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W Check for updates

Single-cell transcriptomics has allowed unprecedented resolution of
celltypes/states in the human lung, but their spatial context is less well
defined. To (re)define tissue architecture of lung and airways, we profiled
five proximal-to-distal locations of healthy human lungs in depth using
multi-omic single cell/nuclei and spatial transcriptomics (queryable at
lungcellatlas.org). Using computational data integration and analysis,

we extend beyond the suspension cell paradigm and discover macro

and micro-anatomical tissue compartments including previously
unannotated cell types in the epithelial, vascular, stromal and nerve bundle
micro-environments. We identify and implicate peribronchial fibroblasts in
lung disease. Importantly, we discover and validate a survival niche for IgA
plasma cells in the airway submucosal glands (SMG). We show that gland
epithelial cells recruit B cells and IgA plasma cells, and promote longevity
and antibody secretion locally through expression of CCL28, APRIL and
IL-6. This new ‘gland-associated immune niche” has implications for
respiratory health.

A comprehensive understanding of cells and micro-environments  adaptive immunity through well-defined mucosa-associated lymphoid
that define lung functionisimportant for reducing theimpactoflung tissue (MALT), such secondary lymphoid structures have not been
diseases, which currently rank third for mortality causes worldwide'.  reported inthe healthy humanlung?®. The LungMAP and human lung cell
In addition to its main role in gas exchange, the lung has animpor-  atlas (HLCA) consortia>* have harnessed recent advances in single-cell
tantbarrier function. While other mucosal barrier tissues orchestrate  and single-nucleus RNA sequencing (scRNA-seq and snRNA-seq)’ and
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generated a number of atlases characterizing lung cell types across
species, health and disease® %",

Current atlases have prioritized parenchyma tissue, with few
studies examining the full depth of the airways. Here we carried out
deep tissue profiling from deceased organ donors’ healthy lungs and
airways, allowing characterization of cell types along the proximal to
distal axis of the respiratory tree. We use unbiased spatial transcrip-
tomics (ST) approach to contextualize cell types and states within
tissue micro-environments in the healthy human lung and airways,
adding a key dimension to the HLCA. In total, we sequenced 129,340
single cells and 63,768 single nuclei and performed Visium ST on 20
tissue sections from human trachea, bronchi, and upper and lower
parenchyma. These data and CellTypist automated annotation mod-
els are available at lungcellatlas.org as a resource for data download,
suspension and spatial gene expression analysis, as well as automated
annotation of new datasets. Overall, we distinguished 80 cell types and
states, including 11 populations not annotated in previous lung atlas
studies. Many of these populations express disease-associated genes
highlighted by functional genome-wide association studies (fFGWAS)
analysis. Our in-depth tissue profiling coupled with spatial genomics
reconstructs known tissue micro-environments in the lungs and air-
ways at full molecular breadth. Going beyond known units of cellular
organization, we identify a previously undefined immune niche for IgA
plasma cells at the airway submucosal glands (SMG).

Results

A spatial, multi-omics atlas of human lung and airways

We applied scRNA-seq and snRNA-seq, VDJ-seq and ST to deep tissue
samples from five locations across the human lung and airway (Fig. 1a
and Supplementary Tables 1-3 and 9) to capture structures such as
cartilage, muscle and the SMG (Extended Data Fig. 1a; ‘Methods’).

In total, 193,108 cells and nuclei were annotated into broad cell
type groups as follows: epithelial,immune, erythroid, endothelial and
stromal cells. Cells were annotated according to consensus marker
genes and naming from other lung studies including the integrated
HLCA'" and LungMAP" (Fig. 1b, Extended Data Fig.1b and Supplemen-
tary Table 4). Using Visium ST on 20 tissue sections from five locations
and the cell2location™ algorithm (Supplementary Fig. 1), we assessed
the spatial distribution of cells in distinct tissue micro-environments
(Supplementary Table 5). Essentially, the tool determines which cell
types from suspension data in which abundance could explain the
mRNA counts observedinthe Visium data. As expected, well-described
cell types mapped to their known locations such as ciliated epithelial
cellstothelumen of the airway surrounded by basal cells and alveolar
type 1(AT1) and 2 (AT2) cells to lung parenchyma (Fig. 1c,d). To exam-
ine differential cell composition related to the sampling locations,
donors and protocols used, we used a Poisson linear mixed model to
identify the contribution of each technical variable (Methods; Fig. 1e
and Supplementary Fig. 2). Different dissociation protocols enriched
for specific cell type groups but had little effect (less than 1% of the total
variance) on gene expression (Extended DataFig. 1c).

Highlighting our comprehensive approach, we transcriptionally
defined chondrocytesin human lungs (ACAN, CHAD, COL9A3, HAPLN1
and CYTLI; Extended Data Fig. 1d,e) and mapped them to airway car-
tilage (Fig. 1c,d). Chondrocytes were mostly released using single
nuclei sequencing from trachea (Fig. 1e, Extended Data Fig. 1e,f and
Supplementary Table 7) and were not present at all in the integrated
HLCA'®, demonstrating the utility of our multi-omics, multilocation
human lung atlas.

Rare fibroblasts with immune recruiting properties. The sequen-
tial clustering of fibroblasts identified 11 distinct fibroblast clusters
(Fig. 2a,b and Extended Data Fig. 2a,b). We annotated previously
described myofibroblasts, mesothelial, adventitial and alveolar fibro-
blasts" (Extended DataFig.2c-e and Supplementary Table 4) and seven

new subsets, including a rare cell type, termed immune recruiting
fibroblasts (IR-fibro). IR-fibro cells expressed the chemokines CCL19
and CCL21 and other marker genes of fibroblast reticular cells and fol-
licular dendritic cells (fDC), which together are responsible for T and
B cell positioning in secondary lymphoid organs (Fig. 2¢)** . These
cells were mapped to rare immune infiltrates in the bronchus with
ST and were validated by multiplexed single molecule FISH (smFISH)
(Fig. 2d and Extended Data Fig. 3a, b). The amount of immune infil-
trates present in our healthy donors was consistent with a previous
study”. The gene signature of germinal center fibroblasts from Peyer’s
Patches' also mapped to the immune infiltrate captured by Visium
ST, further supporting the similarity of IR-fibros to lymphoid organ
stromal cells (Extended Data Fig. 3b). In conclusion, we describe an
IR-fibro population with alikely role inimmune cell recruitment. Using
itsnewly defined marker genes, this population canalsobe detectedin
the HLCA™.

Peribronchial and perichondrial fibroblasts. Two fibroblast popu-
lations, both enriched in the airways, were annotated based on their
specific mapping around the airway epithelium (peribronchial fibro-
blasts—PB-fibro) and the cartilage (perichondrial fibroblasts—PC-fibro)
(Fig.2b,e,gand Extended Data Fig.2b). We uncover the transcriptome
for human PB-fibro, consistent with the key protein markers COL15A1
and ENTPD1 (Extended Data Fig. 4a,b). fGWAS analysis, which quanti-
fies systematic associations between cell-type-specific genes and
disease-associated SNPs'®, revealed that PB-fibros are linked to lung
function measured by FEV1/FVCratio, the decrease of which s associ-
ated withlung diseases such as chronic obstructive pulmonary disease
(COPD) (Fig. 2fand Supplementary Table 8). We annotated PB-fibrosin
asingle-cell dataset of COPD and idiopathic pulmonary fibrosis (IPF)
patients®"° and found a number of COPD-upregulated genes that had
previously been associated with lung function (FEV1/FVC) and emphy-
sema/COPD (Extended Data Fig. 4c and Supplementary Table 10)"* 2,
In addition, we found that PB-fibros were reproducibly enriched in
IPF patients compared to healthy controls in the Adams et al. (ref. )
dataset and the HLCA', further implicating them as a key cell type in
lung disease (Extended Data Fig. 4d,e).

PC-fibros, like chondrocytes, were enriched in single nuclei data
(Fig. 2b). We found analogous marker expression of COL12A1 around
the cartilageinthe Human Protein Atlas (HPA) (Extended Data Fig. 4f),
supporting cell2location mapping of PC-fibro (Fig. 2g). We identified
bone development genes LRG4/6 (ref.?*) along with fibroblast markers
in PC-fibros, placing these as an intermediate cell type in a trajectory
from adventitial fibroblasts to chondrocytes (Extended DataFig. 4g,h).
PC-fibros express genes causing skeletal abnormalities in humans
(Extended Data Fig. 4i), including FLNB and FGFR2, suggesting the
relevance of PC-fibros in supporting cartilage functions and related
abnormalities™?*,

Four distinct cell types in airway peripheral nerves. Finally, we
identified the following four new clusters relating to airway periph-
eral nerves: myelinating Schwann cells (mSchwann) (VFASC, NCMAP,
MBP and PRX), nonmyelinating Schwann cells (nmSchwann) (NGFR,
SCN7A, CHD2, LICAM and NCAM1)*¢, endoneurial nerve-associated
fibroblasts (NAF) (SOX9 and OSR2)* and perineurial NAF (SLC2A1 and
ITGA6)**° (Extended Data Fig. 5a). nmSchwann and mSchwann cell
marker genes were enriched in celladhesion and myelination gene sets,
respectively (Extended Data Fig. 5b,c), with £VX1, a key gene in spinal
cord development, identified as a potential regulator of mSchwann
cellsinthe airways. Both mSchwann and nmSchwann expressed periph-
eral nervous system disease genes (Extended Data Fig. 5d). Localiza-
tionof these populationsin peripheral nerves was validated with bulk
RNA-seq across tissues (Extended Data Fig. 5e), Visium ST (Extended
Data Fig. 5f), protein staining (Extended Data Fig. 5g-i) and smFISH
(Fig. 2i and Extended Data Fig. 5j). We show perineurial NAFs
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Fig.1|Spatial multi-omics atlas of the human lung allows the identification
of cell types and their location. a, Multi-omics spatial lung atlas experimental
designincluded fresh and frozen sampling from five locations for scRNA-seq
(seven donors), sc VDJ-seq (four donors), snRNA-seq (seven donors) and Visium
ST (seven donors). Five donors (D) from the frozen samples were pooled into
five reactions, each containing different locations (Loc) from donors. b, UMAP
of allscRNA-seq/snRNA-seq from 193,108 cells/nuclei in total from ten donors.
Cells from all major subsets were captured. ¢, cell2location mapping on Visium
ST froma bronchi section shows matching of cell types to expected structures.
H&E staining and cell abundance estimated by cell2location (density score) for
ciliated, basal epithelium, AT1, AT2 and chondrocyte cell types with histology
image in the background. Dotted lines circle the epithelium (pink), parenchyma

(green) and cartilage (brown). d, Cell type groups are enriched in expected
micro-anatomical tissue environments on Visium ST across sections from five
donors. Cell type loadings are represented by both dot size and color for cell
types annotated in b across the manually annotated micro-environmentsin the
Visium data. e, Cell type capture is affected by protocol and location. Cell type
proportion analysis with fold changes and LTSR score for all cell type groups with
regard to the material, protocol and location. Dashed boxes highlight the greatest
changes. AT1, alveolar type 1; AT2, alveolar type 2; LE, lymphatic endothelium;
VE, vascular endothelium. The number of cells in each cell type group is shown
inSupplementary Table 7 and online: https://www.lungcellatlas.org as variable
Celltypes_master_high.

surrounding and endoneurial NAFs alongside Schwann cells within
the nerve bundle in human airway samples. In conclusion, we have
detected and mapped rare stromal cells of airway peripheral nerves.

Vascular cell types in systemic and pulmonary circulation. Focus-
ing on vasculature, we could distinguish clusters of pulmonary and
systemic circulation by the specific enrichment in parenchyma
(pulmonary vasculature, where gas exchange occurs) and trachea
(systemic vasculature, providing oxygen to the tissue) (Fig. 3a,b).
We also distinguished further cell types in distinct tissue locations
using ST: endothelial arterial cells (systemic E-Art-syst and pulmo-
nary E-Art-pulm), smooth muscle cells (non-vascular airway (ASM),
pulmonary (SM-pulm) and systemic (SM-syst)) and pericytes (pulmo-
nary (Peri-pulm), systemic (Peri-syst) and venous immune recruiting
(IR-Ven-Peri)"; Fig. 3a-f, Extended data fig. 6b). Using ST in different

tissue locations, we distinguished further endothelial arterial cell
types (systemic arterial endothelia (E-Art-syst) and pulmonary arte-
rial endothelia (E-Art-pulm)) (Fig. 3a,c and Extended Data Fig. 6b),
nonvascular airway smooth muscle (ASM) cells, and both pulmonary
and systemic smooth muscle/perivascular cells (pulmonary smooth
muscle (SM-pulm) and pulmonary pericyte (Peri-pulm), systemic
arterial smooth muscle (SM-Art-syst), systemic pericyte (Peri-syst)
and venous perivascular cells, thatis,immune recruiting perivascular
cells (IR-Ven-Peri))" (Fig. 3a—c,f). ASM cells lined the airways (Extended
Data Fig. 6¢), were mainly captured in single nuclei data (Fig. 3d) and
had marker genes aligned across tissues with smooth muscle in the
HPA and GTEx (Extended DataFig. 6d, e).

ThelR-Ven-Periexpressed ABCC9 and ICAM1but not CSPG4, similar
to postcapillary venous perivascular cells important for immune cell
homing to peripheral lymph nodes®** (Fig. 3d,e). IR-Ven-Peri expressed
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Fig.2|Lungand airway fibroblasts and their spatial location. a, Sequential
clustering reveals 11 fibroblast populations in airways and lungs on UMAP,
colored by novelty as shown. b, Sample collectionlocation and processing
method affect cell type proportions. Poisson linear mixed model analysis of cell
type composition within the fibroblast compartment, accounting for location,
material, dissociation protocol and donor in the model. Cell type numbers are
shownin Supplementary Table 7 and in online portal. ¢, Dot plot of IR-fibro
marker genes that overlap with Fibroblast reticular cell and fDC markers.

d,e, Cell2location density scores demonstrate that (d) IR-fibro colocalizes witha
manually annotated immune infiltrate microenvironment in the airways, and (e)
PB-fibro localizes around the airway epithelium. f, PB-fibro are associated with
lung function (FEV1/FVC) in fGWAS analysis (logOR, 0.53; FDR, 0.014). Shown
are the log odds ratios (logOR) obtained from fGWAS and their Wald confidence

intervals (n =19,414 genes) for several cell types. Substantially enriched cell
types are marked in red (Wald test, BH multiple testing correction over 76 cell
types, FDR <0.1). g, Visium ST mapping of PC-fibro around the airway cartilage
showing cell2location density scores. h, Schwann cells and NAF colocalize with
peripheral nerve bundles in annotated Visium ST sections by cell2location. Cell
typeloadings are represented by both dot size and color. i, Nerve-associated cell
type markers have distinct locations in the airway nerve bundles identified by
smFISH staining. Donors used for replicas are shown in Supplementary Table 9.
The marker gene probes for each cell type are given in each panel. Dashed lines
surround the nerve bundles. j, Schematic representation of the described nerve-
associated populationsin the peripheral nerves of the airway. Fibro-alv, alveolar
fibroblasts; fibro-adv, adventitial fibroblasts.

chemokines (Fig. 3e) and colocalized with a venous endothelial vessel
(ACKRTI"), validated in a bronchial section by Visium ST (Fig. 3f) and
in smFISH microscopy (Fig. 3g and Extended Data Fig. 6f). Venous
endothelial cells expressed leukocyte binding receptors (Extended Data
Fig. 6g), similar tolymph node postcapillary venules, suggesting arole
for venous endothelia and IR-Ven-Periin extravasationin airway veins.

In summary, we distinguish cells of the systemic and pulmonary
circulation, describe new IR-Ven-Peri cells and further define the rela-
tionship between the endothelial and perivascular cells (Fig. 3h and
Supplementary Fig. 3).

Identification of duct cells in airway SMG
In the epithelial compartment, we identified known and rare cell
types and transcriptionally define human SMG duct cells (Fig. 4a and

Extended Data Fig. 7a,b,c), enriched in the trachea®*** and previously

only characterized in mice at the single cell level****, smFISH stain-
ing for ALDH1A3, MIA and RARRESI validated localization at the SMG
and distinguished these cells from other epithelial cells (Fig. 4b and
Extended DataFig. 7e,f). Cell2location distinguished distinct locations
of SMG duct cells compared to SMG mucous and serous cells, providing
orthogonal evidence of the identification of a new, distinct cell type
(Extended Data Fig. 7f). In addition, Velocyto analysis suggested that
these cellsmay lie onatrajectory toward surface epithelial populations
(Extended Data Fig. 7g), consistent with the regenerative role of SMG
duct cellsin mice®?®,

We also identified myoepithelial cells in snRNA-seq, expressing
basal epithelium (TP63 and KRT14) and muscle (ACTA2, TAGLN and
CNNI positive, but DES negative) markers (Fig. 4a and Extended Data
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Fig. 3| Cell types of systemic and pulmonary circulation. a, UMAP
visualization of scRNA-seq data from the vascular endothelia and smooth muscle
compartments. Color of the dots shows cell type or location. Color of the text
reflects novelty. b, Cell type proportion analysis with fold changes and LTSR score
for the cell types with regard to the location and material. Cell type numbers are
shownin Supplementary Table 7 and lungcellatlas.org. ¢, E-Art-syst colocalize
witharterial vessel and SM-Art-syst in the airway in Visium ST. Cell2location
density scores are shown for arterial endothelial and smooth muscle cell types
localizing at arterial vessel. d, Marker gene dot plot of the smooth muscle
compartment. e, IR-Ven-Peri expresses immune recruiting chemokines and

Parenchyma, pulmonary circulation ‘
Peri-pulm

SM-pulm Cap-a

N

E-Art-pulm AlveYolus E-Ven-pulm

A G Vein
cell-cell adhesion molecules shown by marker gene dot plot. f, E-Ven-syst and
IR-Ven-Peri colocalize at a venous vessel in the airway in Visium ST sections shown
by cell2location density scores at venous vessel. g, IR-Ven-Peri markers CCL21 and
CCL19localize adjacent to the venous vessel marker ACKRI in the airway. Donors
used for replicas are shown in Supplementary Table 9. Dashed linesin ¢, fand
grepresent vessel structures as relevant for each figure panel. h, Schematic of
transcriptionally defined vascular cells in the systemic and pulmonary circulation.
Created with BioRender. E = endothelial, SM=smooth muscle, Cap = capillary,
Ven=venous, Art = arterial, Syst = systemic, Pulm=pulmonary, Peri = pericyte,
ASM =airway smooth muscle, IR =immune recruiting.

Fig.7a,h) withlocalization around the glands (Extended Data Fig. 7f,i,j)°.
We identified markers for cell-cell adhesion (FHOD3 and LAMAI) and
nerve synapse signaling (VTRK2 and PLDS) and validated marker genes
by smFISH (Extended Data Fig. 7i) and inthe HPA (Extended Data Fig. 7j).
Interestingly, mouse myoepithelial cells have also been shown to
regenerate the surface airway epithelium®. However, in humans,
myoepithelial cells are not well defined, potentially due to difficulties
indissociating this cell type.

Spatially, lung and airway epithelial cells were enriched in their
expected manually annotated locations (Fig. 1c,d). Unbiased analysis
with cell2location nonnegative matrix factorization (NMF) was able to
further distinguish hidden epithelial factors. We found that basal and
suprabasal cells colocate separately from apical surface epithelial cells,

consistent with their positions at the base of the surface epithelium
(Extended Data Fig. 7k and Supplementary Fig. 4). AT1 cells colocal-
ized with capillaries, alveolar macrophages and fibroblasts and were
separate from AT2 cells (Extended Data Fig. 7k and Supplementary
Fig. 4). This analysis revealed further spatial heterogeneity beyond
manual annotations, enhancing the spatial resolution and highlighting
colocating cell types.

Taking advantage of our multilocation data, we compared cells
across the five locations (Extended Data Fig. 7c) and observed the
expected enrichment of SMG epithelial cells and depletion of club cells
intrachea (Extended DataFig.7c). Using our pooled snRNA-seq data, to
avoid batcheffects fromlocation-specificambient RNA contamination
(Fig.1a, pooling scheme), we also analyzed gene expression signatures.
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Using alinear mixed model® (Methods), we detected 80 differentially
expressed genes in tracheal ciliated cells, including nasopharyngeal
carcinomagenes FBXL7, TSHZ2and RAETIE (Extended DataFig. 71)***%.
As previously reported, we found reduced ACE2 expression in distal
lung ciliated cells, where expression of ACE2 is more relevant in AT2
cells (Extended Data Fig. 7m)*.

Overall, we uncover the full complement of SMG epithelial cells
along with their spatial contexts in the human SMG.

Immune cellsin the lung and airways

Myeloid cells show previously undescribed heterogeneity. We iden-
tified all majorimmune populations (Fig. 4c and Extended Data Fig. 8a)
whichwere analyzed separately toreveal previously undescribed het-
erogeneity, especially in myeloid cells. We found known macrophage
subsets, including intravascular (expressing LYVEI and MAF)***,
CXC3CR" airway****™*®, CHITI'"* and interstitial macrophages®. We
identified a previously undefined cluster expressing monocyte (CD14)
and macrophage markers, termed macro-intermediate (Extended Data
Fig.8b). Amongalveolar macrophages, the following two more clusters
appeared: dividing cells (Macro-alv-dividing) and a cluster expressing
metallothioneins (Macro-alv-MT), including MT1G, MT1X and MTIF.
Metallothioneins have aroleinbinding and metabolizing metalions™,
and inimmunity and stress responses’**. Finally, we identified a rare
undescribed population of macrophages expressing chemokines,
including CXCL8, CCL4 and CCL20, which we named Macro-CCL*.
The expression of CXCL8 and CCL20 distinguishes this subset from
interstitial macrophages which express CCL4. CXCL8is associated with
lunginfection, asthma, IPF and COPD** and was identified in psoriatic
skin macrophages™.

T and NK cell subsets in the lung and airways. T lymphocytes and
natural killer (NK) cells included CD4 T, CD8 T, mucosal-associated
invariant T (MAIT), NK, NKT, innate lymphoid cells and their subsets
(Fig. 4c and Extended Data Fig. 8c). In the CD4 compartment, we dis-
tinguished naive/central memory (CD4-naive/CM), effector memory/
effector (CD4-EM/Effector), regulatory T cell (Treg) and tissue-resident
memory (CD4-TRM) cells. Within CD8 cells, we found gamma-delta
Tcells (y8T), TRMs (CD8-TRM)** and two distinct clusters analogous to
populations foundin the lungin cross tissue analysis**: CD8-EM/EMRA
and CD8-TRM/EM. The CD8-TRM cells specifically localized to airway
epitheliumin our spatial data (Extended Data Fig. 8d)*"*®. NK subsets
included NK-CD11d, NK-CD16hiand NK-CD56 bright™¢°, CD11d" NK cells
are activated in response to infection in both mice and humans® %,
were previously shown in human blood®* and here for the first time in
healthy human lungs.

T cell receptor (TCR) VDJ-seq data confirmed MAIT cell type
annotation (with preferential use of TRA/33and TRAVI-2)* and showed
low clonal expansion in naive and Treg populations compared to
memory and effector subsets (Extended Data Fig. 8e). As expected,
there was no clonal sharing betweenindividuals, but expanded clones

were found in multiple locations of the lung within a given donor
(Extended Data Fig. 8f). The T and NK cell proportions displayed dis-
tinct donor-to-donor variability compared to myeloid cells (Extended
Data Fig. 8g-i), consistent with higher interindividual variability in
lymphocytes.

Overall, we defineimmune cells of the human lung and airway with
unprecedented resolution.

Colocalization of IgA plasma cells with the SMG. B cells included
naive and memory B cells, IgA and IgG plasma cells, and plasmablasts
(Fig. 4c and Extended Data Fig. 9a,b). These annotations were sup-
ported by VDJ-seq B cell receptor (BCR) isotype analysis. IgA, which
is important for mucosal immunity®®®, was most frequent in the air-
way samples, while only the third most abundant in the parenchyma
(Fig. 4d and Extended Data Fig. 9¢). Distinguishing markers for IgA
plasma cells included CCRIO and B cell maturation antigen BCMA
(TNFRSF17; Extended Data Fig. 9b), which are important for plasma
celllocalization and survival, respectively® .

In Visium ST data, IgA plasma cells mapped to the airway SMG,
colocalizing with duct, mucous and serous cells, while IgG mapped
toimmune infiltrates (Fig. 4e). Enrichment of plasma cells (MZBI") at
the SMG was confirmed inthe HPA (Extended DataFig. 9d,e), building
on a study in the 1970s that first showed IgA plasma cells in human
airway SMG’°. We further distinguished enrichment of IgA plasma
cellsinthe serous glands with cell2location NMF, showing two distinct
gland factors, one with SMG serous cells colocalizing more with IgA
plasmacells than asecond distinct factor with other SMG epithelial cells
(Fig. 4f, Extended Data Fig. 9f and Supplementary Fig. 4). This pref-
erential localization of IgA plasma cells was confirmed by manual
annotation of gland areas in ST on formalin-fixed paraffin-embedded
(FFPE) preserved tissue samples, which allowed better distinction of
serous and mucous glands (Extended DataFig. 9g).

Todissect thisnicheatsingle-cell resolution, we used multiplex IHC
to confirmthe presence of IgA2 but the absence of IgG cellsin the SMG
(Fig.4gand Extended DataFig. 9h), consistent with Visium ST (Fig. 4e,f).
Wealso detected IgD" naive B cellsand CD3* CD4' T helper cellsinthe
human SMG (Fig. 4g). We hypothesize that together these different
cell types constitute animmune niche with relevance in disease, which
we term the gland-associated immune niche (GAIN). Mucosal IgA is
important for protection against respiratory infections? and we found
that proportions of IgA plasma cells were increased in coronavirus
disease 2019 (COVID-19) patients versus healthy controls in single-cell
data from published nasal, tracheal and bronchial brush samples
(Methods) (Fig. 4h)™. In addition, increased plasma cell numbers
have been shown in smokers’®, patients with cystic fibrosis’>, COPD”*
and Kawasaki disease™, warranting further study of the GAIN in these
conditions. In C57/BL6 mouse tracheal sections, we did not identify
IgA* cellsin the SMG of two independent cohorts of mice despite IgA*
stainingin the colon as expected” (Extended DataFig. 9i), suggesting
that the GAIN should be studied in humans.

Fig. 4 |IgA plasma cells in human airways colocalize with SMGs. a, UMAP of
scRNA-seq and snRNA-seq data from epithelial cells (excluding alveolar AT1
and AT2) colored by cell type, with a dot plot for the marker genes of SMG duct
cells. b, smFISH staining of mucous (MUC5B), serous (LPO) and duct (ALDHIA3/
RARRES]I) cells in human bronchus. ¢, UMAP plots of myeloid, T/NK and
Blineage cells, colored by cell type. d, Number of B lineage cells with different
Igisotypesin airway (trachea and bronchi) from the analysis of VD) amplified
libraries. e, Visium ST results show IgA plasma cells specifically localize in the
glands. Normalized average cell abundance (dot size and color) are shown from
cell2location for SMG and B lineage cell types across the manually annotated
micro-anatomical tissue environments. H&E section of bronchi with manually
annotated glands shown in blue (top panel), cell2location density scores for IgA
plasma cells and SMG serous cells shown in lower panels. Cell type loadings are
represented by both dot size and color. f, Unsupervised NMF analysis of Visium

ST cell2location results for 11 factors, showing NMF factor loadings normalized
per cell type (dot size and color). Factors 3 and 6 identify two separated factors
inthe SMG colocalizing IgA plasma cells, specifically with SMG serous cells
(factor 3), but less with other SMG cell types (factor 6). Other factors and cell
types are shown in Supplementary Fig. 4. g, Multiplex IHC staining of human
trachea for the SMG structure (Hoechst for nuclei, EpCAM for epithelium,
Phalloidin for actin, CD31 for vessels), B lineage markers (IgD, IgA2 and IgG) and
CD4 T cells (CD45, CD3 and CD4). Arrowheads point to CD45" CD3* CD4" cells.
Scale bar 100 pm. h, Percentages of different isotypes of 470 B plasma cells
from nasal, tracheal and bronchial brushes of two COVID-19 positives and three
healthy control patients”. Patients with over 20 plasma cells were considered.
Donors used for replicas inb and g are shown in Supplementary Table 9. Macro,
macrophage; CM, central memory; EM, effector memory; EMRA, effector
memory re-expressing CD45RA.
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Cell-cell interactions and the SMG immune cell niche. To under-
stand colocalization of B cells, IgA plasma cells and T cells in the SMG
(Fig. 4e-g), we explored the molecular mechanisms underpinning
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Fig. 5| Cell-cell signaling at the SMG for B cell recruitment and survival.

a, Expression of PIGR and CCL28in epithelial cells by violin plot. b, CellChat
cell-cellinteraction analysis pathways for CCL chemokines produced by SMG
epithelial cells and received by B cells (memory, naive and IgA/IgG/plasmablast
combined) or CD4 T cells (CD4-naive/CM, CD4-EM/Effector and CD4-TRM
combined) within airway tissue (trachea and bronchi). Arrow direction denotes
chemokine-receptor pairs on specific cell types, arrowhead thickness reflects
the relative expression of chemokine signal from each cell type. ¢,d, Expression
dot plot of relevant chemokines and corresponding receptors as shownin

b. e, smFISH (CCL28) and IHC (IgA2) staining in tracheal SMG. f, CellChat analysis
asin b showing signaling of TNFSFI13/APRIL and /L-6 from SMG epithelial cells to
relevant B cell subsets and CD4-naive/CM. The proportion of the circle for each
gene/cell type reflects the relative expression. g, smFISH (/L-6, TNFSF13/APRIL)

u

[ S

and IHC (IgA2) staining in tracheal SMG. h, CellChat analysis asin fshowing
signaling from HLA genes expressed by SMG epithelial cells, signaling to CD4

on CD4 T cells. i, RNA expression of HLA-DRA, HLA-DRBI and CD40in B cells (as
professional antigen-presenting cells for comparison) on violin plot, ciliated and
SMG epithelial cells from scRNA-seq/snRNA-seq. j, IHC of HLA-DR and EpCAMin
human airways showing strong expression of HLA-DR in the SMG (white dashed
line) compared to the surface epithelium (yellow dashed line). k, IHC staining

of CD4, CD45RO, HLA-DR and EpCAM, asindicated, in the airway SMG showing
localization and close contact of CD4" CD45RO" T cells with HLA-DR" glands as
shownin the enlargement. Dotted lines enclose HLA-DR negative or low regions
of glands, yellow arrowheads denote CD4* CD45RO" T cells, white arrowheads in
the zoom-in show CD4* CD45RO" cells interacting with HLA-DR" gland epithelial
cells. Donors used for replicasine, g,jand k are shown in Supplementary Table 9.

Extended DataFig.10a)**”°. We confirmed expression of CCL28in SMG
by smFISH, and at the protein level by IHC (Fig. 5e and Extended Data
Fig.10b), and observed a gradient of expression along the proximal

to distal axis, where CCL28 is highest in SMG duct and serous cells of
the trachea (Extended Data Fig. 10b,c). This gradient in serous cells
was statistically significant (P < 0.05) with Spearman’s two-tailed rank
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Fig. 6| Schematic of the human airway GAIN. Schematic of the GAIN showing
immune cell recruitment and extravasation facilitated by venous endothelial
cells and IR-Ven-Peri (immune recruiting venous perivascular cells) and signaling

IR-Ven-Peri

patterns between SMG epithelial cells, CD4 T cells, B naive/B memory cells and
B plasma cells to attractimmune cells and promote antigen-specific T cell-
dependentand T cell-independent pathways, leading to IgA secretion at the SMG.

correlation analysis. Cell-cell interaction analysis using CellChat”’ on
cells fromthe airways again confirmed the CCL28-CCR10 axis between
SMG epithelial cells and B plasma cells (combined IgA, IgG and plas-
mablasts) and predicted SMG duct cells to recruit memory and naive
B cells and CD4 T cells (combined CD4 subsets, excluding Tregs)
through CCL20 (refs.”®*°) (Fig. 5b—d).

Inaddition toimmune cell recruitment, we explored signals sup-
porting Band plasma cell functionin the GAIN. A proliferation-inducing
ligand (APRIL), afactorimportant for B cell survival, differentiation and
class switching, was expressed by SMG duct/serous cells interacting
with thereceptors TAC/and BCMA on B cells (Fig. 5fand Extended Data
Fig.10a). smFISH for APRIL in tissue confirmed expression in glands,
especially in serous cells (LPO'RARREST APRIL™&"), confirming the
specific B and IgA colocalization from our ST analysis in the APRIL"e"
serous glands (Fig. 5g and Extended Data Fig. 10d,e). Interestingly,
APRIL expression can be induced on intestinal epithelial cells leading
to IgA2 class-switch recombination (CSR) in the local tissue environ-
ment®'. We found activation-induced cytidine deaminase (A/ICDA)
expressioninafew B memory cells, suggesting the possibility of local
CSR at the SMG (Extended Data Fig. 10f).

In combination with APRIL, IL-6 induces and supports long-lived
plasma cells, potently induces IgA secretion®** and increases IgA secre-
tionin COPD®. In our data, SMG duct/SMG serous cells expressed /-6
(Fig.5g), which was predicted tointeract with/L-6R/IL.-6ST on B plasma
and CD4-naive/CD4-CMT cells (Fig. 5fand Extended DataFig.10a).IL-6
hasbeenshown asarequired factor for CD4 T cell memory formation
and for overcoming Treg mediated suppression®. Salivary gland epi-
thelial cells are known toinduce B cell responses via/L-6 both directly
(T cell-independent) and via T cell-dependent mechanisms®. /L-6 is
alsoupregulated in serum and bronchoalveolar lavage fluid inasthma
and COPD patients, suggesting the importance of GAIN in disease® *’.

CellChatalso predicted interactions between HLA genes expressed
by SMG epithelial cells,and CD4 T cells (Fig. 5h,i) thatindicate antigen

presentation directly by the SMG epithelial cells. The expression of
HLA-DRA and HLA-DRBI in SMG duct/SMG serous cells was compa-
rable to ciliated cells at the RNA level (Fig. 5i), but much higher at the
protein level (Fig. 5j). Similarly, the costimulatory gene CD40 was
expressed in SMG epithelial cells (Fig. 5i). CD4 T cells also localized to
HLA-DR"&" nonmucous regions of glands (Fig. 5k and Extended Data
Fig.10g,h). CD4 T cells in the glands were CD45RO" (memory) cells,
and could be seen closely interacting with HLA-DR"&" SMG epithelial
cells, suggesting direct cell-cell contact (Fig. 5k and Extended Data
Fig.10i-k). Overall, our data suggest that SMG Serous/duct cells can
present antigen to CD4 T cells, similar to airway and nasal epithe-
lial cells, which can promote T cell proliferation in vitro®®~**. Antigen
presentation by SGP**MHCII"e" epithelial cells in the parenchyma of
mice has been shown to regulate CD4-TRM responses, contributing
to immune homeostasis®. MHCII"&" SMG epithelial cells may have a
similar functionin the airways.

Inconclusion, we identified the colocalization of IgA plasmaccells,
naive/memory B cells and T cells at the serous glands and described
molecular signaling pathways for the recruitment and maintenance
of immune cells at the SMG. The described pathways are functional
insecondary lymphoid structures such as MALT, and we now suggest
they can establish the GAIN (Fig. 6) of the human airways.

Discussion

Byintegrating scRNA-seq/snRNA-seqwith ST, we provide fine-grained
resolution of 80 cell types/states in the human lung and airways. Eleven
previously unannotated cell types/states were identified and mapped to
distinct micro-anatomical tissue environments. Our data have contrib-
uted to the HLCA'®, which provides means for assessing intraindividual
variation and effects of clinical covariates. Our in-depth study reveals
airway tissue niches encompassing previously unresolved cell types
and their interactions, as well as unexpected properties of cell signal-
ingrelationships. We provide transcriptomic profiles of human airway
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chondrocytes, cells of the peripheral nerve bundles, SMG duct cells,
enhanced resolution in fibroblast, macrophage and lymphocyte sub-
sets and distinguish between pulmonary versus systemic vasculature
and pericytes. We highlight potential disease associations for some
of these new populations, such as PB-fibro for COPD and IPF. Finally,
we discover the GAIN with likely relevance in inflammatory and infec-
tious diseases. We present these data as a resource to the community
as open-access downloadable files and through our interactive web
portal (lungcellatlas.org).

The GAIN defines animmunomodulatory role for SMG epithelial
cells, which are central to signaling circuits for local IgA responses.
Specifically, we highlight that IgA plasma cells, B cells and CD4 T cells
arerecruited viachemokines secreted by IR-pericytes and SMG duct/
serous cells. The survival, maturation and, potentially, class switching
of Blineage cellsare supported by APRIL and IL-6, providing T cellinde-
pendent factors. Additionally, SMG duct/serous cells have the potential
to induce and/or modulate antigen-specific responses through the
expression of MHC-1l and CD40. Many of these pathways have been
observedinothertissues, particularly in the salivary glands and within
secondary lymphoid tissues such as Peyer’s patches. No such second-
ary lymphoid structures have been observed within healthy airways.
We hypothesize that GAIN is an important site for local induction of
immune responses and homeostasis.

This newly defined IgA immune niche is likely to play animportant
roleincommon lung diseases as well as respiratoryinfections—IgA plasma
cells are increased in the airways of COPD®* and patients with cystic
fibrosis”, and plgR-mediated IgA transport is dysregulated in asthma®®
and pulmonary fibrosis”. In patients with COVID-19, early severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) neutralization was
more closely correlated with IgA than IgM or IgG*® and we report higher
proportions of IgA plasma cells in the airways of patients with COVID-19.
Nasal vaccines caninduce astronglocal sigA response and prevent viral
shedding® inthe respiratory tract'°’. Abetter understanding of the GAIN
is therefore highly relevant for maintaining lung health and providing
immunity to respiratory infections such as COVID-19.

Online content
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Methods

Experimental methods

Access to human tissue and ethics oversight. Samples were obtained
from deceased transplant organ donors by the Collaborative Bioreposi-
tory for Translational Medicine (CBTM) with informed consent from
the donor families and approval from the National Research Ethics
Services (NRES) Committee of East of England, Cambridge South
(15/EE/0152). CBTM operates in accordance with UK Human Tissue
Authority guidelines.

Tissue dissociation and single-cell sequencing. Tissue was collected
from13 donors from five lung locations including trachea, bronchi at
the second/third generation, bronchi at the fourth generation, upper
left lobe parenchymaand lower left lobe parenchyma (Fig. 1aand Sup-
plementary Tables1-3). In total, 11 donors were profiled for fresh and
frozen transcriptomic analysis with two additional donors used for
FFPE ST and smFISH/IHC validation (summarized in Supplementary
Table 9). Following collection at the clinic, samples (range: 1-4 cm?)
were immediately placed into cold Hypothermasol FRS*?. Within12 h
after circulation ceased, samples were dissociated (seven donors;
Supplementary Tables 1and 9) and/or preserved in optimal cutting
temperature (OCT) compound and frozeninisopentane at—60 °C for
later spatial analysis (six donors; Supplementary Table 3) and nuclei
isolation (seven donors; Supplementary Tables 2and 9). Most samples
(n=5) were digested using liberase and trypsin, and CD45 positive
cellsloaded on10X as aseparate fraction (protocols.io.39ygr7w). One
donor was digested with collagenase D for comparison (protocols.
io.34kgquw; Supplementary Tables1and 2). Briefly, tissue dissociation
used (for five donors) 1 g of lung tissue washed with PBS, minced finely
with scalpels, before treatmentwith13 U ml ™ liberase TLand 0.1 mg mI™*
DNase I for 30 min at 37 °C with rocking. Cells were filtered through a
70 pm strainer, washed with neutralization media (RPMI*20% FBS) and
pelleted (sample P1). Tissue remaining in the cell strainer was digested
with 0.25% trypsin-EDTA with DNase I for 30 min at 37 °Cwithrocking,
filtered and washed with neutralization media. Meanwhile, sample
P1 was treated with red blood cell lysis buffer before being separated
into CD45 positive and negative fractions using MACS (Miltenyi, as
according to the manufacturer’s protocol). The CD45 negative fraction
was pooled with cells from trypsin treatment, resulting in the follow-
ing two samples for loading on 10X: CD45 positive cells from liberase
TL digestion (to enrich for immune cells) and pooled CD45 negative
liberase-treated cells with trypsin-treated cells (nonimmune fraction).
Both fractions were resuspended in 0.04% BSA/PBS, counted and
loaded on the 10X Genomics Chromium Controller, aiming to capture
5,000 cells, according to the manufacturer’s protocol. The 10X Genom-
icschemistryisincludedin Supplementary Table1.

Single-nucleus sequencing. Our single nuclei isolation method™
from frozen tissue (Supplementary Table 2) used 8 x 50 um thick sec-
tions which were homogenized using a glass Dounce homogenizer
(Sigma) in nucleiisolation buffer (NIM; 0.25 M sucrose, 0.005 M MgCl,,
0.025 M KClI, 0.01 M Tris (buffer pH7.4), 0.001 M DTT and 0.1% Triton
X-100) in the presence of Complete protease inhibitors (Roche) and
RNAse inhibitors RNasin (Promega)—0.4 U pl™ and SUPERase-In (Inv-
itrogen) 0.2 U pl™). Tissue was homogenized using ~15 strokes with
pestle A (clearance 0.0028-0.0047 in.) and then pestle B (clearance
0.0008-0.0022 in.). Isolated nuclei were filtered through a 40 uM
filter, collected at 2,000g and resuspended in 0.5 ml of storage buffer
(PBS containing 4% BSA and RNasin (Promega)—0.2 U pl™). Nuclei were
incubated with NucBlue (ThermoFisher) and purified from debris by
FACs sorting, stained with Trypan blue and counted. Five thousand
nuclei from five different samples were pooled and all 25,000 nuclei
were loaded onto the 10X chromium controller using the 3’ v3.1 kit as
per the Chromium Single Cell 3’ Reagent Kits v3 User Guide, targeting
to recover ~3,000 nuclei per sample. Post-GEM-RT cleanup, cDNA

amplification and 3’ gene expression library construction were per-
formed according to the user guide and libraries were sequenced on
the Novaseq platform.

Spatial transcriptomics. Samples <0.5 cm?were cut from the five lung
andairway locations outlined above. Most of the parenchyma tissue was
removed from bronchisamples, whichwere embedded in OCT and flash
frozenin —60 °C isopentane (for six donors; Supplementary Table 9)
or fixed for 24 h in 10% neutral buffered formalin and processed into
wax (FFPE, for one donor; Supplementary Table 9). H&E staining was
used to determine the morphology of tissue blocks before proceed-
ing with ST. Sections of 10 pm (fresh frozen samples) or 5 um (FFPE)
were then cut from the blocks onto Visium slides (10X Genomics) and
processed according to the manufacturer’s protocol. Further details
on samples are in Supplementary Table 3 and Supplementary Fig. 1.
H&E images generated during the Visium protocol were captured at
%20 magnification on aHamamatsu Nanozoomer S60.

Dual-indexed libraries were prepared as in the 10X Genomics
protocol, pooled at 2.25 nM and sequenced (four samples/Illumina
Novaseq SP flow cell) with read lengths 28 bp R1,10 bp i7 index, 10 bp
iSindex, 90 bp R2 for fresh frozen samples or 50 bp R2 for FFPE.

smFISH. smFISH was performed in multiple sections from at least
two donors (Supplementary Table 9). Tissue blocks for smFISH
(RNAScope) insitu hybridization were chosen based on H&E staining.
Ten micron-thick cryosections cut onto superfrost plus slides were
processed using the RNAScope 2.5 LS multiplex fluorescent assay
(ACD, Bio-Techne) on the Leica BOND RX system (Leica). Fresh frozen
lung sections were fixed for 90 min with chilled 4% paraformaldehyde,
washed twice with PBS and dehydrated through an ethanol series (50%,
70% and 100% ethanol) before processing according to the manufac-
turer’s protocol with protease IV treatment. Samples were first tested
with RNAScope positive and negative control probes before proceed-
ing torun probes of interest. Slides were stained for DAPI (nuclei) and
threeto four probes of interest, with fluorophores Opal 520, Opal 570,
Opal 650 and ATTO 425 at between 1:500 and 1:1,000 concentration.
These were thenimaged on a Perkin EImer Opera Phenix high-content
screening system with waterimmersion at x20 magnification. Imaging
data were processed using Omero (Open Microscopy Environment).

Mouse samples. Wild-type C57/BL6 mouse samples were obtained
from Kindai University, Japan (courtesy of T. Nakayama) and Charles
River, USA (AMSbio). Male (colon samples) and female (all other sam-
ples) mice were maintained in specific pathogen-free conditions and
used at 8-to10-week old. Allanimal experiments for mice obtained from
Kindai University were approved by the Centre of Animal Experiments
at Kindai University. Mouse tissue from Charles River was purchased
fromacertified animal supplier through AMSbio, with aninternal ethi-
calapproval process for broadly defined research use.

Tissue preservation and antibody staining. For IBEX staining, the
fresh airway tissue was received in cold Hypothermasol, fixed with
1% PFA solution for 24 h at 4 °C and transferred to cold 10% and 30%
sucrose gradient for -8 and -12 h, respectively, before freezingin OCT.
The fixed tissue was sectioned at 10-30 pm thickness. Iterative staining
of humantracheasections was performed as described by Radtke et al.
(ref.’®). Sections were permeabilized and blocked in 0.1 M Tris, con-
taining 0.1% Triton (Sigma), 1% normal mouse serum, 1% normal goat
serum and 1% BSA (R&D). Primary antibodies wereincubated for 2 h at
roomtemperature and secondary for1 hatroomtemperatureinawet
chamber, washed three times in PBS and mounted in Fluoromount-G
(Southern Biotech). Images were acquired using a TCS SP8 (Leica)
inverted confocal microscope. The coverslip was removed, slides were
washed three timesin PBS and fluorochromes were then bleached using
almg ml™?solution oflithiumborohydride in water (Acros Organics) for
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15 min at room temperature. Slides were washed in PBS (three times)
before repeating staining, up to a total of five rounds of staining. Raw
imaging datawere processed using Imaris (Bitplane) using Hoechst as
fiducial for the alignment of subsequentimages. The staining setup and
antibody information are in Supplementary Table 6.

For human airway samples and mouse trachea/colon samples,
costained for CCL28 and IgA2/IgA (Supplementary Table 6), 10 um
thick OCT embedded fresh frozen sections were fixed with cold ace-
tone (human) or room temperature acetone:ethanol (1:1) (mouse) for
20 min, followed by blocking in the buffer above (human) or 2% BSA/
PBS with1:800 rat serum (Abcam) (mouse) for 1 hat room temperature.
Primary antibodies were incubated in blocking buffer for 1 h at room
temperature and washed threetimesin PBS. Secondary antibodies were
incubated for1hatroomtemperature followed by another three times
PBSwashes and 5 pg ml™ DAPI (Invitrogen) for 5 min before coverslip-
ping with ProLong Gold Antifade Mountant (LifeTechnologies). Slides
were imaged using Hamamatsu S60 slide scanner at x40 magnifica-
tion. Imaging data were processed using Omero (Open Microscopy
Environment).

Computational analysis

Mapping of gene expression libraries. scRNA-seq and snRNA-seq
gene expression libraries were mapped with Cell Ranger 3.0.2, and
Visium libraries were mapped with Space Ranger 1.1.0 from 10X Genom-
ics (https://support.10xgenomics.com). Both types of libraries were
mapped to an Ensembl 93-based reference (10X-provided GRCh38
reference, version 3.0.0). For nucleisamples, the reference was altered
intoapre-mRNA reference as per 10X instructions. TCR/BCR libraries
were mapped with Cell Ranger 4.0.0 to the 10X-provided VD) reference,
version 4.0.0.

scRNA-seq and snRNA-seq analysis. The CellRanger unfiltered matri-
ces were used as an input for the SoupX v1.0.0 algorithm'® to remove
ambient RNA contamination, according to the tutorial (https://github.
com/constantAmateur/SoupX). For eachsnRNA-seq library, CellRanger
filtered nuclei subjected to QC filters, pass QC nuclei were processed
using standard scanpy pipeline and were clustered to form five to ten
clusters. Nucleithat did not pass QC were assigned to those clusters by
logistic regression. This clustering was then passed to SoupX, to derive
asetof cluster-specific genes for automatic estimation of contamina-
tion rate. Default values were used for SoupX’s functions, except for
‘autoEstCont()’ where ‘soupQuantile’ was set to 0.8. The single-cell
and nuclei libraries with SoupX correction were analyzed using the
standard scanpy 1.7.1workflow'**. The cells with >4,000 counts in nuclei
and 20,000 countsinthe cells were removed. Inthe cells, droplets with
>10,000 features were removed. Lower threshold of 1,000 features
was applied to donor A37 due to difficulty to remove ambient RNA
contamination. Master cell types were annotated and extracted for
reanalysis with scanpy workflow, including new highly variable genes
(HVGs) detection. Between 1,000 and 3,000 HVGs were used to define
40 principal components for calculating the UMAP. Data integration
via Harmony v1.0 (ref. '), BBKNN v1.4.1 (ref. °°) or scVI-tools v0.9.0
(ref.’) was used with either ‘material’ (cells versus nuclei), or ‘material
and donor’. Doublet clusters, identified by observing markers from
multiple cell types and higher counts in snRNA-seq, were removed.
An iterative clustering approach was used to derive clusters for less
abundant celltypes. Inaddition to known marker genes, new ones were
derived using the scanpy rank_genes_groups function. Cell types and
master clusters were annotated according to known and newly derived
markersasinSupplementary Note1andin consensus with other studies
inSupplementary Table 4. The UMAP of the airway epithelial cell types
was achieved by integrating the data with published human airway
epithelial cells’, including previously unannotated serous and mucous
cells identified from the unprocessed data of their study. Altogether
we detected all cell types from at least two different locations and five

different donors. The distribution of cell types with respect to loca-
tion, material and donor variables are shownin Supplementary Table 7
and visualized by the contribution of donor in Supplementary Fig. 2.

Spatial mapping of cell types using Visium ST and cell2location.
Visium ST datawas analyzed by integrating scRNA-seq/snRNA-seq and
spatial transcriptomes with the cell2location method (v0.1)". Cell2loca-
tion estimates reference gene expression signatures of cell types from
scRNA-sequsing Negative Binomial regression that accounts for batch
effects. In Extended Data Fig. 3b, we extended the cell type reference
to germinal center cell types from a published human gut dataset™®.
Cell2location uses the reference signatures to estimate absolute spatial
abundance of cell types, integrating and normalizing data across 11
fresh frozen Visium sections (five were excluded based on quality con-
trol metrics). 10X Visium data were processed to untransformed and
unnormalized mRNA counts, filtered to genes shared with scRNA-seq,
with hyperparametersin cell2location based on the tissue and experi-
ment quality as follows:

(1) Expected cell abundance per location N = 20
(2) Regularization of within-experiment variation in RNA detection
sensitivity of @ = 20

The model was trained until convergence (40,000 iterations).
Loss function (ELBO) scaling by locations x genes was used. Pearson
correlationbetween log;,(x +1)-transformed observed mRNA counts
and expected mRNA amount from the cell2location model assessed
the model quality (Pearson R = 0.745).

Micro-anatomical tissue environments were labeled from the
H&E images. Only Visium spots aligned and annotated as ‘tissue’ were
used for analysis (manual annotation). Specific tissue environments
are listed in Supplementary Table 5 and at lungcellatlas.org loupe
browser. Visium FFPE (four sections) allowed better conservation of
morphology and therefore had more detailed manual annotations
including the separation of mucous glands from the seromucous/
other glands. The annotation of mucous-only glands was conserva-
tive to distinctly separate mucous-only glands, as the transcripts from
high-count serous cells contaminated neighboring spots. The manual
annotations were used to compute cell abundance of each cell type
across micro-environments.

We further used NMF of cell abundance estimated by cell2lo-
cation for unbiased microenvironment identification. Scikit-learn
NMF implementation from cell2location package was used. NMF was
trained with a range of factor numbers (8-24). NMF factor loadings
for celltypes arereportedin the paper as dot plot normalized per cell
type by the sum of NMF loadings, which can be interpreted asa propor-
tion of cells of each cell type present in each tissue zone. NMF factor
loadings across locations are reported as the total cell abundance of
constituent cell types.

Postprocessing analysis. Gene set enrichment analysis was performed
in GSEA online tool (https://www.gsea-msigdb.org/gsea/index.jsp)'*®
for specificgene setsandingProfileR e106_eg53 pl16_65fcd97 (https://
biit.cs.ut.ee/gprofiler/gost). The analysis of gene expressionin GTEX tis-
sueswas performed inthe GTEx portal (https://gtexportal.org/home/).
Cell-cellinteraction analysis was performed with CellChat (http://www.
cellchat.org/)””. Toreduce donor-to-donor differences, the dataset was
downsampled to aset number of cells per donor per cell type.

The code used for marker gene dot plots withmean group expres-
sions and expression of TCR regions was previously published with
codeavailable at https://doi.org/10.5281/zenod0.3711134.

Pseudotime analysis for selected cell populations was performed
with Monocle3 (ref. %), its functionality to infer a pseudotime based
on UMAP coordinates. The root was identified as the cell with the
highest combined expression of canonical progenitor markers (VCAN
for chondrocytes; TGM2, HMCN2 and SULFI for smooth muscle).
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Cell trajectory analysis was performed using the scVelo package
(v0.2.1)"° and specifying the stochastic model.

Label transfer was performed via Azimuth tool v0.4.1 (https://azi-
muth.hubmapconsortium.org/) with the lung reference data" v1.0.0.
CellTypist®* v1.2.0 was used to train alogistic regression model from our
dataset for label transfer using the celltypist.train function (tag-value
pairs: use_SGD=True, feature_selection=True). HPA (https://www.pro-
teinatlas.org/humanproteome/tissue) was used for extractingimages
of protein stainings with antibodies on human tissues.

BCR and TCR analysis from VDJ-data. VD) analysis was done with
Scirpy 0.6.0 (https://icbi-lab.github.io/scirpy/)™. For TCR data, clono-
types were defined based on CDR3 nucleotide sequence identity. For
BCR data, clonotypes were defined based on the Hamming distance
between CDR3 amino acid sequences with a cutoff of two and orphan
VJ chains removed. In both cases, V gene identity was required and
the CDR3 sequence similarity was evaluated across all of a cell pair’s
V(D)) chains.

Statistics and reproducibility. Spearman rank correlation test (two
tailed) was performed for zonation analysis of the SMG serous cells
across trachea, bronchi 2-3 and bronchi 4 locations for the three
donors (A37, A41 and A42) with at least 20 cells in at least two loca-
tions. Correlation coefficients and Pvalues were calculated per every
donor separately. A Poisson linear mixed model was used for cell type
composition analysis. Poisson regression with various metadata as
covariates was applied to adjust confounding effects on the cell type
countdataas previously described">"*, We used location as a biologi-
cal factor, and protocol, material (scRNA-seq versus snRNA-seq) and
donor as technical factorsin the model as random effects to overcome
the collinearity (see Supplementary Notes in ref. "> for more details).

Gene set enrichment analysis was done with g:GOSt method and
g:SCSthreshold with flat list in the gProfiler webpage https://biit.cs.ut.
ee/gprofiler/gost. GOSt uses Fisher’s one-tailed test, also known as
cumulative hypergeometric probability.

Donors used for smFISH, IHC and Visium experiments are shown
in Supplementary Table 9, smFISH and Visium experiments were per-
formed once for each donor often across multiple sections, IHC stain-
ing was repeated at least twice depending on the markers used. Full
staining figures, reproducibility and antibodies for protein staining
from HPA can be queried online at https://www.proteinatlas.org/.

Variance in gene expression. To determine the effects of the metadata
features on the expression data, alinear mixed model was used®. Genes
expressed in less than 5% of the samples were filtered out. The count
matrix was then normalized and log transformed. The percentages of
variance in gene expression data explained by each metadata feature
were obtained by fitting the linear mixed model. The Bayes factor
was then computed to determine the gene-specific effects of some
metadata features in the expression data, assigning an effect size and
alocal true sign rate (LTSR) for all genes analyzed. Genes presenting
anLTSRvalue greater than 0.9 were considered substantially affected
by the metadata feature analyzed. See Supplementary Notes in ref. *
for more details.

fGWAS analysis. The fGWAS approach to determine disease-relevant
celltypesis described elsewhere'®. Summary statistics for the selected
GWAS study of Lung function (FEV1/FVC)"* were obtained via Open
Targets Genetics (https://genetics.opentargets.io/study/GCST007431;
https://www.ebi.ac.uk/gwas/studies/GCST007431). The code used for
fGWAS plots and for cell type proportion analysis is available here:
https://github.com/natsuhiko/PHM.

HLCA, COPD and IPF data analysis. To assess PB-fibros in lung disease,
we used both the HLCA extended' and Adams et al.® datasets. To look

for differentially expressed genes between PB-fibros in COPD, fibro-
blast labels were transferred from the HLCA (which annotates PB-fibro
based on our work) to Adams et al.® dataset. Differential genes were
identified by Wilcoxonrank-sumtest (P < 0.05). PB-fibros wererare, 74
in COPD and 20 in controls, but represented across 21 individuals (12
patients with COPD and 9 healthy controls). Genes displayed are a por-
tion of the top-upregulated genes, which areimplicated in Lung func-
tion (FEV1/FVC). The abundance of PB-fibros in disease was assessed
inthe HLCA and Adams et al.® datasets using PLMM as described above
and MiloPy, which tests differential abundances on the KNN graph™.
For PLMM analysis, covariates from the HLCA accounted for were
‘sample’, ‘study’, ‘subject ID’, ‘sex’, ‘ethnicity’, ‘smoking status’, ‘condi-
tion’ (disease, manually harmonized), ‘subject type’, ‘sample type’,
‘sequencing platform’, ‘cells or nuclei’ and ‘anatomical region detailed
unharmonized’. MiloPy analysis was performed using the standard
workflow, the KNN graph was generated from the latent space already
available in the extended HLCA (X_scanvi_emb) and ‘study’ was used
asacovariate.

COVID-19 data analysis. To assess the impact of infection on IgA
abundance, we used adataset”’, with tracheal, bronchial and nasal epi-
thelium brushings from children and adults. Although these samples
differed from the deep airway biopsies taken in this study, they still
contained some SMG epithelial cells and IgA plasma cells, showing a
level of compatibility with the healthy samples used in our study. A total
of 470 plasma cells from five donors (three healthy and two COVID®),
eachwithatleast20 plasmacells, were pooled, clustered and classified
intolgA, IgD, IgH and IgM isotypes based on expression levels of IGHAIL
IGHA2, IGHD, IGHG1,IGHG2, IGHG3, IGHG4 and IGHM. Proportions were
calculated across cells for healthy and COVID" donors separately.

Cell-cellinteraction analysis. Cell-cell interaction from scRNA-seq
datawas predicted using CellChat”. B plasma subsets were combined
(B-plasma) and cell types of interest (B-naive, B-memory, SMG duct,
SMG mucous, SMG serous, CD4-naive/CD4-CM, CD4-EM/CD4-effector
and CD4-TRM) were downsampled to 200 cells per cell type per donor.
Analyses were performed both withindividual CD4 T cell subsets and
all CD4 subsets combined. Normalized count matrix along with cell
annotation metadata was processed through the standard CellChat
pipeline, except that the communication probability was calculated
withatruncated mean of 10%.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alltranscriptomic datasets generated as part of the study are publicly
available. The processed scRNA-seq, snRNA-seq and Visium ST dataare
available for browsing and download via our website www.lungcellatlas.
org. The dataset (raw dataand metadata) is available onthe Human Cell
Atlas DataPortaland onthe European Nucleotide Archive (ENA) under
accession number PRJEB52292 and BioStudies accession S-SUBS17. The
Visium data are publicly available on ArrayExpress with the accession
number E-MTAB-11640. Imaging data can be downloaded from Euro-
peanBioinformatics Institute (EBI) Biolmage Archive under accession
number S-BIAD570. Additional datawere accessed to support analysis
and conclusions, which can be accessed through National Centre for
Biotechnology Information Gene Expression Omnibus GSE136831, and
GSE134174 and the HLCA integration, which can be accessed through
github https://github.com/LungCellAtlas/HLCA.

Code availability
The majority of the analysis was carried out using published and freely
available software and code as stated in the Methods. Custom code
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was used for Extended Data Figs. 1cand 8f and are available at https://
github.com/elo073/5loclung/(DOI:10.5281/zenodo.7125810).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Overview of human lung dataset across five locations.
(a) H&E sections of full depth human tissue samples from multiple regions
showing all major structures of the lungs and airways. (b) Expression of cell
type marker genes in the master cell type groups, from both single cell and
single nuclei RNA-seq combined. Color represents maximum normalised mean
expression of marker genes in each cell group, and size indicates the proportion
of cells expressing marker gene. Dashed box highlights chondrocyte marker
genes. (c) Variance of gene expression explained by metadata variables in the

combined sc/snRNA-seq dataset, scRNA-seq and snRNA-seq datasets. The
whiskers correspond to 95% confidence intervals and the number of genes tested
was 8,666 in cells/nuclei combined, 7,977 in cells, 7,260 in nuclei. 129,340 cells
and 63,768 nuclei were analysed. (d) Protein staining of chondrocyte markers in
the cartilage of human bronchus from the HPA. (e) Proportion of mesenchyme
celltype groups in the airways from cells and nuclei. Numbers indicate
chondrocytes in single cells versus single nuclei. (f) UMAP of sequencing material
(cells or nuclei) and location (trachea, bronchi, parenchyma).
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Extended Data Fig. 2| Novel fibroblast subsets. (a) Dot plot of marker gene
expression for indicated cell types. (b) UMAP of location and sequencing
material from fibroblasts. (c) Heatmap showing annotated cell types to the
predicted labels for fibroblasts from Travaglini et al. (Travaglini et al. 2020) by
the Azimuth tool, coloured by proportion. Labels by the proportion of annotated
cells and the total number of cells mapping to the reference. (d) Violin plots with
predicted annotation score for each of the annotated cell types to the reference.

Small dots represent cells, circles represent mean values and bars show standard
deviation. (e) Dot plot showing the cell type cross-validation by transferring cell
type labels from our single cell dataset (row) to cell types from Travaglini et al.
2020 (column). For each column (each cell type from the Travaglini et al. 2020),
size of adot denotes the proportion of cells assigned to a given cell type in our
dataset and colour denotes the average probability. Highlighting marks the
airway-enriched cell types.
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Extended Data Fig. 4 | Peribronchial and perichondrial fibroblasts. (a) Protein
staining of PB-Fibro markers (COL15A and ENTPD1) in human bronchus sections
from the HPA. (b) Marker genes for PB-fibro and PC-fibro. (c) Upregulated genes
in COPD patient’s PB-fibro cells (74 cells, 12 donors) compared to controls (20
cells, 9 donors) from scRNAseq data9®. Selected upregulated genes associated
with COPD or emphysema by GWAS (RGCC, DGKH, NTM, SULF1, NPC2, RPLS5,
LMCD1, MRTFA, DENNDS5A, KLF4) or in other studies (NFATC2, MT2A and

SIK2). Wilcoxon rank sum test p <0.05 (two sided), exact P values and full list
isin Supplementary Table 10. (d) Cell type proportion analysis using PLMM to
compare fibroblasts in the extended HLCA across disease conditions with fold
changes and Local True Sign Rate (LTSR). Covariates are listed in the methods.
Cellabundances were analysed in Adams et al. 2020 dataset only, and validated

inthe extended HLCA (minus Adams et al. 2020). (e) Milo cell type abundance
analysis of fibroblasts from the HLCA comparing IPF patients and healthy
controls. UMAP of fibroblast clusters, neighbourhood enrichment UMAP
showing log fold change in IPF compared to healthy, and violin plot of log fold
change of the neighbourhood for each cell, grouped by cell type. Dashed line
highlights the region of PB fibros on the UMAPs. (f) Protein staining of PC-Fibro
marker (COL12A1) in human bronchus from the HPA mapping to cartilage. ()
UMAP of adventitial fibroblasts, PC-fibro and chondrocytes from single nuclei
data coloured by monocle 3 pseudotime and cell type. (h) Expression of genes
associated with bone/cartilage function, markers of PC-fibro and cartilage genes
inthe nuclei as shown on (g), ordered by pseudotime. (i) PC-fibro marker gene
enrichmentin Human Phenotype Ontology by g:Profiler.
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Extended Data Fig. 5| Schwann cells and nerve-associated fibroblasts (NAF).
(a) Marker dot plot for myelinating, non-myelinating Schwann cells and for epi-
and endoneurial NAF-s. (b, ¢) g:Profiler gene set enrichment results using g:GOSt
method and g:SCS threshold and multiple testig correction with flat list as input
for myelinating Schwann cell markers with detailed results for myelination and
transcription factor EVX1(b) and for non-myelinating Schwann cell markers

(c). (d) Expression of neuropathy associated genes in Schwann and NAF cell
types. Previously unknown cell type specific expression shown in colour: light
green for novel expression pattern, light blue for distinguishing expression for

nmSchwann cells. (e) Expression in Transcript per million (TPM) of NAF markers
in GTEx bulk RNA-seq data. (f) Visium ST H&E staining of human bronchi, with
zoomin on nerve bundle and cell2location cell type mapping density scores for
Schwann and NAF cell types. (g-i) HPA antibody staining of (g) non-myelinating
Schwann cell markers (CADM, GRIK2, NCAM1, ITGB4 and L1ICAM) (h) endoneurial
NAF marker (USP54) and (i) perineurial NAF markers (SLC22A3 and SORBS1)
within the nerve bundles in human bronchus. Arrows indicate nerve bundles. (j)
RNAscope staining for myelinating (MLIP) and non-myelinating (SCN7A, SOX10)
Schwann cell and perineurial (SLC2A1) NAF specific genes in bronchial nerves.
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Extended Data Fig. 6 | Vascular and smooth muscle cell types. (a) Markers

dot plot for vascular endothelia. (b) cell2location density scores of pulmonary
and vascular endothelium for parenchyma and bronchi Visium ST sections. (c)
Bronchi section with H&E and cell2location analysis density score for airway
smooth muscle population on a Visium ST slide. (d) NPR2 staining in oesophagus
and bronchus from the HPA. Black arrows indicate the airway and oesophagus
surrounding non-vascular smooth muscle. () ASM marker expressionin

all GTEx tissues. Tissues are ordered by unsupervised clustering based on
expression similarity. The dotted line highlights tissues which are surrounded

by athick smooth muscle layer. The orange rectangle shows muscular tissues
from oesophagus, and the blue rectangle shows the non-muscular mucous layer
of oesophagus tissue. (f) IR-Ven-peri markers localise at the venous vesselsin

the airway. smFISH staining for IR-Ven-peri (CCL21, CCL19), venous endothelia
(ACKR1) and smooth muscle (ACTA2) markers. (g) Leukocyte rolling and homing
genes, and chemokines expressed in Endothelia and SM/Perivascular cells
together with their interaction partners expression inimmune cell groups.
Interaction partners are indicated with blue shades.
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Extended DataFig. 7 | Epithelial cell annotations and location specific
ciliated cell gene expression. (a) Marker gene expression dot plot for airway
epithelial cells. (b) UMAP of airway epithelial cells from scRNA-seq data. (c)
Celltype proportion analysis with fold changes and Local True Sign Rate (LTSR)
score for all cell type groups with regards to variables shown. Cell numbers are in
Supplementary Table 7. (d) smFISH staining for mucous (MUC5B), serous (LPO)
and duct (MIA) cell markers in human bronchi sections. (e) smFISH staining of
secretory goblet/club (SCGBI1ALI), ciliated (FOXJ1) and duct (ALDH1A3/RARRES1)
in human bronchus section. (f) Visium ST H&E from bronchial section and
cell2location density values for mapping duct, mucous, serous, ciliated and
myoepithelial cells. (g) RNA velocity results on UMAP from scRNAseq of airway
epithelia. Colours indicate cell types asin (b). (h) Myoepithelial marker gene

expression dot plot. (i) smFISH staining for muscle (TAGLN), basal epithelia
(KRT14), duct (ALDH1A3) and myoepithelium (FHOD3) in human bronchi
sections. (j) HPA staining for muscle and epithelial marker proteins in human
bronchial glands. (k) Unsupervised non-negative matrix factorisation (NMF)
analysis of Visium ST cell2location results for 11 factors showing NMF factor
loadings normalised per cell type (dot size and colour). Other factors/cell

types are shown in Supplementary Fig. 4. (I) Violin plots of normalised log-
transformed expression separated by location in the single nuclei RNA-seq data
for 3 genes upregulated (methods) in nasopharyngeal carcinoma gene set from
GSEA database with LTSR>0.9 consistently higher expressed in the trachea. (m)
SARS-CoV-2receptor and viral entry gene (ACE2) expression in ciliated cells from
snRNA-seq data shown by locationinaviolin plot.
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Extended Data Fig. 8 | Immune cell type groups. (a) Marker gene expression
plot along with UMAP for Megakaryocytes and Mast cells. (b) Marker genes dot
plot for Myeloid cells. (c) Marker genes dot plot for T & NK cells. (d) cell2location
density scores for CD8-TRM, Ciliated and CD8-EM cell types in human bronchi
sections and corresponding H&E. (e) Fraction of clonally expanded cellsin T &
NKT cell types from VD] data. (f) Proportion of shared TCR clonotypes between
samples from VDJ data. Colour barsindicate location and donor. (g-i) Effects

oflocation, donor, material and protocol onimmune cell type proportions
(assessed by PLMM) are shown by forest plots. Each square dot with an error

bar shows the square root of variance explained by each factor and its 95%
confidence interval, respectively. Dotplots show point estimates of fold changes
and Local True Sign Rate (LTSR) for myeloid cell types (g), T & NK cell types (h)
and B lineage cell types (i). The number of cellsin each cell type group are in
Supplementary Table 7.
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Extended Data Fig. 9| Additional data on B lineage and IgA plasma cell
localisation. (a) Marker gene expression dot plot for B-lineage cells. (b) Gene
expression dot plot for top differentially expressed genes between IgA and

IgG plasma cells. (c) Number of B lineage cells with different Ig isotypesin
parenchyma from the analysis of VD) amplified libraries. (d, ) HPA staining for
B plasma marker MZBlin the bronchus.(d) and nasopharyngeal glands.(e). (f)
Spatial localisation of selected NMF factors (total N=11, Figure 4f, Supplementary
Fig.4) from unsupervised NMF analysis of Visium ST cell2location results. The
total cellabundance of constituent cell types for factors 3and 6 are shownona
bronchi section, with H&E and manual gland annotations shown for reference.
White dashed lines highlight mucous/duct (factor 6) specific areas. (g) An

example of FFPE Visium slide region with mucous and non-mucous glands
annotated per voxel, and enrichment of cell types by cell2location in the micro-
anatomical tissue environments across 2 FFPE sections (trachea and bronchi
2-3) from1donor. (h) Multiplex IHC of human trachea for Ig isotypes (IgA, 1gG,
IgD) showing distinction between glands (dashed lines) and non-gland regions
of tissue. (i) IgA staining in mouse colon and trachea from wild type C57/BL6
mice from Charles River, USA or Kindai University, Japan (where specified).
Representative staining from 2 experiments, 3 sections per experiment. AF =
autofluorescence (shownin red). Arrows showing clusters of IgA plasma cells at
the epithelial surfacein tracheal sections.
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Extended Data Fig. 10 | Additional gland associated immune niche data-
interactions of gland epithelial cells withimmune cells. (a) Expression dot
plot of genes relevant for Figure 5h. (b) Co-staining of CCL28 RNA/protein and
IgA2 protein inairway submucosal glands, left: smFISH; right: IHC for CCL28.

(c) Expression of TNFSF13, IL-6 and CCL28 in SMG-Serous and Duct cell sc/
snRNAseq data along the tracheobronchial tree. Change in CCL28 in serous

cells was statistically significant with two-sided Spearman’s rank correlation
(methods) (p-values 1.6 x10-8,0.0034 and 1.3 x 10-5 for donors A37, A41 and A42
correspondingly). (d) smFISH on the human trachea with DAPI, TNFSF13/APRIL,

RARRES1and LPO. Dashed lines show regions of duct, mucous and serous glands.

(e) smFISH (TNFSF13/APRIL, and CD79A) and IHC (IgA2) of human tracheal SMG
showing APRIL+and APRIL- glands annotated. (f) Violin plot for expression

of AICDA in B cell subsets. (g) IHC from the HPA showing HLA-DR, MUC5B and
PRR4 staining with HLA-DR+ regions corresponding with non-mucous areas

of gland. Red/purple dashed lines indicate mucous/serous cells respectively
based on morphology and/or marker gene expression. (h) smFISH (MUC5B) plus
IHC (HLA-DR) staining in human airway SMG. (i) IHC staining of CD4, CD45RO
(memory marker), CD45RA (naive marker), IgA2 and EpCAM in the SMG. Blue
arrows indicate CD4+CD45RA+ cells. (j) IHC staining of HLA-DR, EpCAM, CD3,
CD31and CD4 in the airway SMG. Arrows point to CD3+CD4+ cells. (k) IHC
staining of CD4, CD45RO, HLA-DR and EpCAM in the airway SMG showing close
interactions between CD4+CD45R0+ T cells with HLA-DR+ glands. Arrows point
to CD4+CD45RO+ cells.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z| The statistical test(s) used AND whether they are one- or two-sided
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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Data collection For this project sequencing data was generated on Illumina NovaSeq machines and analysed using the open source software listed in the next
section.

Data analysis The following software and code was used, with version number where available.

Space Ranger v1.1.0
Cell Ranger v4.0.0
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SoupXv1.0.0
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scVI-tools v0.9.0
scanpy v1.7.1
gProfileR e106_eg53_p16_65fcd97
CellChat v1.1.1
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Custom code is available on our Github repository https://github.com/elo073/5loclung, DOI 10.5281/zenodo.7125810.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All transcriptomic data generated as part of the study are publicly available. The processed scRNA-seq, snRNA-seq and Visium spatial transcriptomics data is
available for browsing and download via our website www.lungcellatlas.org. The dataset (raw data and metadata) is available on the Human Cell Atlas Data Portal
and on the European Nucleotide Archive (ENA) under accession number PRIEB52292 and BioStudies accession S-SUBS17. The Visium data is publicly available on
ArrayExpress with the accession number E-MTAB-11640. Imaging data can be downloaded from European Bioinformatics Institute (EBI) Biolmage Archive under
accession number S-BIAD570. Additional data was accessed to support analysis and conclusions, which can be accessed through National Centre for Biotechnology
Information Gene Expression Omnibus GSE136831, and GSE134174 and the Human Lung Cell Atlas integration which can be accessed through github https://
github.com/LungCellAtlas/HLCA.
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Sample size Samples were obtained from a total of 12 human organ donors (7 donors for scRNA-seq, 7 donors for snRNA-seq and 6 donors for Visium ST
as in Supplementary tables 1-3).
Total number of single cell and single nuclei transcriptomes analysed: 193,108
No Sample size calculation was carried out as we are not comparing distinct phenotypes but describing the cell types present in normal
healthy lung and airway. Due to the rarity of organ lung donor availability, samples were profiled in depth using multiple techniques rather
than including many donors. The sample size in our study is sufficient as it is more than most other published single cell studies that have
profiled healthy lung. All described populations were identified in at least three individuals.

Data exclusions  Thresholds common in single cell studies were applied to exclude poor quality cells (see methods for details). No individuals were excluded
from the analysis. Five sections from the fresh frozen Visum ST experiment were excluded from Cell2location calculations due to poor quality.

Replication All findings we report are supported by robust statistical analysis that is outlined in detail in the methods section of the paper. Any cell types
we report were found in multiple individuals. For spatial transcriptomics analysis, a total of 20 sections were profiled however 5 were
excluded due to low quality as stated in the methods. Cell type mapping by Visium spatial transcriptomics was reproducible in at least 3
sections.

When validating cell types by RNAscope, a minimum of 2 sections from 2 donors were stained and representative sections shown. For
multiplex IHC experiments, 3 donor airway samples (both bronchi and trachea) were stained with at least 1 section per location per donor and
representative sections shown. All replicate experiments were successful and reflect the results reported in the study.

Randomization  Randomisation was not applicable in the study. Patients that were available within organ donor programme were analysed immediately as
fresh samples. The patients for frozen samples were pooled and analysed as soon as 5 patients were available. Sections for spatial methods

were used specifically after screening for relevant structures on the sections.

Blinding Blinding was not applicable to this study because all of our donors were healthy lung organ donors.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies
Antibodies used Antibody details (supplier, catalog number, conjugate, clone name, cycle position for multiplexing and dilution) are given in
Supplementary Table 6.
Validation All antibodies are commercially available and validated, and we provide links to available technical datasheet below:

Hoechst 33258: https://biotium.com/wp-content/uploads/2016/12/PI-40044-40045.pdf

CD3: https://www.biolegend.com/fr-ch/products/alexa-fluor-488-anti-human-cd3-antibody-2726?
pdf=true&adisplaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=Alexa%20Fluor%C2%AE%20488%20anti-human
%20CD3%20Antibody.pdf

CD31: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productld=12-0319-42&version=224

HLA-DR: https://www.abcam.com/alexa-fluor-647-hla-dr-antibody-tal-1b5-ab223907.pdf

IgD: https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-human-igd-antibody-7758?
pdf=true&displaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=Alexa%20Fluor%C2%AE%20488%20anti-human
%201gD%20Antibody.pdf

CD4: https://www.biolegend.com/it-it/products/alexa-fluor-647-anti-human-cd4-antibody-2728?
pdf=true&adisplaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=Alexa%20Fluor%C2%AE%20647%?20anti-human
%20CD4%20Antibody.pdf

IgA2: https://resources.southernbiotech.com/techbul/9140.pdf

EpCAM: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productld=50-9326-42&version=224

Phalloidin: https://www.biolegend.com/en-us/products/flash-phalloidin-green-488-13950?
pdf=true&adisplaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=Flash%20Phalloidin%E2%84%A2%20Green%
20488.pdf

CD45: https://www.biolegend.com/en-us/products/apc-anti-human-cd45-antibody-705?
pdf=true&displaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=APC%20anti-human%20CD45%20Antibody.pdf
CD45RO: https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-human-cd45ro-antibody-33407?
pdf=true&adisplaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=Alexa%20Fluor%C2%AE%20488%20anti-human
%20CD45R0O%20Antibody.pdf

CD45RA:

https://www.biolegend.com/en-us/products/pe-anti-human-cd45ra-antibody-687?
pdf=true&displaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=PE%20anti-human%20CD45RA%20Antibody.pdf
CCL28: https://www.atlasantibodies.com/api/print_datasheet/HPA077434.pdf

anti-rabbit IgG AF647: https://www.abcam.com/goat-rabbit-igg-hl-alexa-fluor-647-ab150079.html (link to datasheet download,
antibody has 189 references as of 12 September 2022)

anti-mouse IgA PE: https://www.thermofisher.com/order/genome-database/dataSheetPdf?
producttype=antibody&productsubtype=antibody_primary&productld=12-5994-81&version=251

Streptavidin PE: https://www.biolegend.com/it-it/products/pe-streptavidin-1475?
pdf=true&adisplaylnline=true&leftRightMargin=15&topBottomMargin=15&filename=PE%20Streptavidin.pdf&v=20220609101609

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Wild-type C57/BL6 mouse samples were obtained from Kindai University, Japan (courtesy of Prof. Takashi Nakayama) and Charles
River, USA (AMSbio). Male (colon samples) and female (all other samples) mice were and used at 8-10 weeks old. Mice from Kindai
University were housed in specific pathogen free conditions with 12 hour light/dark cycle (light on from 7am to 7pm) at ambient
temperature 22+1°C and 55+10% humidity. All animal experiments for mice obtained from Kindai University were approved by the
Centre of Animal Experiments at Kindai University. Mice from Charles River were housed in specific pathogen free conditions with 12
hour light/dark cycle at ambient temperature 21+2°C and 30-70% humidity. Mouse tissue from Charles River was purchased from a
certified animal supplier through AMSbio, with an internal ethical approval process for broadly defined research use.

020¢ f1dy

Wild animals No wild animals were used.
Field-collected samples  No field-collected samples were used.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance




Ethics oversight was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics All participants were deceased organ donors without prior history of lung disease. Patient characteristics such as age, BMI
and sex are given in the Supplementary Table 1.

Recruitment Samples from deceased organ donors were provided by the Cambridge Biorepository for Translational Medicine, and
individual donors were selected on the basis of organ availability.

Ethics oversight Samples were obtained from deceased transplant organ donors by the Cambridge Biorepository for Translational Medicine
(CBTM) with informed consent from the donor families and approval from the NRES Committee of East of England —
Cambridge South (15/EE/0152). This consent includes generation of open-access genetic sequencing data and publication in
open access journals in line with Wellcome Trust policy. CBTM operates in accordance with UK Human Tissue Authority
guidelines.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

020¢ fudy




	A spatially resolved atlas of the human lung characterizes a gland-associated immune niche

	Results

	A spatial, multi-omics atlas of human lung and airways

	Rare fibroblasts with immune recruiting properties
	Peribronchial and perichondrial fibroblasts
	Four distinct cell types in airway peripheral nerves
	Vascular cell types in systemic and pulmonary circulation

	Identification of duct cells in airway SMG

	Immune cells in the lung and airways

	Myeloid cells show previously undescribed heterogeneity
	T and NK cell subsets in the lung and airways
	Colocalization of IgA plasma cells with the SMG
	Cell–cell interactions and the SMG immune cell niche


	Discussion

	Online content

	Fig. 1 Spatial multi-omics atlas of the human lung allows the identification of cell types and their location.
	Fig. 2 Lung and airway fibroblasts and their spatial location.
	Fig. 3 Cell types of systemic and pulmonary circulation.
	Fig. 4 IgA plasma cells in human airways colocalize with SMGs.
	Fig. 5 Cell–cell signaling at the SMG for B cell recruitment and survival.
	Fig. 6 Schematic of the human airway GAIN.
	Extended Data Fig. 1 Overview of human lung dataset across five locations.
	Extended Data Fig. 2 Novel fibroblast subsets.
	Extended Data Fig. 3 Validation of immune recruiting fibroblasts and their tissue localisation.
	Extended Data Fig. 4 Peribronchial and perichondrial fibroblasts.
	Extended Data Fig. 5 Schwann cells and nerve-associated fibroblasts (NAF).
	Extended Data Fig. 6 Vascular and smooth muscle cell types.
	Extended Data Fig. 7 Epithelial cell annotations and location specific ciliated cell gene expression.
	Extended Data Fig. 8 Immune cell type groups.
	Extended Data Fig. 9 Additional data on B lineage and IgA plasma cell localisation.
	Extended Data Fig. 10 Additional gland associated immune niche data - interactions of gland epithelial cells with immune cells.




