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Abstract

Background: A new approach targeting aeroallergen sensing in the early events of mucosal 

immunity could have greater benefit. The CSF1-CSF1R pathway has a critical role in trafficking 

allergens to regional lymph nodes through activating dendritic cells. Intervention in this pathway 

could prevent allergen sensitization and subsequent Th2 allergic inflammation.

Objective: To examine the therapeutic effectiveness of CSF1 and CSF1R inhibition for blocking 

the dendritic cell function of sensing aeroallerens

Methods: We adopted a model of chronic asthma induced by a panel of three naturally occurring 

allergens and novel delivery system of CSF1R inhibitor encapsulated nanoprobe
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Results: Selective depletion of CSF1 in airway epithelial cells abolished the production of 

allergen-reactive IgE, resulting in prevention of new asthma development as well as reversal of 

established allergic lung inflammation. CDPL-GW nanoprobe containing GW2580, a selective 

CSF1R inhibitor, showed favorable pharmacokinetics for inhalational treatment and intranasal 

insufflation delivery of CDPL-GW nanoprobe ameliorated asthma pathologies including allergen-

specific serum IgE production, allergic lung and airway inflammation and airway hyper-

responsiveness (AHR) with minimal pulmonary adverse reaction.

Conclusion: The inhibition of the CSF1-CSF1R signaling pathway effectively suppresses 

sensitization to aeroallergens and consequent allergic lung inflammation in a murine model of 

chronic asthma. CSF1R inhibition is a promising new target for the treatment of allergic asthma.
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INTRODUCTION

Despite current standard medical treatment, a large number of patients with asthma remain 

symptomatic with long-term disabilities. There is a desperate need for developing a new 

treatment strategy for asthma. The events at the mucosal layer of airways are crucial to 

driving the development of Th2 immune responses. We now better understand the 

mechanisms by which Th2 immune-mediated allergic inflammation is initiated at the airway 

mucosa1,2. A therapeutic strategy targeting the early initial events of the mucosal immune 

reaction against aeroallergens could have greater therapeutic benefits because it could 

abolish all of the subsequent IgE- and Th2-mediated aspects of allergic inflammation in the 

lung.
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Asthma is a chronic airway disease consisting of atopic or non-atopic asthma. In atopic 

asthma, people become asthmatic through the process of ‘sensitization’ against specific 

allergen(s) such as house dust mite and pollens. Once sensitized, individuals will develop 

airway inflammation and shortness of breath with re-exposure to the sensitizing allergen. 

Therapies targeting allergen sensitization have shown efficacy in controlling asthma3,4. The 

sensitization process for aeroallergens is mainly carried out by two major cell types, airway 

epithelial cells and dendritic cells.

Airway epithelial cells (AECs) are a gateway for sensing aeroallergens through first direct 

contact with inhaled particles5. Pattern recognition receptors including toll like receptors of 

AECs are required to recognize allergens and produce subsequent allergic inflammatory 

signals. Upon being activated by aeroallergens, AECs produce cytokines (TSLP, IL-1α and 

IL-33), chemokines (CCL2 and CCL20) and endogenous danger signals (ATP and uric acid) 

toward the basal side as well as luminal side and alter the micro-environmental milieu to 

activate innate immune cells6. AECs secrete innate cytokines which have a critical role in 

recruiting immune cells and skewing the immune reaction towards a predominant Th2 

pattern2. On the luminal side, we and others have shown that AECs secreted chemokines 

into the alveolar space, recruiting monocyte-derived alveolar macrophages upon allergen 

challenge7,8. These findings indicate that AECs regulate the micro-environmental milieu of 

the airway in favor of allergic inflammation in response to aeroallergens.

During the sensitization, dendritic cells (DCs) take up and process the “invading” allergen 

and migrate to the regional lymph nodes (LNs), resulting in the establishment of allergen-

specific Th2 memory. DCs form an essential interface between this innate and adaptive 

immunity, and play a key role in primary sensitization and the production of antigen-specific 

IgE1. DCs traffic inhaled allergens to the LNs where they launch an antigen-specific 

adaptive immune response involving T and B cells9. Conventional DCs (cDCs) play a key 

role in antigen presentation in various types of inflammation. cDCs express higher CCR7 

which is involved in activation and homing of DCs to lymph nodes. In both human and 

mouse, two main distinct subsets of cDC, cDC1 and cDC2, possess unique characteristics 

and properties. cDC2 strongly depend on IRF4 and express multiple pattern recognition 

receptors, whereas cDC1 depend on IRF8 and activate CD8+ T cells. Especially, cDC2 have 

a critical role in MHC class 2-dependent antigen presentation and are more effective carriers 

of allergen to the regional LNs in animal models of asthma10.

However, it has not been fully elucidated how AECs and DCs interact in the process of 

sensing aeroallergens. We recently reported that AECs and DCs cooperate to facilitate 

allergen sensitization11. We found that AECs secrete CSF1 into the alveolar space in 

response to aeroallergen. CSF1 was markedly elevated in the BAL fluids of patients with 

asthma after being challenged with a sensitizing allergen via bronchoscopy. With the 

relevant animal models, we determined that AECs are the primary source of CSF1 in BAL 

fluid. We observed that the epithelial-secreted CSF1 activated DCs, particularly cDC2, and 

facilitated mobilization to regional LNs by regulating the DC expression of CCR7, a homing 

chemokine receptor to LNs11. This is the earliest event in the mucosal immune response to 

aeroallergen, but also occurs as a memory response that sustains asthmatic airway disease. 
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Blocking this process could abolish sensitization to allergens and subsequent allergic 

inflammation upon repeated allergen exposure.

Here, we show the effectiveness of blocking CSF1 and its receptor (CSF1R) in asthma 

treatment. To this end, we utilized GW2580, a selective CSF1R inhibitor, which previously 

showed excellent pharmacokinetics11. To ensure scientific rigor, we employed a robust 

chronic mouse model of allergic lung and airway inflammation with naturally occurring 

allergens. The frequently used acute mouse asthma models have limitations because they do 

not recapitulate the nature of human asthma as a chronic airway inflammatory disease. To 

develop a model that allows study of the effects of treatment on long-lasting features of 

asthma, e.g. airway remodeling, while avoiding the acute effects of allergen challenge, we 

adopted a chronic triple allergen DRA (dust mite, ragweed and Aspergillus) asthma model 

as previously reported with minor modifications12. This model has many of the 

immunologic and pathologic features of human asthma with continued but decreased 

eosinophil infiltration and prominent airway remodeling.

Materials and Methods

Mice

C57BL/6, Scgb1a1-CreERT (stock# 016225), Irf4fl/fl (stock# 009380) and MAFIA (stock 

#005070) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Scgb1a1-
creERT;Csf1fl/fl and Csf1r-creERT;Irf4fl/fl were generated as described previously11. Mice 

were bred in a specific pathogen-free facility maintained by the University of Illinois at 

Chicago. All mouse experiments were approved by the Institutional Animal Care and Use 

Committee of University of Illinois at Chicago. Age & sex-matched 7 to 10-week-old mice 

were used for experiments.

DRA-induced chronic asthma model

We used the previously described DRA-induced asthma model with minor modification12. 

In brief, mice were subject to the DRA mixture comprised of house dust mite, ragweed and 

Aspergillus (5, 50, 5 μg/mouse, respectively) twice a week via intranasal insufflation for 8 

weeks. The mice were then rested for 3 weeks before collecting samples at week 11. To 

deplete the target genes in the experiments containing Scgb1a1-creERT; Csf1f/f (CSF1ΔAEC) 

and Csf1r-creERT; Irf4fl/fl (IRF4ΔAPC) strains, we administered tamoxifen (Tm, 75mg/kg, 

Sigma-Aldrich, St. Louis, MO) via oral gavage for 5 consecutive days, according to the 

schedules depicted in Results.

Ex-vivo DRA antigen recall assay.

LNs were obtained from the mediastinum of the mice subjected to the DRA-induced allergic 

lung models. A single cell suspension was made from the LNs and a total of 4×106 cells/ml 

were plated in 24-well plates. For stimulation with the sensitizing allergens, the cells were 

treated with or without DRA (house dust mite, ragweed, and Aspergillus; 10, 100, 10 μg/ml, 

respectively) for 3 days. Cells were spun down and the supernatant used for ELISA.
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Morphometric analysis and digital pathology

We used the Genie System (Aperio Technologies, Vista, CA, US), a tool for automated 

classification and quantitation of tissue inflammation in whole slide images, as described 

previously13. In this system, users identify the categories of tissue they want to quantify by 

outlining regions of interest that are examples of the tissue classes to be analyzed. We 

automatically quantified lung pathology over entire lung fields by categorizing them into 

four types: areas of normal lung parenchyma, airway, void space (such as airway lumen) and 

inflammation. The pathologist doing the analysis was blinded to the experimental groups.

Statistical Analysis

Student t or Mann-Whitney U test was used for two group comparisons and ANOVA was 

used for comparing multiple groups. Continuous variable distributions were tested for 

normality using Kolmogorov-Smirnov (K-S) and Shapiro–Wilk (S-W) test. SPSS 24.0 

(SPSS Inc.; Chicago, IL, USA) were used for tests of normality.

Continuous variables (of which all were normally distributed) were compared between the 

different groups using one-way ANOVA tests in the case of homogeneity of variance 

between groups. If the rule of homogeneity of variance between groups was violated (K-S or 

S-W test p<0.05), Kruskal-Wallis test was performed. Descriptive statistics were expressed 

as mean value ± standard error of the mean (SEM) for continuous data and a p-value less 

than 0.05 was considered to be statistically significant. Each dot represents a single 

measurement of the parameters and the bar on the graph presents mean ± SEM. All analyses 

were conducted using Prism, GraphPad Software (La Jolla, CA).

RESULTS

CSF1 and CSF1R+cDCs are highly enriched in the BAL fluid of the chronic DRA-induced 
murine model of asthma.

To recapitulate the chronic inflammatory phenotype of human asthma, we adopted a chronic 

DRA-induced murine model of asthma as described in Methods (hereafter, the chronic DRA 

model) (Fig. 1A left panel)11,12. Unlike the acute transient asthma models, eosinophilia in 

lung and BAL fluid was rarely seen in the chronic DRA model. Instead, the majority of BAL 

cells consisted of lymphocytes and macrophages and the characteristics of chronic airway 

inflammation and airway remodeling are well demonstrated in this model (Fig. 2D). Since 

AECs secrete CSF1 into the alveolar space in response to allergen exposure11, we examined 

how chronic DRA exposure affects BAL CSF1 concentration. BAL CSF1 was promptly 

increased and peaked at week 6, whereas BAL CSF2 (GM-CSF) remained unchanged until 

week 6, when it began to rise (Fig.1A right panel). Conventional DCs were gated as lineage 

(CD3, B220, NK1.1, F4/80, CD64)−CD45+CD11c+MHCll+ and further defined either 

CD24high for cDC1 or CD172ahigh for cDC2 (Fig. S1A). In steady state, CSF1R positive 

cells were highly populated in the respiratory system, whereas their numbers were low in 

blood and pre-cDCs (Fig. S1B). Next, mice were subject to the chronic DRA model and the 

cDC2s were rapidly increased over the course of the chronic DRA model, but cDC1s were 

delayed until week 6. Because CSF1R+ cDC2 play critical role in allergen sensitization (10), 

we further analyzed CSF1R+ cDCs in the BAL fluids. Chronic DRA exposure induced an 
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earlier and higher increase in CSF1R+ cDC2 than that of CSF1R+ cDC1 (Fig. 1B). Total and 

DRA-reactive serum IgE levels were also progressively increased, indicating that allergen 

sensitization has been intensified by repeated exposure to the allergens (Fig. 1C).

AEC-derived CSF1 is necessary for development of chronic allergic lung inflammation and 
airway remodeling.

To test whether CSF1 secreted by AECs is required for establishing chronic allergic 

inflammation and airway remodeling, we used the Scgb1a1-creERT;Csf1fl/fl (hereafter 

CSF1ΔAEC) mice which are the inducible knock-out mice of CSF1 selectively in AECs by 

tamoxifen (Tm) injection11. First, we measured the duration of CSF1 depletion by one 

single cycle (consisting of 5 consecutive days) of Tm ingestion. The CSF1 depletion in 

AECs and BAL fluids continued up to 4 weeks by one cycle of oral Tm (Fig. S2). Therefore, 

tamoxifen was administered every 4 weeks during the chronic DRA model (Fig. 2B). CSF1 

in BAL was increased about 2–3 fold in the chronic DRA group (Veh_DRA), compared to 

the sham-treated or only tamoxifen groups (Veh_Veh, Tm_Veh), but tamoxifen treatment 

abolished the increase of CSF1 (Tm_DRA) (Fig. 2B). We previously reported that CSF1 has 

a critical role in allergen sensitization and IgE production by facilitating DC mobilization11. 

In the chronic DRA model, blocking the AEC secretion of CSF1 significantly reduced total 

and DRA-reactive serum IgE production (Fig. 2C) and abrogated the subsequent allergic 

lung inflammation, inflammatory cell infiltration, Th2 cytokine production and airway 

remodeling, including goblet cell metaplasia, collagen deposition and smooth muscle 

hypertrophy (Fig. 2D–I).

CSF1 depletion reverses established chronic allergic inflammation and airway remodeling, 
and suppresses Th2 memory responses.

To ensure relevance to treatment of human asthma, we created a model in which CSF1 

depletion took place after the allergic lung inflammation had been fully established (Fig. 

3A). In this model, oral Tm ingestion was given for one cycle at week 6 of the chronic DRA 

model. The one cycle of oral Tm treatment resulted in significantly decreased BAL CSF1 

(Fig. 3B). The late depletion of CSF1 in the chronic DRA model was able to reverse the 

allergen sensitization (serum IgE), inflammatory cell infiltration, allergic lung inflammation 

and goblet cell metaplasia (Fig. 3C–F). A single cell suspension was made from the LNs 

obtained from the mice subjected to the above model and used for the ex-vivo DRA antigen 

recall assay as described in Methods. IL-4 and IL-13 secretion were boosted by re-challenge 

with DRA, but blunted in the cells obtained from the CSF1-depleted mice (Fig. 3G), 

indicating that the Th2 memory response was significantly reduced in CSF1-depleted 

micewithoutaffecting IL-17 and IFN-γ secretion by DRA re-stimulation.

IRF4+ CSF1R+ cells are required for Th2 memory in the secondary LNs of the chronic DRA 
model.

We have shown that cDC2 play a critical role in CSF1-dependent allergen sensitization11. 

Since there is no mouse strain in which cDC2 development is selectively ablated14, we used 

Csf1r-creERT;Irf4fl/fl (hereafter IRF4ΔAPC) for a cDC2 targeted experiment11. Because IRF4 

is required for cDC2 development and function, but not for cDC115, and Csf1r expressing 

macrophages are not engaged in antigen trafficking to LNs, this mouse could be used for 
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targeting cDC2 function in the experimental model of allergen sensitization11. The mice 

were subjected to the chronic DRA model as depicted in Figure 4A. In these two models, the 

allergic inflammation was established first, and then Tm administered to deplete the CSF1R
+ IRF4+ cells at either week 2 (Tm2) or 6 (Tm6). Despite the presence of sufficient CSF1 in 

BAL fluid (Fig. 4B), the depletion of CSF1R+IRF4+ cells resulted in reduction of 

inflammatory cell infiltration and total and DRA-reactive serum IgE production, and the 

attenuation of lung inflammation and goblet cell metaplasia, although the Tm6 group 

showed only modest effects (Fig. 4C–F). The ex-vivo DRA antigen recall assay showed that 

the depletion of CSF1R+ IRF4+ blocked the production of IL-4 and IL-13 by DRA re-

stimulation in both Tm2 and Tm6 treatment groups, whereas IL-17 production remained 

intact in the Tm6 group, while samples from the Tm2 group showed partial reduction (Fig. 

4G). Collectively, these data indicate that CSF1R+cDC2 are required for the formation of 

Th2 memory cells, indicating that interfering with cDC2 function should be beneficial for 

treating Th2-immune mediated diseases.

Nanoprobe carrying a CSF1R inhibitor blocks cDC2 migration and allergen sensitization.

Selective CSF1R inhibitors have been used in continuing clinical trials for cancer treatment 

with minimal adverse effects16,17. GW2580, a CSF1R inhibitor, showed excellent binding 

affinity to human CSF1R recombinant protein11. Simulation protein structure modeling 

indicated that GW2580 interacts with two critical intracellular tyrosine residues (Y546 and 

Y665) of the kinase domain of CSF1R (Fig. S3). Further, we have demonstrated that 

systemic administration of GW 2580 effectively blocked cDC2 migration to regional LNs11. 

The inhalational route is preferred for asthma treatment because it can deliver a compound 

effectively to the target organ and minimize systemic adverse effects. For an inhalational 

delivery, we generated a CPDL-encapsulated nanoprobe containing CSF1R inhibitor using a 

previously described method18. CDPL (β-, a synonym of β-cyclodextrins and amine of EPL, 

yclodextrins and amine of EPL) nanoprobe increase the chemical stability and 

bioavailability of guest molecules to ensure site-specific delivery of lipophilic GW2580 to 

the lung without sticking to other tissues19. Each CPDL nanoprobe carries four molecules of 

GW2580 as well as a ZW800–1 fluorophore (CDPL-GW) (Fig. 5A). As expected, intranasal 

delivery of CDPL-GW had good lung deposition (Fig. S4). Measurements by NanoSight 

(Solisbury, U.K.) indicated that most of the CPDL nanoprobe were less than 100nm (Fig. 

S5). Next, we analyzed the cellular distribution of two different doses of CDPL-GW (1ng 

and 100 ng/mouse) via intranasal insufflation to the lung (Fig. S6). Neutrophils, DCs and 

alveolar macrophages (AMs) were the major cells that took up the particles. To optimize the 

dose of CDPL-GW for inhibiting DC migration in lung, the mice were subjected to DRA 

challenge for 5 days with increasing dose of CDPL-GW (from 1pg to 1ng/mouse) and the 

samples were collected on day 5 (Fig. 5B). Total BAL cells were increased by DRA 

challenge, but suppressed by CDPL-GW in a dose-dependent manner and BAL eosinophil 

counts and serum IgE concentrations were also markedly reduced by 1ng/mouse of CDPL-

GW (Fig. 5B–C). However, there was no significant apoptotic death of AMs or increases in 

BAL total protein or albumin concentration by CDPL-GW treatment (Fig. 5B & S7). To 

further characterize the effects of CDPL-GW on DCs, we evaluated the number of migratory 

DCs (CD45+lin−CD11c+MHCll+CCR7+) in regional LNs. CDPL-GW suppressed migratory 

cDC2 in a dose-dependent manner (Fig. 5D). From these data, we determined that 1ng of 
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CDPL-GW/mouse (equivalent to 80,000 nanoprobe) as the therapeutic dose for the next 

experiment.

Nanoprobe carrying CSF1R inhibitor abolish chronic allergic lung inflammation in the DRA 
model.

To measure the efficacy of intranasal CDPL-GW treatment for chronic allergic 

inflammation, we performed three different experiments as depicted in figure S8A. In these 

experiments, CDPL-GW intranasal treatment was started at three different time points, week 

3, 5 and 7, in the chronic DRA model, during the repeated DRA exposures until week 8. 

After 3 weeks of rest, the mice were analyzed at week 11. Intranasal CDPL-GW treatment in 

all three experiments effectively attenuated asthma pathologies including airway 

inflammatory cell recruitment, total and DRA-reactive serum IgE, BAL Th2 cytokines, lung 

tissue inflammation and goblet cell metaplasia, compared to the sham treated group, 

although the CDPL-GW 7wk group had only modest effects (Fig. 6A–E). There was no 

change in the BAL concentrations of total protein and albumin (Fig. S8B). CDPL-GW 

treatment effectively inhibited Th2 memory cell formation in the secondary LNs, although 

the CDPL-GW 7wk group did not reach statistical significance (Fig. 6F). All three CDPL-

GW treated groups showed reduced bronchial hyper-responsiveness, compared to the sham-

treated chronic DRA group (Fig. 6G).

DISCUSSION

Our study highlights the effects of blocking or minimizing allergen sensitization on 

development and exacerbation of asthma pathologies, respectively. Earlier clinical studies 

indicate that sensitization to environmental allergens and excessive production of serum IgE 

precedes manifestation of allergic asthma in the early childhood20,21. In the cohort of a large 

group of newborns, the prevalence of asthma was significantly higher among ever-allergic 

sensitized children compared to never-sensitized ones22. These data strongly suggest a 

causal relationship between allergen sensitization and development of clinical asthma. 

Therapies to reduce allergen sensitization have been tried using many different approaches. 

Allergen immunotherapy with allergen extracts is able to lower allergen-specific IgE as well 

as increase specific IgG4 levels, resulting in a robust long-lasting effect on seasonal rhinitis 

and peanut allergy23–25. Sensitization to allergen(s) occurs not only in the development of 

new asthma, but also in the exacerbation of established asthma. We have shown that serum 

IgE is increased by re-exposure to the sensitizing allergen in the mouse DRA model of 

allergic asthma11. Intervening in the continuing sensitization process has been shown to 

prevent asthma exacerbations in the patients already sensitized. For example, IgE-targeted 

treatment with omalizumab, a humanized monoclonal anti-IgE antibody, showed a 

significant benefit in controlling asthma exacerbations in inner city children who were 

already sensitized to cockroach3. Pre-seasonal treatment with omalizumab was also effective 

in controlling seasonal exacerbations in poorly controlled asthmatics4. Here, we examined 

three animal models to validate the effect of intervening in the CSF1-CSF1R pathway for 

preventing both the development of new allergic asthma and reversing fully established 

allergic lung inflammation. In all three models, our data showed that blocking the CSF1-

CSF1R pathway effectively abolished the sensitization process (reducing both total and 
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allergen-reactive serum IgE) and suppressed subsequent allergic lung inflammation. These 

data support the concept that blocking the allergen sensitization process can effectively 

prevent the subsequent Th2 allergic inflammatory process regardless of the onset of allergic 

inflammation, and could be used as a maintenance therapy for chronic asthma.

Among DC subsets, cDC2 have been shown to play an essential role in antigen presentation 

in allergic lung inflammation10,11,26. Our data show a marked surge of cDC2 in BAL fluid in 

the DRA asthma model11. However, it is not fully understood how alveolar cDC2 are 

regulated in allergic inflammation. Recently, we reported that the CSF1-CSF1R pathway is 

critical for cDC2 activation through their homing to regional LNs and establishing 

subsequent Th2 immune reactions in response to inhaled allergens. We have shown that the 

binding of AEC-derived CSF1 to its receptor on cDC2 facilitates expression of the 

chemokine receptor, CCR711. Based on this scientific premise, here we rigorously examined 

whether intervening in this pathway would be beneficial for controlling both new and 

established allergic lung inflammation. To examine the therapeutic effectiveness, we adopted 

a mouse model of chronic asthma12. Unlike the transient acute models of allergic asthma, 

this model shows marked inflammatory cell infiltration and prominent airway remodeling, 

including structural alterations, prominent tissue fibrosis and chronic inflammation, albeit 

with decreased eosinophilia (Figure 2). This model is better suited for evaluating the long 

term effects of asthma therapeutics on well-established asthma pathologies, in this case, 

treatment with anti-CSF1 antibodies and nanoprobe carrying a CSF1R antagonist.

CSF1 and its receptor (CSF1R) regulate the functions of myeloid lineage cells that play key 

roles in innate immune responses27. CSF1R is comprised of five extracellular 

immunoglobulin domains, a transmembrane domain, and two intracellular domains. The 

CSF1R gene is evolutionally well conserved and has high sequence homology between 

species. Especially, the intracellular domains of human and murine CSF1R genes are 

identical (NCBI HomologGene). In humans, the CSF1R gene is located at the chromosomal 

region 5q32, which is close to genes associated with genetic susceptibility to asthma 

including IL-4, IL-5 and ADRB228–30. Furthermore, it has been reported that a 

polymorphism of the CSF1R gene is associated with an increased risk for asthma in 

humans31. Upon binding with its ligand, CSF1, the intracellular kinase domain of CSF1R 

undergoes auto-phosphorylation and activates multiple downstream pathways27. CSF1R 

inhibitors bind to the tyrosine residues of the intracellular kinase domain. Our structure-

based simulation shows that the CSF1R inhibitor, GW2580, binds two tyrosine residues 

(Y546 and Y665) (Figure E3). Further studies are necessary to delineate the effect of 

GW2580 binding to CSF1R and modulation of downstream signaling pathways associated 

with allergic airway responses.

Systemic administration of CSF1R inhibitors as anti-cancer agents has been shown to have 

excellent clinical safety and good tolerance, even in patients with advanced-staged 

malignancies16,17. Here, we examined the therapeutic efficacy and potential pulmonary 

toxicities of locally administered CSF1R inhibitor, GW2580. Our data show a decrease in 

BAL eosinophil count and serum IgE level with inhalational delivery of CDPL-GW at the 

dose of 1 ng/mouse, which is equivalent to 8,000 nanoprobe per mouse. These data indicate 

that the DCs involved in allergen sensitization are highly sensitive to blockade of the CSF1-
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CSF1R pathway. Since not only DCs but also macrophages express CSF1R, macrophage 

dysfunction related to CSF1R inhibition may lead to potential adverse effects. Although not 

being involved in antigen presentation, AMs are a first-line of defense against inhaled 

foreign particles. Here, we examined the potential pulmonary toxicities of locally 

administered CSF1R inhibitor nanoprobe. The intranasal delivery of CDPL-GW (up to 1ng/

mouse) to the airway did not increase AM cell death in terms of the number of apoptotic 

AMs. Various forms of pulmonary alveolar proteinosis (PAP) can develop because of 

impaired function of GM-CSF or its receptor (CSF2R). We examined whether CDPL-GW 

induced PAP in the mice, even though CSF1R is structurally different from the GM-CSF 

receptor and there is no known cross-reactivity between these two receptors. Our data 

showed that there was no increase in total protein or albumin concentrations in BAL fluid, 

and lung pathology showed no evidence of PAP after treatment with intranasal CDPL-GW. 

These data suggest that the sensitivity of the CSF1R receptor to CSF1R inhibition varies 

depending on the cell type. Our previous report showing variable expression of CSF1R 

among myeloid cells supports this hypothesis11. Of interest, blocking the CSF1-CSF1R 

pathway selectively inhibits Th2 memory, but Th1 and Th17 memory function remained 

intact, suggesting that immune defense against viral and bacterial infection may remain 

intact as well, although this requires further investigation. Previous reports indicate that the 

differentiation and survival of AMs heavily depends on GM-CSF and its receptor32,33, 

suggesting that CSF1R could be dispensable for macrophages in the alveolar niche. Further 

study is needed to clarify the biological function of the CSF1 receptor on alveolar 

macrophages.

In summary, our data support the efficacy of a DC centered new treatment of asthma that 

targets the CSF1-CSF1R pathway to block the process of allergen sensitization. Because 

allergen sensitization is required not only for establishing new atopic asthma, but also for 

exacerbation of allergic inflammation in already established asthma, the approach of 

blocking the sensitization process could be used as a long term maintenance therapy for the 

treatment of asthma.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CSF1 and CSF1R+cDCs are highly enriched in the BAL fluid of the chronic DRA 
model.
(A) Left: Experimental scheme for the chronic DRA-induced murine model of asthma (the 

chronic DRA model). Right: The BAL fluids were obtained at the indicated time points and 

the level of CSF1 in the BAL fluids was measured by ELISA (n=4–6 mice per group). (B) 

By using the gating strategy as depicted in Figure E1, cDC and CSF1R+cDC populations 

were measured in the BAL fluids over the course of the chronic DRA model. (C) The 

concentrations of total and DRA-reactive serum IgE were measured at the indicated time 

points. The DRA-reactive serum IgE is expressed as fold increase, compared to the steady 

state IgE level. *p<0.05, **p<0.01
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Figure 2. Depletion of AEC-derived CSF1 prevents allergen sensitization and abolishes chronic 
allergic lung inflammation.
(A) Experimental scheme for depleting AEC-derived CSF1 in the chronic DRA model using 

Scgb1a1-creERT;Csf1fl/fl (CSF1ΔAEC) mice. Tamoxifen was orally administered for 5 

consecutive days (one cycle) every 4 weeks. All samples were collected at the end of week 

11 (n=9–16 mice per group). (B-E) Tamoxifen alone has no effect on the BAL cytokines in 

the absence of DRA challenge (Tm_Veh), although lowering slightly the basal BAL CSF1 

level (Figure 2B). DRA challenge induced marked increases in BAL CSF1, IL-4 and IL-13 

(Veh_DRA), which were significantly reduced by Tm treatment (Tm_DRA) (2B & E). Total 

and DRA-reactive serum IgE concentrations were also suppressed by Tm treatment (2C). 

The DRA-reactive serum IgE are expressed as fold increase compared to that of the sham-

treated control group (Veh_Veh). The increase in total BAL cells was suppressed by Tm 

treatment and the cells were mainly comprised of macrophages and lymphocytes (2D). (F) 

Morphometric digital pathologic analysis was performed over an entire single lung field as 
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described in Methods. The color codes for the digital pathology indicate the following: 

green-inflammatory cells; yellow-area of the airway; brown-void space. The area of 

inflammation was markedly reduced by Tm treatment. The scale bars are 5 mm in middle 

and 500 μm in right panels. (G-I) Periodic acid Schiff (PAS) staining for goblet cells and 

immunofluorescence staining with anti-collagen and anti-α-smooth muscle actin antibodies 

were compared between the Tm-treated and sham-treated DRA groups. The signals were 

quantified by measurement of the signals per field. Scale bars represent 200μm. *p<0.05, 

**p<0.01.
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Figure 3. CSF1 depletion reverses established chronic allergic inflammation and airway 
remodeling, and suppresses Th2 memory responses in LNs.
(A) Experimental scheme for depleting AEC-derived CSF1 in the chronic DRA allergic 

inflammation model. Tm was administered for only one cycle, at week 6 of the chronic 

DRA model. (n=5–8 mice per group) (B) Single treatment with Tm (DRA/Tm) at week 6 

reduced the BAL CSF1 concentration. (C-F) Tm treatment in the late phase of the model 

was able to reverse the BAL lymphocytosis, increased serum IgE, chronic lung inflammation 

and goblet cell metaplasia. The scale bars in left and right of (E) and (F) are 5 mm, 500 μm 

and 200μm, respectively. (G) The cells from the LNs were isolated from each group, and 

then re-stimulated with or without DRA for 72 hours ex-vivo in culture. The cytokines in 

culture supernatants were measured. The re-stimulation with DRA increased the secretion of 

IL-4, IL-13, IL-17 and IFN-γ in the LN cultures. However, the group treated with Tm 

(DRA/Tm) showed a blunted response for IL-4 and IL-13, whereas IL-17 and IFN-γ levels 

remained unchanged. *p<0.05, **p<0.01.

Moon et al. Page 16

Allergy. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. IRF4+ CSF1R+ cells are required for allergen sensitization and Th2 memory in the 
secondary LNs.
(A) Experimental scheme for depleting CSF1R+IRF4+ antigen presenting cells in Csf1r-
creERT;Irf4fl/fl (Irf4ΔAPC) mice. Tm2 and Tm6 indicate that the Tm administration was 

started at weeks 2 and 6 of the chronic DRA model as depicted. (n=5–8 mice per group) (B) 

Depletion of CSF1R+IRF4+ in Irf4ΔAPC mice had no effect on BAL CSF1 concentration. (C-

F) However, depletion of CSF1R+IRF4+ from week 2 (Tm2) resulted in a modest decrease 

in BAL inflammatory cells, significant reduction of total and DRA-reactive serum IgE, 

marked reduction of chronic lung inflammation and goblet cell metaplasia. The Tm6 group 

showed similar trends, but was less effective than in the Tm2 group. Left and middle scale 

bars in (E) are 5 mm and 500 μm, respectively. (G) Single cell suspensions of LNs were 

isolated from each group and re-stimulated with DRA for 72 hours. The cytokines in culture 

supernatants were measured. The re-stimulation with DRA boosted the secretion of IL-4, 

IL-13 and IL-17, compared to the sham-treated control. However, the Tm treated groups 

showed a blunted response for IL-4 and IL-13 production, whereas IL-17 secretion in the 
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Tm 6 group was not affected by Tm treatment while the Tm2 group showed a mild decrease 

in IL-17 production. * p<0.05, **p<0.01
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Figure 5. CDPL-GW nanoprobe carrying CSF1R inhibitor block cDC2 migration and allergen 
sensitization.
(A) Structure of the CDPL-GW nanoprobe which carries 4 molecules of GW2580, a 

selective CSF1R inhibitor and a ZW800–1 fluorescent dye. (B-C) The experimental scheme 

to optimize the dose of CDPL-GW. The total AM count and annexin V+ AMs in BAL fluids 

were measured by flow cytometry. AMs and eosinophils in BAL fluids were identified by 

CD11c+SiglecF+, CD11c−SiglecF+ respectively. DRA challenge induced increases in BAL 

AMs and eosinophils, which was inhibited by the CDPL-GW treatment in a dose dependent 

manner. However, there was no change in the proportion of annexin V+ cells up to 1ng 

(=1000pg) of CDPL-GW /mouse which was a sufficient dose to suppress the BAL 

eosinophil recruitment and total serum IgE rise (n=4–5 mice per group). (D) Migratory DCs 

(defined by CD45+lineage−CD11c+MHCll+CCR7+) were measured in the single cell 

suspensions isolated from mediastinal LNs. The number of migratory DCs in LNs gradually 

declined as the dose of CDPL-GW inhibitor was increased via the intranasal route (n=4–5). 

* p<0.05
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Figure 6. Intranasal delivery of CDPL-GW nanoprobe abolishes chronic allergenic lung 
inflammation in the DRA model.
Mice were subjected to the chronic DRA model, and then treated with CDPL-GW (1ng/

mouse via the i.n. route, twice a week) in three different designs as depicted in Figure E8. 

CDPL-GW 3wk indicates that the treatment with CDPL-GW was started at week 3 of the 

chronic DRA model and maintained until week 8 (total of 6 weeks). CDPL-GW 5wk and 

7wk were done in a similar fashion. All of the measurements were done at week 11. (n=5–

10 mice per group) (A) Treatment with CDPL-GW markedly reduced the DRA-induced 

BAL cellular recruitment which was mainly comprised of macrophages and lymphocytes. 

(B-E) CDPL-GW treatment starting at 3 and 5 weeks of the chronic DRA model (CDPL-

GW 3wk and 5wk) effectively blocked the increases in total and DRA-reactive serum IgE, 

BAL IL-4 and IL-5, and attenuated lung inflammation and goblet cell metaplasia. However, 

the CDPL-GW 7wk group showed similar trends, but differences failed to reach statistical 

significance in terms of DRA-reactive serum IgE, lung inflammation and goblet cell 
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metaplasia. Scale bars represent 200μm. (F) Single cell suspensions of regional LNs were re-

stimulated with DRA for 72 hours. DRA re-stimulation increased the secretion of IL-4, 

IL-13 and IL-17, but CDPL-GW treatment blocked these increases. However, cytokine 

levels from cells obtained from the CDPL-GW 7wk group did not reach statistical 

significance compared to those of the sham-treated DRA group, although they showed a 

declining trend. (G) Airway resistance was measured using increasing doses of methacholine 

in the sham and CDPL-GW treated groups after DRA challenge. All of the three CDPL-GW 

treated groups had significantly lower airway resistance compared to the sham treated 

chronic DRA group.
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