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Abstract
We conducted a systematic evaluation of lung inflammation indued by repeated in-
tranasal exposure (for 10 consecutive days) to a human aeroallergen, house dust mite 
(HDM) in BALB/c mice. Peak influx of neutrophils, monocytes/lymphocytes, and eo-
sinophils was observed in bronchoalveolar lavage (BAL) on days 1, 7 and 11, respec-
tively, and normalized to baseline by day 21. Peak elevations of Th2, myeloid-derived 
cytokines/chemokines and serum IgE were seen both in BAL and lung tissue homoge-
nates between days 7 and 11, and declined thereafter; however, IL-33 levels remained 
elevated from day 7 to day 21. Airway hyperreactivity to inhaled methacholine was 
significantly increased by day 11 and decreased to baseline by day 21. The lung tissue 
showed perivascular and peribronchial cuffing, epithelial hypertrophy and hyperplasia 
and goblet cell formation in airways by day 11, and resolution by day 21. Levels of 
soluble collagen and tissue inhibitors of metalloproteinases (TIMP) also increased re-
flecting tissue remodeling in the lung. Microarray analysis demonstrated a significant 
time-dependent up-regulation of several genes including IL-33, CLCA3, CCL17, CD4, 
CD10, CD27, IL-13, Foxa3, IL-4, IL-10, and CD19, in BAL cells as well as the lung. Pre-
treatment of HDM challenged mice with CCL17 and IL-13 antibodies reduced BAL cel-
lularity, airway hyper-responsiveness (AHR), and histopathological changes. Notably, 
anti-IL-13, but not anti-CCL17 monoclonal antibodies (mAbs) reduced BAL neutro-
philia while both mAbs attenuated eosinophilia. These results suggest that CCL17 has 
an overlapping, yet distinct profile versus IL-13 in the HDM model of pulmonary in-
flammation and potential for CCL17-based therapeutics in treating Th2 inflammation.
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1  |  INTRODUC TION

More than 300 million people worldwide suffer from allergic asthma 
characterized by variable and reversible airway obstruction, airway 
inflammation, remodeling, eosinophil recruitment, inflammation, 
mucus production, and AHR.1 Among others, the CD4+ T-helper 
cell type 2 (Th2) cell, activated in an antigen-specific manner, has 
emerged as an orchestrator of the inflammatory response to many 
allergens.2–5

House dust mites (HDM; Dermatophagoides sp.) are one of the 
most common sources of airborne allergens worldwide affecting 
more than 15%–20% of the population from industrialized coun-
tries.6 Atopic patients exposed to HDM allergens develop Th2 in-
flammatory diseases such as allergic asthma, perennial rhinitis, and 
atopic dermatitis [(AD; 7].

CCL17 also known as TARC (thymus and activation regulated 
chemokine), is important for the development of airway inflamma-
tion in asthma through the recruitment of Th2 cells, Th17 cells, mast 
cells and iNKT, monocyte and dendritic cells.8,9 In the lung, CCL17 is 
produced by both immune (e.g., monocytes, dendritic cells) and struc-
tural cells (e.g., epithelial cells and fibroblasts; 9). CCL17 is elevated 
in the airways of asthmatics and its receptor, CCR4, is expressed on 
numerous inflammatory cell types involved in the pathogenesis of 
allergic asthma, including Th2 cells, Th17 cells and iNKT cells. CCR4 
is also present on structural cells in the lung, such as airway epi-
thelial cells and smooth muscle cells, suggesting a pleiotropic role 
for CCL17 in airway biology. The precise role of CCL-17 pathway in 
HDM induced allergic inflammation is not well established.

Emerging evidence suggests that the nature of the cellular and 
molecular networks driving Th2 lung inflammatory response to 
HDM are complex and involve a multifaceted interplay between 
innate and adaptive immune mechanisms, and multiple cells in the 
lung. HDM activates the immune system through pattern recog-
nition receptors10 and via its proteolytic activity.11 HDM induced 
lung inflammation in mice shares many pathological features with 
persistent human asthma, notably eosinophilic airway inflammation, 
mucus hypersecretion, fibrosis of the airway wall and AHR to inhaled 
methacholine.12 Many HDM models published to date, have largely 
focused on mediators in the allergic response at the end of HDM 
exposure and provide only a snapshot of a complex and dynamic 

disease process. However, the relationship between critical inflam-
matory mediators, inflammatory and regulatory cells, AHR and in-
flammatory genes have not yet been carefully explored during the 
evolution. To the best of our knowledge, this is the only study in the 
literature exploring the development of HDM-induced acute inflam-
matory responses at various stages of the disease in mouse model 
of allergic asthma. The aims of the present study were to: (1) char-
acterize the development and resolution of lung inflammation and 
AHR during repeated HDM exposure to further understand cellular 
and molecular pathways, and (2) explore impact of neutralization of 
CCL17 or IL-13 in this model.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

Female BALB/c mice (5- to 7-week old; Taconic farms) were housed 
in a controlled environment (12-h light/12-h dark photoperiod, 
22°C ± 1°C, 60% ± 10% relative humidity). Mice were provided free 
access to autoclaved pellet food and tap water.

2.2  |  Reagents

HDM was purchased from Greer Laboratories (Lenoir, NC, USA; 
batch number 129458). Methacholine, phosphate buffered saline 
(PBS), Eosin, Hematoxylin, Giemsa stain, formalin, ethanol, beta-
mercaptoethanol (β-ME), and bovine serum albumin (BSA) were pur-
chased from Sigma/Aldrich Chemical Co.

2.3  |  HDM asthma model

Purified HDM extract (2  mg/ml in PBS; 25  µl/mouse/day) or PBS 
(25  µl/mouse/day) was administered intranasally to female BALB/c 
mice, once a day, for 10 consecutive days under isoflurane anesthesia 
(Figure 1) or animals were sacrificed before (day 1), during (day 2/7) 
and after the HDM (day 11/21) administration and their lungs were 
thoroughly lavaged with 3 volumes (0.75  ml each) of ice-cold PBS 

F I G U R E  1 Mouse model of HDM challenge. Female BALB/c mice, 5–7 weeks old were exposed to HDM extract intranasally for 10 
consecutive days under inhaled anesthesia. Control mice received PBS in the similar fashion. BALF and lungs were collected on days 1 
(before HDM administration), 2, 7 (during HDM administration) and 11 and 21 (post HDM administration). AHR were measured on days 11 
and 21

Day       0           1           2           3          4            5           6           7          8            9      10         11                                  21   

HDM (50 µg in 25 µl PBS (2 mg/ml) or PBS i.n.

11

Collec�on of BALF and Lung �ssue

Measurement of AHR
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containing 0.1% bovine serum albumin (BSA). The pooled lavage was 
processed for leukocyte counts and cytokine analysis.13 Lavage fluid 
was centrifuged (500g/5 min) supernatant saved at −80°C for analy-
sis of inflammatory mediators, and the cell pellet was resuspended 
in saline containing 0.1% BSA to yield a final cell concentration of 
0.1  ×  106  cells/ml. Cytospin smears made from the cell suspension 
were stained with Giemsa for differential cell counts. Animals were 
perfused with saline and their lungs were collected for measurement 
of inflammatory mediators, soluble collagen levels, and RNA and histo-
logical analysis. Serum was collected for total IgE analysis.

2.4  |  Treatment with anti-CCL17 and anti-
IL-13 mAbs

Anti-CCL17, anti-IL-13 or isotype controls (Janssen R&D) (2 mg/kg 
each) were administered intraperitoneally on days 1, 5, and 9.

2.5  |  Measurement of airway hyper-
responsiveness

At the specific termination points after repeated HDM or saline 
administration, mice were anesthetized, tracheostomized, and con-
nected to a Flexivent (Module 1, flexiVent, SCIREQ) instrument. 
Mechanical ventilation was set at 150 breaths/min with a tidal vol-
ume of 10 ml/kg and positive end expiratory pressure of 2–3  cm 
H2O. Increasing concentrations of methacholine (10, 20 and 40 mg/
ml) were delivered via an in-line nebulizer and the resulting, airway 
hyper-reactivity was measured approximately every 10 s for 2 min 
after each challenge. The dynamic lung resistance was calculated.

2.6  |  Histological analysis of lungs

Lungs were inflated with 10% buffered formalin and then placed in 
10% buffered formalin. After routine paraffin embedding, 5-µm sec-
tions were stained with H&E. To examine changes in mucus production 
and goblet cell hyperplasia, sections were stained Mason’s trichrome 
and Periodic Acid Schiff (PAS). All histopathological analyses were 
conducted by an in-house veterinary pathologist, blinded to the treat-
ments. Stained lung sections were graded on a semi-quantitative scale 
of 0–5, with 0 representing no relevant pathology finding and 5 repre-
senting the most severe grade changes relative to controls.

2.7  |  Microarray analysis

For gene expression profiling, cell pellets from 0.5 ml of pooled lavage 
were suspended in 350 µl of RNA Later™ containing β-ME and fro-
zen. Total mRNA extracted from the cell pellets with an RNeasy Mini 
kit (Qiagen), and reversed transcribed with a High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems) Standard curves were 

generated by serial dilutions from pooled cDNA samples. Real time 
PCR was performed with SYBR Green PCR Master Mix (Applied 
Biosystems) on an Applied Biosystems 7300HT real time PCR system. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as 
a house keeping gene to normalize the data. Full-length coding se-
quences were obtained from the NCBI Gene Bank and primers were 
designed with Primer Express 3.0 software (Applied Biosystems).

Microarray procedure was performed according to the manu-
facturer’s instructions. Hybridization to Affymetrix GeneChip HT 
MG430PM array plates and processed on a GeneTitan workstation 
following the manufacturer’s protocol. The fold changes were calcu-
lated as the ratio of the expression level in each cell type versus the 
second highest expression level in all cell types. We focused on the 
genes that showed statistically significance of p ≤ .5 with ≥1.5-fold 
up or down from controls.

2.8  |  Quantitation of soluble collagen

Lung collagen content was assessed as per Biocolor assay (Biocolor). 
Briefly, lung tissue was homogenized in a 1 ml ice-cold lysis buffer 
and the homogenate was centrifuged at 13,000g for 30 min at 4°C. 
Next, 60 µl supernatant was mixed with 240 µl of 0.5 M acetic acid 
and 1 ml Sircol dye (Biocolor) for 30 min at room temperature on 
an orbital shaker. The resulting mixture was centrifuged at 13,000g 
for 10 min and the pellets were solubilized in 1 ml alkali reagent. 
Aliquots (200 µl) were transferred to a 96-well microtiter plate and 
the optical density (O.D.) was read at 540 nm. The collagen content 
was normalized to the weight of the lung.

2.9  |  Analysis of inflammatory mediators

Lung tissues were homogenized in cold HBSS (pH 7.4 containing pro-
tease inhibitor cocktail, Roche Diagnostics), centrifuged (800g for 
10 min) and the supernatants were collected. Cytokine concentra-
tions were normalized to total protein assessed by BCA kit (Pierce). 
BALF and lung homogenate chemokine levels were measured using 
paired antibodies for murine TARC/CCL17, MDC/CCL22, eotaxin-1/
CCL11, eotaxin-2/CCL24, MCP-1/CCL2 and RANTES/CCL5 (R&D 
Systems) in standardized sandwich ELISAs according to the manu-
facturer’s protocol. Kits to measure IL-13 were purchased from R&D 
Systems. IL-4, IL-5, IFN-γ and KC/CXCL1 were measured in BAL and 
lung homogenate by MSD multiplex kit for mouse pro-inflammatory 
cytokines (Mesoscale Discovery), according to manufacturer’s 
instruction.

2.10  |  Data analysis

Data were analyzed using ANOVA followed by Mann–Whitney U 
Test. Data are presented as mean ± SEM. p values <.05 were taken 
as significant.
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2.11  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to 
corresponding entries in http://www.guide​topha​rmaco​logy.org, 
the common portal for the data from the IUPHAR/BPS Guide to 
PHARMACOLOGY14 and are permanently achieved in the Concise 
Guide to PHARMACOLOGY 2019/20.15

3  |  RESULTS

3.1  |  Kinetics of cellular influx in the lungs of HDM 
treated mice

The time course of HDM model is depicted in Figure 1. Repeated 
exposure of HDM induced robust influx of inflammatory cells into 

F I G U R E  2 Kinetics of Leukocyte profile in bronchoalveolar lavage after HDM challenged mice. Mice were intranasally administered with 
PBS or HDM once daily for 10 consecutive days (day 0–day 9). At times indicated lungs of the mice were lavaged and total leukocytes (A), 
monocytes (B), lymphocytes (C), neutrophils (D), and eosinophils (E) were counted. The results are expressed as cells/ml. The data points are 
represented as mean ± SEM. N = 6 mice/group. *p< 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 compared with PBS challenged group 
as determined by the two-way ANOVA-Bonferroni test
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the airway lumen (Figure 2). The total BAL cellularity and number 
of lymphocytes increased as early as 24 h, with a peak response 
by day 7 followed by gradual decline by day 21 (Figure 2A and C). 
Monocyte levels increased slowly; peak increases in monocytes 
were seen by day 7 and decreased to near baseline levels by day 21 
(Figure 2B). In contrast, peak neutrophilia observed as early as 24 h 
was normalized by day 21 (Figure 2D). BALF eosinophils, however 
showed a delayed increase with a peak on day 11 and were back to 
baseline by day 21. (Figure 2E). Thus, HDM challenge trigged influx 
of myeloid and lymphoid cells in the airway lumen of mice with 
distinct kinetics.

3.2  |  Kinetics of BAL fluid cytokines in the lungs of 
HDM treated mice

Th2 cytokines, IL-4, IL-5, and IL-13 were significantly elevated in the 
BAL fluids (BALF) of HDM challenged mice (Figure 3A–C). Levels 
of IL-4 and IL-13 were significantly elevated over baseline by day 
4, peaked at day 7 and subsided by day 11–14. IL-5, on the other 

hand, showed delayed increases (Figure 3B), with a peak at day 7 
and reached nadir by day 11. Thus, changes in IL-5 preceded eosino-
philic influx. BALF levels of TNFα, KC, G-CSF, IP-10, and MCP-1 were 
significantly elevated as early as day 1, showed a peak response by 
day 4 (Figure 3D–H) and declined thereafter. Interestingly, BALF 
CCL17 levels were significantly increased as early as day 1 and re-
mained high until day 11, before declining to near baseline by day 
14 (Figure 3I).

Because of the potential dilution of secreted mediators in 
BALF from the lavage process, many inflammatory mediators 
were either not detected or detected at low levels. We therefore 
evaluated cytokine levels in the lung homogenates of treated 
mice. Lung tissue levels of IL-4, IL-5, IL-13, and TARC (CCL17) in-
creased by day 7 and decreased thereafter. In contrast, lung lev-
els of IL-33 remained elevated from day 7 to day 21 (Figure 4A). 
Levels of IL-1α, IL-1β, IFN-γ, IL-17A, and TNFα were elevated 
by day 7 and normalized by day 21 (Figure 4B). Levels of inter-
feron gamma-induced protein 10 (IP-10), KC, MCP-1, RANTES, 
and EPO increased by day 7 and generally normalized by day 21 
(Figure 4C).

F I G U R E  3 Kinetics of profile of inflammatory mediators in bronchoalveolar lavage after HDM challenge. Mice were intranasally 
administered with PBS or HDM once daily for 10 consecutive days (day 0 to day 9). At times indicated lungs of the mice were lavaged and 
IL-4 (A), IL-5 (B), IL-13 (C) TNFα (D) KC (E) G-CSF (F) IP-10 (G) MCP-1 (H) and CCL17 (I) were measured in the bronchoalveolar lavage fluids 
of PBS and HDM challenged mice. The results are expressed as pg/ml. The data points are represented as mean ± SEM. N = 6 mice/group. 
*p < 0.05; **p < 0.01 and ***p < 0.001 compared with PBS challenged group as determined by the two-way ANOVA-Bonferroni test
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3.3  |  Kinetics of plasma IgE levels in HDM 
treated mice

Serum IgE levels significantly increased by day 7, peak increases were 
seen by day 11 and declined to baseline levels by day 16 (Figure 5).

3.4  |  Kinetics of airway hyper-responsiveness to 
methacholine in HDM challenged mice

Mice challenged with HDM for 10 days and challenged 24 h later with 
methacholine showed an exaggerated AHR response (Figure 6). The 
AHR response to methacholine was largely resolved by day 21 (Figure 6).

3.5  |  Gene expression profile in the BAL cells and 
lung tissue of HDM challenged mice

A DNA microarray analysis was conducted to measure the ex-
pression levels of genes in the BAL cells and the lung tissue at 
various time points during (day 1 and 7) and after (day 11 and 
21) HDM challenge and the results are summarized in Table 1. 
Differential gene expression between HDM and saline treated 
groups was seen both in the lung tissue and in BAL cells over 
the time course of the study. By day 11, 1433 and 1675 genes 
were differentially expressed in lung tissue and BAL cells, re-
spectively. Interestingly, the BAL cells showed a more sustained 
differential gene expression even at day 21 of the study (10 days 

F I G U R E  4 Kinetics of profile of inflammatory mediators in lung homogenate after HDM challenge. Mice were intranasally administered 
with PBS or HDM once daily for 10 consecutive days (day 0–day 9). At times indicated lungs of the mice were harvested, homogenized and 
various cytokine (A and B) and chemokine (C) levels were measured in the supernatants of lung homogenates of PBS and HDM challenged 
mice. The results are expressed as pg/ml. The data points are represented as mean ± SEM. N = 6 mice/group. *p < 0.05; **p < 0.01 and 
***p < 0.001 compared with PBS challenged group as determined by the 2-way ANOVA-Bonferroni test
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post last HDM) whereas in the lung tissue, there was a precipi-
tous drop between day 11 and day 21. In both compartments, 
proportionally more upregulated genes were seen relative to 
down regulated genes. We then focused on select group of most 
differentially expressed genes in BAL cells and lung tissue. At 
each time point, we explored gene expression changes in a com-
prehensive manner and a summary of DEG is presented in Tables 
S1–S8.

The genes with highest differentially expression in BAL cells 
were IL-33, CLCA3, CCL17, CD4, IL-4, CD19, and CD27 (Figure 7). The 
corresponding genes in the lung tissue were IL-13, CLCA3, IL-4, Foxa3, 
CD4, CD19, and IL-10 (Figure 8). It should be noted that expression 
of CCL17 and CD4 was induced as early as day 1 in the BAL unlike 
all other markers which were increased at day 7. The increased IL-4 
expression was validated by IL-4 protein levels in the BAL. Both in 
the lung tissue and BAL, CLCA3 was the highest expressed gene, a 
gene involved in goblet cell function.

3.6  |  Lung histopathology

HDM induced robust airway inflammation characterized by peri-
bronchial and perivascular infiltrates mixed with eosinophils, neu-
trophils, and lymphocytes (Figure 9A–D). Examination of the time 
course of HDM exposure revealed a mild and acute perivascular 
inflammation on Day 1. By day 7, thick perivascular cuffs, bronchial 
epithelial hypertrophy and hyperplasia were observed (Figure 9G–
H). Acute inflammatory cells were observed marginating under-
neath the endothelium in the perivascular space and there was 
subpleural thickening (Figure 9C). By day 11, the lungs developed 
perivascular edema and were full of multinucleated giant cells and 
eosinophils (Figure 9C). Goblet cell hypertrophy and hyperplasia 
were observed in the bronchioles (Figure 9E–F and I). The lung 
contained areas of multinucleated giant cell formation, alveolar 
emphysema, and acute bronchiolitis. By day 21, the bronchiolar 
epithelium in HDM group was similar to controls.

Overexpression of collagen is a hallmark of tissue remodeling and 
fibrosis. We thus examined the expression of collagen (Figure 10A), 
TIMP (Figure 10B) and pentraxin3 (PTX3) (Figure 10C) in the lung tis-
sue at various time points during the HDM exposure. The total lung 
collagen content and TIMP were increased significantly after 7 days, 
then declined to near baseline by day 14. Lung PTX3 increased mod-
estly and later during the HDM challenge (day 11).

F I G U R E  5 Kinetics of IgE profile in the serum of HDM 
challenged mice. Mice were intranasally administered with PBS or 
HDM once daily for 10 consecutive days (day 0–day 9). At times 
blood was collected from anesthetized mice and serum IgE levels 
were measured by ELISA. The results are expressed as ng/ml. The 
data points are represented as mean ± SEM. N=6 mice/group. 
***p < 0.001 compared with PBS challenged group as determined 
by the two-way ANOVA-Bonferroni test
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F I G U R E  6 Airway hyper-responsiveness in HDM challenged 
mice. Mice were intranasally administered with PBS or HDM once 
daily for 10 consecutive days (day 0–day 9). At day 11 and 21 
airway hyper-reactivity of mice to increasing doses of methacholine 
was measured by Flexivent. The results are expressed as percent 
increase in airway hyperreactivity over baseline. The data points 
are represented as mean ± SEM. N = 6 mice/group. *p < 0.05; 
**p < 0.01 and ***p < 0.001 compared with PBS challenged group as 
determined by the two-way ANOVA-Bonferroni test
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Comparison PBS versus 
HDM challenge

Lung genes BAL cell genes

Total Up Down Total Up Down

Day 1 509 427 82 819 628 191

Day 7 1093 673 220 1023 824 199

Day 11 1433 1194 239 1675 994 681

Day 21 167 120 47 1142 803 339

TA B L E  1 Lung and BAL cell gene 
analysis of HDM-challenged mice

https://www.guidetopharmacology.org/GRAC/DatabaseSearchForward?searchString=CD4&searchCategories=all&species=none&type=all&comments=includeComments&order=rank&submit=Search%2BDatabase
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2764
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3.7  |  Effect of anti-CCL17 and anti-IL-13 on HDM-
induced airway inflammation

As CCL17 and IL-13 levels are increased upon HDM challenge 
(Figures 3 and 4), we sought to explore the effects of neutraliza-
tion of CCL17 or IL-13 on HDM-induced lung inflammation. To this 
end, mice were treated with anti-CCL17, IL-13, or isotype mAbs 
(days -1, 5, and 9; Figure 11A) and AHR and BAL cell influx were 
measured on day 11. A robust AHR response to methacholine was 
observed in isotype control treated mice. Both anti-CCL17 and anti-
IL-13 treatments blunted the AHR response (Figure 11B). This re-
duction in AHR response was accompanied by attenuated cellular 
influx in the airway lumen of HDM challenged mice by both CCL17 
and IL-13 mAbs (Figure 11C–E). Interestingly, while anti-IL-13 in-
hibited the influx of both eosinophils and neutrophils, anti-CCL17 
only prevented influx of eosinophils (Figure 11D–E). At the histol-
ogy level, IL-13 or CCL17 neutralization prevented hypertrophy 
and hyperplasia of bronchiolar epithelial cells and the formation of 

goblet cells (Figure 12). Qualitatively, a more significant attenuation 
of inflammation was seen with IL-13 neutralization versus CCl-17 
neutralization.

4  |  DISCUSSION

The HDM is a common household allergen, causally linked to the 
development of asthma in children and adults.16,17 HDM exerts its 
inflammatory response via Der p 1, 3, 5, and 9 antigens by stimulat-
ing airway epithelium to produce Th1/Th2 inflammatory response 
through protease-activated receptor-2 mediated mechanism.18–21 
While there are several commercial HDM allergens, we utilized Greer 
extract in our studies as it is one of the most characterized12,18,22 
and induces pronounced increases in CCL20, CCL17 and interleu-
kin 5 accompanied by HDM-specific IgE, goblet cell hyperplasia, eo-
sinophilic inflammation and airway hyper-reactivity.23 In the present 
study, we attempted to systematically characterize HDM-induced 

F I G U R E  7 Expression of inflammatory genes in BAL cells after HDM challenge. Mice were intranasally administered with PBS or HDM 
once daily for 10 consecutive days (day 0 to day 9). At times BALF were harvested, and RNA was extracted for gene profiling. Expression of 
IL-33 (A), CLCA3 (B), CCL17 (C), CD4 (D), IL-4 (E), CD19 (F) and CD27 (G) genes was quantified
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allergic airway inflammation at various stages following repeated 
exposure in BALB/c mice.

HDM exposure resulted in progressive airway inflammation 
characterized by recruitment of both myeloid and lymphoid cells 
into the airway lumen, elaboration of multiple cytokines (Th1, Th2, 
and Th17), differential gene expression with evidence of both histo-
pathological and structural changes of the lungs. This inflammatory 
response is highly dynamic in nature with a progressive increase and 
resolves when HDM challenge is discontinued.

At the cellular infiltrate level, the airway inflammation was pre-
dominantly neutrophilic at the early stages and transitioned into an 
eosinophilic inflammation during the later days of HDM exposure, 
with the lymphoid cellular infiltration as the continuum in between. 
Both rodent and human studies have revealed that neutrophils are 
important in the pathobiology of asthma. These results are generally 
consistent with those seen under differing experimental conditions 
such as different strains of mice and HDM dose and/or duration of 
exposure.12,18,24 Similar to murine studies, in human, randomized, 

double blind placebo control studies demonstrated that instillation 
of HDM with LPS results in significant neutrophil increase in the 
blood of asthmatics compared with placebo controls.25,26

The airway epithelial cells, the first cell type to be exposed to in-
haled airborne allergens serve both as a passive barrier and a site for 
induction of the allergic response by microbial pathogen-associated 
molecular patterns (PAMPs) or to damage-associated molecular pat-
terns (DAMPs) released upon tissue damage, cell death, or cellular 
stress. Multiple cytokines and chemokines induce the recruitment 
and the activation of DCs to promote Th2-biased airway inflamma-
tion through the inhibition of IL-12, the induction of chemokines as 
MDC/TARC which attract Th2 cells, or the overexpression of OX40L 
at the DC surface that can induce Th2 cell development. Epithelial-
derived chemokines/cytokines also activate innate immune cells 
such as basophils, mast cells, and eosinophils to sustain the Th2 
priming.27–30

The Th2- cytokines (IL-4, IL-13, IL-5) hallmarks of Th2 inflamma-
tion peaked around day 7, progressively declined during the course 

F I G U R E  8 Expression of inflammatory genes in Lung tissue after HDM challenge. Mice were intranasally administered with PBS or 
HDM once daily for 10 consecutive days (day 0 to day 9). At times lung tissue were harvested, and RNA was extracted for gene profiling. 
Expression of IL-13 (A), CLCA3 (B), Foxa3 (C), CD4 (D), IL-4 (E), CD19 (F) and IL-10 (G) genes was quantified
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F I G U R E  9 Kinetics of histopathological changed in HDM challenged mice. Mice were intranasally administered PBS or HDM once daily 
for 10 consecutive days (day 0–day 9). Lung tissues were obtained on times indicated and stained with hematoxylin and eosin (A–D) or PAS 
(E–F). Representative photomicrographs of airway sections are shown. (A–D) 10× magnification. (E–F) 40× magnification. Lung sections were 
scored for histopathologic changes. Peribronchial/perivascular infiltration of inflammatory cells (G), bronchiolar epithelial cell hyperplasia 
and hypertrophy (H) and increased goblet cell formation (I) were evaluated. The results are expressed on a scale of 0–5. The data points are 
represented as mean ± SEM. N = 6 mice/group. *p < 0.05 and ***p < 0.001 compared with PBS challenged group as determined by the two-
way ANOVA-Bonferroni test

(A) PBS (B) HDM Day 1 (D) HDM Day 21(C) HDM Day 11

PBS 

Day
 1 

Day
 4 

Day
 7 

Day
 11

 

Day
 14

 

Day
 16

 

Day
 21

 
0

1

2

3

4
(G) Peribronchiolar/perivascular infiltrations

HDM

A
ve

ra
ge

 H
is

to
lo

gy
 S

co
re

*
***

***
******

***

(H) Bronchiolar epithelial hyperplasia
and hypertrophy

PBS
Day

 1 

Day
 4 

Day
 7 

Day
 11

 

Day
 14

 

Day
 16

 

Day
 21

 
0
1
2
3
4
5

***

***
***

A
ve

ra
ge

H
is

to
lo

gy
 S

co
re

HDM

(I) Goblet cells

PBS 

Day
 1 

Day
 4 

Day
 7 

Day
 11

 

Day
 14

 

Day
 16

 

Day
 21

 
0
1
2
3
4
5

***

***
***
***

***

A
ve

ra
ge

 H
is

to
lo

gy
 S

co
re

HDM

(F) HDM Day 21(E) PBS

F I G U R E  1 0 Increase in markers of 
airway remodeling after HDM challenge. 
Mice were intranasally administered 
with PBS or HDM once daily for 10 
consecutive days (day 0–day 9). At times 
BALF and lung tissue were collected 
and lung tissue collagen (A). BALF TIMP 
(B) and lung tissue PTX3 (C) levels were 
measured. The results of lung collagen are 
expressed as µg/ml; PTX3 are expressed 
as ng/ml and TIMP are expressed as pg/
ml. The data points are represented as 
mean ± SEM. N = 6 mice/group. *p < 0.05; 
**p < 0.01 and ***p < 0.001 compared 
with PBS challenged group as determined 
by the two-way ANOVA-Bonferroni test
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F I G U R E  11 Effect of anti-CCL17 mAb on airway inflammation in HDM challenged mice. Mice were sensitized to PBS or HDM for 10 
consecutive days (day 0–day 9). Mice were treated with 2 mg/kg of neutralizing anti mouse CCL17 or anti mouse IL-13 on days 1, 5, and 9 
(A). At day 11 airway hyperreactivity of mice to increasing doses of methacholine was measured by Flexivent (B) and total leukocytes (C), 
eosinophils (D), and neutrophils (E) were counted in the BALF. Control mice received isotype control in the similar fashion. The data points 
are represented as mean ± SEM. N = 8 mice/group. *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 compared with isotype control 
group as determined by the two-way ANOVA-Bonferroni test
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F I G U R E  1 2 Effect of anti-CCL17 mAb on histopathological changes in HDM challenged mice. Mice were sensitized to PBS or 
HDM for 10 consecutive days (day 0–day 9). Lung tissues were obtained on day 11 and stained with H&E or PAS (A). Representative 
photomicrographs of airway sections are shown with 10× magnification. Lung sections were scored for histopathologic changes. Bronchiolar 
epithelial hyperplasia and hypertrophy (B) and increased goblet cell formation (C) were evaluated. The results are expressed on a scale of 0–
5. The data points are represented as mean ± SEM. N = 8 mice/group. *p < 0.05; **p < 0.01 and ****p < 0.001 compared with isotype control 
group as determined by the two-way ANOVA-Bonferroni test
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of HDM exposure and normalized during the resolution phase (day 
21). These observations are similar to previous study that found an 
increase in Eotaxin-1, CXCL-1, IL-17A, IL-6, IL-4, IL-13, and IL-10 in a 
14-day model.18 The time course of cytokine/chemokine profile in 
BALF and lung tissue, that is, early appearance of TNFα, IL-17A, and 
KC, MCP-1 IL-10, and GM-CSF supports the notion that early lung 
inflammation is dominated by innate immune cells followed by Th2 
dependent inflammation. Early appearance of TNFα, IL-17A, and KC 
coincided with the neutrophil influx.

IFNγ and IL-10 were postulated to initiate resolution of lung in-
flammation.31,32 Thus, the appearance of IFNγ in the BAL/lung tis-
sue and expression of IL-10 genes may have a role in inflammation 
resolution.

Gene expression analysis in BAL cells and lung tissue revealed 
significant, time-dependent upregulation of several genes (differ-
entially expressed [DE] genes implying complex interplay between 
multiple cell types/chemokines and cytokines. Among these DE, 
CLCA3 was the most highly expressed gene, expressed early and re-
mained elevated during the HDM exposure. IL-13 is a known inducer 
of CLCA333 as well as FOXA3.34 Both FOXA3 and CLCA3 are known 
to drive goblet cell hyperplasia.35,36 In our study, goblet cell hyper-
plasia and hypertrophy were observed at the histological level.

HDM exposure led to marked tissue inflammation accompanied 
by structural changes as evidenced by histopathology and supported 
by increases in soluble collagen and TIMP-1 in the lung tissue. While 
we observed remodeling, clear fibrotic changes were not observed 
under the experimental conditions which likely require much longer 
period of HDM exposure, that is, 5–8 weeks.18 In our study, while 
cellular influx and cytokine surge was largely resolved by day 21, 
the histopathology changes were still detected by day 21 implying 
distinct time course profiles.

The levels of IL-33 remained significantly elevated during and 
after HDM exposure. IL-33, which is highly expressed by the epi-
thelial cells, initiates innate immune responses in mucosa acts on 
group 2 innate lymphoid cells (ILC2s) to produce Th2 cytokines 
such as IL-5 and IL-13. Additionally, IL-33 acts on dendritic cells, 
Th2 cells, follicular T cells, and regulatory T cells driving the adap-
tive responses, and thus orchestrates the development of chronic 
airway inflammation and tissue remodeling.37 Higher levels of IL-
33 have been detected in the lung of asthmatics,38,39 and poly-
morphisms in the IL-33 and st2 genes are linked to higher incidence 
of allergic disease and asthma.40

The profound inflammatory and structural changes in the lungs 
of HDM challenged mice were associated with enhanced AHR to in-
haled methacholine in HDM. AHR responses increased by day 11 
and greatly decreased by day 21. These results are in agreement with 
previous studies employing varying HDM exposure paradigms.41,42

Murine models of allergic airway inflammation such as the OVA 
model of Th2 lung inflammation have enabled hypothesis testing 
and increased our understanding of the pathogenesis of asthma. 
The OVA model, while useful, lacks construct validity both in the 
route of administration and the acute nature of the challenge. 
Moreover passive respiratory exposure to OVA leads to inhalation 

tolerance.43–46 Multiple variations of the HDM induced lung inflam-
mation have been reported in the literature which differ in dose, 
duration of exposure, challenge paradigm, species and strains of an-
imals used.18,24,47–49 Incidentally, many of these studies have largely 
focused on characterization of inflammation at the end of HDM 
exposure. The present investigation provides a detailed temporal 
characterization of evolution of inflammation and its pharmacology. 
It is hoped that the results presented here are of topical interest to 
investigators studying aeroallergen induced allergy and atopy and 
their pharmacological modulation. At a more global level, the de-
tailed time course of gene expression analysis conducted here pro-
vides for a deeper understanding of the evolution and resolution of 
pulmonary inflammation and pathways involved. HDM is a known 
human aeroallergen and as such, HDM induced lung inflammation 
models and characterization such as the one conducted here could 
help in translational research.

The chemokine receptor, CCR4 is highly expressed on Th2 cells 
and plays a key role in Th2 T cell recruitment into the asthmatic air-
ways.50,51 CCL17 and macrophage-derived chemokine (MDC)/CCL22 
are known ligands of CCR4 and are up-regulated in the lungs of pa-
tients with allergic asthma52 after rhinovirus infection53 and COPD.54

The role of CCR4 and its ligands CCL17 and CCL22 in allergic 
disease is well established,42–48 with the drug discovery efforts fo-
cused heavily on receptor antagonism ether with small molecules 
or mAbs. In addition, CCR4 signaling via CCL-17 has emerged as an 
attractive option to treat immune-inflammatory conditions driven 
by GMCSF.55 Since nearly all Tregs express and use CCR4 receptor56 
for homing into sites of inflammation, CCR4 receptor blockade while 
attenuating inflammation may impact homeostatic resolution mech-
anisms. In this regard, targeting of CCL17 blockade is likely to spare 
Treg function while modulating Th2 recruitment.

Neutralization of MDC or CCL-17 attenuated ovalbumin (OVA)-
induced Th2 lung inflammation.45,57. A TARC-PE38, a TARC fused 
exotoxin fragment PE38 from Pseudomonas aeruginosa has been 
shown to efficiently suppressed allergic airway inflammation by sig-
nificantly reducing airway hyper-responsiveness, airway inflamma-
tion, and goblet cell hyperplasia by reducing CD4+ cells.58 A CCR4 
neutralizing antibody leading to reduced levels of Th2 cytokines 
in the lungs of humanized severe combined immunodeficient mice 
harboring immune cells from allergic asthma patients.59 The ef-
fects of a CCL17 mAb reduced BAL cellularity, eosinophilia, airway 
hyper-responsiveness, and goblet cell and epithelial hyperplasia in 
the present investigation further substantiate the role of CCL17 as 
mediator of inflammation driven by HDM.

In summary, the present investigation carefully characterized lung 
inflammation in response to repeated exposure to HDM. CCL-17 neu-
tralization in this model led to marked anti-inflammatory effects that 
are accompanied by reduced airway hyper reactivity. Although, many 
pharmacological treatments for asthma and allergy have been evalu-
ated, very few have been explored HDM-induced allergy and asthma 
in animal models and human. Furthermore, exploration of underlying 
mechanisms associated with HDM induced allergic asthma has been 
hampered in part due to the unavailability of specific biomarkers relevant 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4975
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to human asthma. The data presented here further provides foundation 
to explore cellular and molecular basis of allergen induced immunopa-
thology and potential to identify novel pharmacological interventions to 
evaluate prospective newer modalities. Finally, given the emerging role 
of CCL17:CCR4 signaling as a driver of several inflammatory conditions, 
CCL17 neutralization may provide anti-inflammatory activity while 
sparing the homeostatic Treg mediated immune modulation.
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