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Background: The immunologic mechanisms underlying
pulmonary type 2 inflammation, including the dynamics of
eosinophil recruitment to the lungs, still need to be elucidated.
Objective: We sought to investigate how IL-13–producing TH2
effector cells trigger eosinophil migration in house dust mite
(HDM)-driven allergic pulmonary inflammation.
Methods: Multiparameter and molecular profiling of murine
lungs with HDM-induced allergy was investigated in the absence
of IL-13 signaling by using IL-13Ra1–deficient mice and
separately through adoptive transfer of CD41 T cells from
IL-5–deficient mice into TCRa–/– mice before allergic
inflammation.
Results: We demonstrated through single-cell techniques that
HDM-driven pulmonary inflammation displays a profile
characterized by TH2 effector cell–induced IL-13–dominated
eosinophilic inflammation. Using HDM-sensitized IL-13Ra1–/–

mice, we found a marked reduction in the influx of eosinophils
into the lungs along with a significant downregulation of both
CCL-11 and CCL-24. We further found that eosinophil
trafficking to the lung relies on production of IL-13–driven
CCL-11 and CCL-24 by fibroblasts and Ly6C1 (so-called
classical) monocytes. Moreover, this IL-13–mediated eotaxin-
dependent eosinophil influx to the lung tissue required IL-5–
induced eosinophilia. Finally, we demonstrated that this IL-13–
driven eosinophil-dominated pulmonary inflammation was
critical for limiting bystander lung transiting Ascaris parasites
in a model of allergy and helminth interaction.
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Conclusion: Our data suggest that IL-5–dependent allergen-
specific TH2 effector cell response and subsequent signaling
through the IL-13/IL-13Ra1 axis in fibroblasts and myeloid
cells regulate the eotaxin-dependent recruitment of eosinophils
to the lungs, with multiple downstream consequences, including
bystander control of lung transiting parasitic helminths. (J
Allergy Clin Immunol Global 2023;2:100131.)
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Type 2 immune responses and their signature cytokines, IL-4,
IL-5, and IL-13 in particular, are commonly observed during
helminth parasitic infections. However, these same responses are
also seen in a variety of allergic disorders.1 Historically, type 2–
associated responses were thought to be elicited primarily by
multicellular organisms (eg, helminths) that were unable to be
internalized by host cells and whose effector functions were
believed to drive the development of humoral responses.2 Indeed,
it has been shown that IL-4 is crucial for human B-cell maturation
and class switching to the IgE and IgG4 isotypes.3-5 However,
several studies have suggested that type 2–polarized TH cells are
more broadly defined and that the cells they target gowell beyond
B cells and include mast cells, basophils, and eosinophils.2

Studies of helminth infections and/or allergic diseases have
helped to shape this redefinition of type 2–associated cell polari-
zation; indeed, it is well known that TH2 cell– and group 2 innate
lymphoid cell (ILC)–associated cytokines are crucial for the
recruitment and activation of eosinophils.6,7 Of note, type 2–asso-
ciated eosinophilic disorders (eg, lymphocytic variant hypereosino-
philic syndrome, asthma, atopic dermatitis, drug hypersensitivity,
helminth infection)8 are defined by a marked recruitment of eosin-
ophils to the tissue along with an extensive extracellular deposition
of eosinophil-derivedgranule proteins. This eosinophil-rich inflam-
mation has been shown to drive pathology in the affected organ.9,10

Thus, because IL-5 has been designated as the key cytokine to
induce eosinophilic inflammation, anti–IL-5 (mepolizumab) and
IL5Ra-targeting (benralizumab) mAbs have been used as a novel
therapeutic approach to target many of these eosinophil-
dominated disorders.11 Nevertheless, recent studies have proposed
that other mediators, including IL-13 (independently or associated
with IL-5), can also play a major role in the development of asthma
and other eosinophilic disorders.12,13 As a consequence, treatment
approaches using a human mAb against IL-4Ra (dupilumab),
which is a shared receptor for IL-4 and IL-13, have been tested in
clinical trials in patients with asthma, chronic rhinosinusitis with
nasal polyps, eosinophilic esophagitis, and/or atopic dermatitis.14
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Abbreviations used

FITC: Fluorescein isothiocyanate

HDM: House dust mite

ILC: Innate lymphoid cell

KO: Knockout

OVA: Ovalbumin

WT: Wild-type
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However, the upstream immunologic events that determine how IL-
13–driven type 2 inflammation drives lung pathology still needs to
be elucidated further.

Here, we demonstrate that house dust mite (HDM)-mediated
allergic pulmonary inflammation is driven by a polyfunctional
TH2 effector cell immune response that leads to IL-13–driven
inflammation. In addition, we find that eosinophil trafficking to
HDM-sensitized lungs relies on production of IL-13–driven
CCL-11 and CCL-24 by both fibroblasts and myeloid cells that
orchestrate the pulmonary inflammation. In so doing, we have
provided new insights into the dynamics (and controls) of eosin-
ophil migration to the lung with allergy and shown how an
eosinophilic-dominated type 2 inflammatory response in the pul-
monary tree has important implications for bystander effects,
including driving resistance to lung transiting helminth parasites.
METHODS

Mice
Wild-type (WT) C57/BL-6 mice and IL-5 knockout (KO) mice

on a C57/BL6 genetic background (C57BL/6-Il5tm1Kopf/J), male,
aged 8 weeks, were purchased from The Jackson Laboratory (Bar
Harbor, Me). TCR-a–deficient mice on a C57/BL-6 genetic back-
ground, WT BALB/c mice, IL-13Ra1 KO mice on a BALB/c ge-
netic background, and IL-13Ra2 KO mice on a BALB/c genetic
background (all male and aged 8 weeks), were purchased from Ta-
conic Farms (Germantown,NY).DdblGATAmice (male and aged8
weeks) on a BALB/c genetic background were provided by Helene
Rosenberg of the Laboratory ofAllergicDiseases, National Institute
ofAllergyand InfectiousDiseases,National Institutes ofHealth, and
bred in-house at the National Institutes of Health Animal Facility.
HDM-induced allergic inflammation
The mice were anesthetized with isoflurane and sensitized

intranasally with 200 mg of Dermatophagoides pteronyssinus
HDM extract (Greer Laboratories, Lenoir, NC) in 30 mL of PBS
on day 0 and day 7. On days 14, 16, and 18, the mice were given
50 mg of HDM extract in a volume of 30 mL intranasally. For
the analysis of immunopathology driven by inflammation due to
HDM allergy, mice were humanely killed on day 20. For the inter-
action studies between HDM sensitization with Ascaris infection,
mice were infected with Ascaris on day 18, immediately after the
last sensitization with HDM by oral gavage. Tissues were exam-
ined immunologically on day 26 (8 days after infection, which cor-
responds with the peak of Ascaris larval migration in the lungs).
Experimental infection and parasitologic analysis
Mice were infected with Ascaris suum by intragastric inocula-

tion of 2500 fully embryonated eggs, as previously described by
Boes et al15 and Gazzinelli-Guimaraes et al.16 Parasite burden
was evaluated as previously described.16
Morphometric analysis on the Ascaris larval stages
The development of Ascaris larval stages was evaluated by

morphometric measurement of the length and width of the larvae
recovered from the airways 8 days after infection, as previously
described.17 Morphometric analysis of the larvae was performed
by using Imaris 9.0 software (Bitplane, Oxford Instruments,
Abingdon, United Kingdom).
Naive CD41 T-cell purification and adoptive transfer
Naive CD41 T cells were isolated from a single-cell suspension

from the spleens of 2 donor mice (C57/BL6 WT mice and IL-5–/–

mice) by using the negative selection of the naive CD41 T-Cell
Isolation Kit according to the manufacturer’s protocol (Miltenyi
Biotec, Gaithersburg, Md). Enriched naive CD41 T cells were
tested to greater than 95% purity after isolation. After purification,
13 106 naive CD41 T cells from each donor were injected intra-
peritonially into their respective TCR-alpha KO recipient mice. A
control group of recipient mice received PBS. After a 12-day wait-
ing period to allow the newly transferred naive CD41 T cells
(capable of producing IL-5 or not) to expand in the respective recip-
ient mice, the allergic sensitization protocol was implemented.
Flow cytometry immunophenotyping
Lung tissue digestion was performed as previously

described.17,18 Leukocyte suspensions were then stained by using
2 panels of antibodies for flow cytometry: a CD41 T-cell polariza-
tion panel and a myeloid panel. For the CD41 T-cell panel, cells
were incubated for 3 hours at 378C in5%CO2 in the absenceof (me-
dia) or after stimulation with 0.5/0.05 nM phorbol myristate ace-
tate/ionomycin (Sigma-Aldrich, Burlington, Mass) and 10 mg/mL
of brefeldin A. Briefly, staining using the T-cell polarization panel
required 3 steps. The cells were stainedwith a LIVE/DEADmarker
(Fixable Blue, UV450, Thermo Fisher Scientific). Second, after
washing with FACS buffer (PBS, 2% FBS), antibodies against
the extracellularmarkersCD45,TCR-b, andThy1.2were used.Af-
ter washing, the cells were fixed with 4% paraformaldehyde and
permeabilized (Perm buffer, eBiosciences) and finally stained
with the following antibodies: CD4, CD154, IL-5, IL-13, IL-17A,
and IFN-g (see Table EI in the Online Repository at www.jaci-
global.org). Themyeloid panel was used ex vivo in a 2-step staining
protocol: first, the cells were stained with a LIVE/DEAD marker
(FixableBlue, UV450, ThermoFisher Scientific), and second, after
washing with FACS buffer, CD11c, Ly6C, CD11b,MHC-II, Siglec
F, Ly6G, and F4/80 were used (see Table E1). After washing, the
cells were fixed with 4% paraformaldehyde. Data were acquired
on an LSR Fortessa flow cytometer (BDBiosciences) and analyzed
with FlowJo software (Tree Star).
Lung tissue chemokine, cytokine, and cytokine

receptors
Lung tissue homogenates were prepared as previously

described.17 The lung tissue cytokines IL-4, IL-5, IL-6, IL-13,
IL-17A, IL-33, IFN-g, CCL-2, and M-CSF were measured by
using a multiplex commercial kit according to the manufacturer’s
protocol (Millipore Sigma). The lung tissue chemokines CCL-11
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(eotaxin 1) and CCL-24 (eotaxin 2) weremeasured by using a Du-
oset ELISA Kit (R&D Systems, Minneapolis, Minn). Lung IL-
13Ra2 protein concentration was determined by ELISA as previ-
ously described.19 High-protein-binding 96-well plates were
coated with anti–IL-13Ra2 (1 mg/mL) (R&D Systems) in PBS
overnight, and a biotinylated anti-mouse IL-13 (2 mg/mL; Cento-
cor) was used for detection.
RNA purification from lungs with HDM allergy and

nanostring analysis
In all, 9 lungs from HDM-allergen sensitized mice, and 9

lungs from naive mice were harvested and placed in a Precellys
tube containing 500mL of Trizol. The tissues were then
homogenized by using a Precellys homogenizer. RNA capture
and purification were performed by using a MagMAX-96 Total
RNA Isolation Kit (Thermo Fisher, Waltham, Mass). RNA
concentration (ng/mL) was determined by using a DeNovix DS-
11 spectrophotometer. The purified RNA was divided into 3
pools from 3 mice each for each condition. After that, the
preparation, hybridization, and detection of the RNA samples
were carried out by following Nanostring manufacturer’s
instructions (Nanostring Technologies, Seattle, Wash). Subse-
quent analyses were performed by using thew nCounter
Analysis System and TM4 MeV microarray software suite.
The canonic signaling pathways in lungs with HDM allergy was
analyzed by using Ingenuity Pathway Analysis (Qiagen, Hilden,
Germany). The full list of genes analyzed by Nanostring, along
with their respective expression levels in the lungs from naive
mice and mice with HDM allergy, is available in Supplementary
Data Set 1 (in the Online Repository at www.jaci-global.org).
Single-cell RNA sequencing and data processing
We generated a 103 Genomics Single-Cell Chromium mRNA

library from CD451-sorted cells from mouse lungs of 3 HDM-
sensitized mice and 3 naive mice. During this process we assigned
a unique hashtag to each mouse before pooling samples into an
HDM-positive pool and an HDM-negative pool. We sequenced
these samples on 1 NovaSeq S2 and NovaSeq SP run at the Fred-
erick National Laboratory for Cancer Research Sequencing Facil-
ity. Both samples have sequencing yields of more than 206 million
reads per sample. The sequencing runwas set up as a 28-cycles plus
91-cycle nonsymmetric run. When demultiplexing, we allowed 1
mismatch in the barcodes. The sequencing quality was good:
more than 93.7% of bases in the barcode regions have Q30 or
higher, at least 89.8% of bases in the RNA read have Q30 or higher,
and more than 93.8% of bases in the unique molecular identifiers
haveQ30 or higher.We usedCell Ranger version 6.0.220 to analyze
the data, following default parameters and mapping to the Mus
musculus Genome Reference Consortium Mouse Build 38
(mm10, accession no. GCA_000001635.2; https://www.ncbi.nlm.
nih.gov/assembly/GCF_000001635.20/).

After using Cellranger version 6.0.2 for alignment to mm10,
followed by the quantification of RNA counts per cell, we used
Seurat version 4.1.121 to filter the data and performdownstreaman-
alyses.We first visualized each data set to ensure that there was not
a bimodal distribution with an excess of cells with multiple hash-
tags. We also used this software to determine the best cutoffs for
cells that lacked unique features or had too many features and
thus might may contain information on multiple cells. We retained
cells with more than 200 unique features but fewer than 3000, and
with less than 5% of reads mapping to mitochondrial genes. This
resulted in 7077 cells with a mean of 1903 unique genes per cell
in the HDM-negative sample and 3124 cells with a mean of
1355 unique genes per cell for the HDM-positive sample.

After filtering, we integrated samples based on the variable
features of each cell and then clustered cells, following the default
clustering parameters but with a resolution of 0.3. We then
identified cell types in the integrated data set by using the
ImmGen database in SingleR v1.8.122 and used Seurat v4.1.1 to
generate dimension plots showing clusters and cell types of these
data, as well as to generate features plots for differential markers
expression level. For sets of differential markers in specific clus-
ters or subclusters, we also generated heatmaps and volcano plots
by using ggplot2 v3.3.6. Single-cell RNA sequencing data sets for
both naive and HDM-sensitized CD451-sorted lung cells are
available at the Gene Expression Omnibus GEO (accession nos.
GSM6617107 and GSM6617109).

To see theCcl11 expression from nonhematopoietic cells, pub-
licly available single-cell RNA sequencing data sets (reference,
National Center for Biotechnology Information accession no.
PRJNA838071) were downloaded and only the data from
HDM-negative and HDM-positive WT mice were selected. As
described earlier in this article, for downstream analysis such as
filtering (nFeature_RNA > 700; nCount_RNA < 20000; and
percent.mt < 10), data integration, normalization, scaling, and
clustering (resolution, 0.2), Seurat, version 4.1.1, was used again.
For cluster identification, the expression pattern of the signature
genes suggested in the article was examined. To overcome the
dropout effect in single-cell data, we used the MAGIC package
(2.0.3) with the default setting (k-nearest neighbor 5 5;
decay 5 1) for Ccl11 expression to provide better visualization
owing to imputation of missing values.
In vitro settings for IL-13–induced CCL-11 and CCL-

24
Cells from the mouse bronchial cell line MM14.Lu (CRL-

6382) (American Type Culture Collection, Manassas, Va) were
cultured at 1 3 105cells per well and stimulated in the absence
(with PBS alone) or presence of 100 ng/mL of recombinant mu-
rine IL-4 (Prepotech, Cranbury, NJ), 100 ng/mL of recombinant
murine IL-5 (Prepotech), and 100ng/mL of recombinant murine
IL-13 (Prepotech) for 48 hours at 378C in 5% CO2. After incuba-
tion, CCL-11 and CCL-24 levels were measured in the culture su-
pernatant by using the Duoset ELISA Kit (R&D Systems). To
characterize the MM14.Lu cell lines as fibroblasts, an immuno-
phenotypic analysis by flow cytometry was performed using allo-
phycocyanin anti-mouse EpCAM, efluor450 anti-mouse CD31,
alexa fluor 700 anti-mouse CD45, biotinylated anti-mouse
CD140a antibodies, and BV605 streptavidin (see Fig E2, A in
the Online Repository at www.jaci-global.org).
In vivo eosinophil trafficking assay
To investigate the capacity of IL-13 to directly induce eotaxins

levels, as well as to trigger eosinophilia in mouse lungs, 10 mg of
recombinant murine IL-13 (Prepotech) was administered intra-
nasally daily for 7 days. On day 4, after 3 doses of rIL-13, CCL-11

http://www.jaci-global.org
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/
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FIG 1. Sensitization with HDM allergen activates IL-13 signaling pathways and eotaxin levels and induces

eosinophils’ influx into the lung. Experimental design scheme for a murine asthma model driven by HDM

allergen intranasal senstitization, and HDM allergen–specific IgE levels in naive mice (n5 9) versus in HDM-

allergic mice (n 5 9) on day 20, which was 2 days after the fifth and last sensitization (A). Heatmap with the

differentially expressed genes, normalized by their z score, in lungs from naive mice and allergic animals,

highlighting their distinct transcriptional signature (B). Significant (P < .05) upregulated and downregulated

genes, with the log2 fold change threshold of greater than –1 or greater than 1, in the lungs of HDM-
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and CCL-24 levels were measured in the lung homogenate by
using the Duoset ELISA Kit (R&D Systems). On day 8, lungs
were digested for flow cytometric analysis to evaluate the
frequency of Siglec F–positive eosinophils by using a myeloid
panel (see Table E1). In parallel, to test the capacity of IL-13 to
traffic eosinophils from the circulation to the lung tissue, periph-
eral eosinophilia was induced by intraperitoneal injections of re-
combinant mouse IL-5 (Prepotech), 3 mg/mouse per day for 6
days. Intraperitoneal injections of PBS were used as a control.
Blood was collected from the tail vein on days –6, –3, and 0 to
track eosinophil counts using a hematology analyzer Element
HT5 (Heska, Loveland, Colo). On day 0, mice received 3 consec-
utive intranasal injections of rIL-13 or PBS. On day 3, lungs were
digested for flow cytometric analysis to evaluate the frequency of
Siglec F–positive eosinophils. Of note, 5 to 10 minutes before the
lung harvest, the anesthetized mice received intravascular injec-
tion of 1.25 mg of anti-mouse CD45–fluorescein isothiocyanate
(FITC) in 200 mL of PBS, to discriminate between the cells in
the pulmonary vascular circulation and those in the lung
parenchyma.
Antibody response
IgG1, IgG2a, and IgE responses to HDM extract were

evaluated as previously described.17,18 Immulon ELISA 4HBX
plates were coated with 5 mg of HDM extract (Greer Labora-
tories) per well.
Statistical analyses
Unless stated otherwise, the experimental results are repre-

sented as means plus or minus SEs or geometric means. For
nonparametric data, the Kruskal-Wallis test followed by the Dunn
multiple comparisons test was used for the analysis of tissue
cytokine and chemokine profiles, the frequencies of myeloid and
T cells, and the comparison of parasite burden and larval
development between different mouse strains. Correlation anal-
ysis was performed by using the Spearman rank test. For both
statistical tests, P values less than .05 were deemed statistically
significant. P values are indicated in each graph, with ns denoting
values that were not significant.
Study approval
All animal experiments were approved by the National In-

stitutes of Health Animal Care and Use Committee (Animal
Study Protocol LPD-6).
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RESULTS

Environmental aeroallergen sensitization activates

IL-13 signaling pathways, eotaxin levels, and influx

of eosinophils to the lung
To dissect the pathways altered in HDM-driven pulmonary

inflammation, we performed comprehensive transcriptional and
immunologic profiling in the lungs of HDM-sensitized and naive
mice (Fig 1). After confirming that the intranasal sensitization with
HDM was successful by demonstrating increased HDM-specific
IgE responses in the HDM-sensitized mice over naive animals,
(0.795 6 0.362 OD vs 0.098 6 0.021 OD [P < .0001] [Fig 1,
A]), we assessed the mRNA profile of the lungs driven by HDM al-
lergens (Fig 1, B). Among the 171 differentially expressed genes
(Fig 1, C), we observed overexpression of Rtnla, Arg1, Muc5b,
Irf4, Ptgir, Cd163, and Il1rl1 transcripts, among others (Fig 1, E).
Remarkably, IL-13–associated genes, including Il13 and Il13ra2
(because IL-13 levels upregulate the expression of IL-13Ra2), as
well as genes associated with eosinophil activation—namely, Epx
(eosinophil peroxidase), Prg2 (major basic protein), Ccl-11 (eo-
taxin-1), and Il-5—were also markedly upregulated in the HDM-
driven allergic pulmonary inflammation. Ingenuity Pathway Anal-
ysis (IPA) revealed a significant upregulation in the genes associ-
ated with TH2 cell activation (Fig 1, D), including Il4, Il4ra, Il5,
Il9, Il13, Il33, and Itgb2 (Fig 1, E). At the protein level, HDM-
sensitized lung homogenates showed significant increases in abun-
dance of IL-5 (Fig 1, F), IL-13 (Fig 1, G), and IL-13-bound to IL-
13Ra2 (Fig 1,H) versus in homogenates of lungs from naive mice.
The immunophenotypic analysis of lung tissue cells revealed a
marked expansion of effector memory CD41 T cells producing
IL-13 following HDM sensitization (Fig 1, I). Moreover, we found
that the cellular composition of the lung tissuewasmarked by a pro-
found influx of eosinophils (Fig 1, J) and was associated with a
marked increase in CCL-11 (855.3 6 8.85 pg/mL vs 507.6 6
26.45 pg/mL [P < .0001] [Fig 1, K]) and CCL-24 (eotaxin-2)
(1345.0 6 209.7 pg/mL vs 691.2 6 30.6 pg/mL [P < .0001] [Fig
1, L]). Finally, our analysis of other chemokines also showed a
marked increase in CCL-2 levels (monocyte chemoattractant
protein-1 (MCP-1) (Fig 1, M), indicating a potential increase in
monocytic populations driven by HDM sensitization. Indeed,
flow cytometric analysis showed a significant increase in the fre-
quency of F4/801 monocytes/macrophages in the allergen-sensi-
tized lungs (Fig 1, N), characterized by an increase in the
absolute numbers of nonclassical Ly6C–MHCII– (P < .001) and
Ly6C–MHCIIint (P5 .002) monocytes but similar numbers of clas-
sical Ly6C1monocytes when comparedwith the levels in the lungs
from naive mice (Fig 1, O).
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FIG 2. Absence of IL-13 signaling in IL-13Ra1 KO mice impairs eosinophil-dominated type 2 inflammation

driven by HDM sensitization. Experimental design scheme for HDM-allergen sensitization in WT (n5 5) and

IL-13Ra1 KO (n 5 5) mice (A). Pulmonary tissue levels of CCL-11 (B), CCL-24 (C), IL-4 (D), macrophage

colony-stimulating factor (M-CSF) (F), IL-17A (G), and IFN-g (H) in the lung’s homogenates of HDM-

sensitized WT and IL-13Ra1 KO mice. Representative flow cytometry dot plots of lungs cells, gated on

live CD451Ly6G–, showing the frequencies of Siglec F–positive CD11c– eosinophils (E) and lung cells, gated

on live CD451, showing the frequencies of Ly6G1CD11b1 neutrophils (I). Representative flow cytometry dot

plot of lung cells from both HDM-sensitized WT and IL-13Ra1 KO lungs stimulated with phorbol myristate

acetate (PMA)/ionomycin for 2.5 hours, showing the frequencies of CD441CD1541CD41 T cells producing

either IL-5 or IL-13 (J). Each symbol represents a single mouse, and horizontal bars are geometric means.

P values are indicated on each graph. Two independent experiments were performed. Differences between

the 2 groups were considered statistically significant at P values less than .05 obtained by the unpaired

Mann-Whitney test.
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Allergen-driven eosinophil-dominated type 2

allergic inflammation in the lungs relies on IL-13

signaling
Having observed that inflammation in the lungs driven by

HDM sensitization was characterized by an increase in IL-13–
producing CD41 T-cell and elevated IL-13 levels in the lung tis-
sue, we next explored the role of IL-13 signaling in the lung
eosinophils of mice with allergy. By comparing the allergic pul-
monary inflammation in HDM-sensitized WT mice with that in
IL-13Ra1–/– mice (Fig 2, A), we demonstrated that in the absence
of IL-13 signaling, sensitization due to HDM allergy showed a
marked increase in the levels of both CCL-11 (771.9 6 19.3
pg/mL vs 496.6 6 34.5 pg/mL [P 5 .0079] [Fig 2, B]) and
CCL-24 (1461.0 6 133.4 pg/mL vs 923.7 6 68.1 pg/mL [P 5
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.0071] [Fig 2, C]) from WT mice versus IL-13Ra1–/– mice,
respectively. Interestingly, the IL-4 levels in the HDM-
sensitized IL-13Ra1–/– mice were significantly increased when
compared with those in the lungs from the HDM group (Fig 2,
D). The impaired production of CCL-11 and CCL-24 in the
lung tissue of IL-13Ra1–/– mice with allergic inflammation was
associated with a marked reduction in the frequency of eosino-
phils in the lung tissue (P 5 .0079) (Fig 2, E). Furthermore,
HDM-sensitized IL-13Ra1–/– lungs showed a clear alteration of
the TH2 cell–TH1 cell–TH17 cell balance, with a shift away
from a type 2 phenotype toward a mixed type 1/type 17 response
with elevated levels of M-CSF (224.3 6 33.53 pg/mL vs 83.8 6
23.2 pg/mL [P5 .0079] [Fig 2, F]), IL-17A (225.06 96.3 pg/mL
vs 46.66 43.0 pg/mL [P5 .0079] [Fig 2,G]), and IFN-g (16.26
6.9 pg/mL vs 6.8 6 8.6 pg/mL [P 5 .0950] [Fig 2, H]) versus in
HDM-sensitized WT mice. Moreover, this mixed type 1 and type
17 responses observed in the HDM-sensitized IL-13Ra1–/– mice
was also characterized by a marked increase in number of neutro-
phils in the lungs when compared with the number in the lungs of
WTmicewith allergy (P5.007 [Fig 2, I]). Of note, the lack of IL-
13 signaling did not alter the frequency of HDM-driven IL-51

and/or IL-131–producing TH2 effector cells (Fig 2, J).
Single-cell resolution of HDM-driven pulmonary

allergic inflammation reveals the major sources of

IL-13, CCL-11, and CCL-24
To understand (at single-cell resolution) how allergen sensiti-

zation reshapes the transcriptional profile of the lung populations,
we performed single-cell RNA sequencing data from sorted
CD451 lung cells from HDM-sensitized mice and lungs from
naive mice. We clustered lung cells on the basis of their expres-
sion profile by using Seurat and annotated fine cell types on the
ImmGen mouse database23 using SingleR. Overall, we identified
a total of 13 clusters in the lung cells, corresponding to the major
clusters of hematopoietic cells (Fig 3, A). We then evaluated the
expression levels of Il13, Il4, Il5, Il13ra1, Il4ra, Ccl11, and
Ccl24 in the different clusters based on the allergic status of the
mice (see Fig E1 in the Online Repository at www.jaci-global.
org). In the lung cells from naive mice, we observed that IL13
transcripts were restricted to ILCs (cluster 10) and basophils/
mast cells (cluster 12). We also found CD41 T cells expressed
low levels of IL4 in lung cells from naive mice, but Il4 appeared
to be expressed at high levels only on basophils/mast cells. IL5
was predominantly expressed only on the ILC cluster, with no
expression on CD41 T cells or basophils/mast cells in naive
CD451 lung cells. Surprisingly, we found that Il13ra1 expression
levels were restricted to neutrophils (cluster 5) and the monocyte/
macrophage clusters (cluster 6), whereas at baseline, Il4ra was
expressed in all major clusters of CD451 lung cells. At baseline,
CCL24 was expressed on natural killer cells (cluster 3) and ILCs
at a high level but also on neutrophils and B cells (cluster 0) at low
levels. Remarkably, the HDM sensitization altered considerably
the expression dynamics of these markers among the hematopoi-
etic lung cells. Not only did HDM sensitization induce a marked
increase in the expression level of Il13, Il4, and Il5 among the
CD41 T cells (cluster 1), but (as observed in Fig 2, I for IL-5
and IL-13) it seems that many of these effector CD41 T cells
became polyfunctional (IL-41/IL-51/IL131). Moreover, Il-
13ra1 expression levels continued to be restricted to neutrophils
and monocytes/macrophages, and Il4ra expression levels
changed only slightly after HDM sensitization. A major change
driven by the allergen sensitization, however, involved CCL24
expression, which was restricted to CD41 T cells, ILCs, and
myeloid cells (monocyte/macrophage cluster) in HDM-treated
lungs (see Fig E1).

Because the monocyte/macrophage cluster expresses both
Il13ra1 and Ccl24 in the HDM-sensitized lungs (CD41 T cells
do not express Il13ra1), we sought to elucidate the eotaxin-2–
producing myeloid cells in the lungs from mice with allergy.
By subclustering Cd11b-expressing cells (from cluster 6) using
SingleR, we identified 6 subclusters (P0-P5) within the mono-
cyte/macrophage cluster (Fig 3, A). On the basis of the top 20
overexpressed genes for each subcluster (Fig 3, B) along with
the expression level of Ccr2, Ly6c, Fcgr1 (CD64), Cx3cr1, Spn
(CD43), and Fcgr4 (CD16-2) (Fig 3, C) it was possible to
annotate the 6 subclusters as follows: P0 and P1,
CCR2–Cx3cr11Spn1Fgr41Nr4a11Ly6C– nonclassical patrol-
ling monocytes; P2, Ccr221Fcgr11F13a11Vcan1Ly6C1 clas-
sical monocytes; P3 and P4, dendritic cells; and P5, interstitial
macrophages. Within the 6 subclusters (Fig 3, D), we found
that only classical Ly6c1 monocytes could express Ccl24
(Fig 3, E and F).

Of note, Ccl11 expression was not detected in any CD451 cell
type in either the HDM-negative or HDM-positive lungs, suggest-
ing that eotaxin-1 is expressed largely by nonhematopoietic
compartment in lungs from mice with allergy. To investigate
whether any other lung tissue compartments could express levels
of Ccl-11 driven by HDM sensitization, we reanalyzed publicly
available single-cell RNA sequencing data regarding lungs from
naive mice and lungs from HDM-sensitized mice containing
epithelial, stromal, and mesenchymal cells24 (Fig 3, G). The anal-
ysis revealed elevated expression levels of Ccl11 restricted to lung
fibroblasts (Col1a1, Col1a2, Col3a1, Fbln1, and Pdgfra
[CD140a]) in the lungs from mice with HDM allergy. Eotaxin-1
expression levels were markedly increased in comparison with
the levels in lung fibroblasts from naive mice (Fig 3, H). Notably,
Ccl24 expression was not detected in any nonhematopoietic cell
type. To test the capacity of lung bronchial fibroblasts to produce
CCL-11 in response to IL-13, we stimulated a mouse bronchial fi-
broblasts cell line (MMP14.Lu) (EpCAM–CD31–CD45–CD140a1

[see Fig E2, A]) in the absence or in the presence of rIL-4, rIL-5, or
rIL-13. Interestingly, rIL-13 induced a remarkable amount ofCCL-
11 (402.66 37.4 pg/mL vs 7.266 7.3 pg/mL [P5 .0187] [Fig E2,
B]), when compared with the amounts in unstimulated cells (PBS)
and cells stimulated with the other TH2 cell–associated cytokines.
None of the conditions induced any CCL-24 in this bronchial fibro-
blast cell line (Fig E2,C), suggesting that the fibroblasts are indeed
a major source of CCL-11 in lungs from mice with HDM allergy
(but not CCL-24) in response to IL-13 signaling.
IL-13–mediated eotaxin-dependent eosinophil

influx to the lung tissue requires peripheral

eosinophilia
So far, we have shown that IL-13 is one of themajor components

of HDM-driven pulmonary allergic inflammation and that eosin-
ophils largely fail to migrate to lungs frommice with allergy in the
absence of IL-13 signaling. On the basis of these results, we then
hypothesized that IL-13 promotes eosinophil influx to the lung
tissue by eotaxin-mediated trafficking. Because many other
mediators besides IL-13 induced by HDM sensitization could

http://www.jaci-global.org
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FIG 3. Single-cell RNA sequencing analysis of lungs fromHDM-sensitizedmice reveals themajor sources of

CCL-11 and CCL-24. FromCD451-sorted cells of lungs from naivemice (n5 3) and lungswith allergic inflam-

mation (n 5 3), a total of 13 clusters of hematopoietic cells were identified on the basis of their expression

profile using Seurat and annotated fine cell types on the ImmGen mouse database using SingleR (A). The

monocyte/macrophage cluster (cluster 6) was subclustered in 6 populations (B), which were further charac-

terized in the heatmap based on the top 20 upregulated genes of each subpopulation (C). UniformManifold

Approximation and Projection plots with the levels of expression from signature genes for classical Ly6C1

monocytes, including Ly6c2, Ccr2, and Fcgr1 (CD64), as well as nonclassical Ly6C– monocytes, including

Cx3cr1, Fcgr4, and Spn (CD43), were also analyzed for further cell type annotation (D). Expression level

of CCL-24 was investigated among the myeloid subpopulations and compared between lung cells from

naive mice and lung cells from mice with HDM allergy (E-G). Using publicly available single-cell RNA-

sequencing data from CD31- and CD45-depleted cells of lungs from naive mice and lungs from mice with

HDM allergy, a total of 9 clusters of epithelial, stromal, and mesenchymal cells were identified on the basis
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FIG 4. IL-13–mediated eotaxin-dependent eosinophil influx to the lung tissue requires peripheral eosinophilia.

Either 10mg of rIL-13 or PBSwas administered intranasally to naive Balb/cmice for 7 days (n5 3) (A). On day 4

and after 3 injections of rIL-13, the levels of CCL-11 (B) and CCL-24 (C) in the lunghomogenatesweremeasured

by ELISA. On day 8, the frequency of Siglec F–positive CD11c– eosinophils in the lungs was analyzed by flow

cytometry (D). Experimental design for an in vivo assay to investigate eosinophil trafficking from the blood

circulation to the lung tissue driven by recombinant TH2 cytokines in Balb/c mice (n 5 4). rIL-5 (3 mg/mouse

per day for 6 days) was administered intraperitoneally, starting on day –6. Intraperitonal injections of PBS

were used as a control (E). Peripheral bloodwas collected from the tail vein on days –6, –3, and 0 to track eosin-

ophil counts. On day 0, mice received 3 consecutive intranasal injections of rIL-13 or PBS (F). On day 3, lungs

were digested for flow cytometric analysis to evaluate the frequency of Siglec F–positive eosinophils. To

discriminate between the eosinophils in the pulmonary vascular circulation (CD11b1CD45i.v1) and those in

the lung parenchyma (CD11b1CD45i.v–), anesthetized mice received intravascular injection of 1.25 mg of

anti-mouse CD45-FITC in 200 mL of PBS (G). Each symbol represents a single mouse, and the horizontal

bars are the geometric means. P values are indicated on each graph. Three independent experiments were

performed. Differences among the groups were considered statistically significant at P values less than .05

by the Kruskal-Wallis test followed by the Dunn multiple comparison test.
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work redundantly, we next assessed whether intranasal adminis-
tration of recombinant IL-13 in naive mice was, by itself, capable
of inducing CCL-11 and CCL-24 in the lungs. Eotaxin-l and
eotaxin-2 levels were measured in the lung homogenates on day 4,
of their expression profile using Seurat and annotated fi

SingleR (H). Expression levels of CCL-11 and CCL-24

compared between lung cells from naive mice and lun
following 3 consecutive doses of rIL-13 (10 mg/dose), and
eosinophil frequency in the lung was assessed on day 8, after 7
doses of rIL-13 (Fig 4,A). The data show that rIL-13 per se induced
a marked increase in CCL-11 (696.5 6 18.2 pg/mL vs 166.7 6
ne cell types on the ImmGenmouse database using

were investigated among the clusters and were

g cells from HDM-allergic mice(I).



FIG 5. Bystander effect of allergen-induced IL-13–driven eosinophil-dominated type 2 inflammation

protects the host from tissue-transiting helminth parasites. Experimental design scheme for HDM allergic

sensitization followed byAscaris infection inWT (n5 5) and IL-13Ra1 KOmice (n5 5) (A). Parasite burden in

the lungs of allergy-free Ascaris-infected mice (n 5 5) and HDM-sensitized mice followed by Ascaris infec-

tion in the presence (WT) (n5 5) or absence of IL-13 signaling (IL-13Ra1 KO) (n5 5) on day 8 of infection (B).

Representative flow cytometry dot plots of lung cells showing the frequencies of Siglec F–positive CD11c–

eosinophils in the different groups on day 8 and the absolute number of eosinophils by animal level and

their respective groups (C). Pulmonary tissue levels of eotaxin-1 (CCL-11) (D), eotaxin-2 (CCL-24) (E), IL-4

(F), IL-6 (G), IL-17A (H), and IFN-g (I) in the lung homogenates of HDM-sensitized/Ascaris-infected WT

mice and HDM-sensitized/Ascaris-infected IL-13Ra1 KO mice. Experimental design scheme for Ascaris
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19.7 pg/mL [P5 .0146] [Fig 4, B]) and CCL-24 levels (14,9676
1,204 pg/mL vs 19156 187.7 pg/mL [P5 .0036] [Fig 4,C]) when
compared with PBS intranasal administration.

Nevertheless, intranasal rIL-13 administration to naive mice
failed to induce lung eosinophils on day 8 (Fig 4, D). However, if
peripheral eosinophilia was induced before the intranasal admin-
istration of rIL-13 (Fig 4, E and F), it could be shown that IL-13–
mediated eotaxins are capable of recruiting eosinophils to the
lung tissue. Furthermore, using intravascular injection of anti-
mouse CD45-FITC before lung harvest, we were able to confirm
that the pulmonary eosinophils resided in the tissue and not in the
vasculature, through gating on CD45-FITC–positive cells.
Bystander effects of HDM-driven IL-13/eotaxin

production
We have previously shown that HDM-driven pulmonary

allergic inflammation markedly limits helminth parasite numbers
in lungs in a model of allergy/helminth coinfection.17 To under-
stand the role played by IL-13 in mediating host protection
from pulmonary transiting parasites (eg,Ascaris spp), we infected
HDM-sensitized WT and IL-13Ra1–/– mice with Ascaris para-
sites and evaluated the parasite burden and lung pathology during
the peak of Ascaris larval migration (Fig 5, A). Inflammation in
WTmice driven by HDM sensitization was associated with a dra-
matic reduction in the number of the lung-stage Ascaris larvae
versus in Ascaris-infected WT mice without allergy (38 6 6.63
larvae vs 170.2 6 19.3 larvae [P 5 .0003]); in contrast HDM
sensitization of IL-13Ra1–deficient mice were no longer able
to control the number of pulmonary-trafficking Ascaris larvae
(142.2 6 53.7 larvae [P 5 .009] vs in WT mice with HDM al-
lergy). In addition, the pulmonary allergic inflammation seen in
the IL-13Ra1 KO mice was similar to that observed in
eosinophil-deficient mice (DdblGATA); nor were there effects
on limitation ofAscaris larval numbers or development (Fig 5,B).

Of note, there was a dramatic reduction (P5 .037) in lung tissue
eosinophil frequency and numbers in HDM-sensitized/Ascaris-in-
fected IL-13Ra1–deficient mice versus in HDM-sensitized/
Ascaris-infected WT animals (Fig 5, C). Further, this absence of
IL-13 signaling in the epithelium of lung from allergic mice was
associated with a marked suppression of CCL-11 levels (392.3
6 124.2 pg/mL vs 41.1 6 3.7 pg/mL [P 5 .0018] [Fig 5, D])
and CCL-24 levels (952.4 6 202.4 pg/mL vs 403.1 6 75.28 pg/
mL [P 5 .0070] [Fig 5, E]). As observed for HDM sensitization
in the absence of IL-13 signaling (Fig 2), the pulmonary inflamma-
tion driven by HDM sensitization/Ascaris infection in IL-13Ra1–
deficient mice was characterized by an increase in IL-4 (Fig 5, F),
as well as by a shift toward a mixed type 1 and type 17 response,
with elevated levels of IL-6 (Fig 5, G), IL17-A (Fig 5, H), and
IFN-g (Fig 5, I) versus the levels in HDM-sensitized/Ascaris-
infection in WT and IL-13Ra2 KOmice (J). Parasite burd

KO mice on day 8 of infection (K). Flow cytometry analy

13Ra2 KO mice on day 8 of infection, indicating the fr

Representative confocal panel of a lung section from

mice (right) on day 12 after infection stained with 4’,

FITC anti–Siglec F, highlighting the number of peribro

IL-13Ra2 KO mice in green. Each symbol represents a

means. P value is indicated in each graph. Three indep

Wallis test followed by the Dunn multiple comparison

all other graphs, differences between the 2 groups w

less than .05 obtained by the unpaired Mann-Whitney
infected WT mice. This alteration in the nature of HDM-driven
inflammation in the absence of IL-13 signaling was also supported
by the alterations in the antibody response against HDM (see Fig
E3 in the Online Repository at www.jaci-global.org), as HDM
sensitization in IL-13Ra1 KO mice showed increased HDM-
specific IgG2 levels (see Fig E3, B) and diminished IgE levels
(Fig E3, C) versus the levels in HDM-sensitized WT mice. No
changes in IgG1 levels were observed.

Together, these data suggest that the IL-13/IL-13Ra1 axis in
the HDM-sensitized lung tissue controls the number of eosino-
phils in an eotaxin-dependent manner. Conversely, lungs of
Ascaris-infected IL-13Ra2 KO mice (Fig 5, J), which exhibit
increased bioavailability of IL-13 owing to the absence of the
decoy IL-13Ra2, showed a marked reduction in the number of
Ascaris larvae (55.6 6 13.2 larvae vs 30.2 6 15.6 larvae [P >
.031] [Fig 5,K]). This finding was associated with a significant in-
crease in the frequency of eosinophils versus that in Ascaris-in-
fected WT mice, as evidenced both by flow cytometry and by
confocal evaluation of tissue sections (Fig 5, L and M). Interest-
ingly, as opposed to what we observed in the case of HDM-
driven pulmonary allergic inflammation, which indicated that
CCL-11 production seems to be restricted to bronchial fibroblasts,
the confocal imaging of the lungs from both Ascaris-infectedWT
and IL-13Ra2 KO mice during the peak of larval migration re-
vealed that CCL-11 staining was also colocalized with the bron-
chial epithelial cells in the lungs, suggesting that early in the
infection by pulmonary helminth parasites, the epithelial
compartment can also be an important source of eotaxin-1.
IL-13–mediated eosinophil-dependent helminth

larval killing relies on allergen-driven IL-5–

producing TH2 effector cells
Because we showed that HDM sensitization induces a poly-

functional IL-51IL-131CD41 T cells, and that the downstream
IL-13–mediated eotaxin-dependent eosinophil influx to the lung
tissue requires a preceded IL-5–induced peripheral eosinophilia,
we sought to investigate the role played by tissue-resident IL-
51 and/or IL-131 TH2 cells in mediating the eosinophil-
dependent helminth larval killing in allergic lungs.

We first adoptively transferred naive CD41 T cells from either
WTor IL-5–deficient mice into TCRa-deficient recipient mice in
the context of HDM sensitization and/or Ascaris infection (Fig 6,
A and B). After 12 days (allowing for expansion of transferred
CD41 T cells), we assessed the role of IL-5–producing CD41 T
cells in mediating the HDM-driven eosinophil-dependent inflam-
mation in limiting the tissue trafficking Ascaris larvae. Interest-
ingly, the absence of naive IL-5–producing CD41 T cells
before the sensitization due to HDM allergy significantly
impaired not only the differentiation of IL-51IL-13– TH2 cells
en in the lungs of Ascaris-infected WT and IL-13Ra2

sis in the lungs of Ascaris-infected WT and mice IL-

equency of Siglec–positive CD11c– eosinophils (L).

Ascaris-infected WT (left) and mice IL-13Ra2 KO

6-diamino-2-phenylindole, AF546 anti–CCL-11, and

nchial and perivascular eosinophils in the lungs of

single mouse, and horizontal bars are geometric

endent experiments were performed. The Kruskal-

test was used for comparisons in (B) and (C). For

ere considered statistically significant at P values

test.
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FIG 6. IL-5–producing CD41 TH2 cells driven by pulmonary allergic inflammation promote an eosinophil-

associated arrest on helminth larval development in the lungs. Spleen-derived CD41 T cells from either

WT (pink) or IL-5–deficient (dark blue) donormice were transferred to TCR-a–deficient recipient mice to eval-

uate the role of IL-5–producing CD41 T cells in mediating the allergen-driven eosinophil-dominated type 2

protective response in allergy-free Ascaris-infected micd (D) (n 5 5) and HDM-sensitized mice followed by

Ascaris infection (HDM/Ascaris) (V) (n 5 5) (A). Representative flow cytometry dot plot on lung tissue from

TCR-a KO mice that received CD41 T cells from either WT (left) or IL-5 KO (right) donor mice (n 5 5). Cells

were stimulated with phorbol myristate acetate (PMA)/ionomycin (0.5/0.05 nM) and gated on live TCR-

b1CD41 T cells, showing the frequencies of IL-5 and IL-13 (B). Boolean analysis was performed to evaluate

the frequency of polyfunctional TH2 cells, including either IL-51IL-13–IFN-g–IL-17A– (C) or IL-51IL-131IFN-

g–IL-17A– (D) or finally IL-5–IL-131IFN-g-IL-17A––producing CD41 T cells. Number of Ascaris larvae in the

lungs on day 8 after infection (F), as well as lung-stage larval development by morphometric analysis of

larvae recovered in the lungs from Ascaris-infected and HDM-sensitized/Ascaris-infected (HDM/Ascaris)

mice in the presence or absence of IL-5–producing CD41 T cells (G). Representative bright confocal image

of the larvae recovered in the bronchoalveolar lavage fluid on day 8 of infection of HDM/Ascaris mice that

received WT CD41 T cells and HDM/Ascaris mice that received IL-5 KO CD41 T cells (scale 200 mm). The fre-

quencies of Siglec–positive CD11c– eosinophils on day 8 after infection in the different groups (H). Each

symbol represents a single mouse, and horizontal bars are geometric means. P values are indicated on

each graph. Two independent experiments were performed. Differences between groups were considered

statistically significant at P values less than .05 according to the Kruskal-Wallis test followed by the Dunn

multiple comparison test.
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(Fig 6, C) or IL-51IL-131 TH2 effector cells (Fig 6, D), but also
the differentiation of IL-5–IL-131–producing TH2 cells (0.5 6
0.2 % vs 0.16 0.1% [P5 .0317] [Fig 6, E]). These data suggest
that IL-5–producing CD41 T cells play a central role in establish-
ing effector TH2 cell–derived pulmonary inflammation.
Mice that received naive CD41 T cells capable of producing
IL-5 exhibited reduced numbers of Ascaris parasites (223.0 6
45.3 larvae vs 47.0 6 20.3 larvae [P < .0001] [Fig 6, F]) and
demonstrated arrested Ascaris larval development, as measured
by larval size (59,339 6 10,972 mm2 vs 26,413 6 8,580 mm2
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[P < .0001] [Fig 6, G]) following HDM sensitization. In contrast,
mice that received CD41 T cells incapable of making IL-5
showed a significant reduction in lung eosinophils (33.1 6 3.7
% vs 11.2 6 3.61% [P < .0500]) (Fig 6, H), to a degree that al-
lowed for normal Ascaris larval numbers (187.6 6 54.84 larvae
vs 240.8 6 64.8 larvae [P > .05]) and development (69,704 6
10,078 mm2 vs 73,056 6 10,466 mm2 [P > .05]) (Fig 6, F and
G). Together, these results suggest a critical role for IL-5–produc-
ing CD41 T cells in the IL-13–mediated eosinophil-dependent
helminth larval killing.
DISCUSSION
HDMs are the most prevalent environmental allergens associ-

ated with pulmonary and airway allergic inflammation around the
world,25 whereas Ascaris is the most prevalent human helminth
parasite worldwide.1 The Ascaris life cycle in humans involves
transient larval migration through lung tissue and airways that
can lead to eosinophil-rich lung tissue inflammation, known as
L€oeffler syndrome,26,27 a process similar to that seen in
pulmonary allergic disorders. A common feature between both
tissue-invasive helminth parasites and major environmental aero-
allergens is their ability to induce strong type 2 inflammation
(reviewed in Henry et al28 and Santiago et al29), through a
coordinated orchestration of innate (IL-33–, group 2 ILC–, and
IL-4–derived eosinophils and epithelium hyperplasia),30-32

adaptive (differentiation of IL-5– and IL-13–producing TH2
effector cells,33,34 and humoral (IgE and IgG4 class switching)5,35

responses.
The immunologic interaction between these two type 2

inducers have allowed for a better understanding of both allergic
inflammation18 and protective responses against tissue-trafficking
helminth parasites.17 We have previously demonstrated that
sensitization resulting from HDM allergy coincident with filarial
infection in humans induces an expansion of parasite-specific pol-
yfunctional TH2 cells, with subsequent increases in secreted
levels of IL-4, IL-5, and IL-13. In experimental models, it has
also been shown that intranasal sensitization with HDM drives
a CD41 T-cell–dependent lung-specific, eosinophil-rich type 2-
immune response.17

However, how the cross talk between allergen-driven TH

effector cells and the subsequent eosinophil-dominated type 2
inflammation mediate host resistance against tissue-trafficking
helminth parasites was not clear. To this end, we have demon-
strated here that HDM allergen-mediated pulmonary inflamma-
tion relies on both IL-5– and on IL-13–producing TH2 effector
cells elicited by allergic sensitization. Our findings challenge
the primacy of IL-5 being the only cytokine driving eosinophil
differentiation, activation, survival, and recruitment to the site
of inflammation.

Hogan et al36 demonstrated that the transfer of primed ovalbumin
(OVA)-specific CD41 TH2 cells from OVA-sensitized WT mice
into OVA-sensitized IL-52/2 mice was sufficient to restore blood
and airway eosinophil numbers, lung damage, and airway hyperres-
ponsiveness after antigen challenge. These data helped support the
hypothesis that antigen-specific IL-5–secreting TH2 cells played a
central role in eosinophil recruitment and activation. Moreover,
anti–IL-5 mAb administered before allergen challenge was shown
to suppress eosinophil recruitment to the peripheral blood and air-
ways in mouse models,37 as well as helping to improve asthma clin-
ical symptoms38,39 and other certain forms of hypereosinophilic
syndromes in humans.40 Despite these data, the role played by IL-
5 in mediating host resistance against tissue-trafficking helminth
parasites is unclear. We have previously shown that HDM allergic
sensitization in the lungs drives a CD41 T-cell–dependent
eosinophil-rich type 2 immune response that arrests Ascaris larval
development and limits parasite burden.17 Nevertheless, in this pre-
sent study, we have shown that Ascaris parasites are abundant and
develop normally in lungs with HDM allergy in the absence of
IL-5–producing TH2 cell–derived eosinophils (Fig 6, F and G).

Because IL-5–producing CD41 TH2 cells are also a major
source of IL-13 in lungs with HDM allergy, we explored the role
of IL-13 signaling in the lung tissue. We observed that in HDM-
sensitized IL-13Ra1–deficient mice there was a dramatic suppres-
sion in CCL-11 (eotaxin-1) and CCL-24 (eotaxin-2) production
that resulted in a significant reduction in the frequency of lung tis-
sue eosinophils in the absence of IL-13 signaling (Fig 4). IL-13 is a
pleiotropic cytokine that signals through the IL-13Ra1/IL-4Ra
heterodimer to induce type 2–associated responses.41 Because
the receptors for IL-13 and IL-4 both contain IL-4Ra and signal
through STAT6, it has been suggested that IL-4 and IL-13 might
serve redundant functions.42 However, helminth experimental
models using IL-4–deficient and IL-13–deficient mice have re-
vealed nonoverlapping functions of both cytokines.43,44 For
instance, after Nippostrongylus brasiliensis infection, WT and
IL-4-deficient mice cleared worms whereas worm clearance in
IL-13–deficient mice was significantly impaired,45 a finding that
is paralleled in the present study, in which inflammation due to
HDM allergy in the absence of IL-13 signaling (IL13Ra1–/–

mice) failed to control Ascaris larval numbers in the lungs and,
conversely, was associated with lower parasite burden in IL-
13Ra2–deficient mice (in which the bioactivity of IL-13 is consid-
erably increased). Notably, the capacity of IL-13 to promote eosin-
ophil accumulation in the lung and induce mucus hypersecretion
(independently of IL-4 and/or IL-5) has been reported.46-49

Taken together, our data indicate that IL-5 is required for the
induction of a polyfunctional allergen specific TH2 effector cell
response and that the subsequent signaling through the IL-13/
IL13Ra1 axis in the lungs appears to be the major regulator of
the number of eosinophils in the pulmonary tissue, which occurs
through the induction of eotaxin-1 and eotaxin-2 (CCL-11 and
CCL-24), with multiple bystander downstream consequences,
including control of lung transiting parasitic helminths.
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