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A single-cell spatial chart of the airway wall 
reveals proinflammatory cellular ecosystems 
and their interactions in health and asthma
 

Régis Joulia    1,9  , Sara Patti1, William J. Traves1, Lola Loewenthal1,2,3, 
Laura Yates1, Simone A. Walker1, Franz Puttur1, May Al-Sahaf1, 
Katherine N. Cahill    4, Juying Lai    5,6, Salman Siddiqui1,7, Joshua A. Boyce5,6, 
Elliot Israel    8 & Clare M. Lloyd    1,9 

Determining spatial location of cells within tissues gives vital insight into 
the interactions between resident and inflammatory cells and is a critical 
factor for uncoupling the mechanisms driving disease. Here, we apply 
single-cell spatial transcriptomics to reveal the airway wall landscape 
in health and during asthma. We identified proinflammatory cellular 
ecosystems that exist within discrete spatial niches in healthy and asthma 
samples. These cellular hubs are characterized by a high level of chemokine 
and alarmin expression, along with unique combinations of stromal cells. 
Mechanistically, we demonstrated that receptors, such as ACKR1, retain 
immune mediators locally, while amphiregulin-expressing mast cells are 
prominent within these proinflammatory hubs. Despite anti-inflammatory 
treatments, the asthma airway mucosa exhibited a distinct remodeling 
program within these cellular ecosystems, marked by increased proximity 
between key cell types. This study provides an unprecedented view of the 
topography of the airway wall, revealing distinct, specific ecosystems within 
spatial niches to target for therapeutic intervention.
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The recent development of monoclonal antibodies targeting type 
2 inflammation has dramatically improved therapeutic options for 
individuals with asthma1,2. Despite their ability to restrain immune 
responses, these therapies fail in a significant proportion of patients3,4. 
Further improvement will require a greater understanding of the 
interactions between infiltrating inflammatory cells and the resident 
structural cells that constitute the bronchial wall, the primary site 
of inflammatory responses and tissue remodeling during asthma5,6. 

Recent studies have been transformative for lung biology by redefining 
the cellular networks during development and disease7–11. However, 
most of these studies rely on enzymatically dissociated tissue and flu-
idic systems to isolate cells. Consequently, vital information as to the 
spatial relationships between cell types is lost12,13.

Here, we use single-cell spatial transcriptomics to interrogate the 
transcriptional and spatial landscapes of the human bronchial wall 
during health and asthma. Epithelial and submucosal gland niches 
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exhibit discrete ecosystems containing cells that produce alarmins 
and chemokines. Furthermore, we provide evidence of the molecular 
regulators of these ecosystems, such as atypical chemokine receptor 
1 (ACKR1) and mast cells expressing amphiregulin (AREG). Finally, in 
biopsy specimens captured after 24 weeks of exposure to imatinib or 
matched placebo, we demonstrate the extensive impact of imatinib 
on the asthma microenvironment and provide a template to analyze 
drug–target interactions in situ.

Results
The spatially resolved chart of the asthmatic airway wall
To determine the spatial transcriptional signature of the bronchial air-
way, we used the Xenium14 and GeoMx15 platforms to analyze endobron-
chial biopsies from 8 healthy donors and 20 donors with mild to severe 
asthma exposed to anti-inflammatory treatments (that is, inhaled cor-
ticosteroids and biologics; Fig. 1a, Supplementary Table 1 and Sup-
plementary Data 1). With the Xenium platform, we used a 339-gene 
panel to identify cell lineages and optimized section placements to 
run healthy and asthma biopsies simultaneously (Fig. 1b, cohort 1, and 
Supplementary Video 1). We successfully detected more than 2 million 
transcripts, and unbiased clustering revealed 18 clusters (Fig. 1c). We 
identified 15 clusters using canonical markers such as Von Willebrand 
factor (VWF) for endothelial cells (Fig. 1c and Extended Data Fig. 1a). 
We then projected the primary gene signatures (that is, the top five 
genes expressed) for each cluster onto the lung spatial cell atlas8 that 
confirmed our cluster annotations (Extended Data Fig. 1b). It was not 
possible to discriminate clusters 1, 2 and 12 due to the superimposed 
expression of genes from multiple different cell types (Extended Data 
Fig. 1a,b). Of note, all donors contributed to the clusters, irrespective 
of their pathology status (Extended Data Fig. 1c), and the frequency 
of each cluster was similar between donors (Fig. 1d). Interestingly, 
we observed subpopulations of both epithelial and endothelial cells 
indicating distinct transcriptional and spatial identities (Extended 
Data Fig. 1d). Additionally, we performed digital spatial profiling in a 
different cohort of individuals (cohort 3; Supplementary Table 1 and 
Supplementary Data 1). Tissue sections were stained for DNA, vimentin, 
CD45 and α-smooth muscle actin (α-SMA) to determine three regions 
(for example, epithelium, subepithelium and smooth muscle) as previ-
ously described15 (Fig. 1e). We analyzed 48 regions of interests (ROIs) 

within these samples, and overall clustering using uniform manifold 
approximation and projection (UMAP) indicated that ROIs mainly 
segregated by type of region analyzed (Fig. 1f). Functionally, expres-
sion of cytokines, chemokines or proliferation genes was detected in 
discrete areas in both Xenium (Fig. 1g) and GeoMx data (Fig. 1h). Finally, 
we explored cellular spatial information to determine the closest neigh-
bor of each cell subset (Fig. 1i). For every cell, we measured its shortest 
distance to the closest neighbor for a different cluster (for example, 
every basal cell 2’s shortest distance to any endothelial cell). We were 
able to investigate the neighbor repartition and number of neighbor-
ing cells (for example, how many endothelial cells were located around 
one basal cell) for each cell cluster up to 150 µm (Fig. 1i). For example, 
basal cells preferentially associated with other basal cells at the closest 
distance (that is, less than 50-µm range), followed by a close association 
with goblet cells and, at a longer distance, smooth muscle cells (Fig. 1j).

In summary, we provide a single-cell transcriptional chart of the 
lung airway wall, map the spatial relationships across 15 clusters of 
cells in the lungs of healthy individuals and those with asthma and 
confirm these data using an additional platform and a separate cohort 
of participants.

Proinflammatory cellular ecosystems at the airway wall
The airway wall contains distinct regions as shown recently from the 
spatially resolved general lung cell atlas8. In agreement with this, our 
specific analysis of the airway wall determined that most transcripts 
were concentrated in two main areas; namely the epithelial–subepi-
thelial area and the mucous gland area separated by a layer of smooth 
muscle cells (Fig. 2a)16. We carefully annotated these two regions in each 
biopsy section using both hematoxylin and eosin (H&E) and transcript 
information and avoided any regions with disrupted tissue integrity 
(that is, dissociated cells from the biopsies; Fig. 2a and Extended Data 
Fig. 2). Clustering of cells from the epithelial and mucous gland niches 
from both healthy and asthma samples indicated that our manual selec-
tion provided an accurate reflection of the bronchial wall landscape 
(Fig. 2b,c).

We next analyzed the expression of alarmins (that is thymic stromal 
lymphopoietin (TSLP) and interleukin-33 (IL-33; IL33)) and chemokines 
known to be crucial for lung inflammatory responses during asthma17,18. 
In both niches, we observed discrete areas of high production of these 

Fig. 1 | Single-cell spatial transcriptomics to analyze lung wall heterogeneity 
and cellular interaction. a, Schematic showing the site of lung endobronchial 
biopsies and Xenium and GeoMX slide placement. b, Overview of tissue 
sections on a Xenium slide and zoom-in images of one section (white box) with 
corresponding H&E staining, Xenium cell segmentation, total transcripts detected 
and superimposed DAPI, cell segmentation and transcripts in one area (data are 
representative of two independent experiments). c, UMAP projection of all 60,567 
cells captured using Xenium with the indicated cluster names identified. d, Cell 
fraction per donor (cohort 1; see Supplementary Table 1 and Supplementary Data 1 
for participant information). e, Images of endobronchial biopsies stained for DNA 
(Syto83, green), vimentin (purple), CD45 (blue) and α-SMA (yellow) showing the 
selected ROIs (boxed regions, representative of four independent experiments); 
scale bars 100 µm. f, UMAP of all 43 ROIs according to their localization and 

pathology (n = 4 donors in each group, cohort 3; see Supplemental Table 1 for 
participant information). g, Cytokines, chemokines and proliferation genes shown 
as a transcript density map. h, Chemokines, cytokines and proliferation genes in 
different ROIs and pathology status (n = 15 (epithelium), 19 (subepithelium) and 
13 (smooth muscle) ROIs from n = 4 donors per group, cohort 3); data are shown 
as mean ± s.e.m. i, Schematic depicting nearest neighbor analysis and a Xenium 
image showing the nearest endothelial cell (yellow dots) from each basal cell 
(green dots). Lines represent shortest distance (data are representative of two 
independent experiments). j, Repartition of cells and distance to BC2 for each 
cluster and average neighboring cells within 50 µm; SMCs, smooth muscle cells; 
Epi, epithelium; Muc, mucous glands. Data in h were analyzed by one-way analysis 
of variance (ANOVA), followed by a Tukey’s post hoc test. Illustrations were created 
with Adobe Illustrator and Biorender.com.

Fig. 2 | Lung wall is characterized by discrete proinflammatory hubs. a, 
Representative H&E-stained section and matching Xenium image of an asthma 
biopsy. Transcripts are visualized as a density map and regions used for epithelial 
and mucous gland niche analysis. All regions are shown in Extended Data Fig. 
2. Data are representative of two independent experiments. b,c, UMAP of cells 
captured in epithelial (b) and mucous gland (c) niches with the indicated names 
of clusters (n = 8 donors, cohort 1). d, Representative Xenium image showing 
inflammatory hubs with transcripts for chemokines (red dots) and alarmins 
(orange; data are representative of two independent experiments). e,f, Gene 
dot plot for alarmins (that is, TSLP and IL33) and chemokine expression in 
stromal cell clusters for epithelial (e) and mucous gland (f) niches (n = 4 donors 

per group, cohort 1). g, Heat map projection of alarmin expression in epithelial 
and subepithelial ROIs (four to nine ROIs per group from n = 4 donors per 
group, cohort 3). For the gene dot plot, the size of the dot reflects the frequency 
of cells expressing at least one transcript, and color indicates the level of 
expression. Columns alternate between healthy (H) and asthma (A) samples. 
Scales are provided for each plot. Red boxes indicate genes with a P value of 
<0.05 compared to other clusters, and black boxes indicate genes with a P value 
of <0.05 between healthy tissue and tissue from individuals with asthma. Data 
were analyzed by two-sided Mann–Whitney t-test (e and f) and two-way ANOVA, 
followed by a Dunnett’s post hoc test (g, healthy vs. mild P value = 0.0002, 
healthy vs. severe P value = l0.0047).
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mediators (Fig. 2d). At the epithelial side, inflammatory hubs were 
present just below the outside layer of epithelial cells and present 
for up to 50 µm inside the tissue. In the mucosal gland, inflammatory 
hubs were closely associated with cells forming the glands (Fig. 2d). 
Next, we quantified which cells produce chemokines and alarmins. 
Stromal cells were among the highest producers of these mediators 
compared to immune cell clusters (that is, mast cells or macrophages; 
Fig. 2e,f and Extended Data Fig. 3a). Distinct subpopulations of basal 
cell 1 (BC1) and endothelial cell 2 (EnC2) were the most positive for 
IL33 and chemokines (Fig. 2e). Furthermore, goblet cells exhibited 
high signal for the neutrophil chemoattractants CXCL6 and CXCL8 
(Fig. 2d). Within the mucosal gland ecosystem, EnC2s showed the 
highest expression of IL33 and chemokines, followed by fibroblasts and 
goblet cells (Fig. 2f). Individuals with asthma showed a global reduction 
in alarmin and chemokine expression except CXCL12, which perhaps 
reflects their ongoing treatment regimen that is designed to reduce 
inflammation (Fig. 2c,d). The former is in line with publicly available 
single-cell RNA-seq data11. We confirmed our observation using the 
GeoMX platform where we showed that most alarmins were decreased 
in expression in epithelial and subepithelial areas, most notably IL33 
(Fig. 2g). Similarly, most chemokines followed the same pattern of 
reduction in epithelial and subepithelial ROIs from the independent 
cohort (Extended Data Fig. 3b). Interestingly, we noticed a strong 
increase in CXCL17 expression in asthma, only at the lung epithelium 
(Extended Data Fig. 3b). Considering the recently described role for 
this chemokine in the regulation of T cell migration19, it is interesting 
to note that asthma treatment did not impact the expression of this 
chemokine. Furthermore, genes associated with proliferation were 
present at low levels in most stromal clusters. Extracellular matrix 
genes were expressed mainly by fibroblasts and smooth muscle cells 
but were reduced in asthma (Extended Data Fig. 3c,d).

Collectively, these data clearly indicate that alarmin and 
chemokines are produced within specific neighborhoods, and 
asthma treatment reduces the capacity of the cells to produce most 
chemokines and alarmins.

Basal, goblet and endothelial cells cooperate at the epithelial 
niche to produce alarmins and chemokines
We then further characterized alarmin- and chemokine-producing cells 
within the cellular ecosystems of the epithelial and mucous gland niches 

(Fig. 3a). BC1s were characterized by increased expression of the genes 
encoding keratin 15 (KRT15; a canonical marker for basal epithelial cells) 
and coagulation factor III (F3; a cell surface glycoprotein important for 
blood coagulation) compared to BC2s, with expression even more pro-
nounced in asthma biopsies (Fig. 3b). The profile of goblet cells within 
the epithelium was altered in individuals with asthma compared to in 
healthy individuals, with increased expression of CYP2F1 (cytochrome 
P450, a hemeprotein important for drug metabolism), MUC5B (mucin 
5B, the main secreted mucin) and KLK11 and decreased expression of 
KRT7 and TACSTD2 (epithelial glycoprotein; Fig. 3b). In addition, EnC2s 
were characterized by higher expression of VWF (a glycoprotein critical 
for hemostasis), plasmalemma vesicle-associated protein (PLVAP; an 
endothelial-specific protein involved in the formation of endothelial 
intracellular microstructures) and, intriguingly, the atypical chemokine 
receptor 1 (ACKR1; a nonsignaling chemokine receptor; Fig. 3b). Of note, 
we did not detect significant differences in the proportions of these 
cells between healthy and asthma samples (Extended Data Fig. 4a).

Next, we observed that asthma epithelial niches showed a closer 
association between these proinflammatory cells (Fig. 3a). Spatial analy-
sis indicated that BC1s, goblet cells and EnC2s were closely associated 
with themselves, fibroblasts, mast cells and macrophages (Fig. 3c). This 
set of interactions differed in the bronchial wall of donors with asthma 
for BC1s and EnC2s, where we observed that these cell types were located 
much closer to each other and to ciliated cells (Fig. 3c). Interestingly, no 
differences were observed in the number of neighboring cells for BC1s, 
goblet cells and EnC2s (Extended Data Fig. 4b). The changes in tissue 
organization were mainly linked to an increase in cell accumulation. 
Indeed, we showed that the shortest distance between BC1s, goblet cells 
and EnC2s and most clusters was reduced in asthma samples (Fig. 3d). 
This suggests that inflammatory hubs contain more cells in proximity 
and have an overall increased capacity to generate chemokines and 
alarmins despite inhaled corticosteroids and biologics. Additionally, 
we used the gene signature generated with the Xenium platform and 
cellular deconvolution20 to confirm the presence of BC1s, goblet cells 
and EnC2s in our GeoMx data (Fig. 3e). We confirmed our Xenium data by 
showing that BC1s and EnC2s do exist in an independent cohort, and no 
differences were observed in cell enrichment between groups (Fig. 3e).

In summary, we identified specific interactions between basal 
cells, goblet cells and endothelial cells at the airway wall, regulating 
the formation of proinflammatory interactive hubs. The reduced 

Fig. 4 | Mucous glands show specialized populations of cells with 
dysregulated activity in asthma. a, Representative H&E and Xenium images 
showing the area analyzed and chemokine (red dots) and IL33 (orange) transcript 
expression by fibroblasts (dark red) and endothelial cells (light brown, EnC1s; 
purple, EnC2s). Data are representative of two independent experiments. b, Gene 
dot plot for the top 20 expressed genes in EnC1s/EnC2s (top) and fibroblasts 
(bottom; n = 4 donors per group, cohort 1). c, Repartition of neighbors along 
distance for EnC2s and fibroblasts (n = 4 donors per group, cohort 1). d, H&E and 
Xenium images of the area analyzed and goblet cell gene (blue dots), serous cells 
gene (gray dots), MUC5B (red dots) and endothelial cell gene (brown) transcript 
expression. Data are representative of two independent experiments; scale 
bar, 100 μm (H&E images). e, Gene dot plot of the 20 most expressed genes by 
goblet cells from mucous glands (n = 4 donors per group, cohort 1). f, MUC5B 

and MUC5AC gene counts (n = 9 (healthy), 8 (mild) and 15 (severe) ROIs per group 
from n = 4 donors per group, cohort 3). Data are shown as mean ± s.e.m.  
g, Repartition of neighbors along distance for goblet cells (n = 4 donors per 
group, cohort 1). h, Gene dot plot of the 20 most expressed genes by serous 
cells from mucous glands (n = 4 donors per group, cohort 1). i, Repartition of 
neighbors along distance for serous cells (n = 4 donors per group, cohort 1). 
Columns alternate between samples from healthy individuals and those with 
asthma. Scales are provided for each plot. Red boxes indicate genes with a P value 
of <0.05 compared to other clusters, and black boxes indicate genes with a  
P value of <0.05 between healthy and asthma samples. Data were analyzed by 
two-sided Mann–Whitney t-test (b, e and h) and one-way ANOVA followed by a 
Tukey’s post hoc test (f).

Fig. 3 | Basal cells, goblet cells and endothelial cells are key regulators of 
the epithelial niche. a, Representative H&E image showing the analyzed area 
(left) and Xenium images of chemokines (right; red dots) and IL33 (orange) 
transcript expression by basal cells (light green, BC2; dark green, BC1), goblet 
cells (light blue) and endothelial cells (dark brown, EnC1; purple, EnC2); data are 
representative of two independent experiments. b, Gene dot plot for the top 20 
expressed genes in BC1s/BC2s, goblet cells and EnC1s/EnC2s (n = 4 donors per 
group, cohort 1). c, Repartition of neighbors along distance for BC1s (top), goblet 
cells (middle) or EnC2s (bottom; n = 4 donors per group, cohort 1).  
d, Shortest cell-to-cell distance between BC1s (top), goblet cells (middle) or 

EnC2s (bottom) and other clusters (n = 4 donors per group, cohort 1). e, BC1, 
goblet cell and EnC2 enrichment scores (epithelium ROIs n = 4 (healthy), 5 (mild) 
and 7 (severe); subepithelium ROIs n = 6 (healthy), 4 (mild) and 5 (severe); smooth 
muscle ROIs n = 4 (healthy), 4 (mild) and 9 (severe) from n = 4 donors per group, 
cohort 3). Columns alternate between healthy (H) and asthma (A) samples. 
Scales are provided for each plot. Red boxes indicate genes with a P value of 
<0.05 compared to other clusters, and black boxes indicate genes with a P value 
of <0.05 between healthy and asthma samples. Data were analyzed by two-sided 
Mann–Whitney t-test (b and d) and two-way ANOVA, followed by a Dunnett’s post 
hoc test (e); AU, arbitrary units.
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expression of key inflammatory marker genes observed in individu-
als with asthma is likely driven by anti-inflammatory medication; how-
ever, we did observe closer proximity between cell clusters in asthma 
samples.

Submucosal gland cell communities are altered in individuals 
with asthma
We next investigated the distribution of alarmin- and 
chemokine-producing endothelial cells and fibroblasts within our anno-
tated mucous gland areas (Fig. 4a). No differences were observed in the 
proportion of all cell clusters in this niche between healthy and asthma 
tissues (Extended Data Fig. 5a). Endothelial cell clusters showed the great-
est changes, with EnC2s exhibiting increased expression of VWF, PLVAP 
and ACKR1 compared to EnC1s (Fig. 4b). Fibroblasts exhibited a relatively 
homogenous signature between healthy donors and donors with asthma 
except for the gene encoding apolipoprotein D (APOD; a protein that 
regulates lipid metabolism), which showed ~150% increased expression in 
fibroblasts from individuals with asthma (Fig. 4b). APOD expression was 
confirmed in our GeoMX cohort where we observed a dose-dependant 
increase in APOD expression according to clinical status (Extended Data 
Fig. 5b). EnC2s and fibroblasts displayed strong interactions with each 
other and with the endothelial cell cluster EnC1. This was reinforced in 
samples from individuals with asthma (Fig. 4c). In parallel, we noted a 
stronger connection with goblet cells and serous cells (Fig. 4c). Here, 
again, we did not detect a change in the number of neighboring cells but 
an increase in the shortest distance between cells, indicating a higher 
level of clustering in the asthma airway wall (Extended Data Fig. 5c,d). 
Analysis of goblet cell profiles determined a strong enrichment of MUC5B 
expression, ~340% more in samples from individuals with asthma than in 
healthy samples (Fig. 4d,e). This was confirmed in our second cohort of 
participants, with samples from individuals with severe asthma exhibit-
ing higher MUC5B expression and a tendency toward increased MUC5AC 
expression (Fig. 4f). Goblet cells were strongly connected with themselves 
in healthy samples, but also with endothelial cells, fibroblasts and serous 
cells (Fig. 4g). These close distances were further exacerbated in biopsies 
from individuals with asthma between goblet cells and serous cells (Fig. 4g 
and Extended Data Fig. 5e,f).

A key finding here was the identification of a distinct phenotype 
of serous cells in individuals with asthma. Serous cells are important 
for the secretion of molecules involved in host defense and epithe-
lium renewal. All serous cells were characterized by the expression of 
lactotransferrin (LTF; a glycoprotein present in secretory fluids with 
antimicrobial activity) and deleted in malignant brain tumor 1 (DMBT1; 
a conserved protein important for microbial defense)21. In the context 
of asthma, we noted that a distinct serous cell population expressed 
~660% more LTF than classical serous cells (Fig. 4h). Serous cells existed 
in close association with most cell types analyzed, notably mast cells, 
endothelial cells and macrophages (Fig. 4i). In asthma, serous cell 2 cells 
accumulated in large aggregates but still maintained close interactions 
with mast cells, macrophages and endothelial cells (Fig. 4i). These 
changes were due to a shorter distance between cell types but also 
an increased number of goblet cells and serous cells overall, leading 
to these aggregates (Extended Data Fig. 5g,h). Serous cells were also 
present in our GeoMx data, with a potential increase in samples from 
individuals with asthma (Extended Data Fig. 5i).

Collectively, our data clearly show that the submucosal niche is 
significantly disrupted in biopsies from individuals with asthma, with 
aberrant gene expression (for example, MUC5B), increased cellular 
connections between EnC2s, fibroblasts, goblet and serous cells as 
well as emerging cell types within these proinflammatory ecosystems.

Mast cells have the capacity to regulate proinflammatory 
ecosystems
Mast cells and macrophages were the most abundant immune cell 
types identified at the airway wall. Macrophage signatures within the 

epithelial and mucosal niches were comparable between samples from 
healthy individuals and those with asthma, apart from reduced mac-
rophage receptor with collagenous structure (MARCO) expression 
(Extended Data Fig. 6a) and closer interactions with endothelial cells 
and serous cells in asthma (Extended Data Fig. 6b,c).

The observed strong interaction between BC1s and EnC2s and 
mast cells, coupled with our previous work on the role of mast cells in 
asthma, prompted us to investigate this interaction in more detail22–31. 
Mast cells were abundant within all bronchial biopsies, and imaging 
data in healthy lung confirmed their localization associated with blood 
vessels31,32 (Fig. 5a,b). We obtained a clear transcriptional signature 
for mast cells using the Xenium platform with the canonical mast cell 
markers CPA3 (mast cell protease), KIT (stem cell factor receptor) and 
MS4A2 (β-chain of the IgE receptor), being easily distinguishable in 
tissues (Fig. 5c,d). Interestingly, we also found positive signals for effec-
tor molecules, such as amphiregulin (AREG; a key tissue remodeling 
cytokine), known to be expressed by mast cells33. Although mast cells 
from donors with asthma exhibited a similar frequency of cells express-
ing characteristic genes, the level of expression for some markers was 
lower in those with asthma, notably CPA3 expression decreased by 
~55% (Fig. 5d). Importantly, AREG expression was unchanged in asthma 
samples from epithelial and submucosal niches (Fig. 5d). Analysis of 
mast cell neighborhood interactions revealed strong connections with 
EnC1s/EnC2s, macrophages and fibroblasts (Fig. 5e). This set of part-
ners was modified by pathology status with increased interaction with 
EnC1s/EnC2s, fibroblasts and goblet/serous cells in asthma samples 
(Fig. 5f and Extended Data Fig. 6e).

Collectively, mast cells were abundant within proinflammatory 
ecosystems and were found to express remodeling mediators like 
AREG, which is involved in the regulation of tissue architecture. Inhaled 
corticosteroids and biologic treatment reduced the level of specific 
markers but did not impact aberrant tissue architecture characterized 
by increased cell aggregates.

Imatinib treatment has a profound impact on lung cellular 
interactions
Having observed a clear mast cell signature within the inflammatory 
ecosystems, we next investigated how a drug designed to reduce 
mast cell activity impacts the cellular topography and transcrip-
tome in the lung. We used endobronchial biopsies collected as part 
of a clinical trial (the KIT inhibitor in asthma (KIA) study), whereby 
individuals with severe refractory asthma were treated for 6 months 
with a tyrosine kinase inhibitor23 (Fig. 6a, cohort 2). The primary 
goal of the study was to suppress mast cell activity, and the main 
outcomes documented were decreased airway hyperresponsiveness, 
as well as decreased mast cell count and reduced serum tryptase23. 
We successfully used the Xenium platform to analyze biopsies from 
individuals with asthma treated with placebo or imatinib (Fig. 6b and 
Supplementary Video 2). We detected 21 cell clusters and annotated 
18 clusters based on the primary expressed genes and their localiza-
tion (Fig. 6c and Extended Data Fig. 7a). Projection onto the lung cell 
atlas confirmed our cluster annotations (Extended Data Fig. 7b). 
Dominant airway cell types were present, including basal cells, cili-
ated cells and endothelial cells, but the expanded cluster number 
was mainly driven by increased immune cells: plasma cells, CD8+ 
T cells, monocytes, macrophages and mast cells (Fig. 6c). Samples 
from both placebo- and imatinib-treated participants contributed 
equally to these clusters within their respective treatment groups 
(Fig. 6c and Extended Data Fig. 7c,d).

Within the epithelial niche (Extended Data Fig. 8), alarmins and 
chemokines were produced by similar cell clusters as in our previous 
cohort (that is, basal cells, EnC2s and goblet cells; Fig. 6d). Imatinib 
treatment led to a dramatic reduction in the expression of all alarmins 
and chemokines except CXCL8, which was increased in goblet cells after 
treatment (Fig. 6d). Imatinib was particularly effective in dampening 
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Fig. 5 | Mast cells are regulators of proinflammatory ecosystems.  
a, Representative precision-cut lung slices (PCLSs) of human parenchyma 
showing widespread distribution of mast cells (MC). b, Number of mast cells 
normalized to the total volume of the image per donor (n = 8 (donors 1, 2 and 3), 
11 (donor 4), 9 (donor 5) and 12 (donor 6) regions analyzed from n = 6 donors). 
Data are shown as mean ± s.e.m. c, Representative Xenium image of chemokine 
genes (red dots), ACKR1 (purple), IL33 (orange) and mast cell genes (cyan dots). 
Data are representative of two independent experiments. d, Gene dot plot of the 

14 and 15 most expressed genes by mast cells (n = 4 donors per group, cohort 1). 
e, Repartition of neighbors along distance for mast cells (n = 4 donors per group, 
cohort 1). f, Shortest cell-to-cell distance between mast cells and other clusters 
(n = 4 donors per group, cohort 1). Columns alternate between healthy and 
asthma samples. Scales are provided for each plot. Red boxes indicate genes with 
a P value of <0.05 compared to other clusters, and black boxes indicate genes 
with a P value of <0.05 between healthy individuals and those with asthma. Data 
were analyzed by two-sided Mann–Whitney t-test.
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the proinflammatory potential of EnC2s with an almost complete 
inhibition of IL33 and CCL19 production (Fig. 6d). We observed a par-
ticularly high level of CCL5 produced by two clusters of CD8+ T cells, 
and, although this was reduced by imatinib, residual CCL5 expression 
was still observed (Extended Data Fig. 9a). Interestingly, the expression 
of proliferation markers was reduced across all stromal and immune 
clusters in individuals treated with imatinib (Extended Data Fig. 9b). 
Extracellular matrix genes, such as COL3A1 and COL1A1, were predomi-
nantly expressed by fibroblast 1 cells, and donors treated with imatinib 
showed a reduced level of all types of matrix genes (Extended Data 
Fig. 9c). We observed that genes involved in most immune regulatory 
pathways, such as LAG3 (an inhibitory receptor expressed by T cells), 
CTLA4 (an inhibitory receptor expressed by T cells) and HAVCR2 (a 
TIM3 inhibitory receptor expressed here by monocytes/macrophages), 
were all downregulated in the imatinib-treated group (Extended Data 
Fig. 9d).

Next, we examined the presence of inflammatory hubs defined 
previously (Fig. 2) and observed them in the epithelial niche associ-
ated with similar cell types (that is, basal cells and EnC2s; Fig. 6e). The 
inflammatory activity within these hubs was strongly reduced follow-
ing imatinib treatment (Fig. 6e). We next analyzed if this was linked 
to any changes in transcriptional and spatial signatures. Imatinib 
treatment reduced the expression of most genes for basal cells and 
endothelial cells, but this was particularly true for KRT15 in basal 
cells and ACKR1 in EnC2s (Fig. 6f). We did not detect major changes 
in the cellular partners for basal cells; however, EnC2s had consider-
ably fewer close neighbors following imatinib treatment (Fig. 6g and 
Extended Data Fig. 9e,f). The main clusters with reduced interaction 
with EnC2s were CD8+ T cells, monocytes and plasma cells (Fig. 6g). 
This was associated with increased distance between cells, suggest-
ing that cells return to their original organization (Extended Data 
Fig. 9e,f). In addition, imatinib treatment significantly impacted 
goblet cells, driving reduced expression of CXCL6, MUC5B, UPK1B 
and KRT7 but increased expression of CYP2F1 (Fig. 6h,i). The cellular 
neighbors of goblet cells were modified by imatinib treatment, and 
epithelial interactions were restored (that is, ciliated cells and basal 
cells; Fig. 6j and Extended Data Fig. 9g). Finally, although mast cells 
in the placebo group showed high levels of CPA3 and KIT expression, 
individuals treated with imatinib exhibited a strong reduction in both 
frequency and expression of these characteristic genes, indicating the 
profound impact of tyrosine kinase inhibition (Fig. 6k,l). Furthermore, 
the frequency of mast cells near basal cells, cells within the CD8+ T cell 
2 population, fibroblasts and EnC2s was reduced in individuals treated 
with imatinib, leading to an overall reduction in cellular partners for 
mast cells (Fig. 6m and Extended Data Fig. 9h). Collectively, these 
data show how spatial transcriptomics can reveal mechanistic insight 
into the impact of drugs on cellular organization and communication 
during clinical trials.

Spatial drug–target interaction reveals specialized areas of 
drug availability
Finally, we wanted to determine the potential of spatial transcriptomics 
for tailoring personalized medicine. We used the recently developed 
Drug2Cell tool34 to analyze drug–target interaction using the ChEMBL 
database (Fig. 7a). Here, our goal was to extend the existing pipeline 
beyond single-cell RNA sequencing to provide spatial information for 
where drugs act within tissues. We first filtered drugs based on the tar-
gets (that is, genes) present in our Xenium panel (Supplementary Data 
2) and explored drugs with the potential to impact our spatially resolved 
clusters (Fig. 2a). Interestingly, we found that recently approved tiso-
tumab vedotin35, which targets coagulation factor 3 (that is, F3), showed 
a high level of interaction with basal cells and goblet cells in individuals 
with asthma compared to healthy donors (Fig. 7b and Extended Data 
Fig. 10a). Additionally, we showed a strong signal for the monoclonal 
antibody to VWF caplacizumab36, which targets endothelial cells (Fig. 7b 
and Extended Data Fig. 10a,b). Furthermore, we observed interesting 
positive signals for biologics and signaling pathway inhibitors, such 
as gefitinib (EGFR inhibitor), in specific cell types and regions of the 
lung wall (Fig. 7b). We then performed a similar analysis in the second 
cohort of individuals with asthma (that is, placebo + imatinib). Here, we 
observed similar effects of tisotumab vedotin on basal cells and capla-
cizumab on endothelial cells. Imatinib showed strong interaction with 
mast cells and fibroblasts in placebo-treated samples, and we noted 
a reduction in target expression in imatinib-treated samples (Fig. 7c). 
Restricting analysis to respiratory drugs showed that corticosteroids 
such as hydrocortisone were the main drugs that exhibited positive 
signals across multiple cell types but preferentially basal cells and 
endothelial cells in the epithelium and serous cells in mucous glands 
(Extended Data Fig. 10c). Similar observations were made in placebo- 
and imatinib-treated samples, with basal cells emerging as the main 
target for corticosteroids (Extended Data Fig. 10d). We next combined 
the drug information with our spatial data and represented this visually 
on a tissue section where these drugs are predicted to act (Fig. 7d). For 
example, tisotumab vedotin target signal was mainly restricted to the 
lung epithelium and discreet areas of the mucous glands. Conversely, 
hydrocortisone showed a wider effect across the bronchial wall (Fig. 7d). 
Similarly, imatinib, gefitinib and hydrocortisone showed specialized 
areas of impact in the epithelium of placebo- and imatinib-treated 
samples (Fig. 7e).

Collectively these data demonstrate that the combination of spa-
tial transcriptomics with drug–target information will be a powerful 
tool to predict spatial therapeutic engagement at the subtissue level.

Discussion
To meet the next challenges for pulmonary health in a future of climate 
change, emerging infections and an aging population, we urgently 
need a better understanding of the airway landscape. Here, we used 

Fig. 6 | Imatinib treatment disrupts cell transcriptional activity and 
localization in individuals with asthma. a, Clinical trial information.  
b, Representative H&E image (left), DAPI image (middle) and cell segmentation 
(right). Data are representative of two independent experiments. c, UMAP of 
36,591 cells captured with the indicated names of clusters. The image on the right 
shows data from donors treated with placebo (gray dots) or imatinib (red dots; 
cohort 2); Mono, monocytes; DC, dendritic cells; Macro, macrophages. d, Gene 
dot plot for alarmin and chemokine expression in stromal cell clusters (n = 3–4 
donors per group, cohort 2). e, Representative images showing the area analyzed 
and chemokine (red dots) and IL33 (orange) transcript expression by basal cells 
(green cells) and endothelial cells (light brown, EnC1s; purple, EnC2s). Data are 
representative of two independent experiments; scale bars, 50 μm (H&E). f, Gene 
dot plot for the top 15 expressed genes in basal cells (left) and EnC1s/EnC2s (right; 
n = 3–4 donors per group, cohort 2). g, Repartition of neighbors along distance 
for basal cells or EnC2s (n = 3–4 donors per group, cohort 2). h, Representative 
image of goblet cell (green dots), CXCL6 (red dots) and MUC5B (yellow dots) 

transcript expression in goblet cells (blue cells). Data are representative of 
two independent experiments. i, Gene dot plot of the 15 most expressed 
genes by goblet cells (n = 3–4 donors per group, cohort 2). j, Repartition of 
neighbors along distance for goblet cells (n = 3–4 donors per group, cohort 
2). k, Representative image of mast cells (dark brown) and endothelial cells 
(light brown, EnC1s; purple, EnC2s) and transcripts for mast cells (brown dots), 
CPA3 (red dots) and EnC (purple dots) genes. Data are representative of two 
independent experiments. l, Gene dot plot of the ten most expressed genes by 
mast cells (n = 3–4 donors per group, cohort 2). m, Repartition of neighbors 
along distance for mast cells (n = 3–4 donors per group, cohort 2). Columns 
alternate between samples from donors treated with placebo (P) or imatinib 
(I). Scales are provided for each plot. Red boxes indicate genes with a P value of 
<0.05 compared to other clusters, and black boxes indicate genes with a P value 
of <0.05 between placebo and imatinib. Data were analyzed by two-sided Mann–
Whitney t-test.
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Fig. 7 | Spatial Drug2Cell analysis in lung biopsies. a, Schematic depicting 
the principle of the analysis combining Xenium data and data from the ChEMBL 
database. b, The top five drugs per cluster with the strongest interaction and 
frequency of cells impacted in the epithelium and mucous gland areas of 
individuals with asthma (cohort 1). c, The top five drugs per cluster of placebo- 
and imatinib-treated epithelial ROIs (cohort 2). d, Spatial representation 
of cellular targets for tisotumab vedotin and hydrocortisone in two asthma 

biopsies. The color scale indicates strength of interaction. e, Spatial visualization 
of cellular targets for imatinib-, gefitinib- and hydrocortisone-treated biopsies. 
The color scale indicates interaction strength. For drug dot plots, the size of 
the dot reflects the frequency of cells within the cluster impacted by the drug, 
and color indicates the interaction strength. Illustrations created with Adobe 
Illustrator and Biorender.com.
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single-cell spatial transcriptomics to investigate the lung bronchial wall, 
the primary site of tissue inflammation and remodeling in many chronic 
lung disorders5,37. New approaches relying on nondissociative tissue 
methods combined with quantitative imaging represent powerful tools 
to answer challenging questions related to human biology. Indeed, our 
data are in agreement with reports from the lung cell atlas8,38–40, con-
firming specialized populations of cells in specific areas of the lungs. 
Spatial niches, such as bronchi and associated adventitial areas, have 
recently gained increasing attention, garnering the realization that 
location influences cell identity and functional phenotype41–44. Here, 
we successfully identified ~20 cell clusters; however, important cell 
types such as eosinophils are missing25. This is mainly due to the low 
mRNA transcript abundance of these cell types and the cell segmenta-
tion approaches currently available45,46.

We have described specialized lung neighborhoods, enriched in 
chemokines and alarmins expressed by specific cell types. These ‘cel-
lular communities’ present in healthy donors as well individuals with 
asthma lead to the formation of ecosystems that serve as potential 
hot spots for immune cell recruitment and regulation42,44. This idea of 
discrete cellular ecosystems is reinforced by the presence of molecular 
interactions defined by ligand–receptor pairings, such as IL-33+ basal 
cells and EnC2s and ST2+ mast cells and AREG+ mast cells interacting 
with EGFR+ BC1s or chemokines and ACKR1+ expressed by EnC2s. Inter-
estingly, we found mosaic expression of ACKR1 in endothelial cells, 
with EnC2s expressing the highest level linked with chemokines and 
IL-33 secretion. ACKR1 is known to transport and present chemokines 
essential for leukocyte trafficking47–49. Our data indicate that ACKR1 
regulates the organization of these cellular communities by modu-
lating the availability of chemokines and therefore influencing the 
retention or clearance of leukocytes. Interestingly, ACKR1 is a known 
factor associated with increased IgE and asthma50, but its specific role 
in asthma is unclear51,52.

Mast cells were among the most abundant of all immune cells 
identified and expressed genes facilitating the regulation of immune 
ecosystems (for example, AREG and proteases). Our data clearly indi-
cate that mast cells are central to the monitoring of inflammatory 
niches, and expression of AREG was maintained in asthma biopsies 
despite treatment33,53. Mast cell proteases have been shown to impact 
lung bronchial epithelium by disrupting their morphology54,55, and 
here, the strong inhibition of CPA3 expression by imatinib may help 
restore barrier integrity during asthma.

Surprisingly, we observed a reduction in the expression of inflam-
matory chemokines in all our samples from donors with asthma1,2. This 
is in accordance with other datasets where, for example, the expression 
of IL33 and CXCL6 was decreased11. As shown for IL-33, the expression 
and maturation of this key alarmin is still an active area of research56. 
Moreover, despite the reduction in mRNA levels, the spatial associa-
tion of cells during asthma remodeling may lead to an intense ‘hotspot’ 
of production, leading to higher levels of chemokines and alarmins 
locally. Furthermore, these inflammatory ecosystems were found to 
contain a variety of components dysregulated during asthma, such as 
mucous production (that is, MUC5B). Increased MUC5AC coupled with 
a decrease in MUC5B expression has been described during asthma57,58. 
The very high expression of mucous genes suggests that current treat-
ments do not tackle this crucial facet of asthma pathology59. A vital 
aspect of our study is the potential for using historical clinical trial 
samples to investigate aspects of therapeutic intervention, beyond 
the anticipated primary target or clinical outcome. Furthermore, our 
improved pipeline to analyze drug–target interactions indicates how to 
garner information from omics technologies for therapeutic develop-
ment, drug repurposing and personalized medicine.

Collectively, our data reveal an airway wall marked by discrete 
regulatory cellular ecosystems formed by chemokines and alarmins 
secreted by unique combinations of stromal cells. During chronic 
inflammation, the transcriptional profiles and spatial organization of 

these inflammatory hubs are disrupted, leading to altered intercellular 
communication and thus development of pathology.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41590-025-02161-3.

References
1.	 Brusselle, G. G. et al. Biologic therapies for severe asthma. N. 

Engl. J. Med. 386, 157–171 (2022).
2.	 Saglani, S. et al. Immunoregulation of asthma by type 2 cytokine 

therapies: treatments for all ages? Eur. J. Immunol. 53, e2249919 
(2023).

3.	 Kyriakopoulos, C. et al. Biologic agents licensed for severe 
asthma: a systematic review and meta-analysis of randomised 
controlled trials. Eur. Respir. Rev. 33, 230238 (2024).

4.	 Shah, P. A. et al. Biologics for severe asthma—which, when and 
why? Respirology 28, 709–721 (2023).

5.	 Fahy, J. V. Remodeling of the airway epithelium in asthma. Am. J. 
Respir. Crit. Care Med. 164, S46–S51 (2001).

6.	 Wadsworth, S. et al. Clinical update on the use of biomarkers of 
airway inflammation in the management of asthma. J. Asthma 
Allergy 4, 77–86 (2011).

7.	 Barnes, J. L. et al. Early human lung immune cell development 
and its role in epithelial cell fate. Sci. Immunol. 8, eadf9988 
(2023).

8.	 Madissoon, E. et al. A spatially resolved atlas of the human lung 
characterizes a gland-associated immune niche. Nat. Genet. 55, 
66–77 (2023).

9.	 Sorin, M. et al. Single-cell spatial landscapes of the lung tumour 
immune microenvironment. Nature 614, 548–554 (2023).

10.	 Tang, W. et al. Single-cell RNA-sequencing in asthma research. 
Front. Immunol. 13, 988573 (2022).

11.	 Vieira Braga, F. A. et al. A cellular census of human lungs identifies 
novel cell states in health and in asthma. Nat. Med. 25, 1153–1163 
(2019).

12.	 Heumos, L. et al. Best practices for single-cell analysis across 
modalities. Nat. Rev. Genet. 24, 550–572 (2023).

13.	 Kharchenko, P. V. The triumphs and limitations of computational 
methods for scRNA-seq. Nat. Methods 18, 723–732 (2021).

14.	 Janesick, A. et al. High resolution mapping of the tumor 
microenvironment using integrated single-cell, spatial and in situ 
analysis. Nat. Commun. 14, 8353 (2023).

15.	 Joulia, R. et al. Adventitial mast cell activation disrupts endothelial 
cell/pericyte interactions during early life allergic asthma. J. Clin. 
Invest. 134, e173676 (2023).

16.	 Hegab, A. E. et al. Novel stem/progenitor cell population from 
murine tracheal submucosal gland ducts with multipotent 
regenerative potential. Stem Cells 29, 1283–1293 (2011).

17.	 Gauvreau, G. M. et al. Sounding the alarmins—the role of alarmin 
cytokines in asthma. Allergy 78, 402–417 (2023).

18.	 Porsbjerg, C. M. et al. Anti-alarmins in asthma: targeting the 
airway epithelium with next-generation biologics. Eur. Respir. J. 
56, 2000260 (2020).

19.	 Ocón, B. et al. A lymphocyte chemoaffinity axis for lung, 
non-intestinal mucosae and CNS. Nature 635, 736–745 (2024).

20.	 Hänzelmann, S. et al. GSVA: gene set variation analysis for 
microarray and RNA-seq data. BMC Bioinformatics 14, 7 (2013).

21.	 Basbaum, C. B. et al. The serous cell. Annu. Rev. Physiol. 52, 97–113 
(1990).

22.	 Bradding, P. et al. Mast cells in asthma—state of the art. Clin. Exp. 
Allergy 46, 194–263 (2016).

http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-025-02161-3


Nature Immunology

Resource https://doi.org/10.1038/s41590-025-02161-3

23.	 Cahill, K. N. et al. KIT inhibition by imatinib in patients with severe 
refractory asthma. N. Engl. J. Med. 376, 1911–1920 (2017).

24.	 Gould, H. J. et al. IgE in allergy and asthma today. Nat. Rev. 
Immunol. 8, 205–217 (2008).

25.	 Hammad, H. et al. The basic immunology of asthma. Cell 184, 
2521–2522 (2021).

26.	 Matsuoka, T. et al. Prostaglandin D2 as a mediator of allergic 
asthma. Science 287, 2013–2017 (2000).

27.	 Nakae, S. et al. Mast cell-derived TNF contributes to airway 
hyperreactivity, inflammation, and TH2 cytokine production in 
an asthma model in mice. J. Allergy Clin. Immunol. 120, 48–55 
(2007).

28.	 Olsson, N. et al. Demonstration of mast cell chemotactic activity 
in bronchoalveolar lavage fluid collected from asthmatic patients 
before and during pollen season. J. Allergy Clin. Immunol. 105, 
455–461 (2000).

29.	 Wenzel, S. E. et al. Activation of pulmonary mast cells by 
bronchoalveolar allergen challenge. In vivo release of histamine 
and tryptase in atopic subjects with and without asthma. Am. Rev. 
Respir. Dis. 137, 1002–1008 (1988).

30.	 Williams, C. M. et al. Mast cells can amplify airway reactivity and 
features of chronic inflammation in an asthma model in mice. J. 
Exp. Med. 192, 455–462 (2000).

31.	 Joulia, R. et al. Mast cell activation disrupts interactions between 
endothelial cells and pericytes during early life allergic asthma. J. 
Clin. Investig. 134, e173676 (2024).

32.	 Joulia, R. et al. Neutrophil breaching of the blood vessel pericyte 
layer during diapedesis requires mast cell-derived IL-17A. Nat. 
Commun. 13, 7029 (2022).

33.	 Zaiss, D. M. et al. Amphiregulin enhances regulatory 
T cell-suppressive function via the epidermal growth factor 
receptor. Immunity 38, 275–284 (2013).

34.	 Kanemaru, K. et al. Spatially resolved multiomics of human 
cardiac niches. Nature 619, 801–810 (2023).

35.	 Coleman, R. L. et al. Efficacy and safety of tisotumab vedotin 
in previously treated recurrent or metastatic cervical cancer 
(innovaTV 204/GOG-3023/ENGOT-cx6): a multicentre, 
open-label, single-arm, phase 2 study. Lancet Oncol. 22, 609–619 
(2021).

36.	 Scully, M. et al. Caplacizumab treatment for acquired thrombotic 
thrombocytopenic purpura. N. Engl. J. Med. 380, 335–346 (2019).

37.	 Saglani, S. et al. Novel concepts in airway inflammation and 
remodelling in asthma. Eur. Respir. J. 46, 1796–1804 (2015).

38.	 Luecken, M. D. et al. The discovAIR project: a roadmap towards 
the Human Lung Cell Atlas. Eur. Respir. J. 60, 2102057 (2022).

39.	 Sikkema, L. et al. An integrated cell atlas of the lung in health and 
disease. Nat. Med. 29, 1563–1577 (2023).

40.	 Travaglini, K. J. et al. A molecular cell atlas of the human lung 
from single-cell RNA sequencing. Nature 587, 619–625 (2020).

41.	 Cautivo, K. M. et al. Interferon γ constrains type 2 lymphocyte 
niche boundaries during mixed inflammation. Immunity 55, 
254–271 (2022).

42.	 Connors, T. J. et al. Site-specific development and progressive 
maturation of human tissue-resident memory T cells over infancy 
and childhood. Immunity 56, 1894–1909 (2023).

43.	 Dahlgren, M. W. et al. Adventitial stromal cells define group 2 
innate lymphoid cell tissue niches. Immunity 50, 707–722 (2019).

44.	 Matsumoto, R. et al. Induction of bronchus-associated lymphoid 
tissue is an early life adaptation for promoting human B cell 
immunity. Nat. Immunol. 24, 1370–1381 (2023).

45.	 Fang, S. et al. Computational approaches and challenges in 
spatial transcriptomics. Genomics Proteomics Bioinformatics 21, 
24–47 (2023).

46.	 Jorssen, J. et al. Single-cell proteomics and transcriptomics 
capture eosinophil development and identify the role of IL-5 in 
their lineage transit amplification. Immunity 57, 1549–1566  
(2024).

47.	 Barkaway, A. et al. Age-related changes in the local milieu of 
inflamed tissues cause aberrant neutrophil trafficking and 
subsequent remote organ damage. Immunity 54, 1494–1510 
(2021).

48.	 Duchene, J. et al. Atypical chemokine receptor 1 on nucleated 
erythroid cells regulates hematopoiesis. Nat. Immunol. 18, 
753–761 (2017).

49.	 Girbl, T. et al. Distinct compartmentalization of the chemokines 
CXCL1 and CXCL2 and the atypical receptor ACKR1 determine 
discrete stages of neutrophil diapedesis. Immunity 49, 1062–1076 
(2018).

50.	 Vergara, C. et al. Gene encoding Duffy antigen/receptor 
for chemokines is associated with asthma and IgE in three 
populations. Am. J. Respir. Crit. Care Med. 178, 1017–1022 (2008).

51.	 Hansell, C. A. H. et al. Analysis of lung stromal expression of 
the atypical chemokine receptor ACKR2 reveals unanticipated 
expression in murine blood endothelial cells. Eur. J. Immunol. 50, 
666–675 (2020).

52.	 Samus, M. et al. Atypical chemokine receptors in cancer. Cytokine 
176, 156504 (2024).

53.	 Okumura, S. et al. FcεRI-mediated amphiregulin production by 
human mast cells increases mucin gene expression in epithelial 
cells. J. Allergy Clin. Immunol. 115, 272–279 (2005).

54.	 Berlin, F. et al. Mast cell proteases tryptase and chymase induce 
migratory and morphological alterations in bronchial epithelial 
cells. Int. J. Mol. Sci. 22, 5250 (2021).

55.	 Pejler, G. The emerging role of mast cell proteases in asthma. Eur. 
Respir. J. 54, 1900685 (2019).

56.	 Cayrol, C. et al. Interleukin-33 (IL-33): a critical review of its 
biology and the mechanisms involved in its release as a potent 
extracellular cytokine. Cytokine 156, 155891 (2022).

57.	 Khorasani, A. M. et al. The association between MUC5AC and 
MUC5B genes expression and remodeling progression in severe 
neutrophilic asthma: a direct relationship. Respir. Med. 213, 
107260 (2023).

58.	 Tajiri, T. et al. Pathophysiological relevance of sputum MUC5AC 
and MUC5B levels in patients with mild asthma. Allergol. Int. 71, 
193–199 (2022).

59.	 Aegerter, H. et al. The pathology of asthma: what is obstructing 
our view? Annu. Rev. Pathol. 18, 387–409 (2023).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

http://www.nature.com/natureimmunology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Immunology

Resource https://doi.org/10.1038/s41590-025-02161-3

Methods
Antibodies and probe
Alexa Fluor 488-conjugated anti-human CD31 (clone WM59) was from 
Biolegend, and avidin (A887) conjugated to Alexa Fluor 647 (A20186) 
was from Thermo Fisher.

Human donors
A summary of the clinical data is available in Supplementary Table 1. 
Briefly, adults (18–65 years old) with severe asthma, as defined by Euro-
pean Respiratory Society and American Thoracic Society guidelines, were 
recruited. All had a body mass index of 18.5–35 kg m–2, were nonsmokers 
or had not smoked for at least the past 12 months (with a less than 10 
pack year history) and had a forced expiratory volume in 1 s of ≥1 l ≥60% 
predicted. For participant stratification between mild and severe asthma, 
severe asthma (n = 4) was defined by the European Respiratory Society 
and American Thoracic Society consensus criteria, and all participants 
mapped to Global Initiative for Asthma (GINA) 5 (track 2) of the current 
GINA 2024 guidelines. Participants with mild asthma were GINA steps 2–3 
on either low-dose inhaled corticosteroids (ICS) (1/3) or low-dose ICS/
long acting beta2 agonist (LABA) (2/3). The collection of endobronchial 
biopsies and clinical information was approved by London–Bloomsbury 
Research Ethics Committee under approval number REC 19/LO/1675.

Donor information for participants treated with placebo or 
imatinib, including demographic and lung function results, can be 
found in the original publication23 and clinical trial data (ClinicalTrials.
gov NCT01097694). A summary of donor information is provided in 
Supplementary Table 1 and Supplementary Data 1.

Human adult samples used in this research project were obtained 
from the Imperial College Healthcare Tissue Bank (ICHTB). ICHTB is 
supported by the National Institute for Health Research (NIHR) Bio-
medical Research Centre based at Imperial College Healthcare NHS 
Trust and Imperial College London. ICHTB is approved by Wales REC3 
to release human material for research (17/WA/0161), and the samples 
for this project (R22006) were issued from subcollection reference 
number ICB_NC_21_017. The biopsy samples from University Hospitals 
of Leicester were issued under MTA 2021S-0809-2029 between Univer-
sity of Leicester/UHL and Imperial College London and were approved 
by the research ethics committee (MREC: 08/H0406; IRAS: 8824).

Tissue collection
Endobronchial bronchoscopies were performed at the Royal Brompton 
Hospital. Biopsies were preserved in cell medium (DMEM; Thermo 
Fisher), quickly transferred into 4% paraformaldehyde for 1 h at room 
temperature or 10% neutral buffered formalin for 24 h at room tem-
perature (GeoMX samples) and finally maintained in 70% ethanol until 
embedding in paraffin.

Spatial single-cell transcriptomics
Tissue sections (5 µm) from formalin-fixed paraffin-embedded (FFPE) 
blocks were placed on a Xenium slide. Additional sections were placed 
on normal microscopic slides (Thermo Fisher) for H&E staining. Up to 
eight biopsies were placed on a single Xenium slide after careful tissue 
alignment. For the KIA samples, tissue sections were deparaffinized 
using xylene for ~10 min at room temperature. A drop of DPX mount-
ing reagent (Merck) was placed on top of each section and left to dry 
at room temperature overnight. Using a razor blade, sections were 
gently lifted off the slide and transferred to the Xenium slide. Up to 
nine transferred sections were placed on the Xenium slide, and the 
slide was left in a slide oven for 4 h at 56 °C. An additional control FFPE 
section was placed with the ‘transferred’ sections as a control for mRNA 
integrity. Next, Xenium slides were processed by 10x Genomics for the 
rest of the experiment according to the manufacturer’s protocols. The 
339 genes analyzed are shown in Supplementary Data 2 and include 
the predesigned ‘lung’ panel from 10x Genomics plus 50 manually 
selected additional genes.

Single-cell spatial transcriptomics analysis
Raw data were processed by the 10x Catalyst team using their pub-
licly available pipeline. In summary, we detected 106,304 cells across 
the two slides with 3,566,174 transcripts and a median of 31 and 15 
transcripts per cell for the samples collected at Imperial College and 
KIA samples, respectively. Low-quality transcripts (that is, a q value 
of <20) and cells with no transcripts were removed from the analysis 
pipeline. Transcript counts were normalized using a negative binomial 
regression (sctransform v0.4.1) in the Seurat (v5.2.1) pipeline60, and 
the frequency of cells expressing a specific transcript was calculated 
using the raw transcript count. We used the cell segmentation pro-
vided by the onboard analysis software (Xenium Explorer version 
2.0) based on nuclear expansion. We first performed an unbiased 
clustering using the onboard Xenium Explorer parameter, which 
relies on graph-based clustering61. This algorithm consists of build-
ing a sparse nearest neighbor graph followed by Louvain modularity 
optimization (https://www.10xgenomics.com/support/software/
cell-ranger/latest/algorithms-overview/cr-gex-algorithm). We identi-
fied 18 and 21 clusters in samples collected at Imperial College and KIA 
samples, respectively. Clusters were manually annotated using the 
highly expressed genes, projected on publicly available lung datasets 
(https://5locationslung.cellgeni.sanger.ac.uk/all)8 and visualized in situ 
using Xenium Explorer (version 3.1.1, 10x) to ascertain their accuracy. 
Example images, including cell segmentation and transcript heat 
maps, were extracted from Xenium Explorer. To separate epithelial 
and mucous gland areas, we manually selected the regions on Xenium 
Explorer and carefully avoided the area with disrupted tissue organiza-
tion. These areas were compared with H&E slides for further confirma-
tion of the accuracy of selection. Transcripts and cell coordinates were 
extracted and analyzed as indicated in relevant sections. The following 
R packages were used in RStudio (RStudio 2023.06.1) for analysis and 
representation of the data: umap (v0.2.10.0) and ggplot2 (v3.5.1).

Cellular neighbor analysis
To perform nearest neighbor analysis, we used the phenoptr tool62. 
Cellular coordinates (that is x and y cell position based on center of the 
segmented cell) were extracted from Xenium outputs and analyzed for 
their shortest distance to other clusters. Distances to other clusters 
were represented as a histogram showing frequency and distance 
until 100 µm or frequency of specific clusters were analyzed for their 
close neighbors (that is, less than 50 µm). As a threshold, we used the 
following parameter: at least one cell from each cluster being compared 
needed to be within the defined radius to count as a positive interaction 
(that is, at least one mast cell and one fibroblast needed to be within 
50 µm of each other to be recorded as a positive interaction).

Drug-to-cell spatial transcriptomics
Drug2Cell integrates user-provided single-cell expression data with 
drug–target interactions from the ChEMBL database (https://www.
ebi.ac.uk/chembl/) to comprehensively evaluate drug target expres-
sion at single-cell resolution. The Drug2Cell Python analysis pipeline 
was adapted from the publicly available Drug2Cell Python pipeline 
(Drug2Cell version 0.1.0) published by the Teichmann lab34 for spa-
tial transcriptomics. Briefly, drugs and targets were obtained from 
the ChEMBL database (version 30) and filtered based on the genes 
analyzed (Supplementary Data 3). We then calculated a score for each 
drug based on the level of raw gene expression and followed the sta-
tistical approach described in the original publication. For spatial 
representation, we combined the score for each cell with the coordi-
nates calculated using the Xenium platform, extracted a spatial matrix 
color, coded with the strength of interaction using SquidPy (version 
1.4.1) and manually superimposed this onto images of a DAPI-stained 
Xenium section with the spatial matrix for specific drugs. Details on 
the Drug2Cell Python package can be found at GitHub (https://github.
com/Teichlab/drug2cell).
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GeoMx spatial transcriptomics
Detailed experimental methods (NanoString) are described in Zim-
merman et al.63. FFPE human lung samples were baked overnight at 
37 °C, followed by 3 h of baking at 65 °C, and loaded onto a Leica Bond 
RX Fully Automated Research Stainer for subsequent processing steps. 
The processing protocol included three major steps: (1) slide baking, 
(2) antigen retrieval for 20 min at 100 °C and (3) treatment with Pro-
teinase K (1.0 µg ml–1 in PBS) for 15 min. Following these steps, slides 
were removed from the Leica Bond RX, and a cocktail of GeoMx Full 
Transcriptome Atlas probes was applied to each slide and allowed to 
hybridize at 37 °C overnight in a humid chamber. The following day, 
slides were washed, blocked and allowed to incubate with a combi-
nation of Alexa Fluor 488-labeled anti-α-SMA (Invitrogen/Thermo, 
53-9760-82, clone 1A4), Alexa Fluor 594-labeled anti-vimentin (Santa 
Cruz, sc-373717 AF594, clone E-5), Alexa Fluor 647-labeled anti-CD45 
(Cell Signaling Technology, 13917BF, clone D9M8I) and Syto83 nucleic 
acid stain. Slides were stained for 1 h at room temperature in a humid 
chamber, washed and loaded onto a GeoMx instrument. On the GeoMx 
machine, slides were scanned for fluorescence, and ROIs were col-
lected from the following areas: smooth muscle, epithelium and sub-
epithelium. The GeoMx device exposed ROIs to 385-nm light (UV), 
releasing the indexing oligonucleotides. Indexing oligonucleotides 
were collected with a microcapillary and deposited into a 96-well 
plate. Samples were dried down overnight and resuspended in 10 µl 
of DEPC-treated water. PCR was performed using 4 µl of each sample, 
and the oligonucleotides from each ROI were indexed using unique 
i5 and i7 dual-indexing systems (Illumina). PCR reactions were puri-
fied twice using AMPure XP beads (Beckman Coulter) according to 
the manufacturer’s protocol. Purified libraries were sequenced on an 
Illumina NovaSeq 6000. Data analysis was performed as previously 
described63. Following removal of targets consistently below the limit 
of quantification (that is, <5,000 raw reads) and negative probes, the 
limit of detection above which a gene was called ‘detected’ was defined 
as 2 s.d. above the geometric mean of negative probes. Datasets were 
normalized using upper quartile (Q3) normalization. Data analysis was 
then performed using the DSP platform and R software. Cell deconvo-
lution analysis was performed using the following R packages: GSVA 
(v2.0.1), Stringr (v1.5.1) and Dplyr(v1.1.4)20.

PCLSs
The PCLS model was adapted from previously described protocols31,64,65. 
Human lung tissue and pulmonary vessels were collected from 
anonymized donors at Hammersmith and Royal Brompton hospitals 
NHS trusts and immediately fixed in 4% paraformaldehyde overnight 
at 4 °C. Following fixation, 100- to 200-µm sections were prepared 
using a Compresstome VF-300 vibrating microtome (Precisionary 
Instruments).

PCLSs were permeabilized in PBS supplemented with 0.5% Triton 
(Sigma) for 1 h at room temperature and blocked in animal-free blocker 
(2BSCIENTIFIC) for 1 h. Slices were incubated with the indicated pri-
mary antibodies and avidin overnight at 4° C in 25% animal-free blocker 
in PBS, and, where required, PCLSs were incubated with secondary 
antibodies for 4 h at room temperature in 25% animal-free blocker in 
PBS. Lung slices were mounted on microscope slides (Thermo Fisher), 
immersed in ProLong Diamond (Thermo Fisher) and kept at 4 °C until 
image acquisition.

Image acquisition
Images were acquired on a LEICA SP4 or SP8 (LEICA) using a ×20/0.7-NA 
(SP4), ×20/0.75-NA (SP8) or ×10/0.4-NA (SP4 and SP8) objective with a 
resolution of 512 × 512 or 1,024 × 1,024 pixels. Motorized stages were 
used for tile scan imaging and merged using LEICA built-in software 
(LAS, version 5.1.0) with a 10% overlap threshold. H&E images of biop-
sies were acquired on a Aperio VERSA 8 with a ×20 objective and ana-
lyzed using ImageScope (Leica, v12.4.6.5003)

Image analysis
Image analysis and rendering were performed using IMARIS 10.1 
(Andor, Bitplane). LIF files were converted into IMARIS .ims files using 
IMARIS Converter software v10.1 (Andor, Bitplane). The number of 
mast cells was determined using the semiautomatic spot function (cell 
diameter of ~10 µm for mast cells). Numbers of cells were normalized 
to the total volume of the image. Thresholds for cell analysis in PCLS 
sections were maintained across the experimental conditions to pro-
vide accurate comparisons. All image analysis was performed on raw 
images without fluorescence modification.

Statistical analysis
Most statistical analyses were performed using Prism software (Graph-
Pad v9.4.1), R (v4.3.0), RStudio (v2023.06.1) or Python (v3.12). The 
results are expressed as mean or mean ± s.e.m., and the n numbers for 
each dataset are provided in the figure legends. Comparisons between 
two groups were performed using a paired or unpaired Student’s or 
Mann–Whitney t-test as appropriate. Statistical significance was 
accepted at P < 0.05.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The analysis was performed using published and freely available soft-
ware and code mentioned in relevant sections in the Methods. Raw 
and processed data are available at the NIH Gene Expression Omnibus 
online database under accession number GSE269354. The ChEMBL 
database used for Drug2Cell spatial analysis is available at https://
ftp.ebi.ac.uk/pub/databases/chembl/ChEMBLdb/latest/. Single-cell 
RNA-sequencing data are available on the Sanger Institute database 
(https://5locationslung.cellgeni.sanger.ac.uk/all). Nanostring raw 
data and Q3 norm data are available in Supplementary Data 4 and 5. 
Further information and requests for resources and reagents should be 
directed to and will be fulfilled by lead author R.J. (r.joulia@imperial.
ac.uk). Source data are provided with this paper.
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Extended Data Fig. 1 | Identification of clusters generated by Xenium and 
projection on lung cell atlas. a, Gene dot plot showing the top 2 genes expressed 
per cluster across all donors, size and color indicate level of expression (cohort 
#1). b, UMAP projection of lung cell atlas and expression level of the top 5 genes 
expressed by each cluster. Data available at (https://5locationslung.cellgeni.

sanger.ac.uk/all). c, UMAP projection showing each donor (healthy and asthma). 
d, Corresponding H&E staining and Xenium identified clusters at the epithelium 
showing the cellular diversity identified and spatial organisation. Scale bars, 
10 µm (representative of 2 independent experiments).
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Extended Data Fig. 2 | Region of interest selection across all healthy and asthma biopsies. For each biopsy, H&E and Xenium images are shown, and regions used 
for epithelial and mucous gland downstream analysis are represented (cohort #1). Scale bars, 100 µm (representative of 1 independent experiment).
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Extended Data Fig. 3 | Epithelial and mucous gland niches chemokine, 
proliferation, extracellular matrix, goblet cell. a, Gene dot plot for chemokine 
expression in immune and undefined cell clusters (cohort #1). b, Heat map 
projection of chemokines expression in epithelial and sub-epithelial ROIs (4-9 

ROIs per group from n = 4 donors per group, cohort #3). c, Gene dot plot for 
proliferation markers expression in stroma cell clusters (cohort #1). d, Gene dot 
plot for extracellular matrix gene expression in stroma cell clusters (cohort #1).
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Extended Data Fig. 4 | Spatial parameters of epithelial niche. a, Cell proportion for each cluster of the epithelial niche in healthy (H) and asthma (A) samples (n = 4 
donors per group, cohort #1). b, Average neighboring cell number between basal cell 1, goblet cell and endothelial cell 2 and each cluster (n = 4 donors per group, 
cohort #1). Mean ± SEM.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Mucous glands area spatial profile. a, Cell proportion 
for each cluster of the epithelial niche in healthy (H) and asthma (A) samples 
(n = 4 donors per group, cohort #1). Mean ± SEM. b, APOD count in sub-epithelial 
ROIs (n = 5 (healthy), 4 (mild) and 8 (severe) ROIs per group from n = 4 donors per 
group, cohort #3). Mean ± SEM. c, Shortest distance between endothelial cell 2 
and fibroblast to each cluster (pooled cells n = 4 donors per group, cohort #1). 
d, Average neighbouring cell number between endothelial cell 2 and fibroblast 
to each cluster (n = 4 donors per group, cohort #1). Mean ± SEM e, Shortest 
distance between goblet cell to each cluster (pooled cells n = 4 donors per group, 

cohort #1). f, Average neighbouring cell number between goblet cell to each 
cluster (n = 4 donors per group, cohort #1). Mean ± SEM. g, Shortest distance 
between serous cells to each cluster (pooled cells n = 4 donors per group, cohort 
#1). h, Average neighbouring cell number between serous cell to each cluster 
(n = 4 donors per group, cohort #1). Mean ± SEM. i, Serous cell enrichment score 
(epithelium ROIs n = 4 (healthy), 5 (mild) and 7 (severe); sub-epithelial ROIs n = 6 
(healthy), 4 (mild) and 5 (severe); smooth muscle ROIs n = 4 (healthy), 4 (mild) 
and 9 (severe) from n = 4 donors per group, cohort #3). Two-sided Mann-Whitney 
t test.
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Extended Data Fig. 6 | Macrophage spatial profile and mast cell 
neighbourhood. a, Gene dot plot for top 20 expressed genes in macrophage 
cells in the epithelial and mucous gland niche (pooled cells from n = 4 donors 
per group, cohort #1). b, Repartition of macrophage neighbours in the epithelial 
and mucous gland niche (pooled cells from n = 4 donors per group, cohort #1). 
c, Shortest distance between macrophage to each cluster in the epithelial and 
mucous gland niche (pooled cells n = 4 donors per group, cohort #1). d, Average 
neighbouring cell number between macrophage to each cluster in the epithelial 

and mucous gland niche (n = 4 donors per group, cohort #1). Mean ± SEM.  
e, Average neighbouring cell around mast cells in the epithelial and mucous 
gland niche (n = 4 donors per group, cohort #1). Mean ± SEM. Columns alternate 
between healthy (H), and asthma (A) samples. Scales are provided for each plot, 
red boxes indicate genes with p value < 0.05 compared to other clusters, black 
boxes indicate genes with p value < 0.05 between healthy and asthma. Two-sided 
Mann-Whitney t test.
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Extended Data Fig. 7 | Identification of clusters in placebo and imatinib 
treated samples and projection on lung cell atlas. a, Gene dot plot showing 
the top 2 genes expressed per cluster across all placebo and imatinib samples, 
size and colour indicate level of expression (cohort #2). b, UMAP projection of 

lung cell atlas and expression level of the top 5 genes expressed by each cluster. c, 
UMAP projection showing each donor (placebo and imatinib). d, Cell fraction of 
each cluster per donor.
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Extended Data Fig. 8 | Region of interest selection in placebo and imatinib treated samples. For each biopsy, H&E and Xenium images are shown, and regions used 
for epithelial downstream analysis are represented (cohort #2). Scale bars, 50 µm (representative of 1 independent experiment).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Epithelial niche of placebo and imatinib treated 
donors for alarmins, chemokines, proliferation, extracellular matrix, 
immune regulation and spatial organisation. a, Gene dot plot for chemokine 
expression in immune cell clusters (cohort #2). b, Gene dot plot for proliferation 
markers expression in all clusters. c, Gene dot plot for extracellular matrix gene 
expression in stroma cell clusters. d, Gene dot plot for immune regulation gene 
expression in immune cell clusters. e, Shortest distance between basal cell and 
endothelial cell 2 to each cluster in the epithelial niche (pooled cells n = 3/4 
donors per group, cohort #2). f, Average neighbouring cell number between 
basal cell and endothelial cell 2 to each cluster in the epithelial niche (n = 4 

(placebo) and 3 (imatinib) donors per group, cohort #2). Mean ± SEM. g, Shortest 
distance and average neighbouring cell between goblet cell to each cluster in the 
epithelial niche (n = 4 (placebo) and 3 (imatinib) donors per group, cohort #2). 
Mean ± SEM. h, Shortest distance and average neighbouring cell between mast 
cell to each cluster in the epithelial niche (n = 4 (placebo) and 3 (imatinib) donors 
per group, cohort #2). Mean ± SEM. Columns alternate between placebo (P), and 
imatinib (I) samples. Scales are provided for each plot, red boxes indicate genes 
with p value < 0.05 compared to other clusters, black boxes indicate genes with p 
value < 0.05 between placebo and imatinib. Two-sided Mann-Whitney t test.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Spatial drug2cell analysis of lung biopsies in health 
and asthma with respiratory drugs. a-b, Top 5 drugs per cluster with strongest 
interaction and frequency of cells impacted in the epithelium (a) and mucous 
glands (b) areas of healthy donors (cohort #1). c-d, Respiratory approved drugs 
interaction with cell clusters in the epithelium or mucous glands areas of healthy 

and asthma biopsies (c, cohort #1) or epithelium of asthma patients treated with 
placebo and imatinib (d, cohort #2). For drug dot plot, size of the dot reflects 
frequency of cell within the cluster impacted by the drug and colour indicates the 
interaction strength.
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