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Nematode infection upregulates interleukin-4 (IL-4) and IL-13 and induces STAT6-dependent changes in gut function that pro-
mote worm clearance. IL-4 and IL-13 activate the type 2 IL-4 receptor (IL-4R), which contains the IL-13Ra1 and IL-4Ra chains.
We used mice deficient in IL-13Ra1 (IL-13Ra1 /™) to examine the contribution of IL-13 acting at the type 2 IL-4R to immune
and functional responses to primary (Hb1) and secondary (Hb2) infections with the gastrointestinal nematode parasite Helig-
mosomoides bakeri. There were differences between strains in the IL-4 and IL-13 expression responses to Hb1 but not Hb2 infec-
tion. Following Hb2 infection, deficient mice had impaired worm expulsion and higher worm fecundity despite normal produc-
tion of Th2-derived cytokines. The upregulation of IL-25 and IL-13Ra2 in Hb1- and Hb2-infected wild-type (WT) mice was
absent in IL-13Ra1 ™/~ mice. Goblet cell numbers and resistin-like molecule beta (RELM-) expression were attenuated signifi-
cantly in IL-13Ra1 ™/~ mice following Hb2 infections. IL-13Ra1 contributes to the development of alternatively activated mac-
rophages, but the type 1 IL-4R is also important. Hb1 infection had no effects on smooth muscle function or epithelial permea-

bility in either strain, while the enhanced mucosal permeability and changes in smooth muscle function and morphology
observed in response to Hb2 infection in WT mice were absent in IL-13Ra1 ™'~ mice. Notably, the contribution of claudin-2,
which has been linked to IL-13, does not mediate the increased mucosal permeability following Hb2 infection. These results
show that activation of IL-13Ra1 is critical for key aspects of the immune and functional responses to Hb2 infection that facili-

tate expulsion.

Gastrointestinal nematodes infect approximately one billion
people, primarily in underdeveloped areas, and are a major
cause of childhood morbidity and mortality. In industrialized re-
gions, the well-established inverse correlation between the inci-
dence of enteric nematode infection and that of inflammatory
bowel diseases (IBD) has fueled investigations into the therapeutic
potential of nematodes and/or their products (1). Enteric nema-
tode infection generates a polarized upregulation of the Th2 cyto-
kines interleukin-4 (IL-4) and IL-13, which promotes infiltration
of immune cells and induction of alternatively activated macro-
phages (M2) in the intestine. The dependency of the immune
response on IL-4 versus IL-13, however, varies somewhat among
nematodes. Mice without functional or adequate levels of IL-13
have delayed expulsion of Nippostrongylus brasiliensis and failed to
expel Trichuris muris (2). Deficiency in IL-13 gene expression or
administration of an IL-13 antagonist, however, does not suppress
the ability of IL-4 to expel Trichinella spiralis (2); while mice defi-
cient in IL-4 do not clear Heligmosomoides bakeri (3). These dif-
ferences may be explained, in part, by the binding of IL-4 and
IL-13 to the type 1 and type 2 IL-4 receptor (IL-4R). IL-4 binds
with high affinity to the type-1 IL-4R, which consists of a het-
erodimer of the IL-4Ra and -yC chains. IL-4, but not IL-13, binds
to the type-1 IL-4 receptor that is expressed primarily on immune
cells, including T cells and macrophages. The type 2 IL-4R, also
called the type 1 IL-13R (4), binds both IL-13 and IL-4 via a het-
erodimer formed by IL-4Ra and IL-13Ral. The IL-13Ral chain
has a low affinity for IL-13; however, binding of IL-13 with IL-
13Ral rapidly associates with the IL-4Ra chain to induce down-
stream signaling. IL-13 also binds with high affinity to the decoy
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receptor IL-13Ra2, which removes IL-13 from the milieu (5, 6).
The expression of the decoy receptor is upregulated by IL-13 dur-
ing nematode infection, acting to control the biological activity of
IL-13. The shared effects of IL-4 and IL-13 on gut function are
thought to be mediated by their binding to the type 2 IL-4R that is
expressed by structural cells, including epithelial cells and some
immune cells such as macrophages (7). Despite their immuno-
logic and biologic redundancy, IL-4 and IL-13 are considered to
have distinct roles in the gut in vivo that have not been fully elu-
cidated.

The precise contribution of each of the type 1 and type 2 IL-4Rs
in the lung is central to the role of IL-4 and IL-13 in pulmonary
pathologies such as asthma and allergy (8, 9). In the gut, interest in
IL-13-mediated effects is motivated by the proposed role for IL-13
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in the increased permeability in patients with IBD (10, 11). Mice
with an increased constitutive expression of IL-13 in small intes-
tine also had increased intestinal permeability (4). In addition, the
increased availability of IL-13 in mice deficient in IL-13Ra2 (IL-
13Ra2”/7) results in enhanced permeability and a hypercontrac-
tility of smooth muscle in the small intestine (5, 12). There is also
evidence that IL-13 can signal through IL-13Ra2 (13, 14) in
chronic inflammation and that IL-13 can signal independently of
the IL-4Ra chain (15). Thus, the control of the effects of IL-13
working at the type 2 IL-4R has clinical importance in both pul-
monary and gastrointestinal pathologies. The specific contribu-
tion of IL-13 working through IL-13Ral to parasitic nematode
infection is inferred from studies using IL-137'~ or STAT6 '~
mice, but these mice do not address the specific effects of IL-13
working through the type 2 IL-4R. One study showed that IL-
13Ral~’~ mice had impaired intestinal clearance of a primary
infection with N. brasiliensis. (8)

Infection with H. bakeri recapitulates many of the critical fea-
tures of infection in humans. This strictly enteric nematode estab-
lishes a chronic primary (Hb1) infection despite the induction of
a polarized type 2 response, while a secondary (Hb2) challenge
infection elicits a strong immune memory response and worm
clearance. Of interest is that IL-4, rather than IL-13, is critical for
protection against Hb1 and Hb2 infections (16), and mice treated
with exogenous IL-4 clear H. bakeri more effectively (17). There is
no information on the contribution of the type 2 IL-4R to Hb1
versus Hb2 infections.

The aims of the present study were to determine the contribu-
tion of IL-13Rat1 to nematode infection-induced (i) development
and maintenance of the type 2 immune response to Hb1 versus
Hb2 infections, (ii) development of the associated changes in
smooth muscle function and epithelial cell secretion, absorption,
and permeability, and (iii) upregulation of STAT6-dependent
genes. We show that IL-13, working through IL-13Ral on the
type 2 IL-4R, plays a key role in both primary and secondary type
2 responses. The downstream effects result in the local develop-
ment of the M2 phenotype as well as the associated changes in
smooth muscle and epithelial morphology and function needed
for worm expulsion. In addition, we discuss the importance of
specific mechanisms responsible for the impaired mucosal barrier
function during nematode infection.

MATERIALS AND METHODS

Mouse model. IL-13Ra1 /" mice on a BALB/c genetic background were
obtained from the National Institutes of Health (Bethesda, MD). Appro-
priate age-matched female wild-type (WT) BALB/c mice were purchased
from Jackson Laboratory (Bar Harbor, ME). These mice are not from the
same source, and we recognize that the microbiome may be different. Our
previously published data, however, show that the kinetics of the Th2
response, including changes in gut function that facilitate worm expul-
sion, are highly reproducible in C57BL/6 mice obtained from different
commercial vendors or bred in our facility (18-20). The animal experi-
ments were conducted in accordance with the principles set forth in the
Guide for the Care and Use of Laboratory Animals (21) and reviewed and
approved by the Beltsville Area Animal Care and Use Committee (proto-
col 10-03).

Nematode infection. WT and knockout mice were inoculated orally
with 200 infective third-stage larvae (L3) of H. bakeri for 2 weeks. Five
mice from each group were euthanized for the primary (Hb1) infection
study, while the other five mice from each group were administered an
anthelmintic drug to clear the infection. The drug-cured mice were al-
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lowed to rest for 4 weeks and then were reinfected with 200 L3 H. bakeri
larvae and euthanized 14 days after the secondary (Hb2) infection.

Egg and worm counts. Feces were collected from WT and IL-
13Ra1 ™/~ mice on day 14 post-Hb1 and -Hb2 infection and placed in
phosphate-buffered saline (PBS), and the number of eggs was counted
using a light microscope. For adult worm burdens, the small intestine
from WT and IL-13Ral ™/~ mice was collected at euthanasia, and worms
were counted using a dissecting scope.

Ussing chamber. Segments of muscle-free jejunum were mounted in
Ussing chambers that exposed 0.126 cm? of tissue to 5 ml of Krebs buffer
and allowed to equilibrate for 15 min. Electrodes connected to agar-salt
bridges were used to measure the potential difference. Every 50 s, the
tissues were short-circuited at 1 V (DVC 1000 voltage clamp; World Pre-
cision Instruments, Sarasota, FL) to allow calculation of tissue resistance
utilizing Ohm’s law (V = IR), where Vis voltage, I is the current through
the tissue, and R is the resistance of the tissue. In addition, the short circuit
current (I,.) was monitored continuously over the length of the experi-
ment. To test the tissue secretory response to acetylcholine, increasing
doses (10 nM to 1 uM) were added sequentially to the serosal side of the
mounted tissue to determine concentration-dependent changes in I.. In
separate tissues, glucose (0.625 to 40 mM) was added to the mucosal side
of the mounted tissue to assess sodium-linked glucose absorption. As a
measure of resistance, muscle-free segments of jejunum were taken from
uninfected and H. bakeri-infected WT and IL13Ral™/~ mice and
mounted in micro-Snapwells. Transepithelial electrical resistance (TEER)
was measured at 30-min intervals using a planar electrode (Endohm Snap
electrode) connected to an EVOM-G WPI analyzer (World Precision In-
struments) and expressed as ohms per square centimeter.

Smooth muscle contractility. Sections (1 cm) of jejuna were flushed
of contents and suspended longitudinally in individual 8-ml organ baths
that were maintained in Krebs buffer at 37°C. One end of the tissue was
attached to an isometric tension transducer (model FT03; Grass Medical
Instruments, Quincy, MA), and the other end was attached to the bottom
of the bath. Before starting treatment, tissues were stretched to a load of
9.8 mN (1 g), and tension was recorded using Grass model 79 polygraph
(Grass Medical Instruments) and expressed as force per cross-sectional
area. After a 20-min equilibration period, spontaneous contractions were
measured, followed by measurement of concentration-dependent re-
sponses to acetylcholine and 5-hydroxytryptamine (5-HT), as well as fre-
quency-dependent responses to electric field stimulation (EFS [1 to 20
Hz]). At the end of the treatment, the tissues were weighed and the final
length was recorded to allow normalization of responses to tissue mass
and volume.

Quantitative real-time PCR. Total RNA was prepared from whole
tissue of jejunum (5, 19, 22). Real-time quantitative PCR was performed
on an iCycler detection system (Bio-Rad, Hercules, CA). Primer se-
quences were designed using Beacon Designer 4.0 (Premier Biosoft Inter-
national, Palo Alto, CA) and were synthesized by the Biopolymer Labo-
ratory of the University of Maryland. PCR was performed in a 25-pl
volume with SYBR green supermix (Bio-Rad). The amplification condi-
tions were 95°C for 3 min followed by 50 cycles of 95°C for 15s, 60°C for
15s, and 72°C for 20s. The fold changes in mRNA expression were relative
to the respective control treatment group after normalization to the 18S
rRNA housekeeping gene.

Histology. To determine the intestinal thickness of the smooth muscle
layer, sections of jejunum were cut open along the mesenteric border,
rinsed, and fixed in 4% paraformaldehyde for 2 h. Fixed tissues were
embedded in paraffin, sectioned, and stained with Giemsa. Smooth mus-
cle thickness and the number of goblet cells per high-powered field (hpf)
were determined in well-oriented Giemsa-stained sections (Nikon Eclipse
TE2000E) with the computer software MetaVue (Universal Imaging
Corp.) by two investigators who were unaware of the treatment.

Immunohistochemistry. Unstained sections of previously fixed tis-
sues were processed to remove paraffin and placed in preheated (95°C)
Tris-EDTA buffer for 40 min for epitope exposure. The slides were incu-
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bated next with 3% hydrogen peroxide in water for 5 min. An avidin-
biotin kit (Vector Laboratories, Burlingame, CA) was used to detect clau-
din-2 expression using the primary anti-claudin-2 antibody (1/100
[Invitrogen, Carlsbad, CA]) followed by a secondary biotinylated anti-
mouse IgG reagent according to the kit instructions. Diaminobenzine
(DAB [Vector Laboratories]) was then applied to visualize claudin-2.

Western blotting. Sections of mid-jejunum (1 cm) were homoge-
nized in 1 ml of tissue protein extraction reagent (T-PER [Thermo Scien-
tific]). Samples were then centrifuged, and supernatants were collected for
further analysis. The Pierce bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, Waltham, MA) was used to measure the protein con-
centration for each sample. Samples (60 pg) were loaded into wells of the
12% Tris-glycine gel (Invitrogen) and electrophoresed. The membrane
used to transfer the separated protein bands was stained with Ponceau S
solution for determination of equal loading. The membrane was then
blocked with 5% milk and incubated with anti-claudin-2 antibody (2
pg/ml [Invitrogen]) overnight followed by an anti-mouse IgG horserad-
ish peroxidase (HRP)-labeled secondary antibody (1/100,000 [KPL,
Gaithersburg, MD]), with the chemiluminescence signal measured by a
FujiFilm Luminescent image analyzer and Darkbox (FujiFilm Medical
Systems, Stamford, CT).

Statistics. Agonists and stimulation responses were fitted to spline/
locally weighted scatterplot smoothing (LOWESS) curves (GraphPad,
San Diego, CA). Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Bonferroni test to compare the re-
sponses and levels of mRNA expression among the different groups.

RESULTS

IL-13Ra1 modulates the type 2 immune response to infection
with H. bakeri. In WT mice, there was a modest increase in 1L-13,
IL-4, and IL-25 mRNA in Hb1 infection, with a more robust ele-
vation in the expression of these cytokines in Hb2 infection (Fig.
1A to E). In contrast, there was a modest upregulation of IL-13,
but not IL-4 or IL-25, mRNA in IL-13Ra1 /™ mice in Hb1 infec-
tion that was attenuated compared to that in WT mice. In IL-
13Ra1™/~ mice, Hb2 infection increased the expression of IL-4
and IL-13, but not IL-25, mRNA to levels comparable to that in
WT Hb2 infection. Surprisingly, there was comparable upregula-
tion in IL-13 protein in both strains during infection in both Hb1
and Hb2 infections (Fig. 1C). In WT mice, changes in the expres-
sion of the decoy receptor, IL-13Ra2, in Hb1 and Hb2 infections
paralleled those in IL-13 and IL-4 (Fig. 1E). In contrast, there was
no change in IL-13Ra2 expression in Hbl-infected mice and a
modest, but significant, upregulation in Hb2-infected IL-
13Ral ™'~ mice that was significantly lower than in WT mice.
These data demonstrate the primary dependence of expression of
the decoy receptor on the type 2 IL-4R.

Our previous study showed that IL-25 is critical for host pro-
tective immunity in nematode infection, with IL-13 being the ma-
jor downstream Th2 cytokine (20). In this study, IL-25 was up-
regulated significantly in both Hb1- and Hb2-infected mice in
WT, but not IL-13Ra1 ", mice (Fig. 1E), implicating a positive-
feedback loop between IL-13 and IL-25. Expression of the Thl
cytokines IL-12 and IFN-y was unaltered by infection in either
strain (see Fig. S1 in the supplemental material), showing that the
lack of upregulation of Th2 cytokines could not be linked to an
inappropriate Th1 response.

IL-13Ra1- and H. bakeri-induced changes in host protective
immunity. Hb1 infection was chronic, with adult worms visible in
the small intestine at day 12 postinoculation in both WT and
IL-13Ral ™/~ mice (Fig. 2A). Despite similar numbers of worms
in both Hbl-infected strains, fecal egg counts in IL-13Ral™/~
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mice were significantly higher than in WT mice (Fig. 2B). As av-
erage fecal egg production is inversely proportional to worm bur-
den in healthy mice, the higher fecundity in TL-13Ral /™ mice is
consistent with a reduced protective Th2 immune response. By
day 12 post-Hb2 infection in WT mice, worms were cleared, and
there were no eggs in the feces. In contrast, adult worms and high
egg counts persisted in Hb2-infected IL-13Ral /™ mice. Adult
worms were visible adjacent to the mucosa in proximal sections of
small intestine (Fig. 2C, inset for IL-13Ral Hb2 infection) in
Hb2-infected IL-13Ra 1™/~ mice, but not in WT mice. These data
demonstrate that only WT mice were able to mount an effective
protective memory type 2 response.

The differences in intestinal morphology were most prominent
in Hb2-infected WT versus IL-13Ra1™'~ mice. Hb2 infection
produced a slight blunting of villi in WT mice that was not ob-
served in IL-13Ral /™ mice at day 12 postinoculation (Fig. 2C,
right panels). The Hb2-infected WT mice had cysts in the intesti-
nal submucosa (Fig. 2C inset for WT mice with Hb2 infection) in
which larvae mature prior to reentry into the lumen as adult
worms (23). These structures were absent in IL-13Ra1 ™/~ mice.
Increased numbers of goblet cells are a characteristic feature of
Hb2 infection and are a source of protective factors, such as
RELM-B, that are critical for worm expulsion (24). A marked
increase in the number of goblet cells was observed in WT mice
following both Hb1 and Hb2 infections. In contrast, Hb1 infec-
tion did not alter the number of goblet cells in IL-13Ra1 '~ mice,
while Hb2 infection induced a modest, but significant, increase in
goblet cell number that was still reduced compared to that in WT
mice (Fig. 2D). RELM-f expression was elevated in Hb1 infection
and enhanced following Hb2 infection in WT, but not in IL-
13Ral™’~, mice (Fig. 2E). These results indicate that IL-13, work-
ing through IL-13Ra, is associated with reduced RELM-3 and
impaired worm clearance. In contrast, the level of Muc5ac gene
expression was elevated following both Hb1 and Hb2 infections in
WT mice and during Hb2 infection in IL-13Ral ™'~ mice (Fig.
2F), showing that Muc5ac is independent of the type 2 IL-4R.

IL-13Ra1 contributes to the development of alternatively ac-
tivated macrophages (M2). In WT mice, Hbl infection signifi-
cantly increased the expression of the M2 markers arginase-1 and
Ym1, while Hb2 infection significantly upregulated the expression
of arginase-1, Ym1, and CD206 (Fig. 3A to C). In IL-13Ral '~
mice, Hb1 infection had no effect on the expression of arginase-1
or CD206 but upregulated Ym1. Arginase-1 expression was up-
regulated in Hb2-infected IL-13Ra 1™/~ mice, but at levels signif-
icantly below those observed in WT mice. In contrast, levels of
CD206 and Ym1 expression were comparable following Hb2 in-
fection in both strains (Fig. 3A to D). These data indicate that
IL-13, working through IL-13Ral, contributes to, but is not ab-
solutely required for, the development of the M2 phenotype.

IL-13Ra1 is critical for H. bakeri infection-induced changes
in smooth muscle function and morphology. Smooth muscle
responses to acetylcholine, 5-HT, and EFS, as well as the ampli-
tude of spontaneous contractions were similar in uninfected WT
and IL-13Ra1 ™'~ mice (Fig. 4A to D), demonstrating a lack of a
constitutive role for IL-13 working through the type 2 IL-4R in
smooth muscle function. Hb1 infection had no effect on smooth
muscle contractility (Fig. 4A to D) in either WT or IL-13Ra1 -/
mice. Hb2 infection in WT mice induced the expected hypercon-
tractility to acetylcholine (Fig. 4A), EFS (Fig. 4B), and 5-HT
(Fig. 4D) and increased the amplitude of spontaneous contrac-
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tions (Fig. 4C), all of which were abrogated in Hb2-infected IL-
13Ral ™'~ mice. The Hb2-induced effects of acetylcholine on
smooth muscle are due, in part, to interactions between acetylcho-
line and increased muscarinic M5 receptor (M;R) expression;
while the effects of 5-HT and protease activated receptor 1
(PAR-1) agonists are mediated by an IL-13/STAT6-dependent
upregulation of the 5-HT,, receptor and PAR-1 (25, 26). The
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upregulation of M;R, 5-HT,,, and PAR-1 in Hb2-infected WT
mice was attenuated or blocked significantly in IL-13Ra1~/~ mice
(see Table S1 in the supplemental material). These data indicate
that worm clearance depends on the IL-13-induced muscle hyper-
contractility that is mediated, in part, by upregulation of the ex-
pression of specific receptors via the type 2 IL-4R and STATS6.

In addition to changes in function, M2 cells also contribute to
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infection-induced increases in smooth muscle thickness that are
associated with upregulation of growth factors such as insulin-like
growth factor 1 (IGF-1) (22). Hb2 infection increased smooth
muscle thickness (Fig. 4E) and significantly enhanced IGF-1 gene
expression in WT, but not in IL13Ral /", mice (Fig. 4F). These
data show that IL-13, working through the type 2 IL-4R, also plays
a key role in infection-induced changes in smooth muscle mor-
phology.

IL-13Ra1 contributes to specific H. bakeri-induced altera-
tions in epithelial function. Intestinal secretory responses to ace-
tylcholine were unaffected by Hb1 infection in either strain, but
were reduced significantly by Hb2 infection in WT and
IL13Ral ™'~ mice (Fig. 5A). Basal ion flux across the tissue was
decreased in both Hbl and Hb2 infections in WT and
IL13Ral /" mice (Fig. 5B). Epithelial permeability was un-
changed by Hbl infection in either strain but was increased
significantly (decreased resistance in Ussing chambers) in Hb2-
infected WT mice but not in ILI3Ral /" mice (5C). The strain-
specific changes in resistance in Hb2 infection were confirmed
using TEER (Fig. 5D).

The cystic fibrosis transmembrane regulator (CFTR) is the ma-
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jor chloride channel in epithelial cell. In the present study, CFTR
expression was unaltered by Hb2 infection in WT mice, but was
increased in IL13Ral /™ mice (see Table S1 in the supplemental
material). In contrast, glucose absorption was decreased signifi-
cantly following Hb2 infection in IL-13Rat1 ™/~ mice compared to
uninfected controls, but not to the levels observed in WT mice
(Fig. 5E), consistent with a observed role for both IL-4 and IL-13
in this effect (18, 27, 28). These data show that the infection-
induced antisecretory and antiabsorptive effects, as well as the
upregulation of CFTR expression in response to Hb2, can occur
independently of the type 2 IL-4R. In contrast, the infection-in-
duced changes in intestinal permeability are linked exclusively to
the type 2 IL-4R.

There are a number of mechanisms that may contribute to this
effect, including changes in the expression of tight junction pro-
teins (TJPs), release of mast cell mediators, and increased expres-
sion of STAT6-dependent genes that may be linked to permeabil-
ity. Expression of the TJP occludin was unchanged following Hb2
infection (Fig. 6A) in either strain of mice. In contrast, expression
of mRNA and the pore-forming protein claudin-2 was upregu-
lated significantly following Hb2 infection in both WT and IL-
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13Ral ™'~ mice (Fig. 6B and C). Immunohistochemistry revealed H. bakeri infection is associated with an increase in mucosal
that claudin-2 was expressed predominantly in the crypt region, mast cell (MMC) numbers (29). IL-13 increased expression of
with an increase in the number of cells stained in response to Hb2 ~ PAR-2, a receptor for tryptase and trypsin that is linked to in-
infection in both strains (Fig. 6D). Hb2 infection had no effect on  creased epithelial permeability (30). In WT mice, Hb1 infection
expression of the other pore-forming TJPs, claudin-15 and clau-  increased murine mast cell protease-1 (mMCP-1) expression,
din-12 (see Table S2 in the supplemental material). with a further elevation following Hb2 infection, consistent
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with previous reports (3, 27, 28). In IL-13Ral /™ mice, there
was also a robust upregulation of mMCP-1 in both Hb1 and
Hb2 infections (Fig. 7A). These findings are consistent with our
previous finding that infection-induced influx of MMCs is an
IL-13-independent event (28). It was notable that Hb2 infec-
tion increased PAR-2 expression in WT mice, but not in IL-
13Ral /" mice (Fig. 7B), suggesting that the maintenance of
mucosal resistance in a secondary H. bakeri infection of IL-
13Ral™’™ mice may be due, in part, to the lack of upregulation of
PAR-2 on epithelial cells, despite a greater expression of mMCP-1
activity in the mucosa.

DISCUSSION

In the present study, we showed that the type-2 IL-4R has unique
and critical functions in regulating the host type 2 immune re-
sponses to Hb1 and Hb2 infections. In Hb1 infection, IL-4 expres-
sion was upregulated in WT, but not in IL-13Ra 1~/ mice, while
expression of the IL-13 gene and protein was elevated in both

strains. In Hb2 infection, the levels of upregulation of both IL-13
and IL-4 gene expression, as well the level of IL-13 protein, were
comparable in both strains. As the chronic nature of Hb1 infec-
tion can be cleared by administration of exogenous IL-4 or
IL-13 in WT mice (31), the levels of IL-13 in Hb1 infection in
both strains indicate that elevated IL-13 alone is insufficient to
clear the worms. This confirms the documented importance of
IL-4 in clearance of H. bakeri (3). A second factor to consider is
that the biological activity of IL-13 is controlled by levels of the
decoy receptor (5). In WT mice, IL-13Ra2 expression was in-
creased in response to Hb1 infection and further increased by Hb2
infection, but these effects were abrogated or attenuated in IL-
13Ral ™/~ mice. These data indicate that in the chronic Hb1 in-
fection, the Th2 response is limited in WT mice, and levels of
IL-13 induce a comparably modest expression of the decoy recep-
tor and may not be high enough to lower IL-13 levels. In contrast,
in Hb2 infection, the stronger memory Th2 response leads to el-
evated levels of IL-13 and IL-13Ra2 expression, which in turn
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effectively control IL-13 levels. The importance of this regulatory
feedback loop can be appreciated by studies showing that mice
deficient in the decoy receptor have exaggerated IL-13-mediated
effects, both constitutively and in response to nematode infection
(5, 12). The impaired upregulation of the decoy receptor in IL-
13Ral~’~ mice indicates a major role for the type 2 IL-4R and
STATS6 in the expression of the decoy receptor and control biolog-
ical effects of IL-13. We cannot; however, completely exclude the
contribution of other receptors, including the type 1 IL-4R.

The present study establishes several features important to type
2 IL-4R (IL-13Ral)-dependent worm expulsion. Intestinal cysts
induced by parasitic H. bakeri larvae penetrating the submucosal
layer are a focal point for infiltrating CD4 ™" T cells and other im-
mune cells, which increase local Th2 cytokines and induce alter-
natively activated macrophages (32). This microenvironment is
muted during Hb1 infection (32) and also was absent during Hb2
infection in IL-13Ra1 ™/~ mice, indicating that IL-13 is needed for
the type 2 memory response that drives this tissue response. We
did not investigate the possible changes in the outcomes based on
differences in the microbiome in mice from different sources. Our
previous data, however, demonstrate the reproducibility of the
type 2 response in a number of mouse strains from different
sources. Of interest is that in 2 separate studies, H. bakeri was
associated with increased abundance of bacteria in the ileum (33,
34), indicating that this may be another characteristic feature of
infection observed in different mouse strains.

Goblet cell mucus production, RELM-B, and Muc5ac are crit-
ical for the host defense against nematode infection (24, 35, 36).
There was a significant increase in the number of goblet cells as
well as in the expression of RELM-3 and Muc5ac in WT mice
during both Hbl and Hb2 infections. Since Hb1 infection is
chronic, increased levels of goblet cell RELM-f and Muc5ac alone
are insufficient for effective worm clearance. In IL-13Ral '~
mice, the upregulation of RELM-{ expression was absent com-
pletely during Hb2 infection, despite a significant, but small, in-
crease in the number of goblet cells. These data suggest that IL-13
binding to IL-13Ra1 is critical for goblet cell proliferation, and the
increased RELM-3 expression can be linked to the increase in
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goblet cell number. In contrast, Muc5ac expression was upregu-
lated in IL-13Ral ™'~ mice during Hb2 infection to levels similar
to those in WT mice, indicating that changes in mucus composi-
tion are not linked inexorably to an increase in goblet cell number
or to IL-13.

In the present study, only the expression of arginase-1 was
attenuated significantly in IL-13Ra1 ™/~ mice during Hb2 infec-
tion. In both strains, CD206 was unchanged in Hb1 infection but
increased in Hb2 infection. These data are consistent with previ-
ous data from our laboratory indicating that both IL-4 and IL-13
promote M2 development through the type 1 and type2 IL-4Rs
(22). These data also suggest that lack of polarization toward the
M2 phenotype, as a result of the lower expression of Th2 cyto-
kines, may contribute to the chronicity of Hb1 infection in both
strains. CD206, FIZZ1, and YM1 are also considered to be STAT6-
dependent M2 markers. We showed previously that the N. brasil-
iensis-induced upregulation of FIZZ1 and YMI in the intestine
was unchanged by macrophage depletion (22), indicating that in-
fection also upregulates the expression of these markers in cells
other than macrophages.

Other characteristic features of enteric nematode infection
are a thickening of the muscularis externa and a hypercontrac-
tility of intestinal smooth muscle that is associated with worm
clearance (19, 27). We previously demonstrated that infection-
induced changes in intestinal smooth muscle contractility are
STAT6 and M2 dependent (19, 22), but the contribution of the
type 1 versus type 2 IL-4R has not been established. In the
present study, Hb1 infection had no effect on smooth muscle
responses in either strain, consistent with the modest upregu-
lation of IL-4 and IL-13. In contrast, Hb2 infection induced a
hypercontractility to all stimuli in WT mice that was com-
pletely absent during Hb2 infection in IL-13Ra1 ™/~ mice. This
may be due, in part, to the inhibition of the infection-induced
increase in M;R and 5-HT,, expression. M;R is one of a grow-
ing number of receptors, including 5-HT,, and PAR-1, that
impact smooth muscle function and are dependent on IL-13/
STATG6 but not on IL-4 (25, 26). These receptors are expressed
on both smooth muscle and macrophages and highlight the
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importance of IL-13 to the interaction between macrophages
and smooth muscle that results in the hypercontractility ob-
served in nematode infection. Our previous data showed the
infection-induced hypercontractile responses to PAR-2 and
acetylcholine were normalized in the absence of neural input
(19, 27). The reduced responses to EFS observed in IL-
13Ra1 ™'~ mice during Hb2 infection confirm a role for the
type 2 IL-4R in the neural hypersensitivity of nematode infec-
tion.

M2 markers play a vital role in smooth muscle function and
morphology during a nematode infection, (22), and depletion
of M2 markers with clodronate-containing liposomes inhib-
ited smooth muscle contractility and proliferation and im-
paired worm expulsion (22, 23). In the present study, however,
there was a complete loss of nematode-induced hypercontrac-
tility and increased muscle thickness in IL-13Ra 1/~ mice dur-
ing Hb2 infection, even in the presence of significant M2
marker expression. The failed upregulation of IGF-1 in smooth
muscle during Hb2 infection in IL-13Ra1 ™/~ mice is consis-
tent with the inhibition of smooth muscle hypertrophy and
hyperplasia. The residual expression of these markers in in-
fected IL-13Ral ~/~ mice may be attributed to IL-4 activation
of type 1 IL-4R that contributes to M2 development during
Hb2 infection.

Among the dominant features of nematode infection are
decreased glucose absorption, hyposecretion, and increased
mucosal permeability (18, 27, 28). The net result of these ef-
fects is increased intraluminal fluid in vivo that facilitates worm
expulsion. The inhibition of glucose absorption in the present
study appeared to involve both IL-4 and IL-13, consistent with
our earlier data showing the dependence of these effects on
STAT6 (28). In a recent study, overexpression of IL-13 was
associated with enhanced secretory responses that were linked
to an IL-13Ral-dependent upregulation of CFTR (4). We
showed that Hb2 infection inhibited fluid secretion in WT
and IL-13Ral ™/~ mice, despite a modest upregulation of the
CFTR. These data show that increased fluid secretion mediated
byIL-13-induced increase in CFTR expression is not part of the
type 2 response against nematode infection. We showed previ-
ously that both nematode infection as well as exogenous IL-4/
IL-13-induced alterations in epithelial secretion were STAT6
dependent (18, 28). The present study demonstrates that IL-4
may play a greater role than IL-13 in the nematode-induced
hyposecretion. It should also be noted that the effects of exog-
enous IL-4 on epithelial secretion were dependent on mast cells
(28). These data clearly indicate that the effects of IL-4 and
IL-13 on epithelial secretion during nematode infection are
mediated through different mechanisms.

The lack of an effect of Hb1 infection on intestine permea-
bility and smooth muscle contractility is consistent with a di-
minished type 2 response. Hb2 infection-induced decrease in
resistance (increased permeability) was evident when mea-
sured by Ussing chambers or TEER and is consistent with pre-
vious studies with mice treated with exogenous IL-4 or IL-13 or
transgenic mice that overexpress IL-13 in the small intestine
(4). We evaluated several factors known to control epithelial
permeability, including TJPs, MMCs, and PARs. Much of the
evidence for IL-13-mediated changes in epithelial barrier func-
tion is derived from studies in epithelial cell lines showing that
IL-13 increases permeability, in part, through the upregulation
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of claudin-2 (37), one of several pore-forming TJPs in the clau-
din family. The clinical importance of this observation is that
both IL-13 and claudin-2 are elevated in inflammatory pathol-
ogies such as ulcerative colitis (10, 11, 38). In the present study,
we showed that Hb2 infection increased claudin-2 expression
in WT mice, coincident with increased permeability, but had
no effect on occludin or other pore-forming claudins. Surpris-
ingly, Hb2 infection also induced upregulated claudin-2 ex-
pression in IL-13Ral /" mice. This observation indicated that
claudin-2, like CFTR, can be upregulated without a functional
type 2 IL-4R and that the increased permeability during Hb2
infection is independent of claudin-2 expression. These data
are consistent with recent studies, which showed that the ef-
fects of IL-13 on permeability in epithelial cultures could not
be attributed entirely to claudin-2 (37).

In the present study, the enhanced permeability during Hb2
infection in WT mice was not due to MMC activity, as mMCP-1
levels were similar in both infected WT and TL-13Ral ™/~ mice.
Previous reports showed mastocytosis in response to infection was
not blocked in STAT6 '~ mice (3), in mice with global deficiency
in IL-4Ra (39), or in IL-13/4/5"'" mice (40). Our data confirm
that the type2 IL-4R does not play a major role in the influx of
MMC during Hb2 infection. Proteolytic cleavage of PAR-2 by
mast-cell-derived serine proteases enhances epithelial permeabil-
ity (30). We showed previously that nematode-induced upregula-
tion of PAR-2 expression was STAT6 dependent (41). This obser-
vation was supported by the absence of PAR-2 expression in
IL-13Ral ™/~ mice during Hb2 infection. While PAR-2 may not
be the sole mechanism of the IL-13-mediated changes in barrier
function, it is likely that this effect is linked to upregulation of
unknown STAT6-dependent genes, including the gene coding for
PAR-2.

In conclusion, these data show the importance of IL-13,
working primarily through IL-13Ral, to the host type 2 re-
sponses to nematode infection. IL-13 contributed to the influx
and development of M2, but the development also required the
type 1 IL-4R. We firmly established the importance of IL-
13Ral on nonhematopoietic cells for worm clearance, includ-
ing H. bakeri-induced changes in smooth muscle contractility and
morphology, goblet cell mucus production, and RELM-{ expres-
sion. Of interest is that IL-13 is not required for the upregulation
of Muc5ac, further delineating the contribution of the type 2
IL-4R to goblet cell function. Finally, Hb infection induced
changes in epithelial permeability during a secondary infection by
a mechanism that was independent of claudin-2 expression but
may involve STAT-6-dependent genes such as PAR-2. The disso-
ciation of IL-13 and upregulation of claudin-2 expression may
have important ramifications for the proposed relationship be-
tween increased permeability and IL-13 in the context of clinical
and experimental colitis.
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