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The immune responses against helminths have been investigated individually, and it

is well-established that infected hosts develop an immunological memory to resist

reinfection by the same pathogen. In contrast, it is poorly understood how the host

immune system responds to subsequent infection by unrelated parasites after elimination

of the first infection. We previously reported that infection of mice with Strongyloides

venezuelensis induces the accumulation of group 2 innate lymphoid cells (ILC2s) in the

lung. Here, we demonstrated that S. venezuelensis-experienced (Sv-exp) mice became

significantly resistant against infection by Nippostrongylus brasiliensis. N. brasiliensis

infection induced enhanced accumulation of ILC2s and eosinophils with increased

expressions of mRNA for Th2 cytokines in the lungs of Sv-exp mice. The resistance was

dependent on ILC2s, and eosinophils but not on CD4+ T cells. Furthermore, pulmonary

ILC2s in Sv-exp mice acquired a highly responsive “trained” phenotype; in response to

N. brasiliensis infection, they rapidly increased and produced IL-5 and IL-13, which in

turn induced the early accumulation of eosinophils in the lungs. IL-33 was required for

the accumulation of ILC2s and the resistance of mice against N. brasiliensis infection but

insufficient for the induction of trained ILC2s. In conclusion, animals infected with one

type of lung-migratory nematodes acquire a specific-antigen-independent resistance to

another type of lung-migrating nematodes, providing animals with the capacity to protect

against sequential infections with various lung-migratory nematodes.

Keywords: trained immunity, innate immune memory, intestinal nematode, eosinophils, IL-33

INTRODUCTION

Soil-transmitted intestinal parasites cause one of the most prevalent neglected tropical diseases
(NTD) (1). Soil-transmitted helminths infect approximately 1.7 billion people in developing
countries, creating both health- and economics-related problems (1–4). Particularly, in tropical
and subtropical regions, such as sub-Saharan Africa, the Americas, China, and East Asia,
the distribution of many infectious diseases caused by parasitic nematodes, such as Ascaris
lumbricoides, hookworm (Ancylostoma duodenale and Necator americanus), Trichuris trichiura,
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and Strongyloides stercoralis, overlap one another (1, 2, 5). People
in these areas can be infected by multiple parasites concurrently
or sequentially.

These soil-transmitted helminths are gastrointestinal
nematodes, and they are divided into two groups based on
the infection routes. A. lumbricoides and T. trichiura parasitize
directly to the intestinal tract by oral infection, hookworm and S.
stercoralis transcutaneously invade and once go to the lungs and
then migrate to the intestinal tract to mature. For this reason, the
latter is known to cause eosinophilic inflammation in the lungs
(Loeffler syndrome).

To resist such intestinal nematodes infection, hosts generally
develop Th2 immune responses, which induce IgG1 and IgE
production, intestinal mastocytosis, systemic eosinophilia, goblet
cell hyperplasia, and intestinal smooth muscle contraction (6–
9). Among these various reactions, the response required for
appropriate protection depends on the type of infecting parasite.
In an experimental animal model, the induction of goblet cells,
epithelial cell turnover, and smooth muscle contraction, all of
which are induced by the action of Th2 cell-derived cytokines
(IL-4 and IL-13), are indispensable for the rapid expulsion of
N. brasiliensis, a gut-dwelling rodent nematode (10–12).

Strongyloides venezuelensis, another rodent nematode, is a
counterpart of the human pathogen S. stercoralis (13). In contrast
to the required responses for N. brasiliensis expulsion, cytokine-
induced mastocytosis and antibody (Ab)/FcRγ-dependent
mucosal mast cell (MMC) activation are important for the rapid
expulsion of S. venezuelensis from the intestine (14–18). Since
the host memorizes this particular Th2 type immune response,
when the same species of nematode invades again, a stronger
immune response occurs to reject the infection (19, 20).

In addition to Th2 cells, group 2 innate lymphoid cells (ILC2s)
also play a crucial role in host defense by secreting a large
amount of type 2 cytokines in response to any epithelial barrier
disruption by a migrating nematode (21, 22). These cells require
the cytokine IL-7 along with a few transcription factors, such
as retinoic acid receptor-related orphan receptor alpha (RORα)
and GATA-binding protein 3 (GATA3), for their development
(23–25). After stimulation with epithelial cell-derived cytokines
[e.g., IL-25, IL-33, and thymic stromal lymphopoietin (TSLP)] or
the neuropeptide neuromedin U, ILC2s start to produce the Th2
type cytokines IL-5, IL-13, and IL-9 (26–29). They also secrete
amphiregulin, a member of the epidermal growth factor family,
which stimulates tissue repair (30).

To date, the immune responses against helminths have
been investigated individually, and it is well-established that
helminth-infected hosts develop an immunological memory to
resist a reinfection by the same pathogen. In contrast, it is
poorly understood how the host immune system responds to
subsequent infection by an unrelated intestinal nematode after
elimination of the first infection. The aim of this study is to

Abbreviations: Ab, Antibody; BALF, Bronchoalveolar lavage fluid; GATA3,

GATA-binding protein 3; ILC2, Group 2 innate lymphoid cell; L3, Third stage

larva; NK, Natural killer; PBL, Peripheral blood leukocyte; Q-PCR, Quantitative

PCR; RORα, Retinoic acid receptor-related orphan receptor alpha; Sv-exp,

Strongyloides venezuelensis experienced; TSLP, Thymic stromal lymphopoietin.

investigate the effect of primary infection on secondary infection
with a different species of intestinal nematode and analyze
S. venezuelensis-infected hosts acquisition of specific-antigen-
independent resistance to infection by subsequent unrelated
lung-migrating nematode by the induction of trained ILC2s.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the
recommendations of the Regulations for Animal
Experimentation in Hyogo College of Medicine, Hyogo College
of Medicine Animal Experiment Committee. The protocol was
approved by the Hyogo College of Medicine Animal Experiment
Committee (No. A11-076, 13-009, 16-006).

Animals
C57BL/6 mice were purchased from Charles River Laboratories
Japan.Wistar rats, and Sprague-Dawley (SD) rats were purchased
from SLC Japan. Il33−/− mice were produced and reported
previously (31). RORαsg/j mice were obtained from Jackson
Laboratory. 1dblGATA mice were purchased from Jackson
Laboratory and backcrossed for 11 generations into the C57BL/6
background. All mice were used at 6–11 weeks of age except for
the donor mice for bone marrow transplantation experiment.
To prepare Rorasg/sg bone marrow chimera mice, recipient 6-
week-old C57BL/6 wild-type (WT) mice were lethally irradiated
(5.5Gy × 2, 4 h interval). Donor bone marrow cells (3–10 ×

106 cells per body) prepared from 3- to 4-week-old RORαsg/+ or
RORαsg/sg mice were transferred intravenously into recipients.
Chimera mice were used for experiments from 12 weeks after
transplantation. The numbers of mice used in each experiment
were indicated in each figure legend.

Reagents
Fluorescent-labeled antibodies for CCR3 (FAB729F, FITC,
#83101) was purchased from R&D Systems, Siglec F (552126, PE,
E50-2440) was purchased from BDBiosciences, for Gr-1 (108408,
PE, RB6-8C5), CD45 (103134, brilliant violet 421, 30F11), Thy1.2
(140306, pacific blue, 53-2.1), Sca-1 (108142, AlexaFluor700
or 108112, APC, D7), CD3 (100308, PE or 100306, FITC,
145-2C11), CD4 (100512, PE or 100540, PerCP-Cy5.5, RM4-
5), CD8 (100708, PE, 53-6.7), CD11b (101208, PE or 101206,
FITC, M1/70), CD19 (115508, PE, 6D5), NK1.1 (108708, PE
or 108706, FITC, PK136), B220 (103206, FITC, RA3-6B2), and
IL-5 (504306, APC, TRFK5) were purchased from BioLegend,
for IL-13 (12-7133-41, PE, eBio13A), GATA3 (12-9966-42, PE,
TWAJ), and IL-25R (12-7361-82, PE, MUNC33) were purchased
from eBioscience, for T1/ST2 (101001F, FITC or 101001B, biotin,
DJ8) was purchased from MD Biosciences, and for IgE (1130-
09L, PE, 23G3) was purchased from Southern Biotechnology
Associates Inc. PerCP-Cy5.5-streptavidin was purchased from
BioLegend (405214). Recombinant mouse IL-7 (407-ML) and IL-
25 (1399-IL) were purchased from R&D Systems. Ionomycin and
phorbol 12-myristate 13-acetate (PMA) were purchased from
Sigma-Aldrich Japan. Recombinant human IL-33 (rhIL-33) was
made by Hokudo Co., Ltd. as previously described (32).
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IL-33 Administration
Mice were intranasally administered with 30–50 µl containing
100 ng of rhIL-33 or PBS under anesthesia, and right lung cells
(prepared as described below), BALF cells from the left lung, and
peripheral blood leukocytes (PBLs) were collected at 0, 7, 14, 21,
and 28 days post-IL-33 administration.

Helminth Infections
S. venezuelensiswas provided by Dr. H. Maruyama (University of
Miyazaki) and maintained in male Wistar rats in our laboratory
(15). Mice were subcutaneously inoculated in the back with
4,000–5,000 S. venezuelensis L3. N. brasiliensis was provided by
Dr. M. Yamada (Kyoto Prefectural University of Medicine) and
maintained in male SD rats (33). Mice were subcutaneously
inoculated in the inguinal region with 500N. brasiliensis L3.
The degrees of infection of individual mice were monitored by
counting the number of eggs excreted in feces daily (eggs/g
of feces). For S. venezuelensis eggs, we counted eggs by direct
smear method. In brief, feces fleshly passed from each mouse
were weighed and suspended in a known volume of water in
centrifuge tubes. The eggs were counted using a microscope (13).
For N. brasiliensis eggs, we counted eggs after concentration with
formalin-ether sedimentation method with minor modification
(34). In brief, feces were weighed and dissolved in water, filtered
through one layer of gauze, and centrifuged at 700 g for 3min,
the sediment was suspended with 10% formalin, after 20min,
ether was added, and shaken for 30 s, and the tube was again
centrifuged and the pellet was recovered. Lung cells (prepared as
described below), BALF cells, and PBLs were collected at 0, 7, 14,
21, and 28 days after S. venezuelensis infection.

To quantify lung stage larvae, mice were euthanized by
cervical dislocation 2 days after infection, the whole lung from
each mouse was harvested, minced, and incubated on a steel
mesh put on a beaker containing 100ml of PBS for 2 h at 37◦C.
Worms that emerged from the lung tissue were counted using a
microscope (40x). To assess intestinal worm burdens, the whole
small intestine from each infected mouse at the indicated day was
removed and incubated on a steel mesh as above. The number of
worms that emerged from the intestinal tissue was counted.

For IL-5 neutralization, mice received an intraperitoneal
administration of 100 µg of anti-IL-5 monoclonal antibody
(TRFK5) (35) at day 0 and day 2 post-infection with
500N. brasiliensis L3. For CD4 depletion experiments, mice
received an intraperitoneal administration of 500 µg of anti-
CD4 monoclonal antibody (GK1.5) 1, 5, and 9 days before
N. brasiliensis infection.

Intraduodenal Implantation of Adult Worms
Adult worms were prepared from the intestines of SD rats
inoculated with 4,000 infective larvae 7 days previously. The
adult worms were suspended in 200 µl of PBS and injected
into the duodenum of recipient mice (175 worms/mouse) under
anesthesia using a 1-ml syringe with an 18-gauge angiocath
(BD Biosciences). Sixteen hours later, the mouse intestines
were removed, cut open longitudinally, and incubated at 37◦C
in PBS for 2 h. The number of worms that emerged from
the intestines was counted. For histological analysis, intestine

specimens were sampled at about 6–12 cm distal from pylorus,
fixed with 4% (wt/vol) paraformaldehyde (PFA) and embedded
in paraffin. Those tissues were sectioned at 8-µm thickness and
deparaffinized sections were stained with hematoxylin and eosin.

Preparation of Lung Cells
At the indicated time points after infection, the whole or right
lungs were prepared for cell analysis after perfusing the mice
via the right ventricle with PBS under anesthesia. Whole or
right lungs were infused with complete medium [RPMI 1640
supplemented with 10% fetal bovine serum, 2-ME (50µM),
L-glutamine (2mM), penicillin (100 U/ml), and streptomycin
(100µg/ml)] containing collagenase (400 U/ml) and DNase I
(10µg/ml). The samples were then minced and digested for
60min at 37◦C. Cell suspensions were filtered using a cell
strainer, and red blood cells were lysed. For sorting ILC2s,
lung cells were stained with CD45, Thy1.2, ST2, and Sca-
1 in addition to lineage (Lin) markers (CD3, CD19, CD11b,
NK1.1). CD45+Lin−Thy1.2+Sca-1+ST2+ cells were sorted as
ILC2s using a FACS Aria III (BD Biosciences).

Bronchoalveolar Lavage (BAL)
BAL was performed on the left lung with three aliquots of 0.5ml
of PBS per mouse, with a ligature of the right main bronchus by
forceps, after perfusing the mouse via the right ventricle with PBS
under anesthesia. The resulting BALF was examined for cytokine
concentrations by ELISA using an ELISA Duo set for mouse IL-
5 and IL-13 (R&D systems), and BALF cells were analyzed using
flow cytometry.

Flow Cytometry
BALF cells, lung cells, and PBLs were stained with antibodies for
surface antigens and analyzed using a FACSCalibur, LSRFortessa
X-20 (BD Biosciences), or SP6800 (SONY) flow cytometer. Cells
were classified as indicated in each figure legend. For intracellular
cytokine staining, lung cells were stimulated with 50 nM PMA
and 1µM ionomycin for 4 h in the presence of brefeldin A
or with 10 ng/ml IL-7, 100 ng/ml IL-25, and 100 ng/ml IL-
33 for 24 h (brefeldin A was added for the last 6 h). Cells
were stained with eBioscience Fixable viability dye eFlour506
(Thermo Fisher) and with antibodies against surface antigens.
Fixation, permeabilization, and intracellular cytokine staining
were performed using an eBioscience Foxp3/Transcription factor
staining buffer kit and antibodies for IL-5 and IL-13 and were
analyzed using a SP6800 flow cytometer.

Quantitative RT-PCR (Q-PCR)
Total RNA was extracted with a RNeasy Mini Kit (Qiagen),
and cDNA was synthesized using RevertraAce (TOYOBO). The
expression levels of genes were quantified with TaqMan Gene
Expression Assays (Applied Biosystems). The results are shown
as the relative expression standardized against the expression
of the gene encoding β-actin. Specific primers and probes used
for quantitative RT-PCR were Il33 (Mm00505403_m1),
Il5 (Mm00439646_m1), Il13 (Mm00434204_m1), Epx
(Mm00514768_m1), and actin-b (4352933E) (Applied
Biosystems).
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Statistics
All data are shown as the mean ± S.D. The numerical data were
analyzed using either a Student’s t-test, one-way ANOVA with
Bonferroni’s post-hoc test, or two-way ANOVA with Bonferroni’s
post-hoc test using Prism (GraphPad Software), and p-values of
less than 0.05 were considered significant. In all figures, ∗p< 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.

RESULTS

Strongyloides Venezuelensis

Infection-Experienced Mice Develop an
Enhanced Lung Inflammation and Show a
Substantial Resistance to Nippostrongylus

brasiliensis Infection
In the life cycles of S. venezuelensis and N. brasiliensis, the third
stage larvae (L3) infect the skin and migrate to the lung before
theymature in the intestine (36, 37).Within the lung, they induce
severe inflammatory changes (i.e., mouse Loeffler syndrome),
characterized by severe eosinophilic infiltration and goblet cell
hyperplasia via the action of Th2 cytokines mainly from IL-33-
activated ILC2s (31). However, mice that have been previously
infected with these nematodes inhibit re-infection with the same
pathogen by preventing larval migration to the lung via acquired
immunity (38, 39).

To examine the effect of prior nematode infection
on subsequent infection with a different nematode, we
subcutaneously infected 6-week-old naive WT C57BL/6
mice with L3 of S. venezuelensis. The infected WT mice
normally expel this parasite after 2 weeks due to the action
of mast cells (16, 17). At 4 weeks after the primary infection,
S. venezuelensis-experienced (Sv-exp) or age-matched uninfected
control mice were infected with L3 of N. brasiliensis, which is
another species of lung migrating intestinal nematode, or were
re-infected with L3 of S. venezuelensis (Figure 1A). First, we
confirmed that comparable numbers of N. brasiliensis larvae
migrated to the lungs in control and Sv-exp mice (Figure 1B),
indicating the occurrence of normal larval migration from the
skin to the lungs in Sv-exp mice. We found that, at days 5
and 7 after N. brasiliensis infection (day 33 and day 35 after S.
venezuelensis infection), Sv-exp mice had significantly lower
worm burdens compared with S. venezuelensis-uninfected
control mice (Figure 1C). Further, we were unable to
detect eggs in the feces from Sv-exp mice (Figure 1D),
indicating that Sv-exp mice acquired resistance to infection by
N. brasiliensis.

Because host animals expel nematodes via the effects of
Th2 cytokines, we analyzed the cytokine expression levels in
the intestine. Sv-exp mice did not show an enhancement in
cytokine expression compared with control mice (Figure S1A),
indicating that the resistance to infection by N. brasiliensis
is not caused by a severe inflammatory response in the
intestine. Furthermore, we detected comparable worm burdens
in both groups when we inoculated N. brasiliensis adult worms
directly into the intestine (Figure S1B). They migrated into
the intervillous space of jejunum (Figure S1C), suggesting that

the intestines in Sv-exp animals were conducive to parasitic
infection.

To investigate the immune responses in the lung, we analyzed
the accumulation of inflammatory cells in the bronchoalveolar
lavage fluid (BALF). Following N. brasiliensis infection, Sv-exp
mice showed larger accumulations of ILC2s and eosinophils in
the lung alveolus compared with control (no primary infection)
mice (Figure 1E and Figure S2). As ILC2s are known to produce
large amounts of the Th2 cytokines IL-5 and IL-13 (40, 41),
it is not surprising that we detected higher levels of IL-5 and
IL-13 in the BALF from N. brasiliensis-infected Sv-exp mice
compared with control mice (Figure 1F). Accordingly, pre-
infection with S. venezuelensis also enhanced the expression of
mRNA for IL-5 and IL-13 in the lungs (Figure 1G). In contrast,
reinfection with S. venezuelensis did not induce such hyper-
responses (Figures 1E,G), probably due to the prevention of
larval migration to the lung via acquired immunity provoked by
the primary infection (39).

Since S. venezuelensis infection induces an activation of ILC2s
that is IL-33-dependent (31), we analyzed the level of Il33mRNA
expression in Sv-exp and S. venezuelensis infection-naive mice.
The experience of S. venezuelensis infection did not influence the
expression of Il33 mRNA (Figure 1G), either before or after N.
brasiliensis infection, indicating that the increase in the number
of ILC2s was not caused via an enhancement of IL-33 production.

To determine if these results are specific responses to
S. venezuelensis infection, we conducted the reverse experiment,
beginning with N. brasiliensis as the primary infection. Notably,
the experience of N. brasiliensis infection similarly reduced the
number of eggs per gram of feces in S. venezuelensis-infected
mice and increased the number of eosinophils in the BALF
(Figure S3).

We were able to detect a protective effect of prior
S. venezuelensis infection even 3 months later (Figures S4A,B).
The numbers of ILC2s and eosinophils tended to be enhanced
by N. brasiliensis infection 3 months after S. venezuelensis
infection, though these differences failed to reach statistical
significance (Figure S4C). Overall, the protective effect induced
by experiencing an S. venezuelensis infection lasts at least 3
months after the first infection.

The above data suggest that the lung is the important site for
protection against a subsequent infection by other pulmonary
migratory nematode. To investigate the changes in the lungs
after S. venezuelensis infection, we analyzed cells in the BALF at
different time points after S. venezuelensis infection. In agreement
with our previous report, S. venezuelensis infection resulted in a
rapid increase in the number of inflammatory cells in the BALF
(Figure 1H) (31). After the initial expansion, the numbers of
ILC2s, eosinophils, and lymphocytes all peaked at day 14. Around
day 12, adult worms were expelled from the intestine in WT
mice (16, 17). Eosinophil and macrophage populations declined
to their basal levels at day 21 and day 14, respectively, indicating
the resolution of inflammation. In contrast, many ILC2s persisted
in the BALF, even at day 28. These data suggest that the ILC2s
remaining in the lungs after infection contribute to protection
against a subsequent infection by other pulmonary migratory
nematode.
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FIGURE 1 | Strongyloides venezuelensis-experienced mice develop an increased pulmonary inflammation and a resistance against Nippostrongylus brasiliensis

infection. (A) Experimental workflow for sequential nematode infection. S. venezuelensis (Sv)-infected or uninfected mice were inoculated with 500N. brasiliensis (Nb)

L3 at day 28. B6; C57BL/6, WT; wild type, sac; sacrificed. (B) The number of lung stage N. brasiliensis larva. Two days after N. brasiliensis infection, migrating larva

were isolated from the lungs and counted (n = 11). cont, control (uninfected at day 0). Pooled data from two independent experiments are shown (Mean ± SD).

(C) The numbers of worms in the intestine were counted at indicated days (n = 5). (D) The numbers of eggs per gram feces (EPG) from each group at day 7 post-N.

brasiliensis infection (n = 7). (E–G) The numbers of eosinophils and ILC2s (E), the amounts of IL-5 and IL-13 in the BALF (F), and the Il5, Il13, and Il33 mRNA

expression levels in the lungs as analyzed by Q-PCR (G) from day 35 are shown (n = 4–5). uninf.; uninfected at day 28. Statistical analyses were conducted using

two-way ANOVAs with Bonferroni post-hoc tests (B,E,G), Wilcoxon matched-pairs signed rank tests, and two-tailed (C) or unpaired t-tests (F). Data are

representative of two independent experiments. (H) C57BL/6 WT mice (n = 5–6) were infected with 5000 L3S. venezuelensis at day 0. The numbers

(Continued)
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FIGURE 1 | of ILC2s, eosinophils, CD3+/B220+ cells, and monocytes among the BALF cells at the indicated days were analyzed by flow cytometry (FACScalibur).

Cell populations were defined as follows: ILC2s, FSCloSSCloLin(CD3, CD4, CD8, CD19, NK1.1, IgE, Gr-1, siglecF)−Sca-1+ST2+; Eosinophils,

CD45+CD3−B220−CCR3+, CD3/B220: CD45+CCR3−CD3+/B220+; and Monocytes, CD45+Autofluorescencehigh. Data were compared with day 0 data by

one-way ANOVA. Data are representative of two independent experiments.

ILC2s Contribute to the Resistance Against
Nippostrongylus brasiliensis Infection in
Sv-Exp Mice
Since Sv-exp mice were found to have an increased number
of ILC2s in the lungs, we next examined whether ILC2s are
required for the hyper-responses in the lung and the lower
N. brasiliensis worm burden that occur in these mice. To
investigate the role of ILC2s, we made ILC2-deficient Rorasg/sg

bone marrow chimera mice and infected them with nematodes
(Figure 2A). First, we confirmed the absence of ILC2s in
Rorasg/sg chimera mice (Figure 2B). Notably, the eosinophil
accumulation was reduced in ILC2-deficient mice compared with
ILC2-sufficient Rorasg/+ control chimera mice (Figure 2B). The
expression levels of Th2 cytokines, which are major products
of ILC2s, were also decreased in the lungs of Rorasg/sg chimera
mice (Figure 2C), though low levels of cytokine expression
remained. Probably other Th2 cytokine-producing cells, such as
T cells, mast cells and basophils, cause the remaining cytokine
expressions. Furthermore, S. venezuelensis-infection-induced
resistance against N. brasiliensis was impaired in ILC2-deficient
mice (Figure 2D), suggesting that the protective phenotype of
Sv-exp mice requires RORα-dependent innate lymphoid cells.

In addition to ILC2s, S. venezuelensis infection induces strong
Th2 differentiation of CD4+ helper T cells, as a general result
of nematode infection (7, 42, 43). To examine the contribution
of Th2 cells to the enhanced eosinophil accumulation and
protection against subsequent N. brasiliensis infection, we
depleted CD4+ T cells by treating Sv-exp mice with an anti-CD4
Ab before N. brasiliensis infection (Figure S5A). The resistance
against N. brasiliensis infection and the alveolar accumulation
of ILC2s and eosinophils in Sv-exp mice were not affected
by the absence of CD4+ T cells (Figure 2E and Figure S5B),
indicating that Th2 cells are dispensable for these responses.
These data demonstrate that Sv-exp mice acquired resistance to
N. brasiliensis via ILC2-dependent innate immune responses.

Eosinophils Are Essential for the
Protection of Sv-Exp Mice From
Nippostrongylus brasiliensis Infection
Since ILC2s are a major source of IL-5 production, we
investigated the requirement for IL-5 in the protective phenotype
of Sv-exp mice. The blockade of IL-5 completely abolished
the protective effect of S. venezuelensis pre-infection on
N. brasiliensis infection (Figure 3A). As expected, the IL-5
depletion strikingly inhibited the accumulation of eosinophils
in the BALF from N. brasiliensis-infected mice as well as
the expression of mRNA for eosinophil peroxidase (Epx) in
the lungs without affecting the numbers of ILC2s and CD4+

T cells or the mRNA expression levels of Il33 and Il13
(Figures 3B,C).

To confirm the role of eosinophils, we infected eosinophil-
deficient 1dblGATA mice with S. venezuelensis, followed later
by infection with N. brasiliensis. In agreement with the results
from the IL-5 neutralization experiment, eosinophil-deficient
Sv-exp mice failed to reject N. brasiliensis infection, without
displaying reductions in the accumulation of ILC2s and CD4+

T cells or in the mRNA expression levels of Il33, Il5, and
Il13 (Figures 3D–F). These results clearly demonstrate that
the enhanced IL-5 production by ILC2s in Sv-exp mice
increases the number of eosinophils in the lungs, and these
eosinophils contribute to the protection against N. brasiliensis
infection.

IL-33 Is Critical for the Resistance of
Sv-Exp Mice to Infection by
Nippostrongylus brasiliensis
We previously reported that IL-33-deficient mice had an
impairment in the early accumulation of eosinophils and ILC2s
in response to S. venezuelensis infection (31). To determine
if the reduction of ILC2s in Il33−/− mice was restored by
other mechanisms to the level of WT mice after the first 2
weeks post-infection, we infected WT and IL-33-deficient mice
with S. venezuelensis and analyzed the cell population in the
BALF over the following 4 weeks. Il33−/− mice were unable to
accumulate ILC2s during these 4 weeks (Figure 4A). Although
there were significant differences on day(s) 7 and/or 14 in
the number of eosinophils and mRNA expression levels of Il5
and Il13 between WT and Il33−/− mice, by day 21, these
differences between WT and Il33−/− mice became negligible
(Figures 4A,B).

To examine the role of IL-33 in the enhanced lung
inflammation induced by subsequent helminth infection, we
infected Sv-exp WT and Il33−/− mice with N. brasiliensis. A
lack of IL-33 severely impaired the accumulation of ILC2s
and eosinophils along with the induction of cytokine mRNA
expression in Sv-exp mice (Figures 4C,D), indicating that
IL-33 is required for the accumulation of ILC2s and the
severe lung inflammation in sequential nematode infection.
Furthermore, S. venezuelensis infection-induced resistance to
infection by N. brasiliensis was abrogated in Il33−/− mice
(Figure 4E). These data clearly demonstrate the critical role of
IL-33 in the enhanced lung inflammation and host defense of
Sv-exp mice.

Strongyloides venezuelensis Infection
Induces Trained ILC2s
N. brasiliensis larvae enter the lung around day 2 after they
are subcutaneously injected into a host, and they migrate to
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FIGURE 2 | ILC2s are critical for the enhanced inflammation and the protection against Nippostrongylus brasiliensis infection. (A) Experimental workflow for

sequential nematode infection in bone marrow chimera mice. BMT; bone marrow transplantation, sac; sacrificed. S. venezuelensis-infected (Sv) or uninfected (cont)

mice (Rorasg/+, n = 6–7; Rorasg/sg, n = 7) were infected with N. brasiliensis (Nb). Five days after N. brasiliensis infection, (B) ILC2s and eosinophils among the BALF

cells were analyzed by flow cytometry (LSRFortessa). Cell populations were defined as follows: ILC2s, FSCloSSCloCD45+CD4−Lin(CD3, CD8, CD19, NK1.1, IgE,

siglec F, Gr-1)−Sca-1+ST2+ and Eosinophils, CD45+CD11cloCD3−B220−CCR3+. (C) Il33, Il5, and Il13 mRNA expression levels in the lungs were examined. (D)

The numbers of worms in the intestine were counted at day 5 post-N. brasiliensis infection. Data are representative of two independent experiments. (E)

S. venezuelensis-infected or uninfected WT mice were infected with N. brasiliensis after anti-CD4 Ab treatment (αCD4) as in Figure S5. The numbers of worms in the

intestine were counted at day 5 after N. brasiliensis infection (n = 10–11). Pooled data from two independent experiments are shown (Mean ± SD).

the intestine around day 5 (38); therefore, early accumulation
and activation of ILC2s and eosinophils in the lungs may
be important for the nematode infection resistance of Sv-exp
mice. To examine the timing of the inflammatory cell increase
in the lungs after N. brasiliensis infection, we analyzed the
lung cells of Sv-exp mice and control mice daily. We found
that the numbers of pulmonary eosinophils, ILC2s, and CD4+

T cells increased in Sv-exp mice on day 2 post-infection,

whereas these cell populations did not increase significantly
in control mice (Figure 5A and (Figure S6). Because the early
eosinophil accumulation could potentially be due to an increased
responsiveness of ILC2s rather than only an increase in the
number of these cells, next we compared the reactivity of ILC2s
from the lungs of Sv-exp and control mice. The experience of
S. venezuelensis infection significantly increased the proportion
of IL-5/IL-13 single- and double-positive lung ILC2s in response
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FIGURE 3 | Eosinophils are essential for resistance against Nippostrongylus brasiliensis. (A–C) S. venezuelensis-infected (Sv) or uninfected (cont) mice (n = 5) were

treated with anti-IL-5 Ab (TRFK5, αIL-5) or control Ab (cont IgG1) at day 0 and day 2 post-infection with N. brasiliensis (Nb). (A) The numbers of worms in the intestine

were counted at day 5 after N. brasiliensis infection. (B) ILC2s, eosinophils, and CD4+ cells among the BALF cells were analyzed by flow cytometry (SP6800). Cell

populations were defined as follows: ILC2s, FSCloSSCloCD45+CD4−Lin(CD3, CD8, CD19, NK1.1, IgE, siglec F, Gr-1)−Sca-1+ST2+; Eosinophils,

CD45+CD11cloCD3−B220−CCR3+; and CD4+ cells, FSCloSSCloCD45+CD4+. (C) Il33, Il13, and Epx mRNA expression levels in the lungs were examined. Data

are representative of two independent experiments that had similar results. (D–F) S. venezuelensis-infected or uninfected (cont) mice (WT, n = 7; 1dblGATA, n = 5–6)

were infected with N. brasiliensis. (D) The numbers of worms in the intestine were counted at day 5 after N. brasiliensis infection. (E) Eosinophils, ILC2s, and CD4+

cells among the BALF cells were analyzed as in (B). (F) Il33, Il5, and Il13 mRNA expression levels in the lungs were examined. Data are representative of two

independent experiments that had similar results.

to PMA and ionomycin stimulation (Figures 5B,C), indicating
that ILC2s from Sv-exp mice have more cytokine-producing
capacity compared with those from control mice.

We also analyzed the cytokine expressions in sorted ILC2s
from the lungs of control mice or Sv-exp mice 2 days after N.

brasiliensis infection. N. brasiliensis infection clearly increased
the Il13 mRNA expression in ILC2s from Sv-exp mice compared
with that in ILC2s from control mice (Figure 5D), indicating
that the ILC2s in Sv-exp mouse lungs responded promptly and
strongly to N. brasiliensis infection in vivo. To investigate the
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FIGURE 4 | IL-33 is critical for the enhanced inflammation and the protection against Nippostrongylus brasiliensis infection. WT and Il33−/− mice (n = 3) were

infected with S. venezuelensis (Sv) at day 0. (A) BALF cells from uninfected (day 0) or S. venezuelensis-infected mice at the indicated days were analyzed as in

Figure 1H. Data are representative of two independent experiments that had similar results. (B) Il5 and Il13 mRNA expression levels in the lungs were examined.

(C–E) WT and Il33−/− mice were infected with N. brasiliensis 4 weeks after S. venezuelensis (Sv) infection. S. venezuelensis-uninfected mice were used as a control

(cont). Five days after N. brasiliensis infection, the number of ILC2s and eosinophils (n = 10–12) (C) and the Il5 and Il13 mRNA expression levels (n = 5–7) in the lungs

were examined (D). (E) The numbers of worms in the intestine were counted (n = 10–12). Pooled data from (C,E) or representative of (D) two independent

experiments are shown (Mean ± SD).

differences between ILC2s from Sv-exp and control mice, we
analyzed the expression of various transcription factors and
surface markers (Figure 5E) and (Figure S7). We found that the
expression level of Irf4 mRNA was significantly higher in ILC2s
from Sv-exp mice compared with control mice, whereas the
mRNA levels of Rora and Gata3, which are critical transcription
factors for ILC2 development and function (23–25), were not
different. The expression level of mRNA for TSLPR (Crlf2) was
also enhanced in Sv-exp ILC2s compared with control ILC2s.

We did not detect any enhanced surface expression of IL-25R
or ST2, suggesting that the enhanced ILC2 response was not
caused by a change in the expression of receptors for IL-25 and
IL-33. Together, these results demonstrate that the ILC2s in Sv-
exp mice not only increased their number in the lungs but also
changed their phenotype to that of highly responsive ILC2s. Since
these ILC2s have been trained by S. venezuelensis infection to
acquire a highly responsive phenotype, we call these cells “trained
ILC2s.”
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FIGURE 5 | Strongyloides venezuelensis-infection induces highly reactive ILC2s in the lungs. (A) S. venezuelensis-infected (Sv) or uninfected control (cont) mice

(n = 3) were inoculated with 500N. brasiliensis L3 (Nb). Cell populations of lung cells at the indicated days were analyzed by flow cytometry (SP6800) (Figure S6).

(B) Eight weeks after S. venezuelensis infection, lung cells were stimulated with PMA and ionomycin for 3 h in the presence of brefeldin A. Intracellular IL-5 and IL-13 in

ILC2s were analyzed by flow cytometry (SP6800). ILC2s were gated on Fixable Viability Dye−CD45+Lin(CD3, CD4, CD8, CD11b, B220, NK1.1, IgE,

Gr-1)−ST2+Sca-1+Thy1.2+ cells. (C) The proportions of IL-5+ IL-13−, IL-5− IL-13+, and IL-5+ IL-13+ ILC2s in the population of CD45+ cells (n = 4–5). (D) Lung

ILC2s were sorted from S. venezuelensis-infected or uninfected mice (n = 4–5) before or 2 days after infection with N. brasiliensis L3. The expression levels of Il5 and

Il13 mRNA were analyzed by Q-PCR. Data are representative of two independent experiments that had similar results (Mean ± SD). (E) The expression levels of

transcription factors and TSLPR (Crlf2) in lung ILC2s were analyzed by Q-PCR. Statistical analyses were performed using Student’s t-tests. Data are representative of

two independent experiments (Mean ± SD).

Frontiers in Immunology | www.frontiersin.org 10 September 2018 | Volume 9 | Article 2132

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yasuda et al. Nematode Infection Induces Trained ILC2s

IL-33 Is Not Sufficient to Induce Trained
ILC2s or Protective Immunity Against
Nippostrongylus brasiliensis Infection
We and other groups previously reported that IL-33 has a
strong capacity to induce the proliferation and activation of
ILC2s (31, 40, 41, 44). To determine if IL-33 is sufficient for
the induction and retention of trained ILC2s in the lung and
for protection against N. brasiliensis infection, we administered

IL-33 intranasally into WT C57BL/6 mice and analyzed various

populations in the BALF cells weekly. An accumulation of ILC2s

was induced promptly and intensively in IL-33-treated mice at

day 7. At day 21, when the number of nematode infection-

induced ILC2s reached their population peak, the number of

IL-33-induced ILC2s decreased. Finally, the number of ILC2s in

IL-33-treated mice returned to the level of phosphate-buffered

saline (PBS)-treated control mice at day 28 (Figure 6A).

FIGURE 6 | IL-33 is not sufficient for the induction of trained ILC2s. WT C57BL/6 mice were subcutaneously inoculated with 5000S. venezuelensis L3 at day 0 (Sv) or

were intranasally administrated 100 ng of IL-33 at days 0, 1, 2, and 3 (IL-33). cont, untreated control. (A) Cell populations in the lung cells, BALF cells, and peripheral

blood leukocytes (PBLs) at indicated days were analyzed by flow cytometry (SP6800) (n = 4). Cell populations were defined as follows: Eosinophils,

PI−CD45+CD11cintCD3−B220−CCR3+ and ILC2s, PI−FSCloSSCloCD45+Thy1.2+Lin−Sca-1+ST2+. (B) Four weeks after treatment, lung cells were stimulated

with PMA and ionomycin for 3 h in the presence of brefeldin A. Intracellular levels of IL-5 and IL-13 in ILC2s were analyzed by flow cytometry (SP6800) as in

Figure S8. (C) The proportions of IL-5+ IL-13−, IL-5+ IL-13+, and IL-5− IL-13+ cells within the population of ILC2s (n = 4). (D,E) Mice were infected with N.

brasiliensis 4 weeks after S. venezuelensis infection or IL-33 treatment. Control mice were treated with PBS (PBS) instead of IL-33. Five days after N. brasiliensis

infection, (D) the numbers of worms in the intestine were counted (n = 7). (E) The numbers of ILC2s, eosinophils, and macrophages (n = 5–7) among the BALF cells

were examined. Statistical analyses were performed using a two-way ANOVA (A,C) or one-way ANOVA (D) with Bonferroni post-hoc tests. Data are representative of

three independent experiments (Mean ± SD).
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To examine the capacity of ILC2s to produce cytokines,
lung cells from PBS-treated, IL-33-treated, or Sv-exp mice were
stimulated with PMA + ionomycin. S. venezuelensis infection
induced hyperreactive ILC2s, whereas IL-33 treatment failed
to enhance the responsiveness of ILC2s (Figures 5B,C, 6B,C).
Similar results were also obtained following cytokine (IL-7 +

IL-25 + IL-33) stimulation (Figure S8). Furthermore, IL-33-
treatedmice failed to be protected againstN. brasiliensis infection
(Figure 6D) and failed to show accumulations of ILC2s and
eosinophils in the lungs (Figure 6E). These differences following
S. venezuelensis infection and IL-33 treatment suggest that the
training of ILC2s requires some other stimuli in addition to IL-33.

DISCUSSION

Here, we clarified the immune modification effect of S.
venezuelensis infection on a subsequent N. brasiliensis infection
and determined its mechanism. Our data demonstrate that a
host suffering from S. venezuelensis exposure is resistant to a
subsequent N. brasiliensis infection. Our results showed that IL-
33 as well as lung ILC2s and eosinophils are necessary for this
resistance. Furthermore, we found that the lung ILC2s of Sv-
exp mice gained a “trained” phenotype and had a rapid and high
reactivity against N. brasiliensis infection. Together, our findings
suggest that a host may be resistant to subsequent helminth
infection within the weeks following a primary infection with
other pulmonary migratory nematode due to the production
of high cytokine levels by trained ILC2s waiting in the lung,
which induce a rapid accumulation of eosinophils in response
to IL-33.

Since mice that have been infected with S. venezuelensis
develop immune memory, most S. venezuelensis larvae cannot
migrate to the lungs during reinfection attempts (39). In
agreement with previous findings, reinfection of mice by
S. venezuelensis induced only weak Il33 mRNA expression
compared with primary infection and was unable to induce Th2
cytokine expression despite the relatively high numbers of ILC2s
remaining in the lungs of Sv-exp mice.

It is well-known that the main components of immune
memory are antigen-specific T cells and B cells, but, in some
cases, natural killer (NK) cells also can be antigen-specific
memory cells (45). For example, antigen-specific memory NK
cells have the capacity to protect DAP12-deficient neonatal
mice from mouse cytomegalovirus infection (46). Furthermore,
stimulation with the cytokines IL-12, IL-15, and IL-18 can induce
long-lasting non-antigen-specific NK cells (47). In addition to
NK cells, it has recently been clarified that myeloid cells, such as
macrophages, have amechanism to remediate pathogen exposure
(48, 49). These phenomena are described as “trained immunity”
or “innate immune memory.”

We found that Sv-exp mice acquired specific-antigen-
independent immunity; specifically, mice that experienced a S.
venezuelensis infection gained significantly higher resistance to
infection by N. brasiliensis. Similarly, mice that experienced
a N. brasiliensis infection become resistant to infection by S.
venezuelensis; our findings are consistent with a previous report

by Baek et al. which suggested the contribution of eosinophils
to this process (50). In the present study, we demonstrated
the critical role of eosinophils in the resistance to subsequent
infection by a different species of parasitic worm, and we
further showed that this protection depends on IL-33 and ILC2s,
but not on CD4+ cells, suggesting that mice acquired CD4-
independent “innate immune memory” or “trained immunity”
following infection with S. venezuelensis. As the cytotoxic activity
of eosinophils against N. brasiliensis larvae has already been
demonstrated (51–53), it seems likely that the reduction in the
number of worms in the small intestine is due to larval injury
by eosinophils. However, we cannot completely exclude the
contribution of acquired immunity to this protection because
antibodies produced in response to the first infection may
possibly bind to the larvae of N. brasiliensis via antigen cross-
reaction.

Our data suggest that the lung is an important site for the
resistance to subsequent nematodes that use this organ in their
life cycle. Previous work showed that macrophages activated
by CD4+ T cells and ILC2s injure larvae in the lungs upon
reinfection by N. brasiliensis (54). Additionally, neutrophils
produce IL-13 and induce macrophages to develop into M2
macrophages, which are long-lived macrophages with parasite
killing activity (55). Long-lived macrophages may remain in the
lungs of S. venezuelensis-infected mice. Since eosinophils also
have the ability to produce IL-4 and IL-13 (56, 57), it is possible
that the final effector cells are macrophages. However, at least in
our experimental system, ILC2s and eosinophils were found to be
essential for host defense against a second infection.

Guo et al. reported that Ascaris suum-infected mice were
resistant to N. brasiliensis infection due to the activation of
antigen-independent CD4+ Th2 cells by IL-33 stimulation (58).
In their experiments, the mice were re-infected early after the
first infection (day 11), and accumulated Th2 cells from the initial
infection were likely to respond to the next infection. In contrast,
our model examined infection after a longer period post-initial
infection (day 28), and it seems that the contribution of ILC2s
becomes higher than that of CD4+ T cells when the second
infection occurs later.

During the initial infection with S. venezuelensis, the numbers
of ILC2s and eosinophils in the lung increase after day 7 of
infection. However, larvae pass through the lungs from day 1 to
day 4 of infection (36), so eosinophils would need to accumulate
in the lungs within 4 days for these cells to attack lung larvae.
Here, we demonstrated that the number of eosinophils increased
in Sv-exp mice beginning from day 2 of N. brasiliensis infection.
This rapid increase in eosinophils is probably due to the increased
number of ILC2s resulting from prior S. venezuelensis infection
along with the ability of ILC2s to rapidly and strongly respond to
N. brasiliensis infection.

IL-33, a critical cytokine for activation of ILC2s, is expressed
in many types of cells including epithelial and endothelial cells
and released in response to necrotic damages (59). In the
lung, type II alveolar epithelial cells possess IL-33 even in the
normal state and increase its expression by nematodes infection
(31). Here we demonstrated IL-33 is actually essential for the
activation of ILC2s to accumulate eosinophils. However, as the
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IL-33 expression before and after N. brasiliensis infection is
comparable between control and Sv-exp mice, the increase of
IL-33 expression is transient and the previous responses do not
appear to be memorized.

Martinez-Gonzalez and colleagues reported that IL-33 induces
memory ILC2s (60). They showed that intranasal treatment with
IL-33 or papain induces memory ILC2s in mediastinal lymph
nodes in mice, and these cells respond strongly to subsequent
challenge with papain or IL-33, respectively. In our study, IL-
33 was essential for the induction of highly reactive ILC2s;
however, following IL-33 administration, the ILC2s in the lungs
disappeared promptly after a transient proliferation. This result
is consistent with their report that memory ILC2s are not in the
lungs. However, highly reactive ILC2s are present in the lungs
of S. venezuelensis-infected mice, and they respond strongly to
N. brasiliensis infection. Nevertheless, when we infected IL-33-
treatedmice withN. brasiliensis, we did not observe the resistance
to subsequent nematode infection and increases in pulmonary
ILC2s and eosinophils that occurred in Sv-exp mice. There are
two differences in the experimental design between these two
studies. First, we used a dose of IL-33 capable of inducing the
same ILC2 level as that induced by nematode infection, which
is lower than the dose used in the prior work. Second, different
materials were used as the challenge. We employed a nematode
as the challenge instead of papain. Our results suggest that the
activation of ILC2s requires IL-33 but the induction of trained
ILC2s likely requires some factors other than IL-33.

We found that ILC2s in Sv-exp mice showed enhanced
expression of mRNA for TSLPR and IRF4. Mohapatra et al.
reported thatN. brasiliensis infection induced TSLP release in the
BALF at 25 h and that TSLP/IL-33 stimulation of ILC2s induced
the production of Th2 cytokines in an IRF4-dependent manner
(61), suggesting the enhanced function of ILC2s in Sv-exp mice
is due to their increased expression of these molecules. They also
demonstrated that stimulation of TSLP with IL-33 induced IL-9
production by ILC2s (61). IL-9 has been shown to act autocrinally
to maintain lung ILC2s and to play a role in tissue repair after
infection with N. brasiliensis (29). Additional work is needed to

determine why ILC2s remain for a long time after S. venezuelensis
infection and why they show enhanced reactivity.

In conclusion, we have shown that S. venezuelensis-infected
hosts acquire specific-antigen-independent “trained immunity”
that contributes to a substantial resistance to pulmonary
migratory nematodes. This is beneficial for host animals that live
in areas where there is more than one parasitic infestation.

AUTHOR CONTRIBUTIONS

KY, AK, and TA carried out the experiments. KY and KN
planned the experiments and supervised the study. KY wrote the
manuscript. KY, TA, and KN analyzed the data.

FUNDING

This work was supported by the Naito Foundation, JSPS
KAKENHI-C grant number JP25460521, JP17K08813, and
Grant-in-Aid for Researchers, Hyogo College of Medicine, 2016
(to KY).

ACKNOWLEDGMENTS

We thank Dr. H. Tsutsui and Dr. M. Matsumoto for their
critical reading and valuable comments and M. Yamada (Kyoto
Prefectural University of Medicine) for providing N. brasiliensis.
We also thank all of the colleagues in our laboratory for their
contributions, K. Kumasako and C. Minemoto for secretarial
assistance, and M. Hitomi and Y. Kanazawa for technical
assistance. Finally, we thank Katie Oakley, Ph.D. from Edanz
Group (www.edanzediting.com/ac) for editing a draft of this
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02132/full#supplementary-material

REFERENCES

1. WHO Guidelines Approved by the Guidelines Review Committee (2017).

Guideline: Preventive Chemotherapy to Control Soil-Transmitted Helminth

Infections in At-Risk Population Groups. Geneva: WHO Guidelines Approved

by the Guidelines Review Committee (2017).

2. Schar F, Giardina F, Khieu V, Muth S, Vounatsou P, Marti H, et al. Occurrence

of and risk factors for Strongyloides stercoralis infection in South-East Asia.

Acta Trop. (2016) 159:227–38. doi: 10.1016/j.actatropica.2015.03.008

3. Chammartin F, Scholte RG, Guimaraes LH, Tanner M, Utzinger J, Vounatsou

P. Soil-transmitted helminth infection in South America: a systematic

review and geostatistical meta-analysis. Lancet Infect Dis. (2013) 13:507–18.

doi: 10.1016/S1473-3099(13)70071-9

4. Salam N, Azam S. Prevalence and distribution of soil-transmitted

helminth infections in India. BMC Public Health (2017) 17:201.

doi: 10.1186/s12889-017-4113-2

5. Pullan RL, Smith JL, Jasrasaria R, Brooker SJ. Global numbers of infection and

disease burden of soil transmitted helminth infections in 2010. Parasit Vectors

(2014) 7:37. doi: 10.1186/1756-3305-7-37

6. Else KJ, Finkelman FD. Intestinal nematode parasites, cytokines and effector

mechanisms. Int J Parasitol. (1998) 28:1145–58.

7. Grencis RK. Immunity to helminths: resistance, regulation, and susceptibility

to gastrointestinal nematodes. Annu Rev Immunol. (2015) 33:201–25.

doi: 10.1146/annurev-immunol-032713-120218

8. Maizels RM, Pearce EJ, Artis D, Yazdanbakhsh M, Wynn TA. Regulation

of pathogenesis and immunity in helminth infections. J Exp Med. (2009)

206:2059–66. doi: 10.1084/jem.20091903

9. Yasuda K, Nakanishi K. Host responses to intestinal nematodes. Int Immunol.

(2018) 30:93–102. doi: 10.1093/intimm/dxy002

10. Finkelman FD, Shea-Donohue T, Morris SC, Gildea L, Strait R, Madden

KB, et al. Interleukin-4- and interleukin-13-mediated host protection

against intestinal nematode parasites. Immunol Rev. (2004) 201:139–55.

doi: 10.1111/j.0105-2896.2004.00192.x

11. Hasnain SZ, Evans CM, RoyM, Gallagher AL, Kindrachuk KN, Barron L, et al.

Muc5ac: a critical component mediating the rejection of enteric nematodes. J

Exp Med. (2011) 208:893–900. doi: 10.1084/jem.20102057

12. Cliffe LJ, Humphreys NE, Lane TE, Potten CS, Booth C, Grencis

RK. Accelerated intestinal epithelial cell turnover: a new mechanism

Frontiers in Immunology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 2132

www.edanzediting.com/ac
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02132/full#supplementary-material
https://doi.org/10.1016/j.actatropica.2015.03.008
https://doi.org/10.1016/S1473-3099(13)70071-9
https://doi.org/10.1186/s12889-017-4113-2
https://doi.org/10.1186/1756-3305-7-37
https://doi.org/10.1146/annurev-immunol-032713-120218
https://doi.org/10.1084/jem.20091903
https://doi.org/10.1093/intimm/dxy002
https://doi.org/10.1111/j.0105-2896.2004.00192.x
https://doi.org/10.1084/jem.20102057
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yasuda et al. Nematode Infection Induces Trained ILC2s

of parasite expulsion. Science (2005) 308:1463–5. doi: 10.1126/science.

1108661

13. Sato Y, Toma H. Strongyloides venezuelensis infections in mice. Int J Parasitol.

(1990) 20:57–62.

14. Khan AI, Horii Y, Tiuria R, Sato Y, Nawa Y. Mucosal mast cells and

the expulsive mechanisms of mice against Strongyloides venezuelensis. Int J

Parasitol. (1993) 23:551–5.

15. Maruyama H, Yabu Y, Yoshida A, Nawa Y, Ohta N. A role of mast

cell glycosaminoglycans for the immunological expulsion of intestinal

nematode, Strongyloides venezuelensis. J Immunol. (2000) 164:3749–54.

doi: 10.4049/jimmunol.164.7.3749

16. Sasaki Y, Yoshimoto T, Maruyama H, Tegoshi T, Ohta N, Arizono N, et al.

IL-18 with IL-2 protects against Strongyloides venezuelensis infection by

activating mucosal mast cell-dependent type 2 innate immunity. J Exp Med.

(2005) 202:607–16. doi: 10.1084/jem.20042202

17. Matsumoto M, Sasaki Y, Yasuda K, Takai T, Muramatsu M, Yoshimoto

T, et al. IgG and IgE collaboratively accelerate expulsion of Strongyloides

venezuelensis in a primary infection. Infect Immun. (2013) 81:2518–27.

doi: 10.1128/IAI.00285-13

18. Onah DN, Uchiyama F, Nagakui Y, Ono M, Takai T, Nawa Y. Mucosal

defense against gastrointestinal nematodes: responses of mucosal mast cells

and mouse mast cell protease 1 during primary Strongyloides venezuelensis

infection in FcRγ-knockout mice. Infect Immun. (2000) 68:4968–71.

doi: 10.1128/IAI.68.9.4968-4971.2000

19. Mukai K, Karasuyama H, Kabashima K, Kubo M, Galli SJ. Differences in

the importance of mast cells, basophils, IgE, and IgG versus That of CD4+

T Cells and ILC2 cells in primary and secondary immunity to Strongyloides

venezuelensis. Infect Immun. (2017) 85:e00053-17. doi: 10.1128/IAI.00053-17

20. Reynolds LA, Filbey KJ, Maizels RM. Immunity to the model intestinal

helminth parasite Heligmosomoides polygyrus. Semin Immunopathol. (2012)

34:829–46. doi: 10.1007/s00281-012-0347-3

21. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate

lymphoid cells–a proposal for uniform nomenclature. Nat Rev Immunol.

(2013) 13:145–9. doi: 10.1038/nri3365

22. Filbey K, Bouchery T, Le Gros G. The role of ILC2 in hookworm infection.

Parasite Immunol. (2017) 40:e12429. doi: 10.1111/pim.12429

23. Wong SH, Walker JA, Jolin HE, Drynan LF, Hams E, Camelo A, et al.

Transcription factor RORα is critical for nuocyte development. Nat Immunol.

(2012) 13:229–36. doi: 10.1038/ni.2208

24. Hoyler T, Klose CS, Souabni A, Turqueti-Neves A, Pfeifer D, Rawlins

EL, et al. The transcription factor GATA-3 controls cell fate and

maintenance of type 2 innate lymphoid cells. Immunity (2012) 37:634–48.

doi: 10.1016/j.immuni.2012.06.020

25. Mjosberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B,

et al. The transcription factor GATA3 is essential for the function

of human type 2 innate lymphoid cells. Immunity (2012) 37:649–59.

doi: 10.1016/j.immuni.2012.08.015

26. Huang Y, PaulWE. Inflammatory group 2 innate lymphoid cells. Int Immunol.

(2015). 28:23–8. doi: 10.1093/intimm/dxv044

27. Kabata H, Moro K, Fukunaga K, Suzuki Y, Miyata J, Masaki K, et al.

Thymic stromal lymphopoietin induces corticosteroid resistance in natural

helper cells during airway inflammation. Nat Commun. (2013) 4:2675.

doi: 10.1038/ncomms3675

28. Wallrapp A, Riesenfeld SJ, Burkett PR, Abdulnour RE, Nyman J, Dionne

D, et al. The neuropeptide NMU amplifies ILC2-driven allergic lung

inflammation. Nature (2017) 549:351–6. doi: 10.1038/nature24029

29. Turner JE, Morrison PJ, Wilhelm C, Wilson M, Ahlfors H, Renauld JC, et al.

IL-9-mediated survival of type 2 innate lymphoid cells promotes damage

control in helminth-induced lung inflammation. J Exp Med. (2013) 210:2951–

65. doi: 10.1084/jem.20130071

30. Zaiss DM, Yang L, Shah PR, Kobie JJ, Urban JF, Mosmann TR. Amphiregulin,

a TH2 cytokine enhancing resistance to nematodes. Science (2006) 314:1746.

doi: 10.1126/science.1133715

31. Yasuda K, Muto T, Kawagoe T, Matsumoto M, Sasaki Y, Matsushita K, et al.

Contribution of IL-33-activated type II innate lymphoid cells to pulmonary

eosinophilia in intestinal nematode-infected mice. Proc Natl Acad Sci USA.

(2012) 109:3451–6. doi: 10.1073/pnas.1201042109

32. Kondo Y, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Morimoto M,

Hayashi N, et al. Administration of IL-33 induces airway hyperresponsiveness

and goblet cell hyperplasia in the lungs in the absence of adaptive immune

system. Int Immunol. (2008) 20:791–800. doi: 10.1093/intimm/dxn037

33. Yamada M, Nakazawa M, Matsumoto Y, Arizono N. IgE antibody production

in rats against multiple components of excretory-secretory products of the

nematode Nippostrongylus brasiliensis. Immunology (1991) 72:104–8.

34. Kamimura KIM, Kimura E, Fukumoto, S. Textbook of Parasitology. 3rd ed.

Tokyo: Bunkodo (2010).

35. Coffman RL, Seymour BW, Hudak S, Jackson J, Rennick D. Antibody to

interleukin-5 inhibits helminth-induced eosinophilia in mice. Science (1989)

245:308–10.

36. Takamure A. Migration route of Strongyloides venezuelensis in rodents. Int J

Parasitol. (1995) 25:907–11.

37. Craig JM, Scott AL. Helminths in the lungs. Parasite Immunol. (2014) 36:463–

74. doi: 10.1111/pim.12102

38. Obata-Ninomiya K, Ishiwata K, Tsutsui H, Nei Y, Yoshikawa S, Kawano Y,

et al. The skin is an important bulwark of acquired immunity against intestinal

helminths. J Exp Med. (2013) 210:2583–95. doi: 10.1084/jem.20130761

39. Fernandes A, Pereira AT, Eschenazi PD, Schilter HC, Sousa AL, Teixeira MM,

et al. Evaluation of the immune response against Strongyloides venezuelensis

in antigen-immunized or previously infected mice. Parasite Immunol. (2008)

30:139–49. doi: 10.1111/j.1365-3024.2007.01009.x

40. Moro K, Yamada T, TanabeM, Takeuchi T, Ikawa T, Kawamoto H, et al. Innate

production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+)

lymphoid cells. Nature (2010) 463:540–4. doi: 10.1038/nature08636

41. Neill DR,Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes

represent a new innate effector leukocyte that mediates type-2 immunity.

Nature (2010) 464:1367–70. doi: 10.1038/nature08900

42. Finkelman FD, Pearce EJ, Urban JF Jr, Sher A. Regulation and biological

function of helminth-induced cytokine responses. Immunol Today (1991)

12:A62–6. doi: 10.1016/S0167-5699(05)80018-0

43. Schilter HC, Pereira AT, Eschenazi PD, Fernandes A, Shim D, Sousa AL,

et al. Regulation of immune responses to Strongyloides venezuelensis challenge

after primary infection with different larvae doses. Parasite Immunol. (2010)

32:184–92. doi: 10.1111/j.1365-3024.2009.01176.x

44. Roediger B, Weninger W. Group 2 innate lymphoid cells in the

regulation of immune responses. Adv Immunol. (2015) 125:111–54.

doi: 10.1016/bs.ai.2014.09.004

45. O’Leary JG, Goodarzi M, Drayton DL, von Andrian UH. T cell- and B

cell-independent adaptive immunity mediated by natural killer cells. Nat

Immunol. (2006) 7:507–16. doi: 10.1038/ni1332

46. Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural killer cells.

Nature (2009) 457:557–61. doi: 10.1038/nature07665

47. Cerwenka A, Lanier LL. Natural killer cell memory in infection, inflammation

and cancer. Nat Rev Immunol. (2016) 16:112–23. doi: 10.1038/nri.2015.9

48. Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese

F, et al. Epigenetic programming of monocyte-to-macrophage

differentiation and trained innate immunity. Science (2014) 345:1251086.

doi: 10.1126/science.1251086

49. Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.

mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained

immunity. Science (2014) 345:1250684. doi: 10.1126/science.1250684

50. Baek BK, Islam MK, Kim JH, Lee JW, Hur J. Partial cross-resistance between

Strongyloides venezuelensis and Nippostrongylus brasiliensis in rats. Korean J

Parasitol. (1999) 37:101–7.

51. Shin EH, Osada Y, Chai JY, Matsumoto N, Takatsu K, Kojima S. Protective

roles of eosinophils in Nippostrongylus brasiliensis infection. Int Arch Allergy

Immunol. (1997) 114(Suppl. 1):45–50. doi: 10.1159/000237717

52. Knott ML, Matthaei KI, Giacomin PR, Wang H, Foster PS, Dent LA.

Impaired resistance in early secondary Nippostrongylus brasiliensis infections

in mice with defective eosinophilopoeisis. Int J Parasitol. (2007) 37:1367–78.

doi: 10.1016/j.ijpara.2007.04.006

53. Giacomin PR, Gordon DL, Botto M, Daha MR, Sanderson SD, Taylor SM,

et al. The role of complement in innate, adaptive and eosinophil-dependent

immunity to the nematode Nippostrongylus brasiliensis. Mol Immunol. (2008)

45:446–55. doi: 10.1016/j.molimm.2007.05.029

Frontiers in Immunology | www.frontiersin.org 14 September 2018 | Volume 9 | Article 2132

https://doi.org/10.1126/science.1108661
https://doi.org/10.4049/jimmunol.164.7.3749
https://doi.org/10.1084/jem.20042202
https://doi.org/10.1128/IAI.00285-13
https://doi.org/10.1128/IAI.68.9.4968-4971.2000
https://doi.org/10.1128/IAI.00053-17
https://doi.org/10.1007/s00281-012-0347-3
https://doi.org/10.1038/nri3365
https://doi.org/10.1111/pim.12429
https://doi.org/10.1038/ni.2208
https://doi.org/10.1016/j.immuni.2012.06.020
https://doi.org/10.1016/j.immuni.2012.08.015
https://doi.org/10.1093/intimm/dxv044
https://doi.org/10.1038/ncomms3675
https://doi.org/10.1038/nature24029
https://doi.org/10.1084/jem.20130071
https://doi.org/10.1126/science.1133715
https://doi.org/10.1073/pnas.1201042109
https://doi.org/10.1093/intimm/dxn037
https://doi.org/10.1111/pim.12102
https://doi.org/10.1084/jem.20130761
https://doi.org/10.1111/j.1365-3024.2007.01009.x
https://doi.org/10.1038/nature08636
https://doi.org/10.1038/nature08900
https://doi.org/10.1016/S0167-5699(05)80018-0
https://doi.org/10.1111/j.1365-3024.2009.01176.x
https://doi.org/10.1016/bs.ai.2014.09.004
https://doi.org/10.1038/ni1332
https://doi.org/10.1038/nature07665
https://doi.org/10.1038/nri.2015.9
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1250684
https://doi.org/10.1159/000237717
https://doi.org/10.1016/j.ijpara.2007.04.006
https://doi.org/10.1016/j.molimm.2007.05.029
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yasuda et al. Nematode Infection Induces Trained ILC2s

54. Bouchery T, Kyle R, Camberis M, Shepherd A, Filbey K, Smith A, et al.

ILC2s and T cells cooperate to ensure maintenance of M2 macrophages

for lung immunity against hookworms. Nat Commun. (2015) 6:6970.

doi: 10.1038/ncomms7970

55. Chen F,WuW,MillmanA, Craft JF, Chen E, Patel N, et al. Neutrophils prime a

long-lived effector macrophage phenotype that mediates accelerated helminth

expulsion. Nat Immunol. (2014) 15:938–46. doi: 10.1038/ni.2984

56. Mohrs K, Wakil AE, Killeen N, Locksley RM, Mohrs M. A two-step process

for cytokine production revealed by IL-4 dual-reporter mice. Immunity (2005)

23:419–29. doi: 10.1016/j.immuni.2005.09.006

57. Matsuba-Kitamura S, Yoshimoto T, Yasuda K, Futatsugi-Yumikura S, Taki

Y, Muto T, et al. Contribution of IL-33 to induction and augmentation

of experimental allergic conjunctivitis. Int Immunol. (2010) 22:479–89.

doi: 10.1093/intimm/dxq035

58. Guo L, Huang Y, Chen X, Hu-Li J, Urban JE Jr, Paul WE. Innate

immunological function of TH2 cells in vivo.Nat Immunol. (2015) 16:1051–9.

doi: 10.1038/ni.3244

59. Martinez-Gonzalez I, Steer CA, Takei F. Lung ILC2s link innate and adaptive

responses in allergic inflammation. Trends Immunol. (2015) 36:189–95.

doi: 10.1016/j.it.2015.01.005

60. Martinez-Gonzalez I, Matha L, Steer CA, Ghaedi M, Poon GF, Takei F.

Allergen-experienced group 2 innate lymphoid cells acquire memory-like

properties and enhance allergic lung inflammation. Immunity (2016) 45:198–

208. doi: 10.1016/j.immuni.2016.06.017

61. Mohapatra A, Van Dyken SJ, Schneider C, Nussbaum JC, Liang HE, Locksley

RM. Group 2 innate lymphoid cells utilize the IRF4-IL-9module to coordinate

epithelial cell maintenance of lung homeostasis. Mucosal Immunol. (2016)

9:275–86. doi: 10.1038/mi.2015.59

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Yasuda, Adachi, Koida and Nakanishi. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 15 September 2018 | Volume 9 | Article 2132

https://doi.org/10.1038/ncomms7970
https://doi.org/10.1038/ni.2984
https://doi.org/10.1016/j.immuni.2005.09.006
https://doi.org/10.1093/intimm/dxq035
https://doi.org/10.1038/ni.3244
https://doi.org/10.1016/j.it.2015.01.005
https://doi.org/10.1016/j.immuni.2016.06.017
https://doi.org/10.1038/mi.2015.59
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Nematode-Infected Mice Acquire Resistance to Subsequent Infection With Unrelated Nematode by Inducing Highly Responsive Group 2 Innate Lymphoid Cells in the Lung
	Introduction
	Materials and Methods
	Ethics Statement
	Animals
	Reagents
	IL-33 Administration
	Helminth Infections
	Intraduodenal Implantation of Adult Worms
	Preparation of Lung Cells
	Bronchoalveolar Lavage (BAL)
	Flow Cytometry
	Quantitative RT-PCR (Q-PCR)
	Statistics

	Results
	Strongyloides Venezuelensis Infection-Experienced Mice Develop an Enhanced Lung Inflammation and Show a Substantial Resistance to Nippostrongylus brasiliensis  Infection
	ILC2s Contribute to the Resistance Against Nippostrongylus brasiliensis Infection in Sv-Exp Mice
	Eosinophils Are Essential for the Protection of Sv-Exp Mice From Nippostrongylus brasiliensis Infection
	IL-33 Is Critical for the Resistance of Sv-Exp Mice to Infection by Nippostrongylus brasiliensis
	Strongyloides venezuelensis Infection Induces Trained ILC2s
	IL-33 Is Not Sufficient to Induce Trained ILC2s or Protective Immunity Against Nippostrongylus brasiliensis Infection

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


