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ABSTRACT
Background: Asthma affects over 355 million people globally and poses a major healthcare burden. While corticosteroids re-
main a cornerstone of treatment, their side effects highlight the need for additional therapeutic strategies. Environmental ex-
posures such as traditional farm dust have been linked to protection against asthma and allergies. This study investigated the 
therapeutic potential of farm dust extract (FDE) in a murine model of allergic asthma when administered after sensitization and 
during allergen challenge, mimicking a secondary prevention or early interventional treatment approach.
Methods: We used an ovalbumin (OVA)-induced asthma model to evaluate FDE effects on airway eosinophilia, airway hyper-
responsiveness (AHR), mucus production, and IgE levels. Mechanistic studies assessed regulatory T cells (Tregs), dendritic cell 
phenotype, epithelial barrier integrity, and cytokine signaling. Complementary experiments were performed in peripheral blood 
mononuclear cells (PBMCs) from asthmatic donors.
Results: FDE significantly reduced airway inflammation and AHR, with secondary prevention effects comparable to systemic 
dexamethasone. FDE enhanced Treg frequency and CTLA-4 expression, modulated dendritic cell MHC-II and PD-L1 expres-
sion, and promoted an immunoregulatory environment. It also restored epithelial barrier integrity and increased IL-33 release, 
supporting Treg activation. In asthmatic PBMCs, FDE increased Tregs, reduced Th2 cells, and suppressed CIITA, suggesting 
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similar immune-regulatory effects. Interactions among IL-33, amphiregulin (AREG), and Tregs highlighted a mechanism rein-
forcing immune-epithelial homeostasis.
Conclusion: FDE administered after sensitization and during allergen challenge mitigated key asthma features in mice and showed 
translational potential in human cells, supporting its development as a novel, environmentally derived immunomodulatory strategy.

1   |   Introduction

Asthma is a chronic respiratory condition resulting in a signif-
icant individual and societal burden because of patient suffer-
ing, reduced quality of life, and increased healthcare costs [1]. 
Recent research and drug development in asthma have focused 
on understanding the disease's underlying mechanisms to im-
prove treatment options.

Inhaled corticosteroids (ICS) are the cornerstone of asthma 
management and have significantly reduced asthma morbid-
ity and mortality by controlling airway inflammation, im-
proving lung function, and preventing exacerbations [2–7]. 
In contrast, systemic corticosteroids are typically reserved 
for short-term use during acute exacerbations or in severe, 
treatment-resistant cases. Despite these limitations, dexa-
methasone is commonly used in preclinical models as a repre-
sentative systemic corticosteroid due to its potency, stability, 
and well-characterized anti-inflammatory profile [2, 8]. In our 
study, dexamethasone was therefore employed as an experi-
mental reference to evaluate the relative anti-inflammatory 
efficacy of the tested intervention. Given the long-term side ef-
fects associated with systemic corticosteroids—including im-
mune suppression, osteoporosis, hypertension, and increased 
infection risk—even with short-term use, there remains a 
critical need to identify safer and more targeted therapeutic 
alternatives for asthma management [8].

Ideally, alternative medicines should target the main features 
of asthma, that are, airway inflammation, airway eosinophilia, 
airway hyperresponsiveness, and epithelial barrier disruption. 
Given that airway eosinophilia is a hallmark of eosinophilic 
asthma—a common but distinct asthma subphenotype—our ap-
proach primarily addresses this phenotype. There is very robust 
evidence that asthma and allergies can be prevented by grow-
ing up on traditional farms [9, 10]. These observational studies 
have been corroborated by experimental work confirming the 
asthma–allergy preventive effect of extracts from environmen-
tal samples collected on farms [11–15]. It remains, however, un-
clear whether such exposures also have therapeutic potential, 
which so far can only be tested experimentally.

2   |   Results

2.1   |   Exposure to Farm Dust Extracts Improves 
Airway Function and Reduces Cell Recruitment in 
OVA-Induced Experimental Asthma

Previous studies investigating the protective farm effect on 
experimental allergic asthma were initially shown in an 
OVA-induced allergic asthma mouse model [14]. To explore 
whether exposure to farm dust extract (FDE) might also serve 

as secondary prevention of asthma, which may equal an early 
therapeutic intervention, FDE was administered following sen-
sitization and during the OVA challenge phase to mimic an early 
treatment strategy and included the corticosteroid dexametha-
sone as a control (Figure 1A,B).

The Forced Oscillation Techniques (FOT) were used to assess 
total resistance of the respiratory system (RRS), Newtonian re-
sistance (resistance attributable to large airways [RN]), and tissue 
damping (resistance attributable to small airways; G). FDE sig-
nificantly reduced airway hyperresponsiveness (AHR), as indi-
cated by a marked decrease in total and small airway resistance 
(Figure 2A,B), while no significant change was observed in large 
airway resistance (Figure 2C). Notably, FDE, like dexamethasone, 
reduced AHR levels comparable to the PBS control, suggesting 
that FDE mimics the therapeutic effects of dexamethasone in this 
model. Furthermore, lung compliance (Crs) and lung elastance 
(Ers) remained unchanged, suggesting that FDE did not impair 
lung mechanics and thus did not induce mechanical stiffness 
(Figure  S1A,B). Histological analysis of H&E-stained lung sec-
tions revealed pronounced inflammatory cell infiltration in OVA-
treated mice, accompanied by epithelial thickening and airway 
wall remodeling. In contrast, mice treated with FDE or dexameth-
asone showed markedly reduced inflammatory cell infiltration 
with preserved lung architecture (Figure S5B). To ensure that re-
peated FDE administration does not promote fibrotic or COPD-like 
tissue remodeling, we examined key gene signatures associated 
with fibrosis and COPD using single-cell transcriptomic analysis 
across epithelial and immune cell populations (Figure S6A–D). We 
did not observe an upregulation of these markers in FDE-treated 
mice. These findings suggest that short-term, repeated intranasal 
FDE exposure does not elicit fibrotic or COPD-like responses at 
the molecular or tissue level.

To characterize the immune cell populations recruited to the 
airways following OVA exposure, bronchoalveolar lavage 
fluid (BALF) was collected, and cells were analyzed using 
flow cytometry. As expected, OVA exposure significantly re-
cruited macrophages, eosinophils, and T cells into the BALF 
(Figure  2D–F). Therapeutic application of FDE significantly 
reduced eosinophil and macrophage numbers following the 
OVA challenge. In turn, FDE treatment elevated the num-
ber of neutrophils in the BALF of these mice (Figure  2G). 
We performed single-cell analysis to assess the impact of 
FDE treatment on neutrophil phenotype in the lung, focus-
ing on key surface markers, including Cd11b (Itgam), Cd101, 
Cd11c, Cxcr2, and Cxcr4. A heat map revealed significant 
changes in neutrophil profiles: Cd11b and Cd101, associated 
with adhesion and activation, were reduced, while Cxcr2  
and Cxcr4, involved in neutrophil trafficking, were up-
regulated (Figure  S4A). It is important to note that in the 
single-cell experiments, descriptive such as “higher” and 
“lower” refer to observed expression trends and do not reflect 
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3Allergy, 2025

statistical significance; this interpretation applies throughout 
the manuscript.

2.2   |   FDE Exposure Reduces Inflammatory 
Eosinophil Numbers and Suppresses Lung IL-5 
and IL-13 Levels

Pulmonary eosinophils consist of two distinct populations—
resident eosinophils (rEOS) and inflammatory eosinophils 
(iEOS)—with iEOS being recruited during pulmonary inflam-
mation and playing a key role in allergic responses [16, 17]. 
We identified a population of SiglecF+CD125intCD101lo as 
rEOS in lung tissue and iEOS as SiglecF+CD125intCD101hi 
(Figure  3A). OVA exposure resulted in the accumulation of 
iEOS (Figure  3B). Additionally, we observed that FDE sig-
nificantly reduced OVA-induced inflammatory eosinophils 
(Figure  3B), but not rEOS (Figure  3C), suggesting that FDE 
attenuates allergic inflammation by targeting eosinophilic 
inflammation.

FDE significantly reduced levels of key cytokines involved in the 
pathogenesis of allergic asthma such as IL-4, IL-5, and IL-13 in 
BALF and IL-4 and IL-5 in serum, which are critical for eosino-
phil recruitment and type 2 inflammation [18, 19]. FDE also re-
duced IL-6 levels in serum, compared to OVA-treated controls, 
and these effects were comparable to dexamethasone treatment 
(Figure  3D–J). Notably, IL-10, IL-9, and IL-17F were below 
detection limits in both BALF and serum samples, indicating 
limited involvement in the observed inflammatory response. 
While IL-17A and TNF-α levels remained stable in serum, an 

increase in IL-17A in BALF following FDE treatment was found 
(Figure S2).

IgE is a central mediator of allergic inflammation and plays a 
key role in eosinophil activation through Th2 cytokines [20, 21]. 
Supporting this notion, both total and OVA-specific IgE levels 
were significantly reduced in FDE-treated mice compared to 
OVA-treated controls (Figure 3K,L).

To complement the findings in human samples, we evaluated 
Th2 cells via flow cytometry following in  vitro treatment of 
PBMCs from adult asthmatic donors with FDE. The results 
showed a reduction in the percentage of IL-4+ (Th2) cells with 
repeated FDE stimulation. This reduction was not seen after 
LPS stimulation, indicating that the effect is not LPS-dependent. 
Notably, Th2 cell frequencies in the FDE 4× condition ap-
proached the levels observed in healthy donors. These findings 
suggest that FDE may specifically modulate Th2-associated re-
sponses in human PBMCs and are consistent with the IL-4 re-
ductions observed in mouse serum and BAL fluid (Figure 3M).

2.3   |   FDE Enhances AREG Expression 
and Reduces MHC Class II in Epithelial Cells

Single-cell analysis of lung tissue revealed that FDE treatment 
notably altered the composition of epithelial cell populations, 
with a visible reduction in the proportion of AT2 cells compared 
to PBS (Figure S3A,B). To investigate the immune modulation 
induced by FDE, we examined key signaling pathways in alve-
olar type 2 (AT2) epithelial cells by single-cell analysis, which 

FIGURE 1    |    Experimental ovalbumin (OVA)-driven allergic asthma model. (A) Briefly, mice were immunized by intraperitoneal (i.p.) injection 
with OVA-Alum (50 μg/1 mg) on days 0, 7, and 14, challenged intranasally (i.n.) with 100 μg OVA (in 25 μL PBS) on days 26, 27, and 28. FDE. As a 
control, mice were sensitized with PBS on days 0, 7, and 14, and were intranasally administered 32 mg/mL (in 25 μL PBS) on days 16, 19, 21, 23, 26, 27, 
and 28. The mice were sacrificed, and organs were harvested 24 h after the last administration for single-cell analysis. (B) Experimental OVA-driven 
allergic asthma treatment model. In this model, in addition to the protocol in this figure, dexamethasone (0.5 mg/kg) was administered intraperitone-
ally on days 16, 19, 21, 23, 26, 27, and 28. Airway hyperresponsiveness (AHR) was measured, and tissue samples were collected for further analysis.
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4 Allergy, 2025

FIGURE 2    |     Legend on next page.
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5Allergy, 2025

are pivotal in mediating lung immune responses. FDE treat-
ment normalized the expression of the IL-4 and IL-13 receptors, 
Il-13ra1 and Il-4rα, in OVA-challenged animals, reducing type 
2 immune responses, while increasing the expression of the 
anti-inflammatory cytokine IL-10 (Figure  4A). These changes 
suggest that FDE mitigates allergic inflammation already at the 
epithelial level. The Cdc42pba gene, associated with tissue heal-
ing and epithelial stability, maintained expression levels similar 
to PBS in FDE-exposed AT2 cells, while it was downregulated 
in OVA-challenged animals (Figure  4B). This downregulation 
corresponded to a reduction in the expression of keratins (Krt18, 
Krt23, Krt7) after FDE treatment. Additionally, FDE exposure 
increased the expression of Timp3, a regulator of matrix metal-
loproteinases involved in tissue remodeling and repair [22] 
(Figure 4B).

Although Major Histocompatibility Complex (MHC) II mol-
ecules are traditionally associated with professional antigen-
presenting cells like dendritic cells and macrophages, airway 
epithelial cells can also express MHC-II, particularly in in-
flammatory conditions like asthma [23, 24]. FDE treatment 
resulted in a decrease in the mRNA levels of MHC-II genes 
(H2ab1 and H2eb1) in AT2 epithelial cells, indicating potential 
reduced antigen presentation capabilities; however, this ob-
servation is based solely on transcriptional data and requires 
protein-level and functional validation (Figure  S4B). While 
Muc5b expression in goblet cells remained unchanged, Muc5ac 
expression in club cells was markedly reduced following FDE 
exposure (Figure S4C,D). This was further supported by PAS 
staining, which revealed a reduction in the PAS-positive area 
in FDE-treated mice compared to OVA-treated controls, with 
this reduction being comparable to dexamethasone treatment 
(Figure S5A). These findings suggest that FDE not only mod-
ulates immune responses by downregulating Mhc-II but also 
reduces mucus production in club cells and overall airway 
mucin content.

Building on this understanding, we investigated immuno-
regulatory pathways influenced by epithelial cells, including 
Amphiregulin (AREG), which is known to support immune 
tolerance and tissue repair. Among the epithelial cell types 
analyzed, AREG expression was detected solely in club cells 
and was upregulated following FDE treatment (Figure 4C). To 
model this response in  vitro, we used 16HBE cells as a sur-
rogate for club cells and similarly observed increased AREG 
expression after FDE stimulation. Using the 16HBE cell line, 
we conducted a starvation assay by depriving cells of serum 
(absence of FBS) to induce stress and disrupt the epithelial 
barrier, revealing a significant upregulation of AREG mRNA 
levels in FDE-treated cells compared to untreated controls, 

suggesting a potential role for AREG in tissue repair under 
these conditions (Figure 4D). To assess the impact of FDE on 
epithelial barrier integrity, we measured transepithelial elec-
trical resistance (TEER) in primary human bronchial epithe-
lial cells derived from three independent donors. Treatment 
with FDE over 35 days of differentiation at ALI resulted in in-
creased TEER values compared to control conditions (p = 0.04, 
paired one-sided t-test), indicating enhanced barrier function 
(Figure 4E).

We investigated epithelial mediators, including IL-25, TSLP, 
and IL-33, following FDE treatment and found that only IL-33 
showed a significant increase in expression (Figure 4A). As IL-
33 is known to promote AREG release and influence regulatory 
T cell (Treg) activation [25, 26] the observed upregulation of IL-
33 suggests that FDE may impact immune pathways involved in 
epithelial stability and immune regulation.

2.4   |   FDE Exposure Modulates the Immune 
Response by Regulating CTLA-4 Expression on 
Treg Cells

Tregs act as key regulators of inflammation by suppressing the 
pathways that lead to immune cell activation, recruitment, and 
survival. They achieve this through cytokine modulation, check-
point inhibition, and indirect effects on tissue repair [27–29]. In 
our study, the percentage and number of pulmonary Treg cells 
were significantly elevated in FDE-treated animals compared to 
both PBS and OVA-induced mice. Interestingly, this increase in 
Treg cells was not observed in the dexamethasone-treated group 
(Figure 5A,B).

To complement our murine findings in human samples, iso-
lated PBMCs derived from patients with asthma were treated 
in vitro with varying doses of FDE following T cell activation. 
The result demonstrated that FDE treatment significantly in-
creased the proportion of Treg cells in a dose-dependent manner 
(Figure 5C). In contrast to unstimulated PBMCs from asthmatic 
donors, which showed low frequencies of Tregs, healthy donor 
PBMCs exhibited higher baseline levels of Tregs, indicating a 
more balanced immune profile. To rule out the contribution of 
endotoxin (LPS) to the observed immunomodulatory effects of 
FDE, we treated PBMCs with 0.5 ng/mL of purified LPS—the 
concentration present in 100 μg/mL of FDE. This treatment did 
not alter Treg cell numbers, indicating that the FDE-induced 
expansion of Tregs occurs independently of its LPS content 
(Figure  5C). To investigate the mechanism behind the Treg 
increase, we measured Ki67 expression in Tregs from healthy 
donors. FDE treatment elevated the proportion of Ki67+ Tregs, 

FIGURE 2    |    FDE orchestrates airway hyperresponsiveness and immune cells. AHR determined after i.n, PBS- (dashed white), OVA-challenged 
(dashed red), and FDE treatment (dashed purple), or i.p. dexamethasone treatment (dashed blue). AHR was measured as airway resistance in re-
sponse to methacholine exposure. (A) Total airway resistance (Rrs), (B) small airway resistance (G), (C) large airway resistance (Rn) values shown 
are the mean ± SEM; n = 6–15 per group. Data were analyzed using two-way ANOVA followed by a Bonferroni post hoc test. * shows significant dif-
ferences between OVA- and FDE-treated groups, **p < 0.01, ***p < 0.001, ****p < 0.0001, (D) quantification of eosinophil numbers in bronchoalveolar, 
(E) quantification of alveolar macrophage number (AMs) in BALF, (F) quantification of neutrophil number in BALF, (G) quantification of T cells 
number in BALF, fluid (BALF) (PBS—white bar), OVA-challenged (red bar), and FDE (purple bar), or i.p. dexamethasone treatment (blue bar). Data 
were analyzed by ANOVA followed by Tukey's post hoc test.
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FIGURE 3    |     Legend on next page.
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indicating that enhanced proliferation contributes to their ex-
pansion (Figure 5D).

Treg cells constitutively express CTLA-4, which blocks the 
priming and activation of naïve CD4+ T (Tconv) cells to 
antigen-presenting cells (APC)s [30]. We assessed CTLA-4 
expression in pulmonary Treg cells using flow cytometry. 
Interestingly, we observed a significant upregulation of 
CTLA-4 in FDE-treated mice compared to both the PBS con-
trol and OVA-induced mice (Figure 5E). Notably, dexameth-
asone treatment led to an even higher increase in CTLA-4 
expression, despite no significant change in the number of 
Treg cells. Similarly, in human asthmatic PBMCs, repeated 
FDE stimulation resulted in increased CTLA-4 expression in 
Treg cells (Figure 5F).

Treg-mediated suppression involves cell contact-dependent 
and humoral mechanisms, utilizing CTLA-4, IL-10, TGF-β, 
IL-12α, and IL-22 [26]. We therefore assessed the humoral 
properties of murine Treg cells using single-cell analysis. Data 
revealed that only TGF-β significantly increased in Tregs in 
FDE-treated animals in comparison to the OVA-induced 
group (Figure 5G).

A heat map of gene expression profiles from single-cell analy-
sis revealed significant upregulation of Foxp3 and Il-2rα (CD25) 
in FDE-treated mice (Figure  5H). These markers are critical 
for Treg cell development, survival, and function [26, 31]. This 
regulatory enhancement is complemented by the observed up-
regulation of Sell (CD62L gene) (Figure  5H), a marker linked 
to naive and central memory T cells, and a key contributor to 
Treg homing [32, 33]. Importantly, CD62L + Tregs have been 
shown to exhibit superior suppressive capabilities, which may 
be attributed, in part, to their ability to sustain higher levels of 
CTLA-4 [28]. Conversely, the downregulation of Cd44 (CD44 
gene), a marker typically associated with activation and effec-
tor function, further supports a shift toward a more regulated 
immune phenotype (Figure  5G). Moreover, single-cell anal-
ysis revealed enhanced cell–cell communication involving 
antigen-presenting cells—macrophages and dendritic cells 
(DCs)—and regulatory T cells (Tregs) following FDE exposure 

(Figure  S3E,F), suggesting increased potential interactions 
among these immune populations.

2.5   |   FDE Treatment Downregulates DC Function

To directly evaluate whether FDE acts as an APC inhibitor, we 
identified and analyzed the DC population using flow cytometry 
(Figure S3C,D).

To explore the mechanisms behind the increased accumulation 
of CTLA-4-expressing Treg cells in the lungs of FDE-treated an-
imals compared to OVA-induced mice, we assessed the homing 
of different dendritic cell (DC) subsets to the lung. DCs were 
identified based on surface marker expression (Figure  S1C). 
OVA challenge significantly increased the number of 
CD11b + conventional dendritic cells (cDCs). In contrast, expo-
sure to FDE caused a slight increase in both CD11b + cDCs and 
monocyte-derived dendritic cells (moDCs), while the numbers of 
CD103 + cDCs remained unchanged (Figure 6A). Interestingly, 
while FDE did not affect the total number of CD103 + cDCs, 
it did increase CD103 expression within the DC population 
(Figure S1D). Although FDE slightly elevated CD11b + cDCs and 
moDCs, DCs from FDE-treated mice exhibited lower MHC-II 
expression compared to the OVA-induced group (Figure 6B). By 
downregulating MHC-II expression, FDE might limit the ability 
of DCs to activate naïve CD4 + T cells, thereby reducing overall 
T cell activation and inflammatory responses. This creates a less 
stimulatory environment, preventing the excessive activation of 
pro-inflammatory Th2 cells commonly seen in allergic asthma. 
Similarly, dexamethasone treatment reduced MHC-II expres-
sion on DC populations without increasing the overall number 
of DCs (Figure 6B).

Moreover, we generated a heat map based on the gene ex-
pression profiles of key antigen presentation markers on DCs. 
The data confirmed that FDE-treated mice downregulated 
the MHC-I associated genes, including H2-k1 and H2-d1, in 
comparison to OVA-induced mice. Class II transactivator 
(CIITA), a key transcriptional regulator of MHC-II expression, 
appeared modestly reduced in FDE-treated mice based on the 

FIGURE 3    |    FDE diminishes inflammatory eosinophil counts and downregulates IL-5 and IL-13 levels in the lungs. (A) Contour plots of lung cells 
from PBS (upper left panel), OVA (upper right panel), FDE (lower left panel), and Dexamethasone (lower right panel) treated mice. SiglecF and CD125 
were used to discriminate eosinophils from other lung cells. iEOS were identified by expression of CD101 and CD11c while rEOS stained negative for 
these markers. Alveolar macrophages expressed elevated levels of CD11c. (B) Quantification of pulmonary iEOS numbers, (C) quantification of pul-
monary rEOS numbers upon PBS- (white bar), OVA-challenged (red bar), and Farm dust exposed (FDE) (purple bar), or i.p. dexamethasone treatment 
(blue bar). Data shown are the mean ± SEM; n = 6–12. Data were analyzed by ANOVA followed by a Tukey test; *p < 0.05, **p < 0.01, ***p < 0.001. (D) 
Serum level of cytokine IL-6 (pg/mL), (E) serum level of IL-5 (pg/mL), (F) Serum level of IL-4 (pg/mL), (G) serum level of IL-13, (H) BALF level of 
IL-5 (pg/mL), (I) BALF level of IL-4 (pg/mL), (J) BALF number of IL-13 (pg/mL), (K) Ig-E concentration in serum (pg/ml), upon PBS- (white bar), 
OVA-challenged (red bar), and farm dust exposure (FDE) (purple bar), or i.p. dexamethasone treatment (blue bar). Values shown are the mean con-
centration of Ig-E ± SEM measured by ELISA. Data were analyzed by ANOVA followed by Tukey's test; *p < 0.05. Values are the mean ± SEM from 
n = 4–13 isolations. (L) OVA-specific Ig-E concentration in serum (pg/mL), upon PBS- (white bar), OVA-challenged (red bar), and FDE (purple bar), 
or i.p. dexamethasone treatment (blue bar). Values shown are the mean concentration of Ig-E ± SEM measured by ELISA. Data were analyzed by 
ANOVA followed by Tukey's test; *p < 0.05. Values are the mean ± SEM from n = 3–6 isolations. (M) Percentage of Th2 (IL-4+CD4+) cells in asthmat-
ic PBMCs under various stimulation conditions. Conditions include unstimulated cells (blue bar), cells stimulated with farm dust extract (FDE) once 
(red), twice (orange), three times (purple), or four times (green) at 24-h intervals, and cells stimulated three times with LPS (gray). As a comparison, 
Th2 cell percentages in healthy donor PBMCs are shown (black bar). Data are presented as mean ± SEM; n = 2–4. Statistical analysis was performed 
using one-way ANOVA followed by Tukey's multiple comparisons test; *p < 0.05.
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8 Allergy, 2025

FIGURE 4    |     Legend on next page.
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9Allergy, 2025

single-cell heatmap; however, this reflects a trend rather than 
a definitive downregulation. Similarly, some of the MHC-II 
genes, not all, (H2-aa, H2-ab1, H2-ea-ps, H2-eb1, and H2-
eb2), were downregulated after FDE treatment. In turn, H2-
DMa and H2-DMb1 were upregulated in FDE-treated animals 
(Figure 6C). This pattern of gene expression suggests that FDE 
treatment may lead to selective modulation of antigen presen-
tation capabilities in dendritic cells. However, the upregula-
tion of H2-dma and H2-dmb1, which participate in MHC-II 
antigen processing, suggests that FDE treatment might still 
allow for some level of antigen presentation, in a manner that 
supports immune tolerance rather than activation. This selec-
tive modulation might be a mechanism by which FDE treat-
ment reduces the severity of allergic responses in the lung. We 
assessed the gene expression profile on other cell types, in-
cluding macrophages and T cells, and observed that this mod-
ulation was specific for DCs (Figure S4E,F).

To complement our murine findings in humans, isolated PBMCs 
from asthma patients were treated in vitro with an increasing 
treatment cycle of FDE, followed by measurement of CIITA 
mRNA expression. FDE treatment resulted in greater downreg-
ulation of CIITA than unstimulated (Figure 6D).

To investigate whether the immune-regulatory effects ob-
served in antigen-presenting cells extended to pathways, we 
measured the PD-L1 expression on murine DCs by flow cy-
tometry. PD-L1 is known to interact with PD-1 on T cells, 
leading to the inhibition of T cell activation and the promotion 
of immune tolerance [34, 35]. PD-L1 expression on DCs de-
creased in OVA-induced mice, which is typically associated 
with a reduced inhibitory signal that could lead to height-
ened T-cell activation and allergic inflammation (Figure 6E). 
However, after FDE treatment, this decrease in PD-L1 was 
reversed, bringing the levels back to those observed in PBS-
treated control mice (Figure 6E).

2.6   |   FDE Treatment Promotes the Secretion 
of Macrophage-Derived Cytokines and Chemokines

First, we assessed the impact of farm dust extract on alve-
olar macrophages (AM) and interstitial macrophages (IM). 
Interestingly, FDE treatment did not result in any signifi-
cant changes in the number of these macrophage populations 
(Figure S4G,H).

The recruitment of Treg cells to sites of inflammation is driven 
by cytokines, including IL2 and TGF-β, and chemokines, 

including CCL9 (Macrophage Inflammatory Protein-1γ), CCL6 
(Macrophage Inflammatory Protein-1α or MIP-1α), and CCL2 
(Monocyte Chemoattractant Protein-1 or MCP-1), which act as 
chemoattractants [36].

To determine if macrophages release chemoattractants follow-
ing FDE treatment, we used single-cell analysis. Data revealed 
that genes associated with the recruitment of Treg cells, includ-
ing Il2, Tgf-β, Ccl9, Ccl6, and Ccl2, were upregulated in macro-
phages of FDE-treated mice in comparison to OVA-challenged 
mice (Figure 6F). This observation aligns with the higher num-
ber of Treg cells observed in the lungs of FDE-treated mice.

Transcriptomic profiling of TGF-β1–associated genes revealed 
differential expression patterns in FDE-treated samples, sug-
gesting that FDE may influence TGF-β1–related immune signal-
ing pathways. These gene expression changes suggest that FDE 
modulates components of the TGFB1 signaling pathway; how-
ever, the functional implications of this modulation remain to 
be determined. While some gene sets have been associated with 
asthma symptom severity in prior studies, our findings are ex-
ploratory and do not support causal conclusions [29] (Figure S7).

3   |   Discussion

This study demonstrates that FDE effectively reduces hallmark 
asthma features, including airway eosinophilia, small and total 
airway hyperresponsiveness (AHR), mucus secretion, airway 
inflammation, and IgE production in OVA-sensitized mice. 
Notably, FDE treatment enhanced epithelial barrier integrity, 
as evidenced by increased TEER and upregulation of AREG 
expression, indicating a potential barrier-stabilizing effect. In 
line, FDE modulated the airway epithelium by promoting IL-33 
and IL-10 release, which may support Treg-mediated immune 
regulation, likely driven by the diverse microbial components of 
the extract. We did not perform a control experiment to exclude 
the contribution of LPS. However, literature shows that LPS 
alone primarily induces pro-inflammatory cytokines like IL-6 
and IL-8 in AT2-like cells, while IL-33 induction typically re-
quires additional stimuli such as allergens or mechanical stress 
[23, 37, 38]. This supports the notion that the effects observed 
with farm dust extract may be distinct from those of LPS alone.

IL-33 and AREG are mediators with context-dependent 
roles—while IL-33 is widely recognized for promoting type 
2 inflammation and is a therapeutic target in asthma, it can 
also support tissue repair and enhance Treg function under 
certain conditions. Similarly, AREG has been implicated in 

FIGURE 4    |    FDE enhances AREG expression while downregulating MHC Class II in epithelial cells. (A) Heat map analysis in the AT2 popu-
lation based on the scaled gene expression profiles of key cytokines and their receptors. (B) Heat map analysis in the AT2 population based on the 
scaled gene expression profiles of key tissue remodeling and repair. (C) Heat map analysis of Areg in club cells. (D) 16HBE14o Cells were isolated 
upon starvation, treated once or twice at 24-h intervals with FDE, and analyzed for RNA content. Data show an abundance of Areg. Values shown 
are the mean ± SEM from n = 3–6 isolations. Data show an abundance of mRNA reported to ß-Actin. Statistical significance was assessed using a 
t-test *p < 0.05. (E) Transepithelial electrical resistance (TEER) was measured in primary human bronchial epithelial cells (HBECs) derived from 
three independent donors to assess epithelial barrier integrity following treatment from day 0 to day 35 of differentiation at ALI with FDE. Each dot 
represents one technical replicate (color-coded by donor), with horizontal lines indicating the associated mean value. Statistical significance and p-
value were derived using a paired one-sided t-test over the n = 3 mean donor values.
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10 Allergy, 2025

FIGURE 5    |     Legend on next page.
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11Allergy, 2025

both inflammatory and regulatory processes [39, 40]. In our 
study, their expression appears to be associated with epithelial 
barrier stabilization and regulatory immune responses, rather 
than promoting tissue remodeling [41, 42]. Importantly, IL-33 
biology differs between mice and humans. In mice, IL-33 is 
mainly expressed by AT2 cells, whereas in humans, it is found 
in a broader range of cells, including epithelial and endothelial 
cells [43, 44].

On the other hand, FDE treatment was accompanied by an 
increase in neutrophils and IL-17 in the BALF, raising im-
portant considerations regarding the underlying mechanisms 
and potential implications. However, the phenotypic charac-
teristics of the neutrophils observed in this study—such as 
reduced CD11b (Itgam) expression—align with findings from 
Stein et  al. regarding neutrophil phenotypes in the Amish 
population with a significantly lower prevalence of asthma 
[12] (Figure S4A). Additionally, the expression of CD101 may 
indicate a shift toward a less activated phenotype [45–48] 
with dampened inflammatory capacity of neutrophils in the 
airways following FDE exposure. Furthermore, the increased 
expression of CXCR2 and CXCR4 on neutrophils suggests en-
hanced responsiveness to chemokines that mediate neutro-
phil trafficking, which could contribute to the accumulation 
of neutrophils in the airways. Alternatively, these neutrophils 
might reflect low-grade inflammation after frequent applica-
tions of FDE.

FDE treatment significantly reduced small and total airway re-
sistance but not large airway resistance, highlighting its targeted 
effects on the distal airways. Small airways are more prone to 
obstruction due to their smaller caliber and greater sensitivity to 
inflammation [49, 50].

FDE stabilizes the epithelial barrier by decreasing antigen pre-
sentation and selectively reducing Muc5ac expression, a marker 
of mucus overproduction while preserving Muc5b expression, 
which is essential for effective mucus clearance. While corti-
costeroids like dexamethasone remain a cornerstone of asthma 
treatment due to their anti-inflammatory properties, their effects 
on specific pathways are limited. Notably, dexamethasone does 
not fully prevent IL-17A-induced epithelial barrier disruption, 

goblet cell metaplasia, or mucus overproduction, highlighting 
gaps in its therapeutic scope [51, 52].

In our mouse single-cell RNA-seq dataset, AREG expression 
was specifically increased in club cells. Based on this obser-
vation, we employed the human bronchial epithelial cell line 
16HBE as an in vitro model to assess whether FDE modulates 
epithelial repair-associated responses in the bronchial compart-
ment. FDE treatment resulted in elevated AREG mRNA expres-
sion in 16HBE cells, accompanied by a corresponding increase 
in TEER, indicating improved epithelial barrier function. While 
these results indicate a potential pro-repair effect of FDE, we 
acknowledge that direct evidence linking AREG to barrier res-
toration is lacking. Future studies using targeted AREG knock-
down will be crucial in establishing its mechanistic role in 
mediating the observed effects.

Previous studies have demonstrated that AREG enhances Treg 
suppressive function, which is crucial for controlling local in-
flammation [25, 31]. These findings prompted further investi-
gation into potential mediators, which revealed an associated 
increase in IL-33 levels. IL-33, an epithelial alarmin, promotes 
AREG release and enhances Treg activation [25, 26, 31, 40, 53]. 
Upon activation, CD4+ Treg cells then migrate to the site of in-
flammation, where exposure to AREG enhances their suppres-
sive abilities [54]. Interestingly, among other epithelial alarmins 
evaluated, including IL-25 and TSLP, only IL-33 showed in-
creased expression following FDE treatment. The interplay 
among IL-33, AREG, and Tregs suggests that FDE mitigates al-
lergic inflammation not only by stabilizing epithelial function 
but also by enhancing Treg-mediated immune regulation.

In the context of asthma and allergic diseases, epithelial 
MHC-II expression can activate T-helper cells, promoting the 
release of cytokines such as IL-4, IL-5, and IL-13, which drive 
eosinophilic inflammation and mucus overproduction—hall-
mark features of allergic asthma [55]. Our findings suggest 
that FDE exposure has a comparable effect to dexamethasone 
in downregulating MHC-II expression in a murine model 
of asthma. While dexamethasone is known to upregulate 
FOXP3 expression and enhance regulatory T cell (Treg) num-
bers in some asthma patients [56], our results did not show 

FIGURE 5    |    FDE attenuates the immune response by upregulating CTLA-4 expression on regulatory T cells (Tregs). (A) Contour plots of lung 
cells from PBS, OVA, FDE, and Dexamethasone-treated mice. CD3 and CD4 were used to discriminate T-cells from other lung cells. Treg was 
identified by the expression of CD25 and Foxp3 double-positive cells. (B) Quantification of pulmonary Treg numbers upon PBS- (white bar), OVA-
challenged (red bar), and FDE (purple bar), and Dexamethasone-treated mice (blue bar). Data shown are the mean ± SEM; n = 3–6. Data were ana-
lyzed by ANOVA followed by a Tukey test; **p < 0.01. (C) Percentage of Treg cells in PBMCs isolated from asthmatic donor upon stimulation with 
PBS- (white bar), and different concentrations of Farm dust extract (FDE) (purple bars) 500 ng/mL, 50 μg/mL, 5 μg/mL, 100 μg/mL of farm dust ex-
tract or 0.5 ng/mL LPS for 24 h (gray bar). Treg cell percentages from unstimulated healthy donor PBMCs are shown for comparison (black bar). Data 
shown are the mean ± SEM; n = 2–3. Data were analyzed by ANOVA followed by a Tukey test; *p < 0.05, **p < 0.01. (D) Human PBMCs from healthy 
donors were stimulated once with 100 μg/mL FDE. Ki-67 expression in Treg cells was measured by flow cytometry to assess proliferation. Data rep-
resent mean ± SEM from n = 4 donors. p < 0.05, one-way ANOVA with Tukey's post hoc test. (E) Median fluorescence intensity (MFI) of CTLA-4 on 
Treg cells upon PBS- (white bar), OVA-challenged (red bar), and FDE (purple bar), and Dexamethasone-treated mice (blue bar). Data shown are the 
mean ± SEM; n = 3–6. Data were analyzed by ANOVA followed by a Tukey test; *p < 0.05, ****p < 0.0001. (F) MFI of CTLA-4 expression on Treg cells, 
asthmatic PBMCs (unstimulated) or 1 time stimulated (red), 2 times stimulated (orange), 3 times stimulated purple, and 4 times stimulated (green) 
with FDE at 24-h intervals. Data shown are the mean ± SEM; n = 2. Data were analyzed by ANOVA followed by a Tukey test; *p < 0.05. (G) Heat map 
analysis in Treg cells based on scaled gene expression profiles of key immunological markers. (H) Heat map analysis in the T cell population based 
on the scaled gene expression profiles of key immunological markers.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70121 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [23/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 Allergy, 2025

FIGURE 6    |     Legend on next page.
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13Allergy, 2025

a significant increase in Treg cells in dexamethasone-treated 
mice compared to OVA-challenged controls. Interestingly, 
several immunoregulatory genes, including Tgfb1, Foxp3, 
and Il2ra (CD25), were already upregulated in OVA-induced 
mice compared to PBS controls and were further enhanced 
upon FDE treatment. This may suggest that FDE may amplify 
regulatory pathways that are endogenously activated during 
allergic inflammation, potentially contributing to its anti-
inflammatory effect by boosting Treg-associated responses 
in an already inflamed environment. In addition, both FDE-
exposed and dexamethasone-treated mice showed increased 
expression of CTLA-4 in Treg cells. This indicates that FDE 
not only promotes Treg expansion but also boosts their capac-
ity to suppress effector T cell activation [30, 57]. This aligns 
with the observed decrease in antigen presentation by MHC-II 
in dendritic cells, supporting a shift toward a more tolerogenic 
immune environment.

The downregulation of CIITA in human PBMCs supports this 
mechanism. In addition to reducing antigen presentation, FDE 
treatment restored PD-L1 expression on DCs to levels compara-
ble to PBS controls, counteracting the reduction observed with 
OVA treatment. In contrast, dexamethasone has been shown to 
suppress inflammatory responses but does not restore PD-L1 ex-
pression to baseline levels, highlighting a key difference in the 
immunomodulatory effects of FDE [52, 58]. The elevation of PD-
L1 expression in DCs suggests that FDE not only reduces their 
capacity to present antigens but also enhances their ability to 
engage in immunosuppressive mechanisms.

Notably, we did not detect the presence of dexamethasone or 
other corticosteroids in the FDE extract, ruling out the possibil-
ity that FDE's effects are due to contamination with exogenous 
steroids (Table S1). Unlike dexamethasone, which is known to 
skew the immune response by downregulating Th1 cytokines, 
in some cases even promoting Th2 [4], FDE treatment led to a 
dampening of Th2 responses without a corresponding shift in 
Th1 activity [12, 59], as evidenced by the lack of changes in tumor 
necrosis factor-alpha (TNF-α) levels and undetectable levels in 
interferon-gamma (IFN-γ) in BALF. This selective suppression 
of Th2 cells, without altering Th1 pathways, highlights a distinct 
advantage of FDE. By providing targeted anti-inflammatory ef-
fects while avoiding the broad immunosuppression commonly 
associated with corticosteroid treatments, FDE demonstrates 
its potential as a more specific therapeutic option for managing 
allergic inflammation. This approach could offer an alternative 

for patients who do not respond to corticosteroids or experience 
significant side effects. However, repeated inhalation of unpro-
cessed environmental dusts carries potential risks, including 
airway irritation, inflammation, or unintended immune activa-
tion, particularly in vulnerable populations. Therefore, further 
investigation is needed to identify the active compounds in FDE 
and assess its potential side effects to ensure its safety and effi-
cacy as a therapeutic option.

BV-OM85 is composed of inactivated bacterial components and 
is known to enhance immune regulation and dampen airway in-
flammation through the expansion of Tregs along with CTLA4 
and suppression of DC responses in the airways following al-
lergen challenge [60, 61]. BV-OM85 mediates anti-inflammatory 
effects via IL-10, while FDE does not alter IL-10 levels in BALF 
or serum. This may stem from their composition differences—
BV-OM85, derived from Gram-positive and Gram-negative bac-
teria, contains LPS, which induces IL-10 via TLR4, whereas 
FDE is an autoclaved extract from a microbe-rich environment 
like cow shed dust [11, 62, 63]. In addition, BV-OM85 promotes 
immune tolerance in asthma by increasing the number of tolero-
genic CD103+cDCs [61]. In contrast, our findings indicate that 
FDE does not increase the number of CD103+ DCs in the air-
ways. Despite this, FDE-treated mice exhibited higher surface 
expression of CD103 on existing DCs, suggesting that while the 
quantity of these cells remains unchanged, their functional ca-
pacity may be enhanced.

Our study used a secondary preventive model, a common ap-
proach in preclinical asthma research. Several asthma therapies, 
including inhaled corticosteroids and biologics targeting IL-5, 
IL-4R, or IL-33, have been tested in similar models to assess 
their ability to modulate airway inflammation [64–66]. While 
this does not reflect treatment of established disease, it provides 
early insight into therapeutic potential. A limitation of our study 
is the small number of allergic asthma donors of PBMC samples, 
which, despite showing consistent trends, may not capture the 
full spectrum of asthma phenotypes. Future studies should in-
clude larger cohorts to validate and extend these findings.

Collectively, these findings indicate that FDE modulates both 
structural and immune components of asthma, promoting 
epithelial repair and immune tolerance while suppressing 
inflammatory pathways. The validation of these effects in 
human PBMCs from asthmatic donors highlights the trans-
lational relevance of the data. Future studies should focus on 

FIGURE 6    |    FDE impairs dendritic cell function. (A) Quantification of pulmonary left to right CD103 + cDC, CD11b + cDC, and moDC numbers 
upon PBS- (white bar), OVA-challenged (red bar), and FDE (purple bar), Dexamethasone-treated mice (blue bar). Data shown are the mean ± SEM; 
n = 3–6. Data were analyzed by ANOVA followed by a Tukey test; *p < 0.05 ***p < 0.001. (B) MFI of MHC-II at the surface of DC cells upon PBS- 
(white bar), OVA-challenged (red bar), and FDE (purple bar), Dexamethasone-treated mice (blue bar). Data show ΔMFI ± SEM; n = 3–6. Data were 
analyzed by ANOVA followed by a Tukey test; **p < 0.01, ****p < 0.0001. (C) Heat map analysis in DC cells based on gene expression profiles of key 
MHC-I and MHC-II genes. (D) Cells were isolated from asthmatic donors, unstimulated or 1 time stimulated (red), 2 times stimulated (orange), 3 
times stimulated purple, and 4 times stimulated (green) with FDE at 24-h intervals and analyzed for RNA content. Data show an abundance of 
CIITA. Values shown are the mean ± SEM from n = 4 isolations. Data show an abundance of mRNA reported to ß-Actin. Statistical significance was 
assessed using a t-test *p < 0.05. (E) Expression of PDL-1 at the surface of DC cells upon PBS- (white bar), OVA-challenged (red bar), and FDE (purple 
bar). Data show ΔMFI ± SEM; n = 3–6. Data were analyzed by ANOVA followed by a Tukey test; ***p < 0.001, ****p < 0.0001. (F) FDE may modulate 
Treg cell recruitment by enhancing the secretion of macrophage-derived cytokines and chemokines. Heat map analysis in the macrophage popula-
tion based on the scaled gene expression profiles of key immunological markers.
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14 Allergy, 2025

identifying the active principles within FDE to develop novel 
non-steroidal therapies targeting the multifaceted pathogene-
sis of asthma.

4   |   Methods

4.1   |   Mice

WT female Balb/c mice were purchased from Charles River 
Germany. All mice were maintained at the Helmholtz Zentrum 
München specific pathogen-free facility and were regularly 
fed with sufficient water and food. Mice used for experiments 
were 8–12 weeks of age. Animal care was carried out in accor-
dance with the regulations of the German animal welfare law. 
This study was reviewed and approved by the Government 
of Upper Bavaria (ROB-55.2-2532.Vet_02-23-27 and ROB-
55.2-2532.Vet_02-20-96).

4.2   |   Experimental Allergic Asthma Models

The OVA-induced asthma model was performed as described 
previously [67] with minor modifications (Figure 1A). Briefly, 
mice were immunized by intraperitoneal (i.p.) injection with 
OVA-Alum (50 μg/1 mg) on days 0, 7, and 14, challenged in-
tranasally (i.n.) with 100 μg OVA (in 25 μL PBS) on days 26, 
27, and 28. The farm dust extracts (FDE) were prepared and 
analyzed as described [14]. The farm dust was collected by 
sweeping settled dust from ledges, windowsills, and elevated 
surfaces (≥ 1 m above ground level) within cow sheds, similar 
to previously published approaches [12]. For extraction, 2.5 g 
of farm dust (particle size 40–100 μm) were weighed into a 
50-mL centrifuge tube, sterile water (25 mL) was added, and 
shaken for 2 h at 1000 rpm at room temperature (RT). Next, 
the sample was centrifuged at 2500× g for 5 min at RT. First, 
the supernatant was filtered through two bottle-top filtra-
tion systems (pore size 13 and 2 μm; cellulose membrane) to 
remove insoluble material. Then the prefiltered extract was 
filtered a third time through a bottle-top filtration system 
(pore size 0.22 μm polyethersulfone (PES) membrane). After 
the filtration steps, FDEs were autoclaved with pressurized 
saturated steam for 15 min at 121°C. Then sterile FDEs were 
centrifuged with 20-mL centrifugal concentrators (PES mem-
brane, molecular weight cut-off [MWCO]: 10 kDa; Sartorius, 
Göttingen, Germany) at 3500× g for 45 min at RT. Ten mil-
liliters of sterile water were added to the obtained residue, 
containing molecules with a MWCO of > 10 kDa. The water 
was removed by centrifugation at 3500× g for 30 min at RT 
(removal of restrained small molecules; purification step). 
The purification step was repeated under the same conditions 
before the residue was resuspended in sterile water (3–6 mL). 
The resuspended FDEs (MWCO > 10 kDa) were filtered a 
fourth time through a bottle-top filtration system (0.22 μm 
PES membrane). Finally, under sterile conditions, 3.0 mL of 
the sterile and concentrated DE was filled into a 5-mL glass 
vial and freeze-dried (Christ Epsilon 2-6D LSC; Osterode am 
Harz, Germany). The lyophilized FDE was stored at −20°C. 
The LPS concentration in FDE was quantified as approxi-
mately 5 ng per mg of extract using the Pierce Chromogenic 
Endotoxin Quant Kit (based on the Limulus Amebocyte 

Lysate [LAL] method). FDE or PBS was administered to the 
animals intranasally at 32 mg/mL (in 25 μL PBS) on days 16, 
19, 21, 23, 26, 27, and 28. The mice were sacrificed, and organs 
were harvested 24 h after the last administration for single-
cell analysis. In some experiments, in addition to the protocol 
in Figure  1A, dexamethasone (0.5 mg/kg) was administered 
intraperitoneally (Figure 1B).

4.3   |   Determination of AHR

Mice were anesthetized by i.p. injection of 50 μL Ketamin/
Rompun (76 and 4.8 mg/mL respectively, Pfizer/Bayer). AHR 
was measured in anesthetized mice that were mechanically 
ventilated using a FlexiVent (SciReq) system as described [68]. 
Aerosolized Acetyl-β-methyl-choline (methacholine) (0, 3, 6, 12, 
and 24 mg/mL; Sigma-Aldrich) was generated by an ultrasonic 
nebulizer and delivered in-line through the inhalation port for 
10 s. Airway resistance was measured 2 min later.

4.4   |   Pulmonary Cell Isolation

Liberase TL (Roche) 0.25 mg/mL and DNase I 0.5 mg/mL 
(Sigma-Aldrich) digests of the lungs were prepared to ob-
tain single lung cell suspensions. The single cell suspension 
was prepared by mechanical disruption of the lungs using a 
5-mL syringe stamp and an additional 10 mL complete me-
dium (complete medium: RPMI 1640 supplemented with 
10% fetal bovine serum (FBS, PAA Laboratories, Pasching, 
Austria) heat-inactivated, 100 units/mL Penicillin, 100 μg/mL 
Streptomycin, 2 mM l-Glutamine) in the presence of 0.5 mg/
mL DNase. The smoothing step was repeated twice with a 
subsequent step of washing with 5 mL of complete medium. 
The cell suspension was centrifuged for 10 min at 350× g at 
4°C. The supernatant was discarded, and the pellet was re-
suspended in 3 mL red blood cell lysis buffer (Sigma-Aldrich) 
for 3 min at room temperature (RT). The lysis was stopped by 
adding 30 mL of PBS, and the cell suspension was centrifuged 
for 5 min at 400× g at 4°C. After cell counting with trypan blue 
in a Neubauer counting chamber, the single cell suspension 
was used for further analysis.

4.5   |   Cell Phenotyping by Flow Cytometry

To block nonspecific staining by fluorochrome-conjugated 
antibodies, cells were preincubated with Fc Block (BD 
Bioscience: 10 μg/mL) for 10–15 min on ice. For staining, 
cells were incubated for 30 min on ice in the dark with an-
tibodies. The following anti-mouse surface antigen anti-
bodies were used for flow cytometry: lung eosinophils were 
identified using recently published gating strategies [17], 
anti-CD125-BV711, anti-CD101-PE, anti-CD11c-APC, and 
anti-Siglec F-BV421. Lung dendritic cells were identified 
using published gating strategies [69], anti-MHCII-FITC, 
anti-CD103-Percp-Cy5.5, anti-CD11c-APC, and anti-Siglec-
F-BV421, eFluor (eF) 450-labeled Abs against CD19, CD3e, 
and CD49b (DX5); anti-CD11b-BV480, anti-PDL-1-BV605, and 
anti-CD64-BV711 (from Biolegend or BD Bioscience). To re-
move dead cells, Phycoerythrin (PE) CF594 labeled Fixable 
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Viability Dye was used. T cells were identified by anti-CD44-
APC, anti-CD4-PE-Cy7, anti-CD3-BV421, anti-CTLA4-
FITC, anti-CD25-BV711, and anti-CD62L-PE CF594 (from 
Biolegend or BD Bioscience). For intracellular staining, cells 
were fixed and permeabilized using the FOXP3/Transcription 
Factor Staining Buffer Set (eBioscience) and stained with anti-
FOXP3-PE. Gating strategies for the identification of dendritic 
cells (DCs) are shown in Figure S1C. Macrophages and eosin-
ophils were first excluded based on SiglecF expression. The 
remaining SiglecF− population was further gated to exclude 
lineage-positive cells (CD19+ B cells, CD3e+ T cells, CD49b+ 
NK cells, and Ly6G+ neutrophils), resulting in a lineage− frac-
tion used for dendritic cell analysis.

Dendritic cells (DCs) were identified within the lineage− 
SiglecF− population as CD11c+ MHC-IIhi cells. DC subsets 
were further discriminated using CD103 and CD11b expres-
sion. CD103+ CD11b− cells were classified as conventional 
dendritic cells type 1 (cDC1), while CD103− CD11b+ cells in-
cluded two populations: CD11b+ CD64− cells corresponding 
to conventional dendritic cells type 2 (cDC2), and CD11b+ 
CD64+ cells corresponding to monocyte-derived dendritic 
cells (moDCs). Phenotypic characterization of cells was per-
formed on a FACSymphony A3 and LSRFortessa II flow 
cytometer (BD Biosciences). Depending on the target cell 
population, 30,000–400,000 events were acquired per sample 
and analyzed with FlowJo software (Version 10.10.0, Becton 
Dickinson, 2019).

4.6   |   Collection of Bronchoalveolar Lavage (BAL) 
Fluid and Differential Cell Counts

BAL fluid samples were obtained by cannulating the trachea, 
injecting 3 × 250 μL of ice-cold PBS, and subsequently aspirating 
the BAL fluid. After red blood cell lysis, BAL fluid cells were 
washed once in PBS and counted using a Neubauer chamber 
(Assistant, Germany). Cell numbers were calculated using cell-
specific frequency of total and total cell counts/mL. To block 
nonspecific staining by fluorochrome-conjugated antibodies, 
cells were preincubated with Fc Block (BD Bioscience: 10 μg/
mL) for 10–15 min on ice. The following anti-mouse surface 
antigen antibodies were used for flow cytometry: anti-Siglec-
F-APC-Cy7, anti-CD11c-APC, anti-Ly6G-BV421, and anti-
CD4-PE-Cy7. Frequencies of BAL fluid cells were determined 
by FACSymphony. Gating strategies for the identification of 
alveolar macrophages, eosinophils, T cells, and neutrophils are 
shown in Figure S1F.

4.7   |   Lung Histology

Lung histological staining, detection, and quantification of 
mucus cell content were performed as described [70]. Slides 
were stained with periodic acid-Schiff (PAS). PAS-positive 
and PAS-negative airways were counted by light microscopy, 
and the percentage of PAS-positive airways was calculated 
to quantify mucus production [71, 72]. For the assessment 
of inflammatory cell infiltration, sections were stained with 
hematoxylin and eosin (H&E). Paraffin-embedded lung tis-
sue slides were first heated to melt the paraffin, rehydrated 

through graded alcohols, stained with H&E, dehydrated, and 
cover-slipped. Histologic evaluation was performed at an orig-
inal magnification of ×20.

4.8   |   Multiplex Assay

LEGENDplex pre-defined mouse T helper cytokine panel assay 
from BioLegend was utilized according to the manufacturer's 
recommendations for analyzing bronchoalveolar lavage fluid 
(BALF) and serum samples. This panel allows simultaneous 
quantification of 12 mouse cytokines, including IFN-γ, IL-5, 
TNF-α, IL-2, IL-6, IL-4, IL-10, IL-9, IL-17A, IL-17F, IL-22, and 
IL-13. Cytokines were quantified by FACSymphony.

4.9   |   Peripheral Blood Mononuclear Cells 
(PBMCs) Isolation

Samples from asthma patients were provided by Ludwig-
Maximilians Universität and Asklepios Klinik Gauting ac-
cording to proposal number BA173/2023, Ethics Committee 
vote number 19–629, or were purchased from DONAS GmbH. 
Exclusion criteria were a history of daily smoking for at least 
1 year, use of oral steroids within the last 8 weeks, current 
use of specific inhalers, and being older than 65 years of age 
(Table  S2). All donors gave informed consent. For DONAS 
GmbH, the donor authorization, production, storage, and 
transport are carried out in accordance with the “Guidelines 
for the collection of blood and blood components and the 
use of blood products” (drawn up by the German Medical 
Association in agreement with the Paul Ehrlich Institute in 
accordance with Sections 12a and 18 of the Transfusion Act) in 
the currently valid version. Peripheral blood mononuclear cell 
(PBMC) isolation was carried out following minor modifica-
tions based on the recommendations provided by STEMCELL 
Technologies. Lymphoprep (STEMCELL Technologies) was 
used in conjunction with gradient centrifugation for the iso-
lation process.

4.10   |   PBMC Cell Stimulation and Cell 
Phenotyping by Flow Cytometry

PBMCs were stimulated according to the previously described 
method [73] for 3 days using PHA-L (eBioscience) at 2 μL/mL in 
a 96-well plate, which contained FBS-free X-VIVO15 medium 
(Lonza Bioscience). Cells were afterwards treated with 500 ng/
mL, 50 μg/mL, 5 μg/mL, 100 μg/mL of farm dust extract or 
0.5 ng/mL purified LPS for 24 h. To block nonspecific staining by 
fluorochrome-conjugated antibodies, cells were preincubated with 
Fc Block (BD Bioscience: 10 μg/mL) for 10–15 min on ice. For stain-
ing, cells were incubated for 30 min on ice in the dark with anti-
bodies. The following anti-human surface antigen antibodies were 
used for Treg cell identification: anti-CD3-APC, anti-CD4-PE, and 
anti-CD25-Alexa-flour700. For intracellular staining, cells were 
fixed and permeabilized using the FOXP3/Transcription Factor 
Staining Buffer Set (eBioscience) and stained with anti-FOXP3-
FITC. Frequencies of Treg cells were determined by LSRfortessa 
II. 200,000 events were acquired and analyzed with FlowJo soft-
ware (Version 10.10.0, Becton Dickinson, 2019).
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4.11   |   Human Treg Cell Stimulation and Cell 
Phenotyping by Flow Cytometry

PBMCs were stimulated according to the previously described 
method [73]. Cells were afterward treated with 100 μg/mL farm 
dust extract once, twice, three, or four times at 24-h intervals. 
Cells were analyzed via qPCR (See Table 1) or flow cytometry. 
The following anti-human surface antigen antibodies were 
used for CTLA-4 in Treg cell identification: anti-CD4-APC, 
anti-CTLA-4 PE, and anti-CD25-Alexa-flour700; for intracel-
lular staining, FOXP3/Transcription Factor Staining Buffer Set 
(eBioscience) was used and stained with anti- FOXP3-FITC. 
The mean fluorescence intensity of Treg cells was determined 
by FACSymphony. 200,000 events were acquired per sample 
and analyzed with FlowJo software (Version 10.10.0, Becton 
Dickinson, 2019).

4.12   |   Human Th2 Cell Stimulation and Cell 
Phenotyping by Flow Cytometry

For polarization or stimulation of T helper cells, isolated 
PBMCs (1 million cells per mL) were stimulated with PMA/
Ionomycin (at 50 ng/mL and 1 μg/mL respectively) in the 
presence of 4 μL BD GolgiStop Protein Transport Inhibitor 
(BD Bioscience, Cat #554724) per 6 mL of X-VIVO15 medium 
(Lonza Bioscience) for 5 h. Cells were harvested and washed 
two times with PBS. Cells were counted and transferred to the 
96-well plate. Cells were treated with 100 μg/mL farm dust ex-
tract once, twice, three times, or four times at 24-h intervals 
or four times with 0.5 ng/mL LPS. BD Pharmingen Human 
Th1/Th2/Th17 Phenotyping Kit was used according to the 
manufacturer's recommendations for analyzing Th2 cells. 
Frequencies of Th2 cells were determined by LSRfortessa II 
or FACSymphony.

4.13   |   Starvation of 16HBE Cells

The 16HBE cell culture was obtained from Millipore Sigma (St. 
Louis, MO, USA) and used for 15 weeks before returning to fro-
zen cell stocks. After reaching confluence, cells were trypsinized 
(0.25% trypsin and 2.21 mM EDTA) (Corning Cellgro, Manassas, 
VA, USA) and then passaged weekly. Cells were seeded at 1.5 × 106 
cells per Falcon 75-cm2 culture flask with 25 mL FCS free and Ca+ 
free Dulbecco's Modified Minimum Essential Medium (Corning 
Cellgro, Manassas, VA, USA). Cultures were incubated at 37°C 
in 95% air/5% CO2 atmosphere for 72 h. Cells were treated with 
100 μg/mL farm dust extract once or twice at 24-h intervals. RNA 
was extracted from the cells and analyzed via qPCR.

4.14   |   Quantitative Polymerase Chain Reaction

Total RNA was isolated using Nucleo Spin RNA Plus (Macherey 
Nagel) according to the manufacturer's instructions. Finally, 
freshly isolated RNAs were reverted into complementary 
(c)DNAs using the High-Capacity cDNA Reverse Transcription 
kit, according to the manufacturer's instructions (Applied 
Biosystems). Quantitative PCR was done using Syber green 
(Applied Biosystems) on a QuantStudio 1 Real-Time PCR System 
(Thermofisher) using the specific primers (Eurofins, Ebersberg, 
Germany). As a housekeeping gene, beta-actin was used [74]. 
The primers used are described in Table 1.

4.15   |   Statistical Analysis

Statistical analysis for the experimental data was performed 
using GraphPad Prism version 10 (GraphPad Software Inc., 
LaJolla, CA, USA). The normal distribution of data was tested 
using the Kolmogorov–Smirnov and D'Agostino–Pearson tests. 
When data were normally distributed, statistical differences be-
tween the two groups were analyzed by unpaired t-test. If more 
than two groups were evaluated, the groups were first analyzed 
by an analysis of variance (one-way ANOVA), and in case of 
significance, followed by a Tukey's test. A p < 0.05 was consid-
ered statistically significant; * represents p < 0.05; ** represents 
p < 0.01; *** represents p < 0.001; and **** represents p < 0.0001.

4.16   |   Single Cell Data Analysis

Processing and statistical analysis of the single cell (sc)RNA-Seq 
data was performed using the Seurat V5.0.1 R package [75] and 
all functions used therein were executed with default parame-
ters—unless otherwise stated. The data was analyzed with the 
R Core Team (V4.1.3) software. Differential gene expression 
(DGE) analysis was done using the “FindMarkers” function—
with the default parameters. The DimPlot function was used for 
dimension reduction analysis. A distribution of the absolute (and 
the percentage) cell counts was computed for all cell types per 
mouse model—providing a comparative assessment of the abun-
dance of each cell type between the mouse models (Figure 1). 
The mouse models compared were PBS, OVA, and FDE.

Gene expression profiles were visualized using the DotPlot 
and Violin functions. Heatmaps for the different gene lists 
were generated using the “DoHeatmap” function. The function 
“AverageExpression” was used to compute the average of scaled 
feature expressions. Data for the immune and non-immune cells 
were investigated separately—stratifying by the respective cell 
types. The data dimensionality reduction approach, uniform man-
ifold approximation, and projection (UMAP) was used for the visu-
alization and interpretation of the single-cell data [76]. The ggplot2 
package was used to visualize summary data distributions.

4.17   |   Transepithelial Electrical Resistance (TEER) 
Measurement

Human primary bronchial epithelial cells were seeded on col-
lagen IV (300 μg/mL) coated 24-well 0.4 pore diameter PET 

TABLE 1    |    List of oligonucleotides.

Target 
gene Forward primer (5′–3′)

Reverse primer 
(5′–3′)

ß-Actin TGGCACCCAG  
CACAATGAA

CTAAGTCATAGTC  
CGCCTAGAAGCA

Areg CCCACACCGTT  
CACCGAAAT

CTAAGTCATAGTC  
CGCCTAGAAGCA
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Transwell membranes (Corning) at a density of 75,000 cells per 
insert and cultured until confluent. Once the tissue was con-
fluent, differentiation was induced by introducing an air-liquid 
interface (ALI) via removal of the apical medium (day 0 of ALI 
culture), and cells were apically exposed to farm dust extract 
(100 μg/mL). FDE was repeatedly given starting from d0 of ALI 
till the end of the experiment (day 35 of ALI): On regular main-
tenance days (Monday, Wednesday, and Friday of each week), 
we performed PBS washes on the apical side, followed by fresh 
application of FDE. For transepithelial electrical resistance 
(TEER) measurements, 300 μL of media was temporarily added 
to the apical side of the inserts. Statistical significance and p-
value were derived using a paired one-sided t-test over the mean 
donor TEER values.

4.18   |   DEG Identification and Enrichment 
Analysis

Volcano plots were used to visualize differentially expressed 
genes (DEGs). DEGs for each cell type were subjected to down-
stream analysis using over-representation analysis (ORA) and 
gene-set enrichment analysis (GSEA) using ClusterProfiler 3.8 
[77]. Distinctive marker genes were identified for each cell type 
based on available DEGs. For each cell type, DEGs were sorted 
based on |log2(Fold-Change, FC)| ≥ 0.5 and false discovery rate 
(FDR) adjusted p < 0.05. To gain insight into the underlying 
molecular mechanisms driving the DEGs, gene ontology (GO) 
analysis was separately performed for up- and down-regulated 
genes. Visualization of the functional enrichments following 
downstream analysis was performed using the R “enrichplot” 
package. In the heat map from the single-cell experiments, 
“higher” and “lower” refer to observed expression trends be-
tween conditions and do not reflect the statistical testing.
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