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A B S T R A C T   

Rationale: Type 2 (T2) asthma is characterized by airflow limitations and elevated levels of blood and sputum 
eosinophils, fractional exhaled nitric oxide, IgE, and periostin. While eosinophils are associated with exacer
bations, the contribution of eosinophils to lung inflammation, remodeling and function remains largely 
hypothetical. 
Objectives: To determine the effect of T2 cytokines IL-4, IL-13 and IL-5 on eosinophil biology and compare the 
impact of depleting just eosinophils versus inhibiting all aspects of T2 inflammation on airway inflammation. 
Methods: Human eosinophils or endothelial cells stimulated with IL-4, IL-13 or IL-5 were assessed for gene 
changes or chemokine release. Mice exposed to house dust mite extract received anti-IL-4Rα (dupilumab), anti- 
IL-5 or control antibodies and were assessed for changes in lung histological and inflammatory endpoints. 
Measurements and main results: IL-4 or IL-13 stimulation of human eosinophils and endothelial cells induced gene 
expression changes related to granulocyte migration; whereas, IL-5 induced changes reflecting granulocyte 
differentiation. In a mouse model, blocking IL-4Rα improved lung function by impacting multiple effectors of 
inflammation and remodeling, except peripheral eosinophil counts, thereby disconnecting blood eosinophils 
from airway inflammation, remodeling and function. Blocking IL-5 globally reduced eosinophil counts but did 
not impact inflammatory or functional measures of lung pathology. Whole lung transcriptome analysis revealed 
that IL-5 or IL-4Rα blockade impacted eosinophil associated genes, whereas IL-4Rα blockade also impacted genes 
associated with multiple cells, cytokines and chemokines, mucus production, cell:cell adhesion and vascular 
permeability. 
Conclusions: Eosinophils are not the sole contributor to asthma pathophysiology or lung function decline and 
emphasizes the need to block additional mediators to modify lung inflammation and impact lung function.   

1. Introduction 

Asthma is a heterogenous disease characterized by chronic airway 
inflammation, remodeling and airway hyper-responsiveness resulting in 
variable expiratory airflow limitation and symptoms including 
wheezing, coughing and chest tightness. Clinical parameters associated 

with severe asthma include exacerbations and lung function decline. 
Most of the current biologics are approved for people with uncontrolled 
moderate-to-severe asthma with elevated biomarkers of type 2 (T2) 
inflammation, which is inflammation driven by the downstream effects 
of the T2 cytokines IL-4, IL-13, and IL-5. Since it is challenging to 
measure T2 cytokines in circulation, downstream biomarkers have been 
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valuable to aid in patient identification, including blood and sputum 
eosinophil counts, fractional exhaled nitric oxide (FeNO), IgE, and 
periostin [1]. 

Despite the approval of many biologics targeting T2 inflammation, 
there have been no placebo-controlled head-to-head clinical studies. 
With respect to approved biologics that impact T2 cytokines, all have 
been shown to reduce asthma exacerbations [1–11], however, there 
have been notable differences in other secondary endpoints, namely 
fractional exhaled nitric oxide (FeNO) and FEV1 (Forced Expiratory 
Volume-1 s), accepted measures of T2 inflammation and lung function, 
respectively. Clinical studies with the IL-4Rα blocking antibody, dupi
lumab, demonstrated that inhibiting signaling of the T2 cytokines, IL-4 
and IL-13, results in decreased exacerbations and consistent improve
ments in FEV1 and in FeNO without decreasing circulating eosinophils 
[8,11,12]. Studies with the humanized IL-5Rα specific monoclonal 
antibody, benralizumab, which effectively depletes eosinophils, results 
in decreased exacerbations and an improved FEV1 profile, but only de
creases FeNO in subjects with higher levels of FeNO (greater than 75 
ppb) [13,14]. In contrast, studies using humanized IL-5 antagonist 
monoclonal antibodies, mepolizumab and reslizumab, have shown 
inconsistent improvements in FEV1 and have not improved FeNO 
despite marked sustained decreases in eosinophils and decreased exac
erbations [15,16]. Of note, when mepolizumab was further studied in 
the long-term open-label extension studies, COLUMBA and COSMOS, 
initial improvements in lung function were observed, however, 
appeared to wane over time [17,18]. This gradual decline was not 
observed in the dupilumab and benralizumab extension trials, TRA
VERSE [19] and BORA [13]. 

The mechanism of these drugs may play a role in shaping these 
distinctions. IL-5 is an essential maturation factor for eosinophils and the 
basis of mepolizumab’s and reslizumab’s eosinophil-driven mechanism 
of action. On the other hand, dupilumab a fully human monoclonal 
antibody binds to the shared co-receptor IL-4Rα and inhibits signaling of 
two key T2 cytokines, IL-4 and IL-13, that drive many T2 inflammatory 
events [20]. These differences raise valid questions concerning the role 
eosinophils play in asthma and their contribution to T2 inflammation. In 
contrast, benralizumab, an afucosylated IL-5Rα-specific antibody, de
pletes IL-5Rα–expressing cells via antibody-dependent cellular cyto
toxicity (ADCC) and this mechanism extends benralizumab’s effects 
beyond relatively deeper depletion of eosinophils and includes IL-5Rα 
expressing basophils. Basophils are T2 effector cells and known pro
ducers of IL-4 [21,22]; therefore, the broader impact of benralizumab is 
an additional factor that warrants consideration when comparing 
mechanisms of all the biologics targeting the IL-5 pathway. Thus, only 
the anti-IL-5 biologics allow for a specific interrogation of the role of 
eosinophils in asthma pathophysiology and will be used herein [23,24]. 

Mouse studies using eosinophil-deficient and eosinophil granule- 
specific proteins deficient mice have supported the notion that there 
are significant disease aspects such as remodeling, lung function and T2 
inflammation that are not dependent on eosinophils [25,26]. Consid
ering the observations in mouse models and clinical data with anti-IL-5 
biologics, we sought to further investigate the contribution of the main 
T2 cytokines to airway inflammation. Using human eosinophils stimu
lated with IL-4, IL-13 or IL-5, we identified differential gene expression 
patterns. In addition, using a mouse model of airway inflammation, we 
performed a head-to-head comparison of dual IL-4/IL-13 blockade (anti- 
IL-4Rα) versus IL-5 blockade and dissected the relevance of circulating 
vs tissue eosinophils in driving airway inflammation, remodeling and 
lung function decline and have thereby decoupled peripheral blood 
eosinophil counts from impact on tissue inflammation, remodeling and 
function. 

Reducing exacerbations have become the gold standard for treat
ment efficacy in asthma and by this yardstick, most biologics are able to 
achieve some level of efficacy in the asthmatic patient population. 
Consequently, this has led to very similar indication labels and treat
ment population overlap in clinical guidelines leading to a patient 

qualifying for more than one biologic [27]. Ultimately, the questions we 
attempt to address may explain the mechanistic differences that lead to 
the nuances in clinical observations between therapies and why these 
differences should have merit. 

2. Results 

2.1. (Fig. 1) unbiased identification of genes impacted by IL-4Rα vs IL-5 
blockade in HDM-induced inflammation 

To understand the contribution of the main T2 cytokines to lung 
inflammation, we used the relevant mouse model of house dust mite 
(HDM)-induced airway inflammation using Il4rahu/huIl4hu/hu mice [20] 
(Fig. 1A) and took an unbiased approach to identify the impact of anti- 
IL-4Rα (dupilumab) vs anti-IL-5 on gene changes by whole lung tran
scriptome analysis. HDM exposure induced significant gene changes 
compared to saline (Fig. 1B) and a significant proportion of these gene 
changes were normalized by anti-IL-4Rα, while anti-IL-5 had a minor 
effect (Fig. 1B). Specifically, of the 737 genes perturbed by HDM 
exposure (Table E1), 208 were normalized uniquely by anti-IL-4Rα 
(Fig. 1B). These changes included T2 cytokines and chemokines (eg. 
Ccl11 (Eotaxin-1), Ccl24 (Eotaxin-2), Ccl9 (Mip-1 g), Ccl8 (Mcp-2)), 
genes involved in mucus production and secretion (eg. Muc5ac, Tff1, 
ITLN-1) and genes implicated in airway remodeling, bronchocon
striction and airway hyperresponsiveness (AHR) (eg. Mmp12, Arg1, 
Mrgprg) (Table E1). Unexpectedly, only 1 HDM-responsive gene was 
impacted by anti-IL-5 alone (Tnfrsf17), while 8 genes were impacted by 
both anti-IL-5 and anti-IL-4Rα (Fig. 1B and 1C). Interestingly, these 8 
genes were primarily related to eosinophilia (Cebpe, Prg2, Ccr3, Gapt, 
Il5Ra, Inpp5j, P2rx1 and Cyp4f18) (Fig. 1B and as a heatmap in 1C). The 
217 genes impacted by HDM and reversed by anti-IL-4Rα and/or anti-IL- 
5 are shown as a heatmap in Fig. 1D. Aside from the illustrated genes 
that passed the defined significance threshold, anti-IL4Rα also reversed 
the overall gene changes induced by HDM exposure with Spearman’s 
rank correlation coefficient, ρ = -0.821, a trend not observed with anti- 
IL-5 (Figure E1). Together, these data show that IL-5 blockade has highly 
specific effects on genes associated with eosinophil function, whereas IL- 
4Rα blockade impacted genes associated with T2 inflammation more 
broadly. 

2.2. (Fig. 2) IL-4Rα blockade prevents tissue recruitment and activation 
of eosinophils while IL-5 blockade inhibits eosinophil maturation in the 
bone marrow. 

To further explore the roles of IL-4/IL-13 and IL-5 on eosinophil 
infiltration and biology, we directly compared the impact of IL-4Rα 
blockade to IL-5 blockade on eosinophil levels in different tissue com
partments. Given the highly vascularized nature of the lung, we used a 
double staining method to distinguish immune cells circulating in the 
lung vasculature from tissue infiltrating cells (Fig. 2A; Fig. E2A) [28]. 
This method demonstrated that in naïve mice, eosinophils were 
restricted to the vasculature and bone marrow (BM), but not in lung 
tissue. In contrast, eosinophils were present and increased in both lung 
vasculature and tissue following HDM exposure (Fig. 2A and 2B). No 
difference was observed in frequency of eosinophils in BM between 
naïve and HDM exposed animals. Increased vascular and lung tissue 
eosinophilia in patients with asthma has also been described [29]. We 
confirmed the observations that eosinophils can be detected in lung 
capillaries, but not in the tissue of naïve mice, whereas they can be 
detected in both the tissue and capillaries in HDM-exposed mice using 
electron microscopy (Fig. E2B). 

As previously described [6], HDM exposure induces a dramatic 
influx of eosinophils into lung tissue, which was completely prevented 
by anti-IL-4Rα (Fig. 2B). Of note, anti-IL-4Rα did not impact circulating 
or BM eosinophils, whereas blockade of IL-5 decreased eosinophil levels 
in all compartments: lung tissue, circulation and BM. This is consistent 
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Fig. 1. Unbiased identification of genes impacted by IL-4Rα vs IL-5 blockade in HDM-induced lung inflammation. (A) Il4rahu/huIl4hu/hu mice were exposed to 
HDM for 4 weeks and received either twice weekly αIL-4Rα, αIL-5 or an IgG or Rat IgG1 or no mAb. (B) Venn diagram of HDM signature vs anti-IL-4Rα vs anti-IL-5 
signatures (adjusted p-value < 0.05 & absolute fold change ≥ 2). Treatment signatures correspond to statistically significant gene changes in treatment as compared 
to isotype control. (C-D) Heatmaps represent the z-score of gene expression (TPM) for the 8 HDM induced genes that were reversed by both αIL-4Rα and αIL-5 
treatments (C) and the 217 genes reversed by αIL-4Rα and/or αIL-5 treatments (D). 
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Fig. 2. IL-4Rα blockade prevents tissue recruitment of eosinophils while IL-5 blockade inhibits eosinophil maturation in the BM. Il4rahu/huIl4hu/hu mice were 
exposed to HDM for 4 weeks with prophylactic treatment of αIL-4Rα, αIL-5 or isotype controls. (A) Representative flow cytometric plots from dissociated lungs. (B) 
Eosinophils reported as a frequency of live CD45+ cells in the indicated tissue. Each point reflects a single mouse. Symbols represent statistical significance compared 
to saline (†), relevant isotype control (*) and αIL-4Rα treated group (^). (C) Mice administered HDM for 7 weeks and treated with either αIL-4Rα, αIL-5 or isotype 
controls starting at week 3. Eosinophils in various tissue compartments are shown as a frequency of live CD45+ cells in the indicated tissue. (D) Mice administered 
HDM for 6 weeks. Overlaid flow cytometry histograms show the expression of gated eosinophils from the circulation and lung tissue with the FMO control for the 
respective marker. (E) Human eosinophils from 2 donors were stimulated with IL-4, IL-13 or IL-5 overnight. Heatmap shows the top genes regulated by each of these 
cytokines (adjusted p-value < 0.05 and absolute fold change ≥ 10). (F) Heatmap shows the genes from GO terms “granulocyte migration” and “granulocyte dif
ferentiation” that are significantly induced by IL-4, IL-13 or IL-5 in human eosinophils. 
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with the role of IL-5 in eosinophil maturation and survival [30]. Strik
ingly, similar results were observed when either antibody was admin
istered therapeutically at a time of elevated tissue eosinophilia (Fig. 2C; 
Figure E3). These data suggest that each pathway modulates eosinophil 
biology in different and distinct ways: IL-4Rα blockade prevents HDM- 
induced infiltration of eosinophils into the inflamed lung tissue 
whereas IL-5 blockade globally reduces eosinophil levels. 

Since anti-IL-4Rα effectively reduced eosinophils in the lung tissue 
without significantly decreasing eosinophil levels in circulation (Fig. 2B, 
C), we sought to investigate whether eosinophils in the periphery were 
phenotypically different from those that had infiltrated the lung. We 
found that lung tissue eosinophils of HDM-exposed mice showed dif
ferential expression of several immunomodulatory surface markers re
ported to be increased on tissue eosinophils in asthma: CD45Rb, CD80 
(B7-1), CD184 (CXCR4), CD274 (PD-L1), CD357 (GITR) and CD371 
(CLEC12A) (Fig. 2D) [31–33]. Notably, a decrease in IL-5Rα (CD125) 
was observed in eosinophils that infiltrated tissue, which is consistent 
with earlier reports of an activated eosinophil phenotype [34]. How
ever, blood eosinophils from mice exposed to HDM showed no differ
ence in surface marker expression compared to blood eosinophils from 
naïve mice. This remained consistent when also distinguishing tissue- 
infiltrating and circulating eosinophils. Together these data indicate 
that the activation and/or effector state of eosinophils is dependent on 
migration into inflamed lung tissue. 

We next determined the direct effect of IL-4, IL-13 and IL-5 on human 
eosinophils and performed an unbiased global transcriptome analysis. 
Genes were ranked by fold change in each cytokine treatment and Gene 
Set Enrichment Analysis (GSEA) using gene sets derived from Gene 
Ontology (GO) biological process was implemented. While all three 
cytokines induced significant gene changes with minimal overlap 
(Fig. 2E), two distinct granulocyte-related GO terms were significantly 
enriched: granulocyte migration and granulocyte differentiation 
(Figure E4). Specifically, IL-4/IL-13 regulated genes associated with 
granulocyte migration (i.e. cytokines/chemokines, such as thymus and 
activation regulated chemokine (TARC, Ccl17), Eotaxin-2 (Ccl24), GROα 
(Cxcl1); integrin genes, such as Itga9; and vasoconstriction genes, such 
as Edn1). Whereas, IL-5 induced gene changes related to granulocyte 
differentiation (i.e. transcription factors and regulators involved in 
eosinophil development, such as Gata1, Gata2 and FOG-1 (Zfmp1)) [35] 
(Fig. 2F). 

2.3. (Fig. 3) IL-4Rα blockade prevents lung tissue entry of eosinophils by 
blunting chemotaxis and activation of the endothelium 

Tissue transmigration of circulating immune cells requires a series of 
sequential events including chemotaxis, rolling, adhesion and diape
desis [36] with the endothelium being central to this process, as endo
thelial cells can produce chemokines and upregulate adhesion molecules 
in response to various stimuli. To investigate the effects of IL-4, IL-5 and 
IL-13 on these events, we assessed their effects on chemokine production 
and surface adhesion receptor expression using primary human lung 
microvascular endothelial cells (HMVEC-L). IL-4 and IL-13 each induced 
robust production of all three human eotaxins (CCL11, CCL24 and 
CCL26), the primary chemoattractants for eosinophils, as well as other 
chemokines such as monocyte chemoattract protein (MCP)-3 and 
MCP− 4, chemoattractants for monocytes and lymphocytes; and T-cell 
chemoattractants, macrophage derived chemokine (MDC) and TARC 
(CCL17) (Fig. 3A). IL-5 had no effect on release of any chemokine 
measured from primary human endothelial cells since IL-5Rα expression 
is restricted to eosinophils and basophils [37]. Anti-IL-4Rα blocked 
chemokine release induced by IL-4 or IL-13 to baseline (Fig. 3B). The 
specific effects of IL-4 and IL-13 were confirmed in vivo, as IL-4Rα 
blockade completely prevented the HDM-induced increase in eotaxin 
expression in lung while IL-5 blockade had no effect (Fig. 3C), sug
gesting that IL-4 and IL-13 drive lung eotaxin expression. 

Similarly, we found that IL-4 and IL-13 induced the cell adhesion 

molecule, vascular cell adhesion protein 1 (VCAM-1), on primary human 
lung endothelial cells (Fig. 3D) at comparable levels as the positive 
control TNF-α [38–40]. Altogether, these data suggest that IL-4 and IL- 
13 are potent activators of lung endothelium and that blocking these 
cytokines will inhibit tissue immune cell infiltration by blunting 
chemotaxis and adhesion of immune cells to the endothelium. 

2.4. (Fig. 4) IL-4Rα blockade has a broader impact on T2 airway 
inflammation 

Asthma is an inflammatory airway disease with complex patho
physiology [42,43], so we explored effects of anti-IL-4Rα and anti-IL-5 
beyond eosinophil biology. In addition to lung eosinophilia 
(Fig. 2B&C), HDM induced infiltration of activated B cells, shown by 
increased CD23 expression. CD23 expression on B cells has been re
ported to be increased by IL-4 stimulation and correlates with circu
lating IgE levels in allergic inflammation [20,44–47]. Additionally, 
induction of ST2 + T cells, which have been described to be memory 
antigen-specific Th2 cells that produce IL-5 and IL-3 [48–50]; loss of 
alveolar macrophages, a sign of significant tissue inflammation; and 
skewing of the DC landscape toward one that aligns with a T2 immune 
response, a shift that is best captured by the cDC1:DC2 ratio, are 
observed. IL-4Rα blockade prevented all measured HDM-induced path
ological changes, normalized the cDC1:DC2 ratio (Fig. 4A; Figure E5) 
and prevented the increase of lung cytokines and chemokines observed 
following HDM exposure (Fig. 4B). Similarly, IL-4Rα blockade inhibited 
the humoral response to HDM exposure, as measured by circulating IgE 
and HDM-specific IgG1 (Fig. 4C) as well as IgG1 and IgE class-switching 
in spleen (as described in [72]), which in turn prevented priming of 
FcεRI-expressing cells, such as basophils in spleen (Fig. 4D). Notably, IL- 
5 blockade did not significantly impact these pathological changes and 
suggests that reducing eosinophil numbers alone in all compartments by 
blocking IL-5 does not appear to reduce the levels of other inflammatory 
endpoints associated with T2 inflammation. 

2.5. (Fig. 5) IL-4Rα blockade prevents HDM-induced epithelial barrier 
dysfunction and vascular pathology 

Loss of epithelial barrier integrity in the lung is a hallmark of asthma, 
enhancing the risk of allergen sensitization, promoting production of 
epithelial-derived T2 cytokines and reducing mucociliary clearance 
[51]. Disruption of epithelial junction complexes can be caused by 
inhaled allergens, respiratory viruses or inflammatory cytokines, which 
creates a feedback loop that allows better penetration of allergens and 
further activation of lung immune responses [51]. Repeated HDM 
exposure induced significant gene changes associated with lung apical 
junction complexes (Cldn1, Gjb1), cell–cell adhesion (Cdh5, Cdh13, 
Cdh22, Pcdh1, Pcdhac2, Pcdhgc3) and basement membrane assembly 
(Dag1, Lamc2) (Fig. 5A and B). Only anti-IL-4Rα prevented these 
changes (Fig. 5A and 5B), demonstrating a role of IL-4 and IL-13 as 
drivers of airway barrier dysfunction during allergen challenge. 

To understand the role of IL-4, IL-13, and IL-5 in HDM-induced lung 
pathology, histopathological analysis was performed. HDM-induced 
lung lesions were characterized by mixed cell inflammation (particu
larly perivascular and peribronchiolar) (Fig. 5C), and vascular changes 
(endothelial hypertrophy/hyperplasia, intimal proliferation/media 
thickening with or without luminal narrowing) (Fig. 5D). Only anti-IL- 
4Rα significantly reduced or prevented the development of lung lesions 
(Fig. 5C and 5D). 

Histopathological analysis of lung sections also revealed an HDM- 
induced significant increase in mucus-producing cells (goblet cell 
metaplasia, (GCM)) which was prevented by anti-IL-4Rα (Fig. 5E) 
further demonstrating a distinct role of IL-4 and IL-13 in airway 
remodeling. 
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Fig. 3. IL-4Rα blockade prevents lung tissueeosinophil entry by blunting chemotaxis and activation of the endothelium. (A) HMVEC-L cells were incubated 
for 2 days with increasing concentrations of IL-4, IL-13 or IL-5, and chemokine release was assessed by MSD. (B) HMVEC-L cells were incubated for 2 days with 
increasing concentrations of serial dilutions of dupilumab (αIL-4Rα) or a control Ig(hIgG4) in the presence of 50 pM IL-4 (top panel) or 5 nM IL-13 (bottom panel) and 
chemokine release was assessed by MSD. [41] Error bars represent SD from samples run in duplicate. Dotted lines represent lower limit of detection. Data are 
representative of at least 3 independent experiments. (C) Lung chemokine gene expression as detected by using qRT-PCR (TaqMan) assays. For all graphs, boxes show 
medians and 25th-75th percentiles, and whiskers show minimum and maximum values. Each point reflects a single mouse. Symbols represent statistical significance 
compared to saline (†), compared to relevant isotype control (*) and compared to ⍺IL-4R⍺-treated group (^). (D) HMVEC-L were stimulated overnight with either 
media control, TNF-⍺, IL-4, IL-13, or IL-5 and then stained with anti-VCAM-1 for flow cytometry. Histograms represent changes in VCAM-1 surface expression 
compared to controls. 
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2.6. (Fig. 6) IL-4Rα blockade prevents HDM-induced lung function 
decline. 

Given the wider impact of IL-4Rα blockade on many of the cardinal 
features of asthma, we determined how lung function is impacted by 
blocking these respective pathways. As anticipated HDM exposure 
caused significant lung function impairment with a decline in FEV0.1 
(forced expiratory volume, FEV, in 0.1 s), reduced airflow (peak expi
ratory flow, PEF) and reduced lung capacity (forced vital capacity, FVC). 
IL-4Rα blockade protected mice from lung function decline by pre
venting significant airflow obstruction while simultaneously improving 
endpoints indicative of airway restriction (Fig. 6A). Strikingly, these 
effects were sustained post-methacholine (Mch) challenge, demon
strating an effect of anti-IL4Rα in preventing airway hyper
responsiveness (Fig. 6B; Figure E6). Anti-IL-5 had no impact on either 
baseline or Mch-challenge measurements of lung function. 

3. Discussion 

This manuscript explores the impact of reducing eosinophils alone 
compared to blocking broader T2 inflammation in asthma pathophysi
ology by comparing neutralization of IL-5 to blockade of IL-4Rα. In 
head-to-head comparison studies, we used an IL-5 neutralizing antibody 
to deplete eosinophils and an IL-4Rα specific antibody to inhibit 
signaling of IL-4 and IL-13, which more globally inhibits T2 inflamma
tion [20]. The results of all the endpoints provide evidence of the role T2 
inflammation can play in remodeling and lung function in the absence of 
eosinophils. Additionally, these studies were bolstered with in vitro ex
periments that investigated the inflammatory effect of these pathways 
on endothelial cells and how these cytokines prime eosinophils for entry 
into the tissue. We ultimately show that these processes are dependent 
on IL-4 and IL-13 and reinforce clinical findings. 

Eosinophils are a well-known biomarker of T2 airway disease. 
Clinical studies with IL-5 blocking antibodies have demonstrated a clear 
and significant reduction in exacerbations associated with a reduction in 
circulating eosinophils [3,4,6,23]. Interestingly, dupilumab also 

Fig. 4. IL-4Rα blockade has a broader impact on lung inflammation than IL-5 blockade. (A) Quantification of lung immune cell infiltrates, as determined by 
flow cytometry, in mice exposed to saline or HDM with the indicated treatments. Representative fluorescence-activated cell sorting plots and frequencies of CD23+ B- 
cells, ST2+ CD4+ T-cells, alveolar macrophages and the ratio of cDC1:DC2s. (B) Il5, Il13 and Ccl17 expression as detected by qRT-PCR (TaqMan). (C) Serum con
centrations of HDM-specific IgG1 or total IgE as determined by ELISA in mice exposed to saline or HDM as indicated. (D)Frequencies of splenic IgG1+ B cells, splenic 
IgE plasma cells and quantification of IgE surface expression as measured by mean fluorescence intensity (MFI) of IgE on splenic basophils. Each point reflects a single 
mouse. For all graphs, boxes show medians and 25th-75th percentiles, and whiskers show minimum and maximum values. Symbols represent statistical significance 
compared to saline (†), compared to relevant isotype control (*) and compared to ⍺IL-4R⍺-treated group (^). For gating strategies, see Figure E5. 
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drastically impacted exacerbations; however, the levels of blood eosin
ophils remained the same, and in some patients, a transient but slight 
elevation was observed [8,11,52]. In our mouse model, we showed that 
IL-4Rα blockade prevented eosinophil infiltration into lung tissue 
without affecting circulating eosinophil levels. These findings were 
upheld even when anti-IL-4Rα was administered therapeutically at the 
peak of eosinophilia. Of note, the impact of IL-4Rα blockade extended 
beyond the eosinophils and also prevented immune cell infiltration. 
While anti-IL-5 profoundly reduced eosinophil levels in all compart
ments studied, levels of other immune infiltrates were not reduced. 
Sequencing of lung tissue from our mouse model indicated that the 
absence of eosinophils only significantly affected a handful of genes 

largely related to eosinophil development. Moreover, these genes were 
also a subset of genes that were normalized by anti-IL-4Rα treatment. 
Our in vitro studies support this observation by showing that IL-4 and IL- 
13 stimulation of human eosinophils increases gene changes related to 
migration, while the effects of IL-5 are constrained to expression of 
differentiation genes. Despite reports demonstrating that endothelial 
cells can respond to IL-5 stimulation [53–55], IL-5 stimulated human 
lung microvessel endothelial cells (HMVEC-L) did not exhibit the release 
of eotaxins and cytokines that was observed with IL-4 and IL-13 stim
ulations. This suggests that IL-5 does not directly or indirectly drive the 
recruitment of other cells or the production of key T2 cytokines and 
chemokines [56]. Overall, these data indicate a direct role of IL-4 and IL- 

Fig. 5. IL-4Rα blockade, but not IL-5 blockade, prevents HDM-induced epithelial barrier dysfunction and vascular pathology (A) Heatmap shows the 
significant level of selected gene ontology (GO) biological processes that are impacted by HDM exposure and reversed by ⍺IL-4R⍺ treatment (B) Summary of 
differentially expressed genes from each of the GO terms indicated (C) Representative H&E images showing normal lung or lung with inflammation (insert shows 
higher magnification of a vessel and surrounding parenchyma) and a graph showing pathology score for severity of inflammation.(D). Representative H&E lung 
images showing normal vessel or vessel with pathology and a graph showing vascular score for severity of vascular lesions. (E). Representative images of PAS stained 
lung sections showing normal airway or airway with increased goblet cell metaplasia (GCM). Graphs show the severity of GCM, measured as PAS score and % PAS 
positive cells. 
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13 on eosinophils and endothelial cells that is different from the role of 
IL-5 and provides insight into the mechanisms that drive different 
pathological outcomes. 

Despite an association between eosinophilic inflammation and lung 
function decline, there is no concrete evidence directly implicating IL-5 
as a driver of T2 inflammation and overall lung function decline in 
asthmatics. Earlier findings in other mouse models of eosinophil 
depletion determined that eosinophils were not required for allergen- 
induced changes in airway pathology such as mucus production but 
could contribute to some of the fibrotic changes that occur with asthma 
[57,58]. In accordance, we found no attenuation of inflammation, but 
also no significant improvement in lung function or AHR as well as 
structural changes such as epithelial barrier disruption and vascular 
remodeling. 

The epithelial barrier is structurally and functionally compromised 
in patients with asthma, atopic dermatitis, CRSwNP, allergic rhinitis and 
eosinophilic esophagitis [59,60]. In asthma, loss of barrier integrity is 
associated with defects in tight junction and reductions in adherens 
junction proteins such as cadherins and claudins, which leads to an in
crease in epithelial permeability [61]. This permeability is conducive to 
allergen sensitization, secretion of pathogenic cytokines and chemo
kines and disruption of mucus clearance, which in turn creates an 
environment for chronic inflammation [59]. IL-4 and IL-13 can also 
directly interfere with tight junctions in human bronchial epithelial cells 
[61]. Our studies show that repeated HDM exposure in mice signifi
cantly impacted genes associated with barrier integrity, including 
different cadherins (Cdh22, Cdh5, Cdh13) and claudins (Cldn1), which 
may be expressed in the airway epithelium and are associated with tight 

junction formation. Genes involved in cell-to-cell attachment were also 
significantly impacted, such as Dsc2, Pcdh1, Sdk2. Of note, cadherins 
have been shown to play a role in asthma pathogenesis [62]. Interest
ingly, changes in these genes were only impacted by IL-4Rα blockade, 
and not by depletion of eosinophils, demonstrating a distinct role for IL- 
4 and IL-13 in driving airway structural damage. 

Although genes were significantly impacted, without protein 
expression data, protein localization data, and single cell analysis, it is 
challenging to make conclusions around the specific impact these gene 
changes have on barrier function. Nevertheless, the significant gene 
changes we observed in pathways associated with barrier function, 
paired with reports in the literature [63–65] gives credence that there is 
an impact on barrier-associated genes. 

Vascular remodeling has been recognized as one of the components 
of poorly controlled, severe persistent asthma [66]. It has been reported 
that inflammation of pulmonary and bronchial blood vessels can 
significantly impact asthma pathophysiology, leading to decreased lung 
capacity and airflow [66]. Interestingly, genes implicated in vascular 
remodeling and angiogenesis in asthmatics were impacted in the HDM 
model, such as genes involved in endothelium development and 
migration (eg. Kdr, Efnb2 and Fgfbp1 [67–70]). Vascular changes in the 
lung were also observed by histology, including endothelial hyperplasia, 
intimal proliferation and media thickening and these changes were only 
normalized by IL-4Rα blockade highlighting a specific role for IL-4 and 
IL-13 in driving important structural changes associated with airway 
remodeling. 

Overall, these studies propose processes by which dual IL-4 and IL-13 
blockade can prevent lung function decline and airway remodeling and 
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Fig. 6. IL-4Rα blockade, but not IL-5 blockade, prevents HDM-induced tissue remodeling and lung function decline. (A) Respiratory mechanics at baseline 
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dose and plotted as percent of baseline. 
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give important insight into the contributors of long-term lung function 
decline in asthmatics. Nevertheless, mouse models may not capture all 
features of asthma pathophysiology and direct translation to human 
disease maybe challenging. Exacerbations, for example, are not evalu
ated in this model. And while eosinophils and IL-5 have strong associ
ation with exacerbations, the role they play in lung remodeling is less 
clear. Our findings support the notion of a separate processes driving 
lung function impairment and inflammation. Furthermore, this study 
disconnects peripheral eosinophil counts from impacts on tissue 
inflammation, remodeling and function that are dependent on IL-4 and 
IL-13 and collectively demonstrates that multiple factors of T2 inflam
mation are required to protect lung function and truly modify disease. 
Biologics targeting T2 cytokines have revolutionized the treatment of 
severe asthma but, due to the complex and heterogenous nature of this 
disease, how each of these different treatments improve disease remains 
poorly defined. In vivo models can help understand the different path
ways and mechanisms of severe asthma and lead us to consider addi
tional clinical studies that can improve and enhance patient care. 

4. Methods 

4.1. Mouse models of HDM-induced asthma 

All procedures were conducted in compliance with protocols 
approved by the Institutional Animal Care and Use Committee of 
Regeneron Pharmaceuticals. Female, 8–12 week old mice generated in a 
hybrid 129S6/C57BL/6 background were genetically modified to 
replace both endogenous IL-4 and the IL-4Rα ectodomain with their 
corresponding human sequences [20] were used for all experiments. The 
humanized mice were exposed to house dust mite (HDM) three times per 
week for 4 weeks (for prophylactic treatment studies) or for 7 weeks (for 
therapeutic treatment studies) and received twice-weekly subcutaneous 
injections of 25 mg/kg dupilumab, anti-IL-5 (TRFK5), their respective 
isotype control antibody, or no antibody. At the end of the study, mice 
were either subjected to lung-function testing (FlexiVent®) or sacrificed 
for analysis of cellular infiltrates in lung blood and tissue, cytokine and 
chemokine levels, and gene expression and circulating immunoglobulin 
levels. All animal experiments were performed in accordance with the 
Guidelines of the Institutional Animal Care and Use Committee at 
Regeneron Pharmaceuticals, Inc. 

4.2. Flow cytometry 

Spleen, BM (femur), and lung were collected at end of HDM study
and processed to single cell suspension for flow cytometric analysis. 
For BM preparation, collected femurs were cut at both ends and 
centrifuged, while spleens were mechanically dissociated. Lung samples 
underwent enzymatic digestion and mechanical dissociation. Addition
ally, to enable flow cytometric analysis of circulating versus tissue- 
infiltrating immune cells in the lung, mice were injected intravenously 
with an anti-CD45 BV650 antibody 5 min prior to sacrifice to selectively 
label immune cells still in the vasculature while leaving cells that had 
infiltrated the lung parenchyma and alveolar space unlabeled. Cells
from all tissue compartments were then stained for the identification of 
different immune cell types and subsets. Samples were acquired on 
an LSR Fortessa X-20 or a FACSymphony cell analyzer using the HTS 
attachment (BD). Data analysis was performed using FlowJo v10 Soft
ware (BD). 

4.3. Histopathology 

At end of study, and after exsanguination, the whole left lung of each 
mouse was collected and kept in 4 % (w/v) paraformaldehyde at room 
temperature for 3 days. Lung samples were subsequently blotted dry and 
transferred to 70 % ethanol prior to being sent to Histowiz (Brooklyn, 
NY) for paraffin embedding, sectioning, and staining (periodic acid 

Schiff [PAS], and H&E). Inflammation, vascular lesions, and goblet cell 
metaplasia (GCM) were assessed and scored by board-certified veteri
nary pathologists. GCM was additionally quantified as the percentage of 
PAS-positive goblet cells in the epithelium as determined by visual 
counting along a roughly millimeter length (100 epithelial cells) of 
primary bronchus. 

4.4. Electron microscopy 

At end of study, and after exsanguination, a paraformaldehyde 
and glutaraldehyde mixture (Electron Microscopy Sciences, cat. 
#15720, Mixture 2) was instilled into the lungs through the trachea. 
Lungs were then harvested into the fixative, and samples targeting the 
area of the first bifurcation of the main bronchus were taken using a 1 or 
2 mm biopsy punch. Punches were then shipped in fixative to Charles 
River Laboratories, Pathology Associates (Durham, NC) for processing 
and imaging via transmission electron microscopy. 

4.5. Gene expression analysis 

Differential gene expressions were analyzed using DESeq2 package 
[73]. Genes with absolute fold change ≥ 2 and FDR-adjusted p-value <
0.05 were selected as the significantly perturbed gene signatures. 
Functional analysis was performed using Gene Set Enrichment Analysis 
(GSEA) [71] with GO biological process gene sets from the Molecular 
Signatures Database (MSigDB, c5.bp.v7.0). 

4.6. Statistical analysis 

All statistical analyses were performed using GraphPad Prism™. 
Normality of the data was evaluated using the Shapiro-Wilk test. If data 
passed the normality test and standard deviations of the different groups 
were not statistically different from each other as assessed by the Brown- 
Forsythe test, results were interpreted by one-way analysis of variance 
(ANOVA) followed by the Tukey post hoc test for multiple comparisons. 
If data failed to pass the normality test, or if standard deviations were 
significantly different, results were interpreted using the Kruskal-Wallis 
test followed by the Dunn’s post hoc test for multiple comparisons. Dif
ferences were considered to be statistically significant when p < 0.05 (* 
P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). 
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G. Mincewicz, Z. Sankowski, T. Fijołek, A. Kwaśniewski, J. Jerzyńska, J. Cygler, 
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