 in development of colonic inflammation and none were performed in animals with
a genetic deletion of IL-25. We investigated the contribution of endogenous IL-25 to DSS-induced colitis using mice
deficient in IL-25.

Results: Mice were exposed to DSS in drinking water ad libitum either for seven days (acute) or for three cycles
of seven days with DSS followed by 14 days without DSS (chronic) to induce colitis, respectively. The loss of
body weight, appearance of diarrhea and bloody stools, and shortening of colon length were significantly less
pronounced in IL-25−/− mice compared to WT mice after exposure to acute DSS. Histological examination showed
that DSS-treated IL-25−/− mice had only mild inflammation in the colon, while severe inflammation developed in
DSS-treated WT mice. A significant up-regulation of IL-33 was observed in acute DSS-treated WT but not in the
IL-25−/− mice. There was significantly lower expression of pro-inflammatory cytokines in the colon of acute
DSS-treated IL-25−/− compared to WT mice. IL-25−/− mice were also partially protected from chronic DSS challenge
especially during the first 2 cycles of DSS exposure. In contrast to IL-25−/− mice, IL-13−/− mice were more susceptible
to DSS-induced colitis. Finally, stimulation of T84 colonic epithelial cells with IL-25 up-regulated the expression of IL-33
and several pro-inflammatory cytokines.

Conclusions: These data indicate that endogenous IL-25 acts as a pro-inflammatory factor in DSS-induced colitis,
which is unlikely to be mediated by IL-13 but possibly the induction of IL-33 and other pro-inflammatory mediators
from colonic epithelial cells. The present study suggests that IL-25 may contribute to the pathogenesis of inflammatory
bowel disease in at least a subgroup of patients.
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Inflammatory bowel disease (IBD), a term that includes
both ulcerative colitis (UC) and Crohn’s disease (CD), is
characterized by chronic relapsing inflammation of the
intestine leading to diarrhea and abdominal pain. It is
estimated that some 1.4 million Americans suffer from
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IBD, with approximately 30,000 new cases diagnosed
each year [1]. There is no cure for IBD and the relapsing
course of the disease requires extended patient care with
progressive medical or surgical interventions to induce re-
mission [2]. Patients with long-standing colitis also have
an increased risk of developing colorectal cancer. Al-
though it is generally believed that IBD results from the
combination of alterations in the intestinal microbiome, a
genetic predisposition, and a dysregulated immune re-
sponse, the exact etiological factors and underlying mo-
lecular mechanisms for the pathogenesis of IBD remain to
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be fully elucidated [3-5]. Excessive cytokine responsive-
ness is a well recognized pathogenic factor important for
IBD. For example, patients with CD are often associated
with an exaggerated production of IFNγ, TNFα, and other
Th1-derived cytokines. Ulcerative colitis, on the other
hand, is considered to be an atypical Th2-mediated patho-
logy associated with increased production of IL-13 [6,7].
Nevertheless, increased expression of Th1 and Th17 cyto-
kines are reported in both CD and UC patients [8-12] and
anti-TNFα is therapeutically effective for both types of
IBD patients.
IL-25, also called IL-17E, is a member of IL-17 cytokine

family that includes IL-17A-F. While other members of
the IL-17 family have biological activities similar to Th1
inflammatory cytokines, IL-25 is involved in the pro-
motion of type 2 immunity including allergy, asthma, and
host immunity against parasitic nematode infection. In
addition, IL-25 is capable of inhibiting pro-inflammatory
Th1 and Th17 cytokine responses that are implicated in
various types of autoimmune diseases [13]. Mice with
IL-25 deficiency (IL-25−/−) develop severe intestinal in-
flammation during nematode infection implicating a
pivotal role of IL-25 in gut mucosal homeostasis [14,15].
In fact, both up-regulation and down-regulation of the
IL-25 expression in the colonic mucosa were reported in
patients with IBD or experimental murine models of col-
itis [16,17]. Several studies also showed that exogenous
IL-25 either ameliorates or aggravates colitis in mice de-
pending on the disease model of colitis employed ([6,18].
Notably, none of those studies were performed in mice
with a genetic deletion of IL-25, and therefore, a role for
endogenous IL-25 in the development of colonic inflam-
mation remains to be elusive.
Given that IL-25 has potent immune modulating activ-

ities especially in innate immunity and that dysregulated
innate immunity plays a dominant role in pathogenesis
of IBD, the current study investigated whether endoge-
nous IL-25 contributes to the development of colonic
inflammation using a model of dextran sulfate sodium
(DSS)-induced colitis in mice. Results from this study
showed reduced colitis in mice genetically lacking IL-25
after exposure to DSS, thus providing evidence that en-
dogenous IL-25 may have a pro-inflammatory role in the
development of colonic inflammation.

Results
Mice deficient in IL-25 are partially protected from
dextran sulfate sodium-induced acute and chronic colitis
To examine the role of endogenous IL-25 in the deve-
lopment of DSS-induced acute colitis, WT and IL-25−/−

mice received DSS in the drinking water ad libitum for
seven days and were euthanized on day eight. When
compared to WT mice, IL-25−/− mice lost significantly
less body weight (Figure 1A) and had less severe disease
activity based on combined clinical scores of stool con-
sistency, blood in the stool, and mouse appearance du-
ring the course of DSS exposure (Figure 1B). Both
strains of mice on DSS had shortened colon lengths as
compared to the vehicle-treated controls, however, the
shortening in IL-25−/− mice was significantly less than
that of DSS-treated WT mice (Figure 1C). Histological
evaluation of H&E-stained tissue sections of colon
showed that IL-25−/− mice treated with DSS had lower
HAI with only mild inflammation, while extensive in-
flammation developed in DSS-treated WT mice based
on the extent of focal crypt lesions, loss of goblet cells,
and infiltration of inflammatory cells (Figure 1D & E).
These results suggest that endogenous IL-25 plays a
pro-inflammatory role in DSS-induced acute colitis, ra-
ther than an anti-inflammatory role proposed by a pre-
vious study using exogenous IL-25 [19,20].
We next utilized a model of chronic DSS-induced coli-

tis to further evaluate the role of IL-25. As expected,
both WT and IL-25−/− mice lost body weight compared
to vehicle-treated controls, but gained body weight when
DSS treatment was interrupted. Notably, IL-25−/− mice
lost significantly less body weight during the first two
cycles of DSS exposure and recovered faster after the
switch back to water compared to DSS-treated WT mice
(Figure 2A). In addition, lower disease activity scores
were recorded in IL-25−/− mice than in WT mice when
examined at the end of first (day 7) and second (day 28)
cycle of DSS exposure (Figure 2B). However, as the third
cycle of DSS began, both IL-25−/− mice and WT mice
lost body weight in a similar more rapid rate than ob-
served in the first two cycles of DSS exposure. No diffe-
rences in weight loss between the DSS-treated IL-25−/−

and WT mice were detected during the third cycle of
DSS exposure, and the total clinical scores were similar
at day 49 (Figure 2B). At euthanasia, both IL-25−/− and
WT mice treated with DSS had a similar shortening of
colon length (Figure 2C), and microscopic examination
showed complete loss of crypts as well as extensive in-
flammatory cell infiltration in the muscularis mucosa,
submucosa, and muscularis externa (Figure 2D). Dra-
matic and similar smooth muscle hyperplasia/hypertro-
phy was also evident in both IL-25−/− and WT mice.
These results are consistent with the notion that mice
genetically deficient in IL-25 are only partially protected
from DSS-induced chronic colitis.

Associated changes in cytokine profile of the colon
To explore the potential mechanisms underlying the
relative protection of IL-25−/− mice against DSS-induced
colitis, we evaluated the immune response in colonic tis-
sues collected from mice exposed to acute or chronic
DSS treatment. qPCR analysis showed a significant up-
regulation of IL-33 in the colon of acute DSS-treated



Figure 1 Mice genetically deficient in IL-25 are protected from acute dextran sulfate sodium (DSS)-induced colitis. Mice were given 3.2%
DSS in drinking water for 7 days and euthanized at day 8. (A) Changes in body weight during the course of experiment, expressed as the percentage
of initial body weight at day 0; (B) Clinical disease activity based on stool consistency (0–3), presence of blood in stool (0–2), and general appearance
(0–2); (C) Colon length at euthanasia; (D) Representative H&E-stained colon sections (100X); (E) Histological activity index from a total score of epithelial
damage (0–4) and inflammatory cell infiltration (0–4). Data are mean ± SEM and are representatives of three independent experiments with five mice
per group. *P < 0.05 versus respective WT-DSS.
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WT mice (Figure 3A), a type 2-associated cytokine that
reportedly contributes to intestinal inflammation [21,22].
However, the up-regulation of IL-33 was virtually absent
in acute DSS-treated IL-25−/− mice (Figure 3A). Signifi-
cantly increased levels of pro-inflammatory cytokines/
mediators TNFα, IL-6, IL-17A, IFNγ, and NOS2 were
also observed in the colons of both WT and IL-25−/−

mice post acute DSS treatment (Figure 3B). However,
the fold change in expression of these cytokines/media-
tors was significantly lower in IL-25−/− mice when com-
pared to WT mice (Figure 3B). The acute DSS-induced
up-regulation of expression for CD11b and CD11c,
markers of inflammatory cell infiltrates, was also less
pronounced in the colons of IL-25−/− than WT mice
(Figure 3C). However, we were unable to detect significant
differences in the colonic expression of pro-inflammatory
cytokine/mediators between WT and IL-25−/− mice when
the samples were collected at the end of three cycles of
chronic DSS treatment (data not shown). This is con-
sistent with the observation that protection against DSS
colitis in IL-25−/− mice was lost by the third cycle of DSS
treatment.

Genetic deletion of IL-13 in mice increases susceptibility
to dextran sulfate sodium-induced colitis
IL-13 is one of the major downstream effector mole-
cules that mediates the biological activities of IL-25
[23]. To address whether resistance to DSS-induced col-
itis conferred by IL-25 deficiency was attributable to a
defect in IL-13 expression, we exposed IL-13−/− mice to
DSS for seven days. When compared with the age- and
sex-matched WT mice, IL-13−/− mice lost significantly
more body weight (Figure 4A) and developed exa-
cerbated disease activity (Figure 4B) during the course



Figure 2 Mice genetically deficient in IL-25 are partially protected from chronic dextran sulfate sodium (DSS)-induced colitis. Mice were
exposed to three cycles of DSS treatment. Each cycle of DSS involved seven days of DSS followed by 14 days on regular water. Mice were euthanized at
the eighth day of the third DSS cycle. (A) Body weight change expressed as the percentage of initial body weight at day 0; (B) Clinical disease activity
based on stool consistency (0–3), presence of blood in stool (0–2), and general appearance (0–2); (C) Colon length at euthanasia; (D) Representative
H&E-stained colon sections (100X) and the histological activity index from a total score of epithelial damage (0–4) and inflammatory cell infiltration
(0–4). Data are mean ± SEM and are representatives of two independent experiments with five or six mice per group. *P < 0.05 versus the
respective WT.
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of acute DSS exposure, contrary to that observed in
IL-25−/− mice. At euthanasia, the extent of colon shor-
tening was worse in DSS-treated IL-13−/− mice than in
WT mice (Figure 4C). In addition, the colons from
DSS-treated IL-13−/− mice had significantly higher HAI
than that of DSS-treated WT mice, evidenced by the
presence of severe denudation of the surface epithelium,
extensive loss of crypts and separation of the crypt base
from the muscularis mucosa, as well as enhanced in-
flammatory cell infiltration in the submucosa (Figure 4D
& E). ELISA analysis of in situ cytokine production re-
vealed that the colons from DSS-treated IL-13−/− mice
produced significantly more IL-6, TNFα, and IL-17A
than that of DSS-treated WT mice (Figure 4F). Overall,
these results suggest that mice deficient in IL-13 have
increased susceptibility to acute DSS-induced colitis,
ruling out the possibility that the decreased suscep-
tibility to DSS-induced colitis in IL-25−/− mice is due to
a lack of IL-13.

Induction of pro-inflammatory cytokines/chemokines in
colonic epithelial cells by IL-25
Dysregulated function and immune response of the intes-
tinal epithelium are important contributors to intestinal
inflammation. A previous study showed that epithelial
cells produce and respond to IL-25 [24]. We cultured



Figure 3 Colonic expression of cytokines, mediators, and inflammatory cell markers. Mice genetically deficient in IL-25 and WT mice were
given 3.2% DSS in drinking water for 7 days and euthanized at day 8. qPCR was performed to examine mRNA expression of IL-33 (A), pro-inflammatory
cytokines/mediators (B), and inflammatory cell markers (C) in the colon. The fold changes are relative to the individual WT-VEH groups after normalization
to 18 s rRNA. Data are mean ± SEM and are representatives of two independent experiments with five mice per group. *P < 0.05 versus the respective
VEH; ϕ P < 0.05 versus respective WT-DSS.
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T84 cells, a human colonic epithelial cell line, to deter-
mine whether IL-25 directly stimulates epithelial cells to
produce pro-inflammatory cytokines that may contri-
bute to colitis. After stimulation with IL-25 for 24 hours,
T-84 cells expressed significantly higher levels of IL-33
(Figure 5). The results are consistent with in vivo results
showing that mice deficient in IL-25 produced less
IL-33 in the colon (Figure 3A). In addition, IL-25 in-
duced up-regulation of pro-inflammatory cytokines
TNFα and IL-6 as well as chemokines CCL2 and IL-8,
but did not affect the expression of IL-18 in T84 cells
(Figure 5).

Discussion
IL-25 is emerging as a key regulator of inflammation in
the intestinal mucosa because of its ability to promote
type 2 while suppressing Th1 and Th17 cytokine
responses. The role of IL-25 in the development of co-
lonic inflammation, however, remained to be fully eluci-
dated. As a primarily epithelial-derived cytokine in the
gastroenterological (GI) tract, IL-25 is an important
player in control of intestinal immunity and function.
Exogenous IL-25 induces strong type 2 immunity in the
GI tract characterized by increased expression of type 2-
related cytokines such as IL-5 and IL-13 [25,26], whereas
mice deficient in IL-25 have impaired ability to expel
parasitic worms and develop severe intestinal inflamma-
tion in response to enteric nematode infection [15,26].
IL-25 is also involved in the regulation of intestinal func-
tion including smooth muscle contraction, epithelial cell
secretion, as well as epithelial barrier function [26]. Re-
cent studies further identified type 2 innate lymphoid
cells as the key IL-25-responsive cells that produce IL-5
and IL-13, major downstream effector molecules of



Figure 4 Mice genetically deficient in IL-13 are more susceptible to acute dextran sulfate sodium (DSS)-induced colitis. Mice were given
3.0% DSS in drinking water for 7 days and euthanized at day 8. (A) Body weight change expressed as the percentage of initial body weight at
day 0; (B) Clinical disease activity based on stool consistency (0–3), presence of blood in stool (0–2), and general appearance (0–2); (C) Colon
length at euthanasia; (D) Representative H&E-stained colon sections (100X); (E) Histological activity index from a total score of epithelial damage
(0–4) and immune cell infiltration (0–4); (F) In situ cytokine production in the colon by ELISA. Data are mean ± SEM and are representatives of
two independent experiments with five mice per group. *P < 0.05 versus the respective VEH; ϕ P < 0.05 versus respective WT.
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IL-25 in promotion of type 2 immunity [27]. There are,
however, inconsistent reports regarding the role of IL-25
in the development of colonic inflammation. Caruso
et al. reported that patients with either CD or UC had
significantly less IL-25 produced in the colon, implying
an anti-inflammatory role of IL-25 [16]. Of note, patients
with IBD are often accompanied by severe loss of intes-
tinal epithelium, which may account for the decrease in
IL-25 levels since it is expressed exclusively by epithelial
cells in the GI tract [16]. The same report also showed
that exogenous IL-25 ameliorated mouse TNBS colitis
that features up-regulation of pro-inflammatory Th1 cy-
tokines as seen in CD, or oxazolone colitis that has
histological characteristics and elevated production of
type 2 cytokines resembling UC patients [16]. On the
other hand, Camelo et al. showed that IL-25 mRNA was
modestly up-regulated in the colonic epithelial cells of
the mice during oxazolone colitis, and blocking IL-25
signaling via neutralizing IL-25 or IL-17RB considerably
improved the clinical aspects of the colitis [17]. Our
current study demonstrated that mice genetically deficient
in IL-25 were partially protected from DSS-induced col-
itis, a model with a Th1/Th17 dominant response at the
early acute stage that shifts to a type 2 response in the
chronic stage [28]. This protection was observed in both
acute and chronic disease models, albeit with a loss in
protection over time after a third round of DSS treatment.
The relative resistance to colitis resulted from IL-25 defi-
ciency was evidenced by significantly decreased disease ac-
tivity as well as histological activity index, and was
associated with reduction of various pro-inflammatory cy-
tokines/mediators in the colon. Our results are contrary
to a previous study showing that exogenous IL-25 had an
inhibitory effect on the development of DSS colitis [19].
The reason for the inconsistency is not known, but a
follow-up study from the same group indicated that only
high doses (0.8 μg daily) of exogenous IL-25 protected,
while low doses (0.2 μg daily) of IL-25 aggravated the
DSS-induced colitis [20]. We made attempts to replicate
those studies with exogenous IL-25 [19,20], but the results



Figure 5 IL-25 induces up-regulation of cytokines in T84
colonic epithelial cells. T84 cells were cultured in a mixture of Ham’s
F12 and Dulbecco’s modified Eagle’s medium containing 5% FBS. One
million cells per well were seeded on a 6-well plate and incubated
overnight, and then treated with IL-25 (50 ng/ml) for 24 hours in
triplicates. Cells were collected for mRNA expression of cytokines by
qPCR. Data are mean ± SEM and are representatives of two independent
experiments. *P < 0.05 versus the respective vehicle.
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were inconclusive since daily IL-25 administration signifi-
cantly reduced water/DSS consumption of the mice,
which altered the outcome (Zhao A, et al. unpublished re-
sults). It is possible that the decrease in DSS consumption
actually accounted for the protective effects of exogenous
IL-25 observed in the previous studies [19,20]. While none
of the previous studies were performed to understand the
role of endogenous IL-25 in mouse models of colitis, our
results demonstrate that constitutive IL-25 is a pro-
inflammatory factor for the development of DSS colitis in
mice and, therefore, may contribute to colonic inflamma-
tion in at least a subgroup of patients with IBD.
IL-33 is a recently identified member of the IL-1 cyto-

kine family and is expressed by many types of cell ranging
from major innate immune cells to non-hematopoietic
structural cells throughout the GI tract [29,30]. Similarly
to IL-25, epithelial-derived IL-33 is thought to be import-
ant in initiating type 2 immunity especially in the intestine
and lung [31]. A role of IL-33 for colonic inflammation
has been suggested based on several recent studies [32].
Expression of IL-33 and its ST2 receptor was consistently
up-regulated in the intestinal mucosa of patients with UC
and to a lesser extent in CD patients, as well as animals
with colitis [22,33]. In addition, ST2 deficiency led to
decreased disease severity in TNBS- and DSS-induced
mouse models of colitis whereas exogenous IL-33 exacer-
bated DSS-colitis [22]. We and others showed that both
IL-25 and IL-33 can impair intestinal epithelial barrier
function that may potentiate inflammation [22,26,34]. In
the current study, we replicated previous results [21,22]
that showed up-regulation of IL-33 in DSS-induced colitis
and, more importantly, demonstrated that resistance of
IL-25−/− mice to DSS-induced colitis was associated with
diminished IL-33 expression in the colon. These results
suggest that IL-25 may activate IL-33 signaling leading to
heightened inflammation. Indeed, both epithelial cells and
lamina propria immune cells in the GI tract express the
IL-17RB and IL-17RA receptor subunits for IL-25 that are
regulated by immune mediators including IL-25 [26], and
exogenous administration of IL-25 to mice increases the
expression of IL-33 in the intestine [24]. We showed pre-
viously that exogenous IL-33 also up-regulated the expres-
sion of IL-25 [34]. These results suggest that there is a
positive feedback loop between IL-25 and IL-33 that po-
tentiates the biological activities. Our current results ex-
tend this observation by showing that IL-25 can directly
act on a cell line of colonic epithelial cells to induce IL-33
expression.
Among the identified downstream effector molecules of

IL-25, IL-13 is critical for the promotion of type 2 immu-
nity important for clearance of parasitic nematode infec-
tions and for the characteristic changes in gut function
after nematode infection (35). Indeed, exogenous IL-25
could not restore the host protective immunity or hyper-
contractility in IL-13−/− mice after Nippostrongylus brasi-
liensis infection [35]. IL-13 appears to also play a role in
the pathogenesis of IBD especially UC, since levels of
IL-13 were increased in patients with UC [36] and block-
age of IL-13 was effective in treatment of murine colitis
induced by oxazolone [37]. The observed resistance to
DSS-induced colitis in IL-25−/− mice led us to investigate
whether this was related to defective IL-13 expression. In
the present study, however, mice with a genetic IL-13 defi-
ciency had significantly more severe colitis after exposure
to DSS contrary to that observed in IL-25−/− mice, indicat-
ing an anti-inflammatory effect of IL-13. Since IL-13 acts
almost exclusively through intracellular STAT6 signaling
pathway for its biological activities [38], our results are
consistent with a previous study showing that DSS-
induced colitis was exacerbated in mice deficient in
STAT6 because the defective IL-13 signaling led to a
higher level of IFNγ [39]. On the other hand, our results
from IL-13−/− mice on a C57BL/6 background are con-
trary to a recent study using IL-13−/− mice on a BALB/c
background that showed reduced severity of DSS-induced
colitis accompanied by decreased number of enterochro-
maffin cell and colonic serotonin content [40]. It is known
that mice on a C57BL/6 background are prone to Th1 im-
munity, whereas mice on BALB/c background are biased
toward type 2 immunity. Whether the differences in
genetic background contribute to the disparate results re-
mains to be determined.
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Recent studies highlight the important role of defective
epithelial barrier function and mucosal immunity in the
development of IBD [41]. Intestinal epithelial cells that
line the surface of the gut serve as the initial barrier to
prevent antigens from penetrating the intestinal mucosa.
Defects in the intestinal epithelial barrier allow the
direct exposure of mucosa immune cells to harmful
luminal contents, resulting in the production of pro-
inflammatory cytokines that are implicated in the pa-
thogenesis of IBD. In addition, intestinal epithelial cells
produce cytokines and chemokines that regulate the re-
cruitment of inflammatory cells. Therefore, intestinal epi-
thelial cells orchestrate the mucosal immune homeostasis
and are one of the major players in the development of in-
testinal inflammation [41]. Among the cytokines/che-
mokines produced by epithelial cell, TNFα and IL-6 are
considered to be central to the pathogenesis of IBD while
CCL2 and IL-8 are the major players for the recruitment
of inflammatory cells. Our current study showed that
direct stimulation of a cell line of colonic epithelial cells
with IL-25 increased expression of IL-6, TNFα, as well as
IL-8 and CCL2, providing a potential mechanism by
which IL-25 contributes to DSS-induced colitis. Together
with their ability to produce IL-33 in response to IL-25,
intestinal epithelial cells are likely an important player
mediating the pro-inflammatory role of IL-25 in DSS-
induced colitis.

Conclusions
Type 2 immunity is essential for host protection against
parasitic nematode infection while is detrimental in cer-
tain type 2-mediated inflammatory pathologies. Our
present study shows that mice deficient in IL-25 are
partially protected from DSS-induced colitis in mice
associated with lower expression of IL-33 and other pro-
inflammatory cytokines/mediators in the colon. In con-
trast, mice deficient in IL-13 are more susceptible to the
colitis indicating the protection conferred by IL-25 defi-
ciency is unlikely due to a lack of IL-13. Since IBD is a
heterogeneous group of chronic inflammatory disorders
of the GI tract in that various immune factors are impli-
cated, the current study provides genetic evidence for
the first time that constitutively expressed IL-25 may
contribute to the pathogenesis of IBD in at least a sub-
group of patients.

Methods
Mice
C57BL/6 wild type (WT) mice were purchased from
National Cancer Institute Mouse Repository (Frederick,
MD 21702). Mice deficient in IL-25 (IL-25−/−) were ge-
nerated in a mixed background by Regeneron Pharma-
ceuticals (Tarrytown, NY) [26]. Mice deficient in IL-13
(IL-13−/−) were generated in a mixed background [42] and
managed by Taconic at the National Institutes of Allergy
and Infectious Diseases. These mice were backcrossed to
C57BL/6 mice for at least 10 generations after being re-
ceived, which is considered fully congenic and therefore
C57BL/6 WT mice were used as the controls. To avoid
the potential confounding effects from differences in the
colonic microbiome, all mice with expanded numbers
were bred in the USDA/Beltsville animal facility so that
they were expected to have the same level of environmen-
tal exposure to microbes. All mice were used at the age of
10 to 14 week old and all studies were conducted with in-
stitutional approval from both the University of Maryland,
Baltimore and the USDA Beltsville Area Animal Care and
Use Committees (protocol #13-003) in accordance with
principles set forth in the Guide for Care and Use of
Laboratory Animals, Institute of Laboratory Animal Re-
sources, National Research Council, Health and Human
Services Publication (National Institutes of Health 85–23,
revised 1996).

Induction of DSS colitis in mice
To induce acute colitis, mice (n = 5/group) were admin-
istrated 3.0 or 3.2% DSS (mol. wt. 35,000 to 50,000 Da;
MP Biochemicals, Santa Ana, CA) in their drinking
water ad libitum for seven days and euthanized on day
eight. For induction of chronic colitis, mice were ex-
posed to three cycles of 3.2% DSS treatment for seven
days each followed by a 14 day interval on regular water
[43]. Mice were euthanized one day after the last DSS
treatment. Mice on regular drinking water were used as
vehicle controls. Age- and sex-matched WT and genetic-
ally deficient mice were used throughout the studies.
The baseline body weight was not significantly different
among the groups of WT, IL-25−/−, and IL-13−/− mice
when the treatments started.

Clinical scoring and histological assessment of colitis
During the course of experiments, mice were scored for
stool consistency (0–3), presence of blood in stool (0–2),
and general appearance (0–2) according to the published
“Clinical Scoring Criteria” [43]. These scores were added
to generate a total clinical score ranging from 0 to 7.
When mice were euthanized, the entire colon was
quickly removed and the length of the colon was mea-
sured. Segments of distal colon were fixed in 4% parafor-
maldehyde for 4 hours. Tissue sections (4 μm) of distal
colon were cut from paraffin-embedded blocks and
stained with hematoxylin and eosin (H&E). Histological
assessment of colitis was performed by an investigator
who was unaware of the mouse genotype and treatment
using established criteria with slight modification [28,44].
Histological activity index (HAI) was a total score of
epithelial damage (0–4) and inflammatory cell infiltration
(0–4) ranging from 0 to 8 [28,44].
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T84 cell culture
T84 cells (CCL-248, ATCC), a human colonic epithelial
cell line, were cultured in a mixture of Ham’s F12 and
Dulbecco’s modified Eagle’s medium containing 5% FBS.
1 × 106 cells per well were seeded in a 6-well plate and
incubated at 37°C with 5% CO2 overnight. The cell
monolayer was then treated with recombinant IL-25
(50 ng/ml) from Biolegend (San Diego, CA 92121) for
24 hours. After treatment, cell monolayers were col-
lected with Trizol for subsequent RNA isolation and
cytokine expression analysis by qPCR.

RNA extraction, cDNA synthesis, real-time quantitative
PCR (qPCR), and ELISA
Total RNA was extracted from cells and tissues with TRIzol
reagent (Invitrogen, Grand Island, NY) as per the manu-
facturer’s instructions. One-centimeter of distal colon was
collected and the whole tissue was processed for RNA iso-
lation. RNA samples (2 μg) were reverse-transcribed to
cDNA using the First Strand cDNA Synthase Kit (MBI
Fermentas, Hanover, MD) with random hexamer primer.
qPCR was performed on a CFX96 Touch Real-Time De-
tection System (Bio-Rad, CA) in a 25 μl volume using
SYBR green Supermix (Bio-Rad, Hercules, CA). Amplifi-
cation conditions were: 95°C for 3 min, 50 cycles of 95°C
for 15 s, 60°C for 15 s, and 72°C for 20s. The fold-changes
in mRNA expression for targeted genes were relative
to the respective groups of vehicle-treated mice after
normalization to 18 s rRNA. Tissue homogenates of co-
lonic whole tissues were prepared with RIPA buffer (Cell
signaling technology, Beverly, MA) and in situ cytokine
production of TNFα, IL-6, and IL-17A in the homo-
genates was measured using LEGEND MAX™ Mouse
ELISA Kit (BioLegend, San Diego, CA) following manu-
facturer's instructions.

Data analysis
Statistical analysis was performed using one-way ANOVA
followed by Neuman-Keuls test to compare the difference
among three or more treatment groups or the Student
t test to compare the difference between two groups.
P values of <0.05 were considered significant.

Competing interests
The authors have no conflicts of interest to disclose. Mention of trade names
or commercial products in this publication is solely for the purpose of
providing specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture. The USDA is an equal
opportunity provider and employer.

Authors’ contributions
AJW, AS, YL, ZY, and AZ performed experiments. AJW, YL, ZY, and AZ
acquired, analyzed, and interpreted data. JFU, TRR, TAW, NL, and TSD
provided key reagents and/or intellectual input. AS, TSD, and JFU revised the
manuscript. ZY and AZ conceived the study. AZ wrote the manuscript. All
authors read and approved the final manuscript.
Acknowledgements
This work was supported by NIH grants R01-DK083418 (AZ), R01-AI/DK49316
(TS-D), USDA CRIS project #1235-51000-055 (AS, JFU), The Intramural Research
Program of the NIH/NIAID (TAW), The Twelfth Five Year Plan for National Major
New Drug Creation Program #2011ZX09302-007-03 (NL), and National Nature
Science Foundation of China Grant 81370945 (ZY).

Author details
1Departments of Radiation Oncology and Medicine, University of Maryland
School of Medicine, 10 S. Pine Street, MSTF, Room 7-00D, Baltimore, MD
21201, USA. 2Department of Gastroenterology and Hepatology, The First
Affiliated Hospital of Nanchang University, Nanchang 330006, China. 3U.S.
Department of Agriculture, Beltsville Human Nutrition Research Center,
Agricultural Research Service, Diet, Genomics, and Immunology Laboratory,
Beltsville, MD 20705, USA. 4Immunopathogenesis Section, Laboratory of
Parasitic Diseases, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD 20892, USA. 5Department of
Biochemistry, Zhongshan Medical School, Sun Yat-sen University, 74
Zhongshan 2nd Road, Guangzhou 510080, China.

Received: 26 August 2014 Accepted: 17 November 2014
Published: 26 November 2014
References
1. Hanauer SB: Inflammatory bowel disease: epidemiology, pathogenesis,

and therapeutic opportunities. Inflamm Bowel Dis 2006, 12(Suppl):S3–S9.
2. Targan SR: Current limitations of IBD treatment: where do we go from

here? Ann N Y Acad Sci 2006, 1072:1–8.
3. Bamias G, Cominelli F: Immunopathogenesis of inflammatory bowel

disease: current concepts. Curr Opin Gastroenterol 2007, 23:365–369.
4. Cobrin GM, Abreu MT: Defects in mucosal immunity leading to Crohn's

disease. Immunol Rev 2005, 206:277–295.
5. Pizarro TT, Cominelli F: Cytokine therapy for Crohn's disease: advances in

translational research. Annu Rev Med 2007, 58:433–444.
6. Fuss IJ, Heller F, Boirivant M, Leon F, Yoshida M, Fichtner-Feigl S, Yang Z,

Exley M, Kitani A, Blumberg RS, Mannon P, Strober W: Nonclassical
CD1d-restricted NK T cells that produce IL-13 characterize an atypical
Th2 response in ulcerative colitis. J Clin Invest 2004, 113:1490–1497.

7. Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, Mankertz J,
Gitter AH, Burgel N, Fromm M, Zeitz M, Fuss I, Strober W, Schulzke JD:
Interleukin-13 is the key effector Th2 cytokine in ulcerative colitis that
affects epithelial tight junctions, apoptosis, and cell restitution.
Gastroenterology 2005, 129:550–564.

8. Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, Fiocchi C,
Strober W: Disparate CD4+ lamina propria (LP) lymphokine secretion
profiles in inflammatory bowel disease. Crohn's disease LP cells manifest
increased secretion of IFN-gamma, whereas ulcerative colitis LP cells
manifest increased secretion of IL-5. J Immunol 1996, 157:1261–1270.

9. Schmidt C, Giese T, Ludwig B, Mueller-Molaian I, Marth T, Zeuzem S, Meuer
SC, Stallmach A: Expression of interleukin-12-related cytokine transcripts
in inflammatory bowel disease: elevated interleukin-23p19 and
interleukin-27p28 in Crohn's disease but not in ulcerative colitis. Inflamm
Bowel Dis 2005, 11:16–23.

10. Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, Bamba T, Fujiyama Y:
Increased expression of interleukin 17 in inflammatory bowel disease.
Gut 2003, 52:65–70.

11. Nielsen OH, Kirman I, Rudiger N, Hendel J, Vainer B: Upregulation of
interleukin-12 and −17 in active inflammatory bowel disease. Scand J
Gastroenterol 2003, 38:180–185.

12. Zhang Z, Zheng M, Bindas J, Schwarzenberger P, Kolls JK: Critical role of
IL-17 receptor signaling in acute TNBS-induced colitis. Inflamm Bowel Dis
2006, 12:382–388.

13. Owyang AM, Zaph C, Wilson EH, Guild KJ, McClanahan T, Miller HR, Cua DJ,
Goldschmidt M, Hunter CA, Kastelein RA, Artis D: Interleukin 25 regulates
type 2 cytokine-dependent immunity and limits chronic inflammation in
the gastrointestinal tract. J Exp Med 2006, 203:843–849.

14. Kleinschek MA, Owyang AM, Joyce-Shaikh B, Langrish CL, Chen Y, Gorman
DM, Blumenschein WM, McClanahan T, Brombacher F, Hurst SD, Kastelein
RA, Cua DJ: IL-25 regulates Th17 function in autoimmune inflammation. J
Exp Med 2007, 204:161–170.



Wang et al. Cell & Bioscience 2014, 4:72 Page 10 of 10
http://www.cellandbioscience.com/content/4/1/72
15. Zaph C, Du Y, Saenz SA, Nair MG, Perrigoue JG, Taylor BC, Troy AE, Kobuley
DE, Kastelein RA, Cua DJ, Yu Y, Artis D: Commensal-dependent expression
of IL-25 regulates the IL-23-IL-17 axis in the intestine. J Exp Med 2008,
205:2191–2198.

16. Caruso R, Sarra M, Stolfi C, Rizzo A, Fina D, Fantini MC, Pallone F, MacDonald
TT, Monteleone G: Interleukin-25 inhibits interleukin-12 production
and Th1 cell-driven inflammation in the Gut. Gastroenterology 2009,
136:2270–2279.

17. Camelo A, Barlow J, Drynan L, Neill D, Ballantyne S, Wong S, Pannell R, Gao
W, Wrigley K, Sprenkle J, McKenzie A: Blocking IL-25 signalling protects
against gut inflammation in a type-2 model of colitis by suppressing
nuocyte and NKT derived IL-13. J Gastroenterol 2012, 47:1198–1211.

18. Monteleone G, Pallone F, MacDonald TT: Interleukin-25: a two-edged
sword in the control of immune-inflammatory responses. Cytokine
Growth Factor Rev 2010, 21:471–475.

19. Mchenga SSS, Wang D, Li C, Shan F, Lu C: Inhibitory effect of recombinant
IL-25 on the development of dextran sulfate sodium-induced experimental
colitis in mice. Cell Mol Immunol 2008, 5:425–431.

20. Salum Mchenga SS, Wang D, Janneh FM, Feng Y, Zhang P, Li Z, Lu C:
Differential dose effects of recombinant IL-25 on the development of
dextran sulfate sodium-induced colitis. Inflamm Res 2010, 59:879–887.

21. Pushparaj PN, Li D, Komai-Koma M, Guabiraba R, Alexander J, McSharry C,
Xu D: Interleukin-33 exacerbates acute colitis via interleukin-4 in mice.
Immunology 2013, 140:70–77.

22. Sedhom MA, Pichery M, Murdoch JR, Foligne B, Ortega N, Normand S,
Mertz K, Sanmugalingam D, Brault L, Grandjean T, Lefrancais E, Fallon PG,
Quesniaux V, Peyrin-Biroulet L, Cathomas G, Junt T, Chamaillard M, Girard JP,
Ryffel B: Neutralisation of the interleukin-33/ST2 pathway ameliorates
experimental colitis through enhancement of mucosal healing in mice.
Gut 2013, 62:1714–1723.

23. Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL, Dasvarma A, Hewett DR,
McIlgorm A, Jolin HE, McKenzie AN: Identification of an interleukin
(IL)-25-dependent cell population that provides IL-4, IL-5, and IL-13 at
the onset of helminth expulsion. J Exp Med 2006, 203:1105–1116.

24. Kang Z, Swaidani S, Yin W, Wang C, Barlow J, Gulen M, Bulek K, Do J,
Aronica M, McKenzie A, Min B, Li X: Epithelial cell-specific Act1 adaptor
mediates interleukin-25-dependent helminth expulsion through
expansion of Lin(−)c-Kit(+) innate cell population. Immunity 2012,
36:821–833.

25. Fort MM, Cheung J, Yen D, Li J, Zurawski SM, Lo S, Menon S, Clifford T,
Hunte B, Lesley R, Muchamuel T, Hurst SD, Zurawski G, Leach MW, Gorman
DM, Rennick DM: IL-25 induces IL-4, IL-5, and IL-13 and Th2-associated
pathologies in vivo. Immunity 2001, 15:985–995.

26. Zhao A, Urban JF, Sun R, Stiltz J, Morimoto M, Notari L, Madden KB, Yang Z,
Grinchuk V, Ramalingam TR, Wynn TA, Shea-Donohue T: Critical role of
IL-25 in nematode infection-induced alterations in intestinal function.
J Immunol 2010, 185:6921–6929.

27. Licona-Limon P, Kim LK, Palm NW, Flavell RA: TH2, allergy and group 2
innate lymphoid cells. Nat Immunol 2013, 14:536–542.

28. Alex P, Zachos NC, Nguyen T, Gonzales L, Chen TE, Conklin LS, Centola M, Li
X: Distinct cytokine patterns identified from multiplex profiles of murine
DSS and TNBSΓÇÉInduced colitis. Inflamm Bowel Dis 2009, 15:341–352.

29. Pastorelli L, De Salvo C, Vecchi M, Pizarro TT: The role of IL-33 in gut
mucosal inflammation. Mediators Inflamm 2013, 2013:608187.

30. Liew FY, Pitman NI, McInnes IB: Disease-associated functions of IL-33: the
new kid in the IL-1 family. Nat Rev Immunol 2010, 10:103–110.

31. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK,
Zurawski G, Moshrefi M, Qin J, Li X, Gorman DM, Bazan JF, Kastelein RA:
IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-
related protein ST2 and induces T helper type 2-associated cytokines.
Immunity 2005, 23:479–490.

32. Salas A: The IL-33/ST2 axis: yet another therapeutic target in inflammatory
bowel disease? Gut 2013, 62:1392–1393.

33. Beltran CJ, Nunez LE, Diaz-Jimenez D, Farfan N, Candia E, Heine C, Lopez F,
Gonzalez MJ, Quera R, Hermoso MA: Characterization of the novel ST2/
ILΓÇÉ33 system in patients with inflammatory bowel disease. Inflamm
Bowel Dis 2010, 16:1097–1107.

34. Yang Z, Sun R, Grinchuk V, Blanco JAF, Notari L, Bohl JA, McLean LP,
Ramalingam TR, Wynn TA, Urban JF, Vogel SN, Shea-Donohue T, Zhao A:
IL-33-induced alterations in murine intestinal function and cytokine
responses are MyD88, STAT6, and IL-13 dependent. Am J Physiol
Gastrointest Liver Physiol 2013, 304:G381–G389.

35. Zhao A, McDermott J, Urban JF Jr, Gause W, Madden KB, Yeung KA, Morris
SC, Finkelman FD, Shea-Donohue T: Dependence of IL-4, IL-13, and
nematode-induced alterations in murine small intestinal smooth muscle
contractility on Stat6 and enteric nerves. J Immunol 2003, 171:948–954.

36. Neurath MF: New targets for mucosal healing and therapy in
inflammatory bowel diseases. Mucosal Immunol 2014, 7:6–19.

37. Heller F, Fuss IJ, Nieuwenhuis EE, Blumberg RS, Strober W: Oxazolone
colitis, a Th2 colitis model resembling ulcerative colitis, is mediated by
IL-13-producing NK-T cells. Immunity 2002, 17:629–638.

38. Shea-Donohue T, Fasano A, Smith A, Zhao A: Enteric pathogens and gut
function: role of cytokines and STATs. Gut Microbes 2010, 1:316–324.

39. Elrod JW, Laroux SF, Houghton J, Carpenter A, Ando T, Jennings MH,
Grisham M, Walker N, Alexander SJ: DSS-induced colitis is exacerbated in
STAT-6 knockout mice. Inflamm Bowel Dis 2005, 11:883–889.

40. Shajib M, Wang H, Kim JJ, Sunjic I, Ghia JE, Denou E, Collins M, Denburg JA,
Khan WI: Interleukin 13 and serotonin: linking the immune and
endocrine systems in murine models of intestinal inflammation. PLoS
ONE 2013, 8:e72774.

41. Kaser A, Zeissig S, Blumberg RS: Inflammatory bowel disease. Annu Rev
Immunol 2010, 28:573–621.

42. McKenzie GJ, Bancroft A, Grencis RK, McKenzie ANJ: A distinct role for
interleukin-13 in Th2-cell-mediated immune responses. Curr Biol 1998,
8:339–342.

43. Maxwell JR, Brown WA, Smith CL, Byrne FR, Viney JL: Methods of inducing
inflammatory bowel disease in mice. Curr Protoc Pharmacol 2009,
47:5.58.1–5.58.37.

44. Obermeief F, Kojouharoff G, Hans W, Scholmerich J, Gross V, Falk W:
Interferon-gamma (IFN-gamma)- and tumour necrosis factor
(TNF)-induced nitric oxide as toxic effector molecule in chronic
dextran sulphate sodium (DSS)-induced colitis in mice. Clin Exp Immunol
1999, 116:238–245.

doi:10.1186/2045-3701-4-72
Cite this article as: Wang et al.: Genetic deletion of IL-25 (IL-17E) confers
resistance to dextran sulfate sodium-induced colitis in mice. Cell &
Bioscience 2014 4:72.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Results
	Mice deficient in IL-25 are partially protected from dextran sulfate sodium-induced acute and chronic colitis
	Associated changes in cytokine profile of the colon
	Genetic deletion of IL-13 in mice increases susceptibility to dextran sulfate sodium-induced colitis
	Induction of pro-inflammatory cytokines/chemokines in colonic epithelial cells by IL-25

	Discussion
	Conclusions
	Methods
	Mice
	Induction of DSS colitis in mice
	Clinical scoring and histological assessment of colitis
	T84 cell culture
	RNA extraction, cDNA synthesis, real-time quantitative PCR (qPCR), and ELISA
	Data analysis

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

