
RESEARCH ARTICLE

Characterization of the acute inflammatory

profile and resolution of airway inflammation

after Igf1r-gene targeting in a murine model of

HDM-induced asthma

Sergio Piñeiro-Hermida1, Elvira Alfaro-Arnedo1, Joshua A. Gregory2¤, Raquel Torrens1,

Carlos Ruı́z-Martı́nez3, Mikael Adner2, Icı́ar P. López1, José G. Pichel1*
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Abstract

Asthma is a chronic inflammatory disease characterized by bronchial hyperresponsiveness,

mucus overproduction and airway remodeling. Notably, we have recently demonstrated that

insulin-like growth factor 1 receptor (IGF1R) deficiency in mice attenuates airway hyperre-

sponsiveness and mucus secretion after chronic house dust mite (HDM) exposure. On this

basis, inbred C57BL/6 and Igf1r-deficient mice were given HDM extract to study the acute

inflammatory profile and implication of Igf1r in acute asthma pathobiology. Additionally,

Igf1r-deficiency was therapeutically induced in mice to evaluate the resolution of HDM-

induced inflammation. Acute HDM exposure in inbred C57BL/6 mice led to a progressive

increase in inflammation, airway remodeling and associated molecular indicators. Preven-

tively-induced Igf1r-deficiency showed reduced neutrophil and eosinophil numbers in BALF

and bone marrow, a significant reduction of airway remodeling and decreased levels of

related markers. In addition, therapeutic targeting of Igf1r promoted the resolution of HDM-

induced-inflammation. Our results demonstrate for the first time that Igf1r is important in

acute asthma pathobiology and resolution of HDM-induced inflammation. Thus, IGF1R is

suggested to be a promising candidate for future therapeutic approaches for the treatment

and prevention of asthma.

Introduction

Asthma is a chronic inflammatory disease characterized by airway hyperresponsiveness

(AHR), mucus overproduction and airway wall remodeling [1]. House dust mite (HDM)-

derived allergens and specifically those arising from the species Dermatophagoides pteronyssi-
nus are the most important source of mite-related allergens in asthmatic patients [2]. In
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response to allergen stimulation the airway epithelium secretes fluids, antimicrobial proteins,

and mucins, which together with club cells represent a major component of the immunomod-

ulatory barrier of the airway epithelium [3].

The insulin-like growth factor 1 receptor (IGF1R) is a ubiquitously expressed tyrosine

kinase and a central member of the IGF axis. The IGF axis is comprised of two major ligands

(IGF1 and IGF2), different receptors and regulatory proteins such as IGF-binding proteins

(IGFBPs), acting together to control a number of essential cellular functions including prolif-

eration, differentiation, survival, adhesion and migration [4]. Although little is known about

the role of IGFs in human asthma, IGF1 and IGFBP3 were suggested to be involved in allergic

airway inflammation and remodeling [5,6]. Additionally, IGF1R was found to be upregulated

in BAL cells of asthmatic patients [7]. In mice, IGF1 was reported to be a relevant mediator of

allergic airway inflammation and remodeling, and that IGFBP3 blocks the specific physiologi-

cal consequences of this pathology [8–10]. Notably, we have recently reported that IGF1R

plays an important role in initiation of the inflammatory response in mice, and the importance

of IGF1R in the pathogenesis of murine asthma, mediating both AHR and mucus secretion

after chronic HDM exposure [11,12]. Thus, we aimed to further investigate the involvement of

IGF1R in allergic airway inflammation. For this purpose, Igf1r deficiency was preventively or

therapeutically induced in mice to evaluate the implication of Igf1r in acute asthma pathobiol-

ogy and resolution of airway inflammation following HDM exposure. The main finding of this

study is that therapeutic targeted deletion of Igf1r resolves HDM-induced inflammation in

mice. We assert that IGF1R is suggested to be a promising candidate for future therapeutic

approaches for the treatment and prevention of asthma.

Materials and methods

Ethics approval

All experiments and animal procedures conducted were carried out in accordance with the

guidelines of the European Communities Council Directive (86/609/EEC) and were revised

and approved by the CIBIR Bioethics Committee (refs. JGP02_1 and JGP02_2).

HDM sensitization protocols and preventive and therapeutic targeting of

Igf1r

Eight- to 10-week-old (W8-10) female mice were intranasally challenged with consecutive

doses of 40 μg of HDM extract (Greer Laboratories Inc, Lenoir, NC, USA) in 20 μl of PBS (2

mg/ml) or equal volume of PBS under light isoflurane anesthesia. Females were used due to

their reported higher susceptibility to allergic airway inflammation [13]. Three different proto-

cols of HDM sensitization were used: i) inbred C57Bl/6 mice were given seven doses of HDM

extract or PBS and BALF and lungs were collected 24 h after the last exposure on days (D) 3,

D5 or D7 (acute HDM protocol); ii) Igf1rfl/fl (controls) and UBC-CreERT2; Igf1rfl/flmice were

treated with tamoxifen (TMX) for five consecutive days at four weeks of age to induce a post-

natal Igf1r gene deletion in UBC-CreERT2; Igf1rfl/flmice [14]. After TMX treatment, UBC-
CreERT2; Igf1rΔ/Δ (CreERT2) and Igf1rfl/flmice were administered with seven doses of HDM

extract or PBS and bone marrow, serum, BALF and lungs were harvested 24 h after last dose

on D7 (prophylactic protocol); and iii) Igf1rfl/fl and UBC-CreERT2; Igf1rfl/flmice were chal-

lenged with seven (first set of animals non-treated with TMX and sacrificed at D7) or fourteen

doses of HDM extract or PBS (second set of animals receiving five consecutive intraperitoneal

TMX injections between D7 and D11 to induce Igf1r deletion in UBC-CreERT2; Igf1rfl/flmice,

to generate CreERT2 mice), followed by serum, BALF and lung tissue collection 24 h after the
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last exposure (therapeutic protocol). UBC-CreERT2; Igf1rfl/fldouble transgenic mice were in a

C57BL/6-enriched (at least six generation backcrosses to C57BL/6 strain) mixed genetic back-

ground. All animals were bred and maintained under specific pathogen-free conditions at

CIBIR animal facilities.

Tissue collection and preparation

Twenty-four hours after the final HDM exposure, animals were euthanized by intraperitoneal

injection of 10 μl/g of a ketamine-xylazine anesthetic combination in saline (300:30 mg/kg

respectively). Immediately, lungs were lavaged twice with 0.8 ml cold PBS to obtain the

bronchoalveolar lavage fluid (BALF). Blood was collected by cardiac puncture, and serum was

obtained and stored at -80˚C until further use. Following lung dissection, the left lung was

fixed in 4% formaldehyde and embedded in paraffin for histopathology. Right lobes were sepa-

rated and snap-frozen in liquid nitrogen for quantitative real-time PCR (qRT-PCR) and

ELISA analyses. Additionally, femoral bone marrow was isolated as previously described [11].

Three different sets of mice were used respectively for BALF, histology/molecular analyses and

bone marrow cell counts.

Quantification of BALF and bone marrow

Total cell number was counted and expressed as cells/ml BALF or bone marrow, and differen-

tial cell counts were performed on May-Grümbald/Giemsa (Sigma-Aldrich, St. Louis, MO,

USA)-stained cytospins, counting a minimum of 300 cells per slide or five fields per slide in

BALF and bone marrow cytospins, respectively. Determination of differential cell counts was

performed using standard morphology criteria.

Histopathological analysis

Paraffin embedded left lungs were cut into 3 μm sections, evaluating a minimum of four air-

ways per animal. Hematoxylin and eosin (H&E) staining was performed for quantification of

inflamed lung areas and airway thickness. Quantification of inflammation was conducted as

previously described [11]. Airway thickness was assessed by means of three different measure-

ments per airway. Periodic acid-Schiff (PAS) and Masson´s trichrome staining protocols

served to visualize the degree of goblet cell hyperplasia and collagen deposition. Fiji open-

source image processing software package v1.48r (http://fiji.sc) was used to quantify the area

of inflammation, airway thickness, collagen content and epithelium length measurements.

RNA isolation, qRT-PCR and ELISAS

RNA isolation and qRT-PCR was performed using inferior lung lobes, as previously described

[12]. A full list of primer sets used is provided in S1 Table. Cytokines were analyzed in serum

and tissue homogenate supernatants from middle lung lobes using mouse IL13 Duoset and

IL10, IL33 and CCL11 Quantikine ELISA Kits (R&D systems, Minneapolis, MN, USA).

Statistical analyses

Statistical analyses were carried out using SPSS Statistics Software v21 for windows (IBM,

Armonk, NY, USA). Differences between experimental groups were evaluated for significance

using the non-parametric Mann-Whitney U test or the Dunn-Sidak test for multiple compari-

sons. Results are shown as mean values ± standard error of the mean (SEM). For all analyses, a

p value < 0.05 was considered statistically significant.
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Results

Characterization of the murine acute allergic profile

Inbred C57BL/6 mice were subjected to an acute HDM exposure to study the progressive

changes in BALF and lung (Fig 1A). Total cell counts were significantly increased at day D5

and D7, reaching the highest numbers at D7 (Fig 1B and 1C). Differential cell counts in BALF

showed a marked increase in lymphocyte, neutrophil and eosinophil numbers at D5 and D7,

whilst macrophage counts remained unchanged. Lymphocyte and eosinophil numbers were

higher at D7 without changes in neutrophil counts between D5 and D7 (Fig 1B and 1C).

Inflamed lung area, airway thickness, number of PAS+ cells and collagen staining were only

significantly changed at D7, with the exception of the inflamed lung area parameter which was

increased at D5, although to a lesser degree than at D7 (Fig 2).

Lung mRNA expression analysis demonstrated a significant up-regulation of the allergic

airway inflammation markers Il33, Cd4, Il4, Il10, Il13, Ccl11, Ccl2, Cxcl1, Tnf and Il1b in addi-

tion to the airway remodeling indicators Acta2, Muc5ac and Col1a1. Tslp and Ccl5 expression

was not found to be induced by HDM, and Il25 expression was not able to be measured due to

low to undetectable levels (Fig 3A and 3B). It should be noted that mRNA expression of Il33,

Cd4, Tnf, Il1b and Col1a1 markers was induced at D7 unlike all other markers which were

already significantly increased at D5 but in general in a lesser extent than at D7. The increased

Ccl11 expression was validated by CCL11 protein levels (Fig 3C).

Decreased HDM-induced neutrophilopoiesis and eosinophilopoiesis,

and IL13, CCL11 and IgE serum levels after preventively-induced Igf1r

deficiency

Together, the results presented in the previous section indicate that D7 is an appropriate

time point to study the acute allergic phenotype after HDM challenge. Thus, Igf1r deficiency

was preventively-induced to study the implication of Igf1r in acute asthma pathobiology

(Fig 4A).

Total and differential cell counts in bone marrow cytospins and measurement of serum lev-

els of several cytokines and IgE were performed in Igf1r-deficient and Igf1rfl/flmice. Total, neu-

trophil and eosinophil counts in bone marrow were found to be diminished in HDM-treated

Igf1r-depleted compared to Igf1rfl/fl lungs. This phenomenon was also evident within PBS-

treated groups. In spite of Igf1rfl/flmice showed increased neutrophil and eosinophil numbers

after HDM treatment, Igf1r-deficient mice did not show such an increase (Fig 4B and 4C).

Serum IL33 levels showed only a slight increase in HDM-exposed Igf1rfl/flmice. In addition,

IL13, CCL11 and IgE levels were significantly increased in Igf1rfl/flmice after HDM treatment,

whereas Igf1r-depleted mice exhibited normal values (Fig 4D and 4E).

Preventively-induced Igf1r deficiency reduces inflammation and

remodeling features

Following allergen challenge, Igf1rfl/flmice demonstrated a significant increase in total BALF

cells. This effect was less pronounced in Igf1r-deficient mice. HDM-treated Igf1rfl/fl and Igf1r-
depleted mice showed a marked increase in macrophage, lymphocyte, neutrophil and eosino-

phil numbers in BALF. Notably, Igf1r-deficient mice demonstrated a modest decrease in lym-

phocyte and neutrophil counts along with a pronounced reduction in eosinophil numbers

respect to Igf1rfl/flmice (Fig 5A).

Inflamed lung area, number of PAS+ cells, collagen staining and airway thickness were

notably decreased in lungs from HDM-treated Igf1r-deficient mice compared to lungs from
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Fig 1. Protocol for acute HDM exposure and progressive accumulation of inflammatory cells in BALF of inbred C57BL/6

mice. (A) Eight- to 10-week-old (W8-10) inbred C57BL/6 female mice were intranasally challenged with daily consecutive doses of

40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume of PBS. BALF and lungs were collected 24 h after the last exposure

on days [D] 3, D5 or D7. (B-C) Representative images of BALF cytospin preparations (scale bar: 20 μm) and total and differential cell

counts in BALF from PBS- or HDM-treated inbred C57BL/6 mice at D3, D5 and D7. Data are expressed as mean ± SEM (n = 4

animals per group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS,

phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g001
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Igf1rfl/flmice. Whereas HDM induced airway thickening in Igf1rfl/flmice, this phenomenon

was not observed in Igf1r-depleted lungs (Fig 5B).

Preventively-induced Igf1r deficiency involves changes in expression of

IGF system genes and reduces allergy-related marker levels

As a complement to the BALF and histopathology analyses, a molecular analysis of IGF system

genes and allergic inflammation and remodeling markers was performed. mRNA expression

profiles demonstrated an efficient depletion of Igf1r levels with Igf1r-deficient PBS- and HDM-

Fig 2. Progressive increase in airway inflammation and remodeling after acute HDM exposure in inbred C57BL/6 mice. Representative

images of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm), and airway thickness (orange bars in insets) (center left),

mucus-producing cells per epithelium length (red arrowheads in insets) (center right) and collagen content (right) (scale bars: 50 μm) in PBS- or

HDM-treated C57BL/6 mice at D3, D5 and D7. Bottom graphs represent quantification of the abovementioned parameters. Data are expressed

as mean ± SEM (n = 4 animals per group). **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). H&E, Hematoxilin and eosin; PAS,

Periodic Acid Schiff; AW, airway; HDM, house dust mite; PBS, phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g002
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treated mice showing a reduction of 84% and 67% respectively. HDM treatment increased

Igf1r expression in Igf1rfl/fl (17%) and Igf1r-depleted (2-fold) lungs. Igf1 levels were significantly

increased in Igf1r-deficient PBS- or HDM-treated mice. This effect was augmented in HDM-

challenged animals. In addition, HDM treatment increased Insr, Igfbp3 and Igfbp5 levels in

Igf1r-deficient lungs. Igfbp3 expression was decreased in both genotypes (Fig 6A). mRNA levels

of all allergic airway inflammation- and remodeling-related markers tested, with the exception

of IL5, were strongly induced by HDM and reduced in Igf1r-deficient mice, except Cd4 levels

(Fig 6B and 6C). The goblet cell hyperplasia marker Spdef was also evaluated and found to be

significantly decreased in Igf1r-deficient HDM-exposed lungs (data not shown, 2-fold reduc-

tion). Protein levels of IL13, IL33, and CCL11 were consistent with the mRNA expression pro-

files. IL10 levels were only increased in HDM-treated Igf1rfl/fl lungs (Fig 6D).

Fig 3. Expression of airway inflammation and remodeling markers after acute HDM treatment in inbred C57BL/6 mice. (A) Lung tissue mRNA

expression levels of dendritic cell activators (Il33 and Tslp), T-lymphocyte marker (Cd4), Th2 cytokines (Il4, Il10 and Il13), eosinophil (Ccl11 and Ccl5),

macrophage (Ccl2) and neutrophil (Cxcl1) chemoattractants and Th1 cytokines (Tnf and Il1b); (B) bronchoconstriction (Acta2), goblet cell hyperplasia

(Muc5ac) and collagen deposition (Col1a1) markers, and (C) CCL11 protein levels in lung homogenates in PBS- or HDM-treated inbred C57BL/6 mice at

D3, D5 and D7. Data are expressed as mean ± SEM (n = 3–4 animals per group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test).

HDM, house dust mite; PBS, phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g003
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Fig 4. Protocol for prophylactic induction of Igf1r deficiency and HDM treatment, bone marrow cell counts and circulating levels of allergy-

related markers. (A) Igf1rfl/fl (controls) and UBC-CreERT2; Igf1rfl/fl female mice were treated with tamoxifen (TMX) for five consecutive days at four

weeks of age (W4) to induce a postnatal Igf1r gene deletion [14]. Then, eight- to 10-week-old (W8-10) Igf1rfl/fl and UBC-CreERT2; Igf1rΔ/Δ (CreERT2)

female mice were intranasally challenged with seven daily consecutive doses of 40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume of PBS.

Bone marrow, serum, BALF and lungs were harvested 24 h after last dose on D7. (B-C) Representative images and total, neutrophil and eosinophil (red

arrowheads) counts in bone marrow (BM) cytospin preparations (Scale bar: 10 μm; n = 4 animals per group) and (D-E) serum levels of IL10, IL13, IL33,

CCL11 and IgE (n = 3–6 animals per group) in PBS- or HDM-exposed Igf1r-deficient vs. Igf1fl/fl mice. Data are expressed as mean ± SEM. *p<0.05;

**p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g004
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Fig 5. Igf1r deficiency decreases airway inflammation and remodeling after HDM exposure. (A) Total and differential cell counts performed

on cytospin preparations of BALF (n = 8 animals per group) and (B) representative images of proximal airways showing inflamed lung areas (left)

(scale bar: 0.5 mm); airway thickness (orange bars in insets) (center left), mucus-producing cells per epithelium length (red arrowheads in insets)

(center right) and collagen content (right) (scale bars: 50 μm; n = 5–6 animals per group) in PBS- or HDM-exposed Igf1r-deficient vs. Igf1fl/fl mice.
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Therapeutic Igf1r-gene targeting reduces circulating IL33, CCL11 and

IgE levels, inflammation and remodeling features

Igf1r-deficiency was therapeutically induced in mice to evaluate the resolution of airway

inflammation following HDM exposure (Fig 7A). Therapeutic Igf1r-gene targeting after TMX

administration significantly decreased IL33 and CCL11 serum levels in CreERT2 compared to

non-TMX-treated mice, whereas IL10 and IL13 levels remained unchanged. Igf1r depletion

significantly reduced IL13, IL33, CCL11 and IgE levels at D14 with respect to Igf1rfl/flTMX-

treated animals. Interestingly, IL10 and IL13 serum levels increased from D7 to D14 in Igf1rfl/fl

mice (Fig 7B and 7C).

Total cells in BALF were found to be increased in Igf1rfl/fl at D14 and substantially reduced

in CreERT2 animals following TMX administration. This effect was attributed primarily to

changes in neutrophil and eosinophil counts, since macrophage and lymphocyte numbers

remained unchanged (Fig 8A).

Inflamed lung area, airway thickness, PAS+ cell numbers and collagen staining were clearly

counteracted in CreERT2 lungs after TMX administration compared to CreERT2 non-TMX-

and Igf1rfl/flTMX-treated mice (Fig 8B).

Therapeutic Igf1r-gene targeting diminishes expression of allergic

inflammation and remodeling-related markers

Following TMX administration, Igf1rmRNA expression was found to be significantly reduced

in CreERT2 mice compared to Igf1rfl/fl (85%) and CreERT2 non-TMX-treated mice (88%).

mRNA levels of the allergic airway inflammation- and remodeling-related markers demon-

strated a significant reduction in CreERT2 compared to Igf1rfl/fl and CreERT2 non-TMX-

treated mice following TMX treatment. Ccl2 expression was only found reduced in Igf1r-defi-

cient mice compared to CreERT2 TMX-untreated animals (Fig 9A and 9B). Analysis of IL13,

IL33 and CCL11 protein levels in lung homogenates supported mRNA data and IL10 levels

were found to be significantly decreased in CreERT2 mice after TMX administration (Fig 9C).

Discussion

Here we report the progressive changes after acute HDM-induced inflammation in mice. We

also demonstrate that preventively-induced Igf1r-deficiency ameliorates typical asthmatic fea-

tures and that therapeutic targeting of Igf1r promotes the resolution of HDM-induced inflam-

mation in mice.

Noteworthy, very few studies have reported the acute effects after HDM exposure in mice.

In this regard, total and eosinophil counts in BALF and IL13 expression in the lung were

found significantly increased one week after repetitive intranasal HDM exposure in mice [15].

Furthermore, total and differential BALF cell counts, peribronchial inflammation and goblet

cell hyperplasia were notably increased after 10 consecutive days of intranasal HDM challenge

in mice [16]. In the present study HDM exposure in inbred C57BL/6 mice demonstrated a

progressive increase in inflammatory cells in BALF, airway remodeling and mRNA expression

of allergic airway inflammation and remodeling markers up to D7. Consistent with our results

on increased Il33 expression, it was previously reported that IL33, but not TSLP or IL25, is cen-

tral to HDM allergic sensitization [17].

Bottom graphs represent quantification of the abovementioned parameters. Data are expressed as mean ± SEM *p<0.05; **p<0.01; ***p<0.001

(Dunn-Sidak multiple comparison test). H&E, Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, airway; HDM, house dust mite; PBS,

phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g005
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Preventive induction of Igf1r deficiency in PBS-treated mice led to similar Igf1r-depleted

expression to that observed in unchallenged mice of similar age [11]. In addition, Igf1r and

Igf1 levels increased after HDM exposure. Accordingly, IGF1R and IGF1 expression was

found to be increased in BAL cells and bronchial biopsies of asthmatic patients [5,7]. The upre-

gulation of Igf1 in PBS-treated Igf1r-depleted mice or Igf1 and Insr by HDM was possibly due

to compensatory effects in response to Igf1r deficiency [12]. Regarding increased Igfbp3 and

Igfbp5 levels in HDM-treated Igf1r-deficient mice, exogenous IGFBP3 and IGFBP5 adminis-

tration blocks the physiological consequences of asthma and enhances epithelial cell adhesion

to maintain the epithelial-mesenchymal boundary [9,10,18]. From these data we can conclude

Fig 6. Expression of IGF genes and airway inflammation and remodeling markers in HDM-exposed Igf1r-deficient lungs.

Lung tissue mRNA expression levels of (A) IGF-system genes (Igf1r, Igf1, Insr, Igfbp3 and Igfbp5); (B) dendritic cell activator (Il33), T-

lymphocyte marker (Cd4), Th2 cytokines (Il4, Il5 and Il13), eosinophil (Ccl11), macrophage (Ccl2) and neutrophil (Cxcl1)

chemoattractants and Th1 cytokines (Tnf and Il1b); (C) bronchoconstriction (Acta2 and Ptgs2), goblet cell hyperplasia (Foxm1 and

Muc5ac) and collagen deposition (Col1a1) markers, and (D) IL10, IL13, IL33 and CCL11 protein levels in lung homogenates in PBS-

and HDM-exposed Igf1r-deficient and Igf1fl/fl mice. Data are expressed as mean ± SEM (n = 5–6 animals per group). *p<0.05;

**p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline.

https://doi.org/10.1371/journal.pone.0190159.g006

Fig 7. Protocol for therapeutic induction of Igf1r deficiency, HDM treatment and circulating levels of allergy-related markers. (A) Eight- to

10-week-old (W8-10) Igf1rfl/fl and UBC-CreERT2; Igf1rfl/fl female mice were intranasally challenged with seven (first set of animals non-treated with

TMX and sacrificed at D7) or fourteen (second set of animals receiving five consecutive intraperitoneal TMX injections between D7 and D11 to

induce Igf1r deletion in UBC-CreERT2; Igf1rfl/fl mice to generate CreERT2 mice) daily consecutive doses of 40 μg of HDM extract in 20 μl of PBS (2

mg/ml). Serum, BALF and lungs were collected 24 h after the last exposure. (B-C) Serum levels of IL10, IL13, IL33, CCL11 and IgE (n = 3–4 animals

per group) in HDM-exposed CreERT2 vs. Igf1fl/fl mice after the TMX treatment (D14) (+ TMX). Note that the CreERT2 term used at D7 (- TMX) refers

to UBC-CreERT2; Igf1rfl/fl mice. Data are expressed as mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U and Dunn-Sidak multiple comparison

tests). HDM, house dust mite; PBS, phosphate buffered saline; TMX, tamoxifen.

https://doi.org/10.1371/journal.pone.0190159.g007
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Fig 8. Therapeutic targeting of Igf1r reduces airway inflammation and remodeling features after HDM exposure. (A) Total and

differential cell counts performed on cytospin preparations of BALF (n = 4–5 animals per group). (B) representative images of proximal

airways showing inflamed lung areas (left) (scale bar: 0.5 mm) and airway thickness (orange bars in insets) (center left), mucus-

producing cells per epithelium length (red arrowheads in insets) (center right) and collagen content (right) (scale bars: 50 μm) in HDM-

exposed CreERT2 vs. Igf1fl/fl mice non-treated with TMX (D7) (- TMX) or after the TMX treatment (D14) (+ TMX). Note that the CreERT2

term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Bottom graphs represent quantification of the abovementioned

parameters (n = 5 animals per group). Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple
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that both Igf1r and Igf1may be important mediators in the establishment of murine asthma,

and that Igfpb3 and Igfpb5 could play protective roles against HDM-induced allergic

inflammation.

Whereas acute HDM treatment caused a clear increase in eosinophil and neutrophil num-

bers in the bone marrow of Igf1rfl/flmice, their levels remained close to basal after preven-

tively-induced Igf1r-deficiency. Recent data published by our group showed a selective

decrease in circulating eosinophils after chronic HDM exposure and reduced neutrophil num-

bers after acute-induced lung injury in the same mutant mouse line [11,12]. Thus, IGF1R

could have an important role in bone marrow mielopoiesis after HDM-induced allergy.

Following HDM challenge, decreased total and eosinophil counts in BALF and reduced

asthmatic features after preventively-induced Igf1r deficiency are consistent with published

data on IGF1R-deficient mice after chronic HDM exposure [12]. Notably, neutrophil and

eosinophil presence in BALF and asthma-related features were counteracted in a similar man-

ner in HDM-treated mice following therapeutic targeting of Igf1r.
We demonstrated that IGF1R plays an important role in initiation of the inflammatory pro-

cess, since IGF1R deficient mice showed reduced Il1b and Tnf expression [11]. This is consis-

tent with the decreased expression of Il1b and Tnf either after preventive or therapeutic-

induced Igf1r deficiency. In this regard, it was reported that both IL1B and TNF are required

for allergen-specific Th2 cell activation and for the development of AHR in mice [19,20].

Accordingly, we have reported that IGF1R-deficient mice exhibited no AHR after chronic

HDM exposure [12].

Lung inflammation in asthma is typically orchestrated by activation of innate immune cells

followed by an exacerbated Th2-biased inflammation and synthesis of allergen-specific IgE

antibody, which initiates the release of inflammatory mediators from immune cells [21,22]. In

this line, following HDM exposure, Igf1rfl/flmice demonstrated increased levels of serum total

IgE that were counteracted upon both the preventive and therapeutic strategies. Accordingly,

elevated levels of serum total IgE have been reported in HDM-challenged mice and in patients

with allergic asthma [12,23].

Upon allergen exposure, IL33 is mainly released from the airway epithelium to participate

in the induction of Th2 immunity and is important for the establishment and maintenance of

allergic response [24]. IL33 levels were significantly reduced in serum and lungs after thera-

peutic-induced Igf1r deficiency but only in lungs following preventive-induced deficiency.

Accordingly, increased expression of IL33 in the airway epithelium and serum of asthmatic

patients was correlated with disease severity [25,26]. Additional reports have shown that IL33

exacerbates murine allergic bronchoconstriction and that resolution of allergic airway inflam-

mation and AHR is dependent upon disruption of IL33 signaling in mice [27,28]. Notably,

lung epithelial-specific Igf1r deficiency in mice caused delayed differentiation of the airway

epithelium, a major source of IL33 [29,30]. IGF1R-deficient lungs showed a reduced propor-

tion of club cells in distal airways after chronic HDM exposure [12] and therefore this phe-

nomenon could be manifested as a reduced IL33 release from the airway epithelium by HDM.

Here we report attenuated increase in IL13 levels in serum and lungs following preventive

or therapeutic induction of Igf1r deficiency. Since IL13 levels are increased in serum of asth-

matic patients, it is considered a biomarker of disease severity [31]. Blockade of IL13 activity

in mice after HDM sensitization reduces eosinophilia in BALF, peribronchial collagen, and

goblet cell hyperplasia [32]. These findings are in accordance with results presented in this

comparison test). H&E, Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, airway; HDM, house dust mite; PBS, phosphate buffered

saline; TMX, tamoxifen.

https://doi.org/10.1371/journal.pone.0190159.g008
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Fig 9. Therapeutic Igf1r-gene targeting diminishes expression of airway inflammation and remodeling-related markers after HDM

exposure. Lung tissue mRNA expression levels of (A) Insulin-like growth factor 1 receptor (Igf1r), dendritic cell activator (Il33), T-lymphocyte

marker (Cd4), Th2 cytokines (Il4 and Il13), eosinophil (Ccl11), macrophage (Ccl2) and neutrophil (Cxcl1) chemoattractants and Th1 cytokines

(Tnf and Il1b) and (B) bronchoconstriction (Acta2 and Ptgs2), goblet cell hyperplasia (Scgb1a1 and Muc5ac) and collagen deposition (Col1a1)

markers, and (C) IL33, IL10, IL13 and CCL11 protein levels in lung homogenates (n = 3–5 animals per group). Quantifications were performed

in HDM-exposed CreERT2 vs. Igf1fl/fl mice non-treated with TMX (D7) (- TMX) or after the TMX treatment (D14) (+ TMX). Note that the

CreERT2 term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001

(Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline; TMX, tamoxifen.

https://doi.org/10.1371/journal.pone.0190159.g009
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study and in a recent publication from our group in which IGF1R-deficient mice also showed

unaltered IL13 levels after chronic HDM exposure [12].

Following HDM treatment IL10 levels were found to be decreased after both the preventive

and therapeutic strategies. Even though IL10 is a regulatory cytokine with immunosuppressive

and anti-inflammatory properties, its role in asthma remains unclear. IL10 is necessary for the

expression of AHR after allergic sensitization in mice and its levels in serum were reported dif-

ferently altered in asthmatic patients [26,33,34].

CCL11 is also a potential diagnostic marker for asthma since it is significantly increased

in serum of asthmatic patients [35]. We found reduced CCL11 levels in serum and lungs

after both the preventive and therapeutic approaches. Notably, enhanced expression of

CCL11 in the bronchial epithelium of asthmatic patients was found to be associated with

the development of AHR [36]. After allergen exposure, the eosinophil chemoattractant

CCL11 is released by the airway epithelium in response to cytokines such as IL4, IL13 and

TNF [37]. In the present study, reduced IL13, Il4 and Tnf levels in HDM-treated mice after

preventive- or therapeutic-induced Igf1r deficiency supported depleted CCL11 levels. Of note,

Fig 10. Proposed mechanism for reduced susceptibility to airway inflammation in Igf1r-deficient mice upon HDM-challenge.

Following HDM exposure Igf1r deficiency counteracts collagen deposition, smooth muscle thickening and mucus secretion. The airway

epithelium is known to be a major source of IL33 and its delayed differentiation by Igf1r deficiency could diminish IL33 levels after HDM

treatment, reducing the induction of Th2 immunity and particularly IL13 expression. After HDM exposure, IL13 normally stimulates goblet

cell differentiation in the airway epithelium which leads to goblet cell hyperplasia and mucus hyperproduction in addition to triggering the

release of CCL11. Delayed differentiation of the airway epithelium caused by Igf1r deficiency together with diminished IL13 levels may

inhibit differentiation of goblet cells and CCL11 production, reducing mucus secretion and eosinophil recruitment to the lung. Additionally,

decreased eosinophilopoiesis in bone marrow of Igf1r deficient mice can also substantially contribute to reduced eosinophil presence in

the lung. The proposed mechanism illustrated in this figure is supported by results from the present study and additional reports

[12,20,28,29,36,38].

https://doi.org/10.1371/journal.pone.0190159.g010
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club cell-derived CCL11 is crucial for the accumulation of eosinophils during allergic lung

inflammation [38].

The reduced number in PAS+ cells was validated by decreased expression of the goblet cell

hyperplasia markers Foxm1, Spdef and Muc5ac following preventive induction of Igf1r defi-

ciency and by decreased expression of Scgb1a1 and Muc5ac after the therapeutic approach.

After allergen stimulation FOXM1 induces differentiation of club cells into goblet cells

through transcriptional activation of SPDEF. Then, increased MUC5AC expression by SPDEF

in goblet cells contributes to goblet cell hyperplasia and mucus hyperproduction [39]. In accor-

dance, blockade of FOXM1 activity in mice after HDM exposure led to reduced goblet cell

hyperplasia and decreased number of eosinophils in BALF [39,40]. Furthermore, we recently

demonstrated that lung epithelial-specific Igf1r deficiency in mice and chronically HDM-chal-

lenged IGF1R-depleted mice showed delayed club cell differentiation which could result in

decreased goblet cell hyperplasia and mucus production [12,29].

Both Acta2 (α-SMA) and Ptgs2 (COX2) levels were found to be decreased following preven-

tive and therapeutic approaches. Accordingly, airway smooth muscle thickness was substan-

tially reduced in IGF1R-deficient mice after chronic HDM exposure [12] and pharmacological

COX2 inhibition after allergen challenge in mice reduced inflammatory cells in BALF [41].

Moreover, decreased Col1a1 expression following the preventive and therapeutic approaches

supported the reduced collagen deposition around the airways. The proposed mechanism

regarding the reduced susceptibility to allergic airway inflammation in Igf1r-deficient mice

upon HDM-challenge is summarized in Fig 10.

Although the short-term therapeutically-induced and generalized Igf1r deficiency presented

in this report efficiently resolves established allergic airway inflammation, TMX-mediated

Igf1r deletion in mice may occur with different degrees of mosaicism in different cell types.

Thus, Igf1r generalized deficiency cannot be used to deduce in which cells IGF1R signaling is

crucial for promoting allergic airway inflammation. Furthermore, the variability of intranasal

administration of HDM and the effect of the genetic background on phenotypic variations

should also be considered as constraints to this report.

Here we demonstrate that therapeutic targeted deletion of Igf1r resolves allergic airway

inflammation in response to HDM. These results reinforce our previous findings on the role

of IGF1R in allergy, placing it as a potential candidate to develop novel clinical trials focused

on the study of systemic IGF1R inhibitors that could be more efficient in counteracting the

asthmatic response at different levels.
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Resources: José G. Pichel.
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References

1. Fahy JV. Type 2 inflammation in asthma-present in most, absent in many. Nat Rev Immunol. 2015; 15:

57–65. https://doi.org/10.1038/nri3786 PMID: 25534623

2. Calderon MA, Linneberg A, Kleine-Tebbe J, De Blay F, Hernandez Fernandez de Rojas D, Virchow JC,

et al. Respiratory allergy caused by house dust mites: What do we really know? J Allergy Clin Immunol.

2015; 136: 38–48. https://doi.org/10.1016/j.jaci.2014.10.012 PMID: 25457152

3. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary innate immunity. Nat Immu-

nol. 2015; 16: 27–35. https://doi.org/10.1038/ni.3045 PMID: 25521682

4. Girnita L, Worrall C, Takahashi S, Seregard S, Girnita A. Something old, something new and something

borrowed: emerging paradigm of insulin-like growth factor type 1 receptor (IGF-1R) signaling regulation.

Cell Mol Life Sci. 2014; 71: 2403–27. https://doi.org/10.1007/s00018-013-1514-y PMID: 24276851

5. Hoshino M, Nakamura Y, Sim JJ, Yamashiro Y, Uchida K, Hosaka K, et al. Inhaled corticosteroid

reduced lamina reticularis of the basement membrane by modulation of insulin-like growth factor (IGF)-I

expression in bronchial asthma. Clin Exp Allergy. 1998; 28: 568–77. PMID: 9645593

6. Veraldi KL, Gibson BT, Yasuoka H, Myerburg MM, Kelly EA, Balzar S, et al. Role of insulin-like growth

factor binding protein-3 in allergic airway remodeling. Am J Respir Crit Care Med. 2009; 180: 611–17.

https://doi.org/10.1164/rccm.200810-1555OC PMID: 19608721

7. Esnault S, Kelly EA, Schwantes EA, Liu LY, DeLain LP, Hauer JA, et al. Identification of genes

expressed by human airway eosinophils after an in vivo allergen challenge. PLoS One. 2013; 8:

e67560. https://doi.org/10.1371/journal.pone.0067560 PMID: 23844029

8. Yamashita N, Tashimo H, Ishida H, Matsuo Y, Arai H, Nagase H, et al. Role of insulin-like growth factor-

I in allergen-induced airway inflammation and remodeling. Cell Immunol. 2005; 235: 85–91. https://doi.

org/10.1016/j.cellimm.2005.07.006 PMID: 16168397

9. Lee YC, Jogie-Brahim S, Lee DY, Han J, Harada A, Murphy LJ, et al. Insulin-like growth factor-binding

protein-3 (IGFBP-3) blocks the effects of asthma by negatively regulating NF-kappaB signaling through

IGFBP-3R-mediated activation of caspases. J Biol Chem. 2011; 286: 17898–909. https://doi.org/10.

1074/jbc.M111.231035 PMID: 21383009

10. Kim SR, Lee KS, Lee KB, Lee YC (2012) Recombinant IGFBP-3 inhibits allergic lung inflammation,

VEGF production, and vascular leak in a mouse model of asthma. Allergy. 2012; 67: 869–77. https://

doi.org/10.1111/j.1398-9995.2012.02837.x PMID: 22563687

11. Piñeiro-Hermida S, Lopez IP, Alfaro-Arnedo E, Torrens R, Iñiguez M, Alvarez-Erviti L, et al. IGF1R defi-

ciency attenuates acute inflammatory response in a bleomycin-induced lung injury mouse model. Sci

Rep. 2017; 7: 4290. https://doi.org/10.1038/s41598-017-04561-4 PMID: 28655914

12. Piñeiro-Hermida S, Gregory JA, Lopez IP, Torrens R, Ruiz-Martinez C, Adner M, et al. Attenuated air-

way hyperresponsiveness and mucus secretion in HDM-exposed Igf1r-deficient mice. Allergy. 2017;

72: 1317–26. https://doi.org/10.1111/all.13142 PMID: 28207927

Acute inflammatory profile and resolution of inflammation after Igf1r-gene targeting in a HDM model of asthma

PLOS ONE | https://doi.org/10.1371/journal.pone.0190159 December 22, 2017 18 / 20

https://doi.org/10.1038/nri3786
http://www.ncbi.nlm.nih.gov/pubmed/25534623
https://doi.org/10.1016/j.jaci.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25457152
https://doi.org/10.1038/ni.3045
http://www.ncbi.nlm.nih.gov/pubmed/25521682
https://doi.org/10.1007/s00018-013-1514-y
http://www.ncbi.nlm.nih.gov/pubmed/24276851
http://www.ncbi.nlm.nih.gov/pubmed/9645593
https://doi.org/10.1164/rccm.200810-1555OC
http://www.ncbi.nlm.nih.gov/pubmed/19608721
https://doi.org/10.1371/journal.pone.0067560
http://www.ncbi.nlm.nih.gov/pubmed/23844029
https://doi.org/10.1016/j.cellimm.2005.07.006
https://doi.org/10.1016/j.cellimm.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16168397
https://doi.org/10.1074/jbc.M111.231035
https://doi.org/10.1074/jbc.M111.231035
http://www.ncbi.nlm.nih.gov/pubmed/21383009
https://doi.org/10.1111/j.1398-9995.2012.02837.x
https://doi.org/10.1111/j.1398-9995.2012.02837.x
http://www.ncbi.nlm.nih.gov/pubmed/22563687
https://doi.org/10.1038/s41598-017-04561-4
http://www.ncbi.nlm.nih.gov/pubmed/28655914
https://doi.org/10.1111/all.13142
http://www.ncbi.nlm.nih.gov/pubmed/28207927
https://doi.org/10.1371/journal.pone.0190159


13. Melgert BN, Postma DS, Kuipers I, Geerlings M, Luinge MA, van der Strate BW, et al. Female mice are

more susceptible to the development of allergic airway inflammation than male mice. Clin Exp Allergy.

2005; 35: 1496–503. https://doi.org/10.1111/j.1365-2222.2005.02362.x PMID: 16297148

14. Lopez IP, Rodriguez-de la Rosa L, Pais RS, Pineiro-Hermida S, Torrens R, Contreras J, et al. Differen-

tial organ phenotypes after postnatal Igf1r gene conditional deletion induced by tamoxifen in UBC-

CreERT2; Igf1r fl/fl double transgenic mice. Transgenic Res. 2015; 24: 279–94. https://doi.org/10.1007/

s11248-014-9837-5 PMID: 25238791

15. Gregory LG, Causton B, Murdoch JR, Mathie SA, O’Donnell V, Thomas CP, et al. Inhaled house dust

mite induces pulmonary T helper 2 cytokine production. Clin Exp Allergy. 2009; 39: 1597–610. https://

doi.org/10.1111/j.1365-2222.2009.03302.x PMID: 19545261

16. Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ, et al. Intranasal exposure of mice

to house dust mite elicits allergic airway inflammation via a GM-CSF-mediated mechanism. J Immunol.

2004; 173: 6384–92. PMID: 15528378

17. Chu DK1, Llop-Guevara A, Walker TD, Flader K, Goncharova S, Boudreau JE, et al. IL-33, but not thy-

mic stromal lymphopoietin or IL-25, is central to mite and peanut allergic sensitization. J Allergy Clin

Immunol. 2013; 131(1): 187–200. https://doi.org/10.1016/j.jaci.2012.08.002 PMID: 23006545

18. Vijayan A, Guha D, Ameer F, Kaziri I, Mooney CC, Bennett L, et al. IGFBP-5 enhances epithelial cell

adhesion and protects epithelial cells from TGFbeta1-induced mesenchymal invasion. Int J Biochem

Cell Biol. 2013; 45: 2774–85. https://doi.org/10.1016/j.biocel.2013.10.001 PMID: 24120850

19. Nakae S, Komiyama Y, Yokoyama H, Nambu A, Umeda M, Iwase M, et al. IL-1 is required for allergen-

specific Th2 cell activation and the development of airway hypersensitivity response. Int Immunol.

2003; 15: 483–90. PMID: 12663678

20. Nakae S, Lunderius C, Ho LH, Schafer B, Tsai M, Galli SJ. TNF can contribute to multiple features of

ovalbumin-induced allergic inflammation of the airways in mice. J Allergy Clin Immunol. 2007; 119:

680–6. https://doi.org/10.1016/j.jaci.2006.11.701 PMID: 17336618

21. Busse WW, Lemanske RF Jr. Asthma. N Engl J Med. 2001; 344(5):350–62. https://doi.org/10.1056/

NEJM200102013440507 PMID: 11172168

22. Jacquet A. The role of innate immunity activation in house dust mite allergy. Trends Mol Med. 2011; 17

(10):604–11. https://doi.org/10.1016/j.molmed.2011.05.014 PMID: 21741880

23. Schulman ES, Pohlig C. Rationale for specific allergen testing of patients with asthma in the clinical pul-

monary office setting. Chest. 2015; 147(1):251–258. https://doi.org/10.1378/chest.12-0072 PMID:

25560863

24. Makrinioti H, Toussaint M, Jackson DJ, Walton RP, Johnston SL. Role of interleukin 33 in respiratory

allergy and asthma. Lancet Respir Med. 2014; 2: 226–37. https://doi.org/10.1016/S2213-2600(13)

70261-3 PMID: 24621684

25. Prefontaine D, Nadigel J, Chouiali F, Audusseau S, Semlali A, Chakir J, et al. Increased IL-33 expres-

sion by epithelial cells in bronchial asthma. J Allergy Clin Immunol. 2010125: 752–4.

26. Raeiszadeh Jahromi S, Mahesh PA, Jayaraj BS, Madhunapantula SR, Holla AD, Vishweswaraiah S,

et al. Serum levels of IL-10, IL-17F and IL-33 in patients with asthma: a case-control study. J Asthma.

2014; 51: 1004–13. https://doi.org/10.3109/02770903.2014.938353 PMID: 24960440
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