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ABSTRACT
Background: Biologics targeting type 2 cytokines can inhibit airway inflammation and improve lung function in moderate-to-
severe asthma; however, their impact on airway mucosal inflammatory cells is unclear. This study assessed the effects of dupi-
lumab on airway mucosal and systemic inflammation, and related gene expression in patients with persistent asthma.
Methods: In the phase 2a EXPEDITION study (NCT02573233), patients aged 18–65 years were randomised to add-on dup-
ilumab 300 mg (n = 20) or placebo (n = 22) every 2 weeks for 12 weeks. Pre- and post-treatment bronchial biopsies, bronchial 
brushings, bronchoalveolar lavage (BAL) fluid and blood samples were collected. Clinical and patient-reported outcomes, gene 
expression, type 2 biomarkers and safety outcomes were assessed.
Results: Dupilumab versus placebo improved lung function and asthma control. No significant changes in eosinophils, mast cells 
or type 2 helper cells were observed in bronchial biopsies. Downregulation of M2 macrophage- and eosinophil-associated gene 
sets was observed in BAL and brushing samples after dupilumab. Dupilumab decreased multiple circulating type 2 biomarkers 
in peripheral blood (punadj < 0.001, padj < 0.01), goblet cell numbers (punadj = 0.0336; padj = 0.2554) and mucus area (punadj = 0.0426; 
padj = 0.2554) in bronchial biopsies versus placebo. The safety profile was consistent with the known safety profile of dupilumab.
Conclusion: Dupilumab improved lung function and asthma control while reducing circulating type 2 biomarkers. No meas-
urable impact was observed on type 2-associated inflammatory cell numbers in airway bronchial biopsies; however, dupilumab 
modulated the expression of inflammation-associated gene sets. These findings provide cellular and molecular data that may 
explain dupilumab-driven mechanisms of improved lung function in patients with type 2 asthma.
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1   |   Introduction

Asthma is a chronic inflammatory disease characterised by 
reversible and variable airway obstruction, airway hyper-
responsiveness and episodes of bronchodilator-non-responsive 
airflow limitations associated with mucus plugging [1, 2]. 
Variability in the responsiveness of patients with asthma to 
standard-of-care treatment reflects disease heterogeneity [2]. 
Recent therapeutic approaches focus on targeting various im-
mune mediators, including interleukins (IL)-4, −5 and −13, 
immunoglobulin E (IgE), prostaglandin D2 receptor 2 (CRTH2) 
and thymic stromal lymphopoietin (TSLP) [3]. IL-4 and IL-13–
driven type 2 inflammation is critical in the pathogenesis of 
moderate-to-severe asthma [4, 5]. IL-4 regulates T-cell differen-
tiation and B- tcell class switching to IgE, inducing the produc-
tion of type 2-associated cytokines, chemokines and IgE, while 
IL-13 is involved in goblet cell hyperplasia, mucus hypersecre-
tion, airway hyper-responsiveness and smooth muscle reactiv-
ity [4, 6]. Biomarker levels, like fractional exhaled nitric oxide 
(FeNO), blood/sputum eosinophils, serum total IgE and peri-
ostin, are also partially regulated by IL-4/IL-13–driven type 2 
airway inflammation [4].

Dupilumab is a fully human monoclonal antibody [7, 8] target-
ing the IL-4 receptor α subunit (IL-4Rα), a component of Type I 
(IL-4 ligand only) and Type II (both IL-4 and IL-13 ligands) IL-4 
heterodimeric receptors. Dupilumab binding to IL-4Rα blocks 
both receptors, limiting downstream pro-inflammatory path-
way activation. Dupilumab is indicated for patients with diseases 
with underlying type 2 inflammation, including atopic dermati-
tis (AD), asthma, chronic rhinosinusitis with nasal polyps, eo-
sinophilic esophagitis, chronic obstructive pulmonary disease 
and prurigo nodularis [9, 10]. It is efficacious in patients with 
type 2 asthma, and characterised by increased levels of blood 
eosinophils or FeNO [5, 11], but little is known about its im-
pact on airway mucosal cells and modulation of transcriptional 
processes in various tissue and cellular compartments. In the 
EXPEDITION study (NCT02573233), we assessed the effects of 
dupilumab on airway inflammation in patients with persistent 
asthma using bronchoscopy and gene expression analysis.

2   |   Methods

2.1   |   Study Design and Patients

EXPEDITION was an exploratory, randomised, double-blind, 
placebo-controlled, phase 2 study conducted from January 
27, 2016, to January 3, 2018, in Canada, Denmark, Germany, 
Sweden, the United Kingdom and the United States. Patients 
with persistent asthma completed a 4-week screening period, 
12-week randomised treatment period and 12-week follow-up 
period, and underwent bronchoscopy before and after the treat-
ment period (Figure S1). All patients provided written informed 
consent before participating in the trial.

Patients aged 18–65 years with physician-diagnosed persistent 
asthma for ≥ 12 months (Global Initiative for Asthma 2015 
guidelines) [12] were eligible if they were receiving current treat-
ment with a medium-to-high dose of inhaled corticosteroid (ICS) 
plus ≤ 2 additional controllers, had a pre-bronchodilator percent 

predicted forced expiratory volume in 1 s (ppFEV1) of 55%–85% 
and an FEV1 reversibility of ≥ 12% and 200 mL. Patients with 
FeNO < 26 parts per billion (ppb) were excluded to enrich the 
population for patients with evidence of ongoing type 2 inflam-
mation. No minimum threshold for blood or tissue eosinophil 
cell counts was required. Previous and current smokers and pa-
tients who had received systemic corticosteroids within 28 days 
were excluded. Full inclusion and exclusion criteria are provided 
in the Supporting Information.

Patients were randomised (1:1) to receive dupilumab 300 mg or 
placebo subcutaneously every 2 weeks (q2w) for 12 weeks, and 
stratified by ICS dose (Table S1) and region. Concomitant con-
troller medications were continued at stable doses (Table  S2). 
Further details of study design and methodology are provided in 
the Supporting Information.

2.2   |   Sample Collection

Fibreoptic flexible bronchoscopy was performed in all patients 
before treatment initiation and at the end of the treatment pe-
riod for endobronchial biopsy, bronchial brushing and broncho-
alveolar lavage fluid (BALF) sample collection. Table S3 shows 
the locations where bronchoscopy sample collections were per-
formed, which were randomly predetermined either from the 
right or left lower lobe for the first bronchoscopy (baseline). The 
second bronchoscopy (Week 12) samples were collected from 
the opposite side. At least four adequate tissue samples were 
collected during each bronchoscopy and stored in formalin for 
immunohistochemistry analysis. All tissue samples from the 
same bronchoscopy were paraffin embedded and stored until 
analysis. All analyses were done by a central, blinded reader. All 
patients received 3–5 days of oral corticosteroids (prednisone/
prednisolone 40 mg daily) post bronchoscopy as a precaution to 
prevent bronchospasms. Blood samples were also collected at 
specified timepoints.

2.3   |   Outcomes

2.3.1   |   Main Pharmacodynamic Endpoints

The main pharmacodynamic endpoints included the change 
from baseline to Week 12 and/or the ratio of baseline to Week 
12 values of cells in endobronchial biopsy samples stained for 
appropriate markers. Submucosal eosinophils (major basic 
protein+ [MBP+]), mast cells (chymase+ or tryptase+), total T-
lymphocytes (cluster of differentiation [CD]3+), T-helper lym-
phocytes (CD4+), B cells (CD23+) and goblet cells (mucin [MUC] 
5 AC+) were measured as cells/mm2. Mucin-stained (MUC+) 
area (%) was defined as positive area (mm2)/area of tissue 
(mm2) × 100. A post hoc analysis of the submucosal eosinophil 
cell count was performed.

2.3.2   |   Additional Pharmacodynamic Endpoints

Additional pharmacodynamic outcomes included the change 
and percent change from baseline at Week 12 in FeNO and the 
change from baseline in the averaged FeNO of Weeks 6–12.
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2.3.3   |   Exploratory Pharmacodynamic Endpoints

Exploratory pharmacodynamic endpoints included changes 
from baseline to Week 12 in subepithelial thickness in bronchial 
biopsy samples, differential cell counts in blood and BALF, cell 
types measured by immunocytochemistry, protein biomarkers 
(e.g., periostin, TARC, ECP, IL-4, IL-13, IL-5) and RNA expres-
sion markers in bronchial brushing, BAL-cell and biopsy sam-
ples, assessed through transcriptome (gene expression) analyses 
as described in the Supporting Appendix. RNA expression anal-
yses and gene set enrichment analysis (GSEA) were performed 
using published meta-analyses of airway-epithelium transcrip-
tional data from patients with asthma versus healthy controls 
[13, 14]. Full methods, including lower limits of quantification 
for protein biomarkers (Table S4), are provided in the Supporting 
Appendix.

2.3.4   |   Clinical and Safety Endpoints

Clinical endpoints included change from baseline in 
pre-bronchodilator FEV1 and 5-item Asthma Control 
Questionnaire (ACQ-5) score. Safety and tolerability were 
evaluated by the incidence of adverse events and findings 
from physical examination, laboratory testing and 12-lead 
electrocardiography.

A complete list of study objectives and endpoints is provided in 
the Supporting Appendix.

2.4   |   Statistical Analysis

Details on the sample size determination and analyses of phar-
macodynamic, efficacy and safety endpoints are provided in the 
Supporting Appendix.

For the transcriptome analysis, genes were tested for differences 
in pre- and post-treatment expression in  dupilumab versus 
placebo. Transcriptome data from airway samples were evalu-
ated by a linear mixed-effects model. No genes passed the sig-
nificance threshold of 0.05 after correction for false discovery 
rate by the Benjamini–Hochberg procedure (Table S5). To gain 
statistical power, data were then analysed at the gene set level 
using GSEA. Thirty-four preselected gene sets relevant to in-
flammation and asthma were queried (Tables S6 and S7), and p-
values were adjusted with the Benjamini–Hochberg procedure. 
Details of transcriptome data preprocessing, reference dataset 
construction and GSEA implementation are provided in the 
Supporting Appendix.

3   |   Results

Forty-two patients were randomised to receive dupilumab 
(n = 20) or placebo (n = 22). All completed the treatment period 
(Figure  S2). Overall, baseline characteristics were similar be-
tween the treatment arms (Table 1). The mean age was 41.0 years 
in the placebo group and 45.5 years in the dupilumab group; 65.0% 
and 36.4% of patients were female, and 45.5% (10 patients) and 
55.0% (11 patients) had a BMI ≥ 30 kg·m2 in the dupilumab and 

placebo groups, respectively. Notably, median (IQR) MBP+ tis-
sue eosinophil counts were higher in the dupilumab group (30.0 
[10.1–263.8] cells·mm−2) than the placebo group (13.0 [9.9–21.2] 
cells·mm−2) but more balanced using ECP+ counts (26.1 ± 30.2 
cells·mm−2 and 32.1 ± 32.8 cells·mm−2). Median (IQR) blood eo-
sinophil counts at baseline were 0.32 (0.18–0.48) × 109 cells·L−1 
in the dupilumab arm and 0.38 (0.25–0.57) × 109 cells·L−1 in the 
placebo arm. Demographics of the patients with samples in-
cluded in the transcriptome analysis were consistent (Table S8).

In bronchial biopsies obtained at baseline and end of treatment, 
85.0% (17/20 patients) in the dupilumab group and 95.4% (21/22 
patients) in the placebo group were of sufficient quality for anal-
ysis. Dupilumab versus placebo had no appreciable effect on tis-
sue inflammatory cell counts in stained bronchial biopsy sections 
(Table  2). Notably, median baseline values of eosinophil MBP+ 
cells were nearly 3-fold higher for dupilumab versus placebo 
(Table 1); however, post-treatment, change from baseline showed 
no significant between-group differences (punadj = 0.8400; Table 2, 
Figure 1a–d). Normalised gene enrichment scores for eosinophil-
associated gene expression signatures are shown in Figure 1e. After 
treatment, no significant changes from baseline were observed in 
ECP+ eosinophil counts (p = 0.7048), tissue mast cells (chymase+ 
[punadj = 0.4795], tryptase+ [punadj = 0.4494]), CD3+/CD4+ lympho-
cytes (punadj = 0.6865 and punadj = 0.7588, respectively) or B cells 
(punadj = 0.7481) (Table 2; Table S5 and Figures S3–S5).

In contrast, goblet (MUC5AC+) cell counts (punadj = 0.0336, 
padj = 0.2554) and the relative mucus (mucin)-stained area 
(punadj = 0.0426, padj = 0.2554) decreased from baseline to Week 
12, although differences were not significant after adjusting 
for multiple testing (Table  2, Figure  S3). The reticular base-
ment membrane (RBM) thickness was comparable between 
treatments at baseline. Although a reduction in RBM thick-
ness was seen in dupilumab-treated patients at Week 12, the 
difference between treatment arms was not statistically sig-
nificant (punadj = 0.2629; Table  2). Dupilumab versus placebo 
significantly improved pre-bronchodilator FEV1 from baseline 
at Week 12 (LS mean difference [90% CI]: 0.27 L [0.10 to 0.44]; 
p = 0.0100) (Table  S9). ACQ-5 scores were significantly im-
proved from baseline at Week 8 (LS mean difference [90% CI]: 
−0.53 [−0.93 to −0.13]; p = 0.0336) and numerically improved at 
Week 12 (LS mean difference [90% CI]: −0.18 [−0.55 to 0.19]; 
p = 0.4059) (Table  S9 and Figure  S6A). Dupilumab versus pla-
cebo significantly reduced FeNO levels from baseline at Week 12 
(padj = 0.0013) (Table S9 and Figure S6B). Exploratory outcomes 
included circulating type 2 biomarkers and inflammatory cells. 
In peripheral blood, no differences were observed in the Week 
12 change from baseline in either mean eosinophil or neutro-
phil counts (punadj > 0.05; Table S10). Dupilumab versus placebo 
was associated with significant reductions in circulating total 
IgE, periostin, eotaxin-3 and thymus and activation-regulated 
chemokine (TARC) at Week 12 (punadj < 0.001 for all, padj < 0.01) 
(Table S10 and Figure S7). Meanwhile, circulating IL-4 concen-
trations at Week 12 significantly increased (Table  S10). Other 
circulating blood biomarkers did not significantly change in 
response to dupilumab after adjustment for false discovery rate 
(Table S10 and Figure S7).

In BAL samples, Week 12 changes in periostin, TNF-α and IL-6 
did not differ between dupilumab and placebo (punadj > 0.05). 
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Mean reductions in TARC were greater in patients receiving 
dupilumab (punadj = 0.0344, padj = 0.1374) but not significant 
after adjustment (Table S11). Dupilumab had no effect on either 
MBP+ eosinophil (punadj = 0.2513) or CD206+ macrophage count 
(punadj = 0.9249). CD68+ macrophages increased from baseline 
for dupilumab versus placebo (punadj = 0.0324, padj = 0.2289), al-
though this was not significant after adjustment (Table S11).

In our study, dupilumab significantly modulated multiple gene 
sets in bronchial brushing samples relative to placebo, upreg-
ulating those previously reported to be downregulated in pa-
tients with asthma versus healthy controls (Asthma-Down gene 
set) and downregulating those upregulated in patients with 
asthma versus healthy controls (Asthma-Up gene set; Figure 2, 

Table  3 and Figures  S8–S11). The largest effects were seen in 
the type 2-associated extracellular matrix protein periostin 
gene (POSTN), serine or cysteine protease inhibitor genes (e.g., 
SERPINB2, SERPINB10, CST1 and CST4), mucus secretion and 
goblet cell hyperplasia-related genes (e.g., CLCA1, MUC5AC, 
MUC5B, FOXA3 and AGR2) and chemokine genes CXCL1, 
CXCL6 and CX3CL1. In all three airway matrices, dupilumab 
significantly reversed the upregulation of type 2 genes previously 
reported in bronchial brushings of patients with asthma [13, 14] 
(Table 3, Figure 3a, Figure 3b). Individual sample-level analy-
ses did not support the enrichment of other gene sets, including 
the type 1 immune response- and type 1 interferon response-
associated gene sets (Figure 3c, Figure 3d). Further details are 
available in Tables S12–S14 and Figures S8–S11.

TABLE 1    |    Demographic and baseline characteristics (randomised population).

Placebo (n = 22) Dupilumab (n = 20)

Age, years 41.0 ± 10.3 45.5 ± 10.6

Sex

Female 8 (36.4) 13 (65.0)

Male 14 (63.6) 7 (35.0)

Race

Asian 0 (0) 1 (5.0)

Black 3 (13.6) 3 (15.0)

White 19 (86.4) 16 (80.0)

BMI, kg·m−2 29.4 ± 6.0 29.9 ± 6.6

Patients with ≥ 30 kg·m−2 10 (45.5) 11 (55.0)

Duration of asthma, years 26.8 ± 14.4 31.8 ± 10.8

Severe asthma exacerbations in the past year, n 1.00 ± 1.48 0.85 ± 1.90

ICS dosea at baseline

High dose 10 (45.5) 11 (55.0)

Medium/low dose 12 (54.5) 9 (45.0)

Pre-bronchodilator FEV1, L 2.70 ± 0.63 2.31 ± 0.52

Pre-bronchodilator ppFEV1, % 73.5 ± 11.6 71.6 ± 9.5

FEV1 reversibility, % 19.1 ± 7.4 14.0 ± 7.0

ACQ-5 score, points 1.73 ± 0.97 1.38 ± 0.63

Biomarkers

Tissue eosinophil count (MBP+), cells·mm−2 13.0 (9.9–21.2) 35.0 (10.1–263.8)

Tissue eosinophil count (ECP+), cells·mm−2 32.1 ± 32.8 26.1 ± 30.2

Blood eosinophil count, ×109 cells·L−1 0.38 (0.25–0.57) 0.32 (0.18–0.48)

FeNO, ppb 28.0 (19.0–56.0) 30.0 (20.5–42.0)

Total IgE, IU·mL−1 177.0 (65.0–245.0) 137.0 (83.0–280.0)

Note: Data are presented as mean ± SD, n (%), or median (interquartile range).
Abbreviations: ACQ-5, 5-item Asthma Control Questionnaire; BMI, body mass index; ECP+, eosinophil cationic protein+; FeNO, fractional exhaled nitric oxide; FEV1, 
forced expiratory volume in 1 s; ICS, inhaled corticosteroid(s); IgE, immunoglobulin E; IQR, interquartile range; IU, international unit; MBP+, major basic protein+; 
ppb, parts per billion; ppFEV1, percent predicted FEV1; SD, standard deviation.
aICS dose as defined in GINA 2015 guidelines [12] (Table S1).
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The proportion of patients with treatment-emergent adverse events 
(TEAEs) was similar between treatment groups (Table  S15). 
The most common TEAEs were headache, nasopharyngitis and 
injection-site erythema. One patient in the placebo group reported 
eosinophilia as a TEAE. No bronchoscopy-related events were re-
ported. There was one serious TEAE reported in the dupilumab 
group (neutropenia related to a virus, not to dupilumab, according 
to the investigator). No deaths were reported, and no patient had a 
TEAE leading to permanent treatment discontinuation.

4   |   Discussion

The phase 2a EXPEDITION study demonstrated no measurable 
effect of dupilumab versus placebo on cellular measures (immu-
nohistochemical) of type 2 airway inflammation, eosinophils, 
mast cells or type 2 helper cells in bronchial biopsy samples of 
patients with type 2 persistent asthma, despite significant im-
provements in lung function at Week 12 and asthma control at 
Week 8 in patients with type 2 persistent asthma. Lung function 
and asthma control improvements were consistent with those in 
other dupilumab asthma studies [5, 11]. While goblet cell counts 
and mucus coverage of the epithelium numerically decreased 
following dupilumab treatment, differences were not significant 
after multiplicity adjustment.

While the cellular findings of this study were unexpected, dup-
ilumab significantly reduced type 2 inflammation biomarkers, 

including FeNO, circulating total IgE, periostin, eotaxin-3 and 
TARC/CCL17 versus placebo. TARC/CCL17 is a ligand for 
CCR4, which is predominantly expressed on T-helper type 2 cells 
and regulatory T cells. High levels of both IgE and TARC have 
been detected in samples, including BAL samples in patients 
with asthma [15, 16]. A reduction in TARC levels by dupilumab 
supports its role in blocking T-helper type 2 cell infiltration and 
airway inflammation. Reductions in TARC/CCL17 and eotax-
in-3 may, over time, result in tissue reductions in T-lymphocytes 
and eosinophils, respectively, but these were not detected here. 
Gene expression analysis demonstrated that dupilumab shifted 
the transcriptome towards the molecular phenotype of healthy 
controls, consistent with analyses in AD [17] and eosinophilic 
oesophagitis [18], by increasing genes downregulated in asthma 
(e.g., type 1 interferon [IFN] response, M1 macrophage, type 1 
immune response) and decreasing genes upregulated in asthma 
(e.g., type 2 immune response and M2 macrophage). Our findings 
are generally consistent with previous studies evaluating the ef-
fect of anti-IL-13 monoclonal antibodies on airway eosinophils. 
Neither tralokinumab nor lebrikizumab treatment reduced 
eosinophil counts in bronchial biopsy samples, although, like 
dupilumab, tralokinumab reduced FeNO and total IgE levels 
[19, 20]. Also consistent with previous studies [21], dupilumab 
versus placebo significantly increased circulating IL-4 levels, 
an expected indicator of IL-4Ra receptor inhibition. However, 
dupilumab treatment has been observed to reduce airway eo-
sinophils when measured in sputum samples, suggesting that 
different compartments may yield different results [22]. Overall, 

FIGURE 1    |    Tissue, airway and blood eosinophil counts and eosinophil-associated gene expression signature (a) MBP+ and (b) ECP+ tissue eosin-
ophil counts (staining by IHC). (c) Differential eosinophil counts in BALF. (d) Blood eosinophil counts over the 12-week treatment period. (e) NES 
for an eosinophil-associated gene expression signature. For the (e) panel, the ES of a gene set is the maximum deviation from zero, represented by red 
dotted lines; leading-edge genes are the subset of genes that contribute the most or reach the maximum ES; and the preranked list of genes is used 
instead of the statistical significance of an individual gene. NES is defined as the ratio between the ES and the mean score obtained by random per-
mutations of the dataset. BALF, bronchioalveolar lavage fluid; ECP+, eosinophil cationic protein+; IHC, immunohistochemistry; MBP+, major basic 
protein+; NES, normalised enrichment score; q2w, every 2 weeks; sc, subcutaneous.
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these data suggest that neutralising IL-13 and IL-4 signalling 
may be insufficient to elicit changes in airway eosinophil counts, 
but that this may be affected by the compartment investigated.

Several study limitations may have contributed to the inability 
to detect a significant treatment effect on cellular measures of 
type 2 inflammation in bronchial biopsies. As eosinophilia was 
not an inclusion criterion, patients may have lacked sufficient 
baseline tissue eosinophil counts to demonstrate a significant 
difference. The inclusion of patients with more severe disease 
who did have an indication for biological treatment may have 
resulted in clearer differences between the treatment groups. As 
observed in a lebrikizumab study [20], a significant imbalance 
in MBP+ cells between placebo and dupilumab bronchial biopsy 
samples at baseline may have led to variability in treatment 
response. While unlikely to impact biomarker levels 12 weeks 
after administration, the receipt of oral corticosteroids by all 
patients to prevent bronchospasms after the biopsy may have 
impacted the results. The study duration may have been lim-
iting, as the reduction in chemokine levels observed here and 
in other dupilumab studies [21, 23] may take longer to translate 
to reductions in submucosal cell numbers. Microarray analysis 
showed differing expression of eosinophil-associated genes in 
brushing and BAL samples versus biopsies. These results are 

consistent with those from a bronchial allergen challenge study, 
in which dupilumab suppressed an eosinophil-associated gene 
signature [24]. Limitations for this technique included difficulty 
in discriminating mucosal from intravascular eosinophils in 
bronchial biopsy samples and observed imbalances in eosino-
phil levels at baseline between treatment groups. Additionally, 
tissue sampling is limited in endoscopic biopsies; matched pre- 
and post-treatment samples were not available for all patients; 
thus, mean measurements were evaluated. These factors likely 
increased variability in the data. Larger bronchial biopsy and 
sputum studies are needed. Finally, the high number of pharma-
codynamic variables analysed, requiring statistical adjustment 
for multiplicity, may have reduced significance.

By complementing our study with transcriptional changes 
driven by dupilumab, we contextualised the observed trends 
at the cellular level and can hypothesise potential treatment 
effects that may otherwise not be detectable via conventional 
cellular and pathological markers alone (particularly in a 
study where those measures did not have a required threshold 
at the time of enrolment). For example, while no significant 
differences were observed in MBP+ eosinophil or macrophage 
counts between dupilumab and placebo, GSEA revealed sig-
nificant differences in gene expression associated with both 

FIGURE 2    |    Dupilumab effects on asthma-up and asthma-down gene sets and leading-edge genes (a) GSEA results of dupilumab effects on the 
Asthma-Up and Asthma-Down gene sets in the top 30 leading-edge genes. (b) Heatmap of the top 79 leading-edge genes, respectively, up- and down-
regulated in the Asthma-Down and Asthma-Up gene sets (nominal p < 0.05). The asthma versus healthy control column indicates up- or downregu-
lation of each of these genes in patients with asthma. For the (a) panel, the ES of a gene set is the maximum deviation from zero, represented by red 
dotted lines; leading-edge genes are the subset of genes that contribute the most or reach the maximum ES, and the preranked list of genes is used 
instead of the statistical significance of an individual gene. NES is defined as the ratio between the ES and the mean score obtained by random per-
mutations of the dataset. ACTARM, treatment arm; ES, enrichment score; GSEA, gene set enrichment analysis; NES, normalised enrichment score; 
q2w, every 2 weeks; VISITNUM, visit number.
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eosinophils and macrophage polarisation. Additionally, while 
not statistically significant after adjustment for multiplicity 
testing, the numerical reduction in goblet cell hyperplasia and 
mucus coverage in bronchial tissue is consistent with the ob-
served decrease in gene expression of ALOX15 and its down-
stream genes, MUC5AC and POSTN (periostin), which are 
among the genes driving the dupilumab-mediated dampening 
of the type 2 immune response-associated gene set [25, 26]. 
Periostin secretion, induced by IL-4 and IL-13 in airway 

epithelial cells and lung fibroblasts [27], is associated with 
subepithelial fibrosis in asthma, airway hyper-responsiveness 
[27] and type 2 inflammation in severe asthma [28]. 
Additionally, the upregulation of MUC5AC and downregula-
tion of MUC5B production ultimately culminate in a hetero-
geneous airway mucus gel that can compromise mucociliary 
clearance, leading to airway obstruction [26, 29]. Our findings 
therefore suggest a potential mechanism of action of dupi-
lumab in improving lung function, although the conflicting 

FIGURE 3    |    Type 2- and type 1-associated gene expression changes in bronchial brushing samples (a) GSEA NESs for the type 2-associated gene 
sets, up- or downregulated, in bronchial brushing samples from patients with asthma versus healthy controls from public datasets, as well as pre- and 
post-treatment NESs in the EXPEDITION study. (b) Heatmap showing the expression of each gene included in the GSEA NES associated with type 2 
inflammation. (c) GSEA NES for the type 1-associated gene set, up- or downregulated, in bronchial brushing samples from patients with asthma ver-
sus healthy controls from public datasets and pre- versus post-treatment samples in the EXPEDITION study. (d) Heatmap showing the expression of 
each gene included in the GSEA NES associated with type 1 inflammation. GSEA, gene set enrichment analysis; NES, normalised enrichment score.
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results between the biopsy cell counts and brushing gene ex-
pression evaluations of the present study hinder interpreta-
tion. Our gene expression findings complement findings from 
the recent phase 4 VESTIGE study, which showed clear effects 
of dupilumab on reducing mucus volume and plugging [30], 
indicating that the limitations discussed above may have had 
a substantial impact on the unexpected negative immunohis-
tochemical findings of this study.

In conclusion, although the phase 2a EXPEDITION study 
demonstrated no significant changes in cellular measures 
of type 2 airway inflammation in dupilumab versus placebo 
bronchial biopsy samples, significant effects were observed on 
clinical outcomes and pharmacodynamic biomarkers of type 2 
inflammation in the airway and circulation. The study also pro-
vided insight into changes in gene expression induced by dupi-
lumab in the lung microenvironment, including modulating the 
expression of inflammation-related gene sets. In adult patients 
with asthma, these clinical improvements and gene expression 
profiles demonstrate both systemic and local reduction in type 2 
inflammation with dupilumab treatment.
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