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Infection with parasitic nematodes, especially gastrointestinal geohelminths, affects hundreds of millions of people world-
wide and thus poses a major risk to global health. The host mechanism of defense against enteric nematode infection re-
mains to be fully understood, but it involves a polarized type 2 immunity leading to alterations in intestinal function that
facilitate worm expulsion. We investigated the role of interleukin-25 (IL-25) in host protection against Heligmosomoides
polygyrus bakeri infection in mice. Our results showed that I125 and its receptor subunit, I117rb, were upregulated during a pri-
mary infection and a secondary challenge infection with H. polygyrus bakeri. Genetic deletion of IL-25 (IL-25'7) led to an at-
tenuated type 2 cytokine response and increased worm fecundity in mice with a primary H. polygyrus bakeri infection. In addi-
tion, the full spectrum of the host memory response against a secondary infection with H. polygyrus bakeri was severely
impaired in IL-25~'~ mice, including delayed type 2 cytokine responses, an attenuated functional response of the intestinal
smooth muscle and epithelium, diminished intestinal smooth muscle hypertrophy/hyperplasia, and impaired worm expulsion.
Furthermore, exogenous administration of IL-25 restored the host protective memory response against H. polygyrus bakeri in-
fection in IL-25~/~ mice. These data demonstrate that IL-25 is critical for host protective immunity against H. polygyrus bakeri

infection, highlighting its potential application as a therapeutic agent against parasitic nematode infection worldwide.

Ithough studies using mouse models have advanced our un-

derstanding of the molecular and cellular mechanisms under-
lying host protection against nematode infection, many of the
details remain to be fully elucidated. Infection with gastrointesti-
nal nematode parasites induces a polarized Th2 immune response
featuring elevated levels of production of interleukin-4 (IL-4),
IL-5, and IL-13. IL-4 and IL-13 activate STAT6 signaling path-
ways, leading to characteristic alterations in intestinal function
that facilitate worm expulsion. IL-25, also called IL-17E, is a cyto-
kine member of the IL-17 family that includes IL-17A through
IL-17F. Unlike other members of the IL-17 family that are in-
volved in various inflammatory pathologies, IL-25 possesses im-
mune-modulating properties that inhibit Th1/Th17-associated
inflammation.

It has been observed that intestinal epithelium-derived
IL-25 plays a pivotal role in the initiation of the host protective
immune cascade against nematode infection. In particular, in-
testinal epithelial tuft cells produce IL-25 (1, 2) in response to
early-stage worm infection, leading to the expansion and acti-
vation of type 2 innate lymphoid cells (ILC2), a recently iden-
tified noncytotoxic innate lymphoid cell (ILC) family member
that has a classic lymphoid cell morphology but that lacks the
expression of cell surface markers of other known immune
lymphocytes (3, 4). The activated ILC2 then release Th2-asso-
ciated cytokines IL-5 and IL-13. It is the IL-13 activation of
STAT6 pathways that coordinates the upregulation of down-
stream effector molecules, such as RELMB and MUC5AC, as
well as stereotypic changes in intestinal function, including
smooth muscle hypercontractility, epithelial cell hyposecre-
tion, and increased mucosal permeability.
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Previous studies have demonstrated a critical role for IL-25
in the host defense against gastrointestinal nematodes, like
Nippostrongylus brasiliensis (4, 5), Trichinella spiralis (6), and Tri-
churis muris (7). Unlike N. brasiliensis, which colonizes the small
intestine via the skin-lung route, leading to an acute and transient
infection, Heligmosomoides polygyrus bakeri causes a strictly en-
teral infection, with larvae first developing in the submucosa of the
duodenum and then with adult worms being released into the
intestinal lumen at about day 8 after inoculation. Importantly,
mice develop chronic infection after primary inoculation with H.
polygyrus bakeri but are protected from a secondary challenge in-
fection due to a potent Th2 memory response.

Whether IL-25 is involved in host protective immunity against
H. polygyrus bakeri infection has not been investigated. Therefore,
the present study was designed to (i) determine the time-depen-
dent alterations in the expression of IL-25 and its receptor sub-
units in response to H. polygyrus bakeri infection, (ii) investigate
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the role of IL-25 in host protective type 2 immunity against pri-
mary infection as well as secondary challenge infection with H.
polygyrus bakeri, and (iii) elucidate the contribution of IL-25 to
the characteristic changes in intestinal smooth muscle and muco-
sal function induced by a secondary challenge infection with H.
polygyrus bakeri. This study demonstrates that IL-25 and its recep-
tor subunit, the IL-17B receptor (IL-17RB), are upregulated dur-
ing the early stage of H. polygyrus bakeri infection and that endog-
enous IL-25 plays a critical role in host protective immunity
against a secondary H. polygyrus bakeri infection.

MATERIALS AND METHODS

Mice. Wild-type (WT) C57BL/6 mice were purchased from Charles River
Laboratories (Frederick, MD) and bred in the USDA, Beltsville Agricul-
tural Research Center, animal facility. Mice deficient in IL-25 (IL-25""")
were generated by Regeneron Pharmaceuticals (Tarrytown, NY) and were
backcrossed to mice of the C57BL/6 mouse background for 10 generations
and also bred in the USDA, Beltsville Agricultural Research Center, ani-
mal facility. All studies were conducted with institutional approval from
both the University of Maryland, Baltimore, and the USDA, Beltsville
Area Agricultural Research Service, Institutional Animal Care and Use
Committees, in accordance with the principles set forth in the Guide for
the Care and Use of Laboratory Animals (8).

Enteric nematode infection and worm expulsion. Infective, en-
sheathed, third-stage larvae (L3) of H. polygyrus bakeri were propagated
and stored at 4°C as previously described (9). For primary infection,
groups of mice were inoculated orally with 200 L3 using a ball-tipped
feeding needle. For secondary challenge infection, mice were cured with
the anthelmintic drug pyrantel tartrate 2 weeks after the primary inocu-
lation and were reinoculated orally with 200 L3 4 or more weeks later.
Studies with appropriate age-matched controls were performed for each
infection. Determination of adult worm numbers and egg production in
feces was performed as described previously (9). Adult worms were de-
tected quantitatively by scanning the intestinal surface with a dissecting
scope.

Administration of IL-25. Mice were injected intraperitoneally with 1
g of recombinant IL-25 (R&D Systems, Minneapolis, MN) in 100 pl of
phosphate-buffered saline (PBS) containing 35 g bovine serum albumin
(BSA) as a carrier protein every other day starting at day 5 postinoculation
(p-i.) with H. polygyrus bakeri L3. Control mice were given injections of 35
g BSA in PBS. The amount of cytokine administered was based on the
results of a previous study showing that this dose of IL-25 induces a prom-
inent Th2 immune response (5).

In vitro smooth muscle contractility in organ baths and smooth
muscle thickness. In1 vitro smooth muscle contractility was measured as
described previously (10). Frequency- or concentration-dependent
smooth muscle responses to electric field stimulation (EFS; 1 to 20 Hz,
100 V) or acetylcholine (10 nM to 0.1 mM) were determined. Tension
was expressed as the force per cross-sectional area (11). Segments of
jejunum were fixed in 4% paraformaldehyde for 4 h. Sections (4 pm)
of jejunum tissue were cut from paraffin-embedded blocks and stained
with hematoxylin and eosin (H&E). The smooth muscle thickness of
H&E-stained sections of the jejunum was determined for each treat-
ment group.

Invitro epithelial cell ion transport in Ussing chambers. Muscle-free
segments of small intestine were mounted in Ussing chambers as de-
scribed previously (12). After a 15-min period, concentration-depen-
dent changes in the short-circuit current (I ) in response to the cu-
mulative addition of acetylcholine (10 nM to 1 mM) to the serosal side
were determined. Responses from all acetylcholine-exposed tissue seg-
ments from an individual animal were averaged to yield a mean re-
sponse per animal.

Microsnap well assay for mucosal TEER. The modified microsnap
well system used in the present study was a miniaturized version of the
standard Ussing chamber that has been engineered to measure the
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TABLE 1 Primer sequences for real-time gPCR

Gene Orientation Primer sequence (5' to 3")
125 Forward CAGCAAAGAGCAAGAACC
Reverse CCCTGTCCAACTCATAGC
ni7rb Forward ACCGTCTGTCGCTTCACTG
Reverse C CCACTTTATCTGCCGCTTGC
Il17ra Forward ACTGTGGAGACCTTGGAC
Reverse CTTGCTTAGAGTGAATGTGAC
iz Forward AAAATCACTTGAGAGAGATCAT
Reverse GTTTGGCACATCCATCTC
15 Forward GACAAGCAATGAGACGATGAGG
Reverse CCCACGGACAGTTTGATTCTTC
113 Forward GACCAGACTCCCCTGTGCAA
Reverse TGGGTCCTGTAGATGGCATTG
Argl Forward CTGGCAGTTGGAAGCATCTCT
Reverse GTGAGCATCCACCCAAATGAC
Chil3 Forward ATCTATGCCTTTGCTGGAATGC
Reverse TGAATGAATATCTGACGGTTCTGAG
Retnla Forward CCTCCACTGTAACGAAGACTCTC
Reverse GCAAAGCCACAAGCACACC
Adgrel Forward AAAGACTGGATTCTGGGAAGTTTGG
Reverse CGAGAGTGTTGTGGCAGGTTG
Retnlb Forward TCTCCCTTTTCCCACTGATAG
Reverse TCTTAGGCTCTTGACGACTG
Muc5ac Forward AGGACGACTAATTTGGATAA
Reverse AACTGTACTGCTGTATGG

transepithelial electrical resistance (TEER) of intestinal fragments ex-
posed to various stimuli (13). A decrease in TEER reflects increased
tissue permeability. Briefly, segments of mouse intestine stripped of
both muscle and serosal layers were placed in the microsnap well sys-
tem. Two hundred fifty microliters of Dulbecco modified Eagle me-
dium containing 4.5 g/liter glucose, 4 mM L-glutamine, 50 U/ml pen-
icillin, 50 pg/ml streptomycin, and minimal essential medium with 1
mM nonessential amino acids was added to the mucosal side. Three
milliliters of the same medium was added to the serosal side. The
system was incubated at 37°C with 5% CO, in air for 30 min to stabilize
the pH, and the baseline TEER was measured.

RNA extraction, cDNA synthesis, and real-time qPCR. Total RNA
was extracted from intestine whole tissue as described previously (14).
RNA samples (2 jng) were reverse transcribed to cDNA using a first-
strand cDNA synthase kit (MBI Fermentas, Hanover, MD) with a ran-
dom hexamer primer. Real-time quantitative PCR (qPCR) was per-
formed on an iCycler detection system (Bio-Rad, CA). PCR was
performed in a 25-pl volume using SYBR green Supermix (Bio-Rad,
Hercules, CA). Amplification conditions were 95°C for 3 min and 50
cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 20 s. The fold
changes in the levels of expression of mRNA for targeted genes were
relative to the levels of expression for the respective vehicle-treated
groups of mice after normalization to the level of 18S rRNA expres-
sion. Primer sequences (listed in Table 1) were designed by using
Beacon Designer (version 7.0) software (Premier Biosoft Interna-
tional, Palo Alto, CA) and synthesized by Sigma.
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FIG 1 Upregulation of II25 and its receptor in the intestines of mice infected with H. polygyrus bakeri. Mice received a primary infection or a secondary challenge
infection with H. polygyrus bakeri and were studied at day 14 postinfection. qPCR was performed to measure the levels of mRNA expression in the small intestine.
The fold changes were relative to the level of expression for the individual vehicle groups after normalization to the level of 18S rRNA expression. *, P < 0.05
versus the respective vehicle group; ¢, P < 0.05 versus the respective primary infection group (n = 5 for each group).

Data analysis. Agonist responses were fitted to sigmoid curves
(GraphPad Software, San Diego, CA). Statistical analysis was performed
using one-way analysis of variance followed by the Neumann-Keuls test to
compare the differences among three or more treatment groups or the
Student t test to compare the differences between two groups. The data are
presented as the mean * standard error of the mean and are representa-
tive of those from at least two independent experiments with five to eight
mice per group. P values of <0.05 were considered significant.

RESULTS

Upregulation of 1125 and Il17rb in the intestine in response to
infection with H. polygyrus bakeri. Upregulation of IL-25 and
IL-17RB in the small intestines of mice infected with N. brasiliensis
was reported previously (5). Heligmosomoides polygyrus bakeri is
also a gastrointestinal nematode parasite, but unlike N. brasilien-
sis, it develops into a chronic infection lasting for weeks to months,
depending on the mouse strain. However, clearance of the pri-
mary infection using an anthelmintic drug followed by a second-
ary challenge infection induces a potent Th2 memory response
that is host protective (15). We examined the effects of H. po-
lygyrus bakeri infection on the expression of I125 and its receptor.
Both primary infection and secondary challenge infection of mice
upregulated the expression of I125 in the small intestine, although
amore potent effect was observed in mice receiving the secondary
infection (Fig. 1A). The IL-25 receptor is composed of the IL-
17RA and IL-17RB subunits, with the IL-17RA subunit being
shared by other members of the IL-17 cytokine family. Both pri-
mary infection and secondary infection induced comparable lev-
els of upregulation of Il17rb in the intestine of WT as well as
IL-25""" mice (Fig. 1B). The infection did not, however, alter the
expression of I117ra (Fig. 1C).

Impaired type 2 cytokine response to primary infection with
H. polygyrus bakeri in mice deficient in IL-25. The host defense
against nematode infection features polarized type 2 immunity.
As expected, a primary H. polygyrus bakeri infection of mice in-
creased the intestinal expression of type 2 cytokines when expres-
sion was examined at day 14 postinoculation (Fig. 2A). Notably,
the upregulation of II5 or /13, but not that of I/4, was significantly
less in IL-25"/" mice than WT mice (Fig. 2A). The infection also
upregulated the expression of alternatively activated macrophage
(M2) markers (Argl, Chil3, and Retnla) as well as Retnlb and
Muc5ac, two major effector molecules critical for the host defense
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against nematode infection in WT mice (16, 17). The upregula-
tion of M2 markers was comparable in WT and IL-25"'" mice
(Fig. 2B); however, the upregulation of Retnlb and Muc5ac was
significantly less in IL-25~'~ mice (Fig. 2C). Finally, IL-25"""
mice did not have an exaggerated Th1 or Th17 cytokine response
since no significant differences in the levels of expression of Tnf,
Ifng, I117a, or nitric oxide synthase-2 were detected between WT
and IL-25"/" mice before or after the infection (data not shown).
Worm fecundity (measured by determination of the number of
eggs per gram of feces) was significantly higher during primary
infection of IL-25/~ mice than primary infection of WT mice at
day 14 as well as day 18 postinoculation (Fig. 2D). A primary
infection with H. polygyrus bakeri was chronic, with many adult
worms being observed microscopically in both WT and TL-25"""
mice at 18 days after inoculation.

Defective memory response against a secondary challenge
infection with H. polygyrus bakeri in IL-25~'~ mice. To further
investigate whether IL-25 is required for the host memory re-
sponse against infection with H. polygyrus bakeri, mice with pri-
mary infection were cured with an anthelminthic drug and rechal-
lenged after at least a 4-week rest to allow development of the
secondary response. Mice were euthanized at days 10, 14, and 20
postinoculation (p.i.) to evaluate worm expulsion as well as mo-
lecular and functional alterations in the intestine. As shown in Fig.
3A, both WT and IL-25"/" mice harbored similar numbers of
adult worms at day 10 p.i., indicating equivalent levels of infection
between the two mouse strains. In contrast, WT mice cleared the
adult worms by day 14 p.i., whereas IL-25 '~ mice still harbored a
significant number of worms in the gut lumen even at day 20 p.i.
(Fig. 3A).

Type 2-associated cytokines/immune mediators play a prom-
inent role in the protective memory response against nematode
infection. We investigated whether impaired host protection was
associated with defective intestinal cytokine gene expression at
day 10 p.i., when the immune response in WT mice peaked, and at
day 14 p.i., when worms were cleared from WT mice (18). As
expected, a secondary challenge infection with H. polygyrus bakeri
in WT mice induced a robust type 2 immunity characterized by
significantly increased expression of 114, II5, and II13 on days 10
and 14 p.i., with higher levels being observed at day 10 p.i. (Fig. 3B
to D). In comparison, at day 10 p.i. infection-induced upregula-
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FIG 2 Impaired type 2 cytokine response to primary infection with H. polygyrus bakeri in mice deficient in IL-25. Mice received a primary infection with H.
polygyrus bakeri. Segments of jejunum were collected at day 14 postinfection and analyzed by qPCR for the levels of expression of mRNA for type 2 cytokines (A),
molecular markers for alternatively activated macrophages (B), and host defense effector molecules (C). The fold changes in levels of expression were relative to
the levels of expression for the respective WT-vehicle groups after normalization to the level of 18S rRNA expression. ¥, P < 0.05 versus the respective vehicle
group; ¢, P < 0.05 versus the respective WT group. (D) The numbers of worm eggs were determined at 14 and 18 days postinfection (Dpi). ¥, P < 0.05 versus
WT mice infected with H. polygyrus bakeri (WT-H. bakeri) (n = 5 for each group).

tion of type 2 cytokines (II5 and I113) in IL-25"/~ mice was signif-
icantly less than that in WT mice, with the exception of Il4. By day
14 p.i., when cytokine gene expression levels in the infected WT
mice declined, those in the infected IL-25"'" mice, particularly
the levels of I113 expression, turned higher, likely due to the con-
tinuous presence of worms in the intestine (Fig. 3B to D). Follow-
ing a similar pattern, upregulation of the M2 markers Argl and
Chil3waslessin IL-25"'" mice than in WT mice at day 10 p.i. (Fig.
3E and F), while the expression levels of Adgrel (F4/80), a general
macrophage marker, were comparable between the two groups of
infected mice at day 10 p.i. (Fig. 3G). Retnlb and Muc5ac were
significantly induced by the infection in WT mice, with their levels
of expression peaking at day 10 p.i. and declining at day 14 p.i.
(Fig. 3H and I). In TL-25"'" mice, the infection-induced upregu-
lation of Retnlb and Muc5ac was less pronounced at day 10 but was
more pronounced at day 14 p.i. (Fig. 3H and I), which followed
the pattern of 1113 expression (Fig. 3D).
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IL-25 deficiency impaired the functional responses of intes-
tinal smooth muscle and epithelium to H. polygyrus bakeri in-
fection. Enteric nematode infections induce characteristic altera-
tions in gut function that peak at day 14 of a primary infection
with H. polygyrus bakeri (18, 19). We next evaluated gut function
in mice receiving a secondary challenge infection with H. po-
lygyrus bakeri. Indeed, the infected WT mice had an intestinal
smooth muscle hypercontractile response to acetylcholine as well
as electric field stimulation (EFS) (Fig. 4A and B) consistent with
that shown previously (10, 20-22). However, this infection-in-
duced hypercontractility was either significantly attenuated (ace-
tylcholine) or absent (EFS) in IL-25"/" mice (Fig. 4A and B). In
addition, the infection drastically increased the thickness of the
intestinal smooth muscle layer in WT mice at both day 10 and day
14 p.., and infection-induced smooth muscle hypertrophy/hy-
perplasia was much less evident in IL-25"'~ mice, and only mar-
ginal effects were observed at day 10 p.i. (Fig. 4C and D).
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A deficiency in IL-25 had a significant impact on H. polygyrus
bakeri infection-induced changes in mucosal epithelial function.
As shown in Fig. 5A, the infection-induced stereotypic reductions
in epithelial secretion in response to acetylcholine (a decrease in
I,.) was significantly less in IL-25"'~ mice than in WT mice when
the mice were examined at day 14 p.i. At day 10 p.i., mucosal
permeability was increased (there was a decrease in TEER) in in-
fected WT mice but not in IL-25"'" mice (Fig. 5B). At day 14 p.i.,
the permeability was decreased in both strains of mice, but the
decrease was significantly less in IL-25"/~ mice than in WT mice
(Fig. 5B).
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Exogenous administration of IL-25 restores host protection
against H. polygyrus bakeri infection in IL-25~'~ mice. Recom-
binant IL-25 was administered to infected IL-25"/~ mice every
other day starting at day 5 p.i. using a dose known to promote type
2 immunity on the basis of the findings of our previous studies (5).
IL-257"" mice receiving IL-25 cleared the worm by day 14 p.i.,
similar to the findings for WT mice, while mice receiving BSA still
harbored >150 worms in the lumen (Fig. 6A). To determine
whether exogenous IL-25 rescued the immune response defect in
IL-257'" mice, we selectively analyzed the gene expression of
three key molecules (IL-13, arginase 1, and RELM[}) as represen-
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20 Hz, 100 V) (B). VEH, vehicle. (C) Representative H&E-stained intestinal sections from mice euthanized at 10 or 14 days postinfection (Dpi). Magnification,
X100. (D) The thickness of the smooth muscle layer was measured by microscopic examination of the H&E-stained intestinal sections. ¥, P < 0.05 versus the
respective vehicle group; ¢, P < 0.05 versus the respective WT group (n = 5 for each group).

tatives of host protective immunity. Indeed, exogenous IL-25-
induced worm expulsion was associated with significantly in-
creased expression of 1113, the M2 marker Argl, as well as effector
molecule Retnlb in intestines that were collected at day 14 p.i. (Fig.
6B). Furthermore, exogenous administration of IL-25 led to a
nearly full restoration of the host type 2 immune response of IL-
257’7 mice to the rechallenge infection with H. polygyrus bakeri,
as similar levels of intestinal expression of Il13, Argl, and Retnlb
were detected between infected WT mice and IL-25"'" mice that
received exogenous IL-25 when they were assayed at day 10
postinfection (Fig. 6C), a time point when the host type 2 immune
response peaked (Fig. 3).

DISCUSSION

The present study demonstrated that IL-25, a primarily epitheli-
um-derived cytokine, contributes to protective immunity against
infection with H. polygyrus bakeri during a primary infection and
following a secondary challenge infection. Heligmosomoides po-
lygyrus bakeri has a strictly enteral life cycle that establishes a
chronic infection and activates multiple lymphoid and myeloid
cell interactions (23). Thus, H. polygyrus bakeri infection of mice
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mimics many aspects of human hookworm infection and thus is
commonly used for studying host protective immunity (24, 25) as
well as helminth-associated immune-modulating mechanisms
(26).

Although primary infections in mice are chronic, they in-
duce no apparent morbidity; however, a secondary challenge
infection activates a potent host memory response that leads to
worm expulsion within 2 weeks or less. The immune response
to H. polygyrus bakeri features a robust type 2 immunity charac-
terized by increased expression of IL-4, IL-5, IL-9, and IL-13 (27—
30). Although epithelium-derived cytokines/mediators, particu-
larly IL-25, play a pivotal role in initiating type 2 immunity in
general, the role of IL-25 in the host defense against H. polygyrus
bakeri was not known. Previous work showed that IL-25 was in-
dispensable for host protective immunity against N. brasiliensis, T.
muris, and T. spiralis in mice. In particular, mice deficient in IL-25
had impaired cytokine responses to infection with N. brasiliensis
and were unable to efficiently expel adult worms from the intes-
tine (4, 5). Injection of IL-25 into genetically susceptible mice
promoted a type 2 cytokine response to T. muris, whereas IL-25-
deficient mice on a genetically resistant background failed to elim-
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FIG 5 Attenuated intestinal epithelial hyposecretion and delayed mucosal permeability increase in mice deficient in IL-25 in response to infection with H.
polygyrus bakeri. Mice were infected with H. polygyrus bakeri, cured with an anthelmintic drug, reinfected with H. polygyrus bakeri infective larvae, and euthanized
at day 10 or 14 postinfection (Dpi). Muscle-free mucosa was mounted in Ussing chambers for the epithelial secretory response to acetylcholine (A) or in a
microsnap well system for the measurement of TEER (B). *, P < 0.05 versus the respective vehicle group; ¢, P < 0.05 versus the respective WT group (n = 5 for

each group).

inate the infection (7). Angkasekwinai et al. (6) showed that T.
spiralis-infected mice treated with IL-25 exhibited a lower adult
worm burden and fewer muscle larvae, which were associated
with an antigen-specific IL-9 response, while mice treated with
neutralizing anti-IL-25 antibody failed to effectively expel T. spi-
ralis adults.

Extending our previous findings from studies with mice in-
fected with N. brasiliensis, the present study showed that both a
primary response and a secondary memory immune response to
H. polygyrus bakeri included the upregulation of II25 similar to
that induced by other parasitic nematodes, with a higher response
being observed in the secondary challenge infection, consistent
with a more potent type 2 memory response. In mice with a pri-
mary infection with H. polygyrus bakeri, IL-25 deficiency had a

moderate effect on the upregulation of type 2 cytokines or effector
molecules and did not influence the gene expression of character-
istic M2 markers. The moderate effect of IL-25 deficiency on some
but not all key immune mediators may reflect the fact that primary
infection of mice with H. polygyrus bakeri is chronic and the host
immune response elicited is not very potent. Nonetheless, the host
protective response was impaired because adult worm egg pro-
duction, an indicator of worm fecundity and vigor, was increased
in IL-257'" mice. The presence of robust adult worms could also
explain the modest gene expression of some immune mediators
that are not strictly IL-25 dependent. The impact of IL-25 defi-
ciency on the host memory response to a secondary challenge
infection with H. polygyrus bakeri was more profound, as the ex-
pression of type 2 cytokines, effector molecules for host defense,
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= CiL-25"-H. bakeri-BSA *0 . [1L-25"-H. bakeri-BSA 10 Dpi
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FIG 6 Exogenous IL-25 restores the protective memory response against H. polygyrus bakeri infection in mice deficient in IL-25. WT or IL-25"'~ mice were
infected with H. polygyrus bakeri, cured with an anthelmintic drug, and reinfected with H. polygyrus bakeri infective larvae. IL-25 or BSA, as a control, was injected
into mice every other day starting at 5 days post-secondary infection, and the mice were euthanized at 10 days post-secondary infection (10 Dpi) (C) or 14 days
post-secondary infection (A, B). (A) Numbers of adult worms in the intestines of mice at 14 days postinfection. Segments of jejunum collected at 10 days
postinfection (C) and 14 days postinfection (B) were analyzed by qPCR for expression of mRNA for 1113, Argl, and Retnlb. The fold changes in the levels of
expression were relative to the levels of expression for the respective WT-vehicle groups after normalization to the levels of 18S rRNA expression. ¥, P < 0.05
versus the respective vehicle group (B) or WT mice infected with H. polygyrus bakeri and treated with BSA (WT-H. bakeri-BSA) at 10 days postinfection (C); ¢,
P < 0.05 versus the respective BSA group (n = 5 for each group).
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and molecular markers of M2 development were all negatively
affected.

Of note, our current results indicate that the upregulation of
114 induced by either primary or secondary infection of H. po-
lygyrus bakeri was not affected by IL-25 deficiency. IL-4 is an im-
portant cytokine with multiple immunoregulatory functions, in-
cluding differentiation of Th2 cells. The cellular source of IL-4
following nematode infection includes T cells, basophils, and eo-
sinophils (31). Exogenous IL-4 can cure established H. polygyrus
bakeri infection (32), and anti-IL-4 treatment only partially
blocked the protective immunity against secondary H. polygyrus
bakeri infection in mice (33). However, a definite role of IL-4 in
the protective response to H. polygyrus bakeri remains to be fully
established. A very recent study reported that ILC2 are the major
source of IL-4 and that IL-4-producing ILC2 are required for the
differentiation of Th2 cells following primary H. polygyrus bakeri
infection (34). That study further reported that IL-25 is incapable
of inducing IL-4 secretion from ILC2, a finding which is consistent
with data from our current study that no defect in I/4 expression
was detected in IL-25"'~ mice. While it was not investigated in the
current study, it is possible that IL-25 deficiency did not affect IL-4
production from ILC2 stimulated by mediators, such as leukotri-
ene D4 (34). Whether defective IL-25 signaling affects Th2 devel-
opment during H. polygyrus bakeri infection remains to be deter-
mined. However, we have recently shown that resistance to
Nippostrongylus brasiliensis and other parasitic nematode species
is dependent on the relative abundance of ILC2 and Th2 cells
producing IL-13 (35), which may suggest a critical role for the
relative abundance of these cells in the protective response to a
secondary infection with H. polygyrus bakeri. These IL-4- and IL-
13-producing cells may not expand optimally during infection in
the absence of IL-25. Further studies will continue to explore the
redundancy of the response to infection.

IL-25 in the intestine is mainly produced by epithelial cells,
more specifically, by tuft cells in the epithelium, which then
activate ILC2 to release the type 2 cytokines IL-5 and IL-13 (1,
2). The receptor for IL-25 consists of IL-17RB, a 56-kDa single
transmembrane protein that binds IL-25, and IL-17RA, a ubiq-
uitously expressed receptor subunit also shared by IL-17A, IL-
17C, and IL-17F (36). Infection of mice with H. polygyrus bakeri
increased the level of the I117rb transcript in the intestine indepen-
dently of IL-25. Although both transcriptional upregulation and
expansion of the IL-25-responsive cells, particularly ILC2, could
contribute to that increase, the fact that the infection did not alter
Il17ra expression suggested that transcriptional upregulation is
likely the case. The mechanism underlying the upregulation of
I17rb could be similar to that utilized by N. brasiliensis, which
involves IL-4/IL-13 and STAT®6 (5). The biological significance of
the divergent effect of H. polygyrus bakeri on the two receptor
subunits of IL-25 is not understood but may reflect the ability of
the host to maintain a potent type 2 immunity while avoiding an
exaggerated Th17 response that would be detrimental for defend-
ing against the parasite.

Enteric nematode infection induces characteristic changes
in intestinal function and morphology featuring smooth mus-
cle hypercontractility, smooth muscle hypotrophy/hyperpla-
sia, epithelial hyposecretion, as well as increases in mucosal
permeability (22, 37, 38). The gut functional responses depend
on host type 2 immunity, which is induced in particular by
IL-13, which binds to the type 2 IL-4 receptor consisting of
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IL-4Raand IL-13Ra1 and activates STAT6 signaling pathways.
Changes in gut function facilitate worm expulsion, thereby
constituting an integral part of the host defense against nema-
tode infection. During enteric nematode infection, various
types of innate and adaptive immune cells are recruited to the
site of infection. Among those first responders, macrophages
accumulate in the mucosa as well as in the smooth muscle of
the intestine. More importantly, the type 2 cytokines IL-4 and
IL-13 induce alternative activation of macrophages into the M2
phenotype that is indispensable to the morphological and
functional alterations of intestinal smooth muscle and epithe-
lial cells (22, 39). The absence of IL-25 resulted in a delayed
type 2 immune response leading to defective M2 development.
Consequently, the infection-induced alternations in intestinal
smooth muscle function, epithelial secretion, as well as muco-
sal permeability were attenuated in mice deficient in IL-25,
which in turn led to impaired worm expulsion.

Of interest was the ability of exogenous IL-25 to restore the
host defense against H. polygyrus bakeri. Indeed, even when IL-25
was given only during the secondary challenge infection, a full
spectrum of features of the host protective response resumed, in-
cluding worm expulsion, type 2 cytokine responses, M2 develop-
ment, and the expression of host defense effector molecules. Our
current study did not examine how exogenous IL-25 affected the
intestinal function of the mice. However, it is well established that
host protection against H. polygyrus bakeri infection is accompa-
nied by characteristic changes in intestinal smooth muscle and
epithelial function that contribute to worm expulsion (10, 12, 38).
Our previous study also showed that exogenous IL-25 induced
similar changes in WT mice (5). Thus, it is conceivable that the
characteristic alterations in intestinal function also occurred in the
mice that received exogenous IL-25 in the current study.

In conclusion, infection with a strictly enteral parasite, H. po-
lygyrus bakeri, upregulated the expression of 1125 and I117rb in the
intestine. A genetic deficiency in IL-25 negatively affected the host
defense against both a primary infection and a secondary chal-
lenge infection with H. polygyrus bakeri. In concert with previous
findings, IL-25 appeared to be critical to the host defense against
parasitic nematodes through the regulation of type 2 cytokines
that activate protective mechanisms, highlighting the potential of
IL-25 as a therapeutic agent for the control of parasitic nematode
infections worldwide.
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