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Human airways contain specialized rare epithelial cells including CFTR-rich
ionocytes that regulate airway surface physiology and chemosensory tuft cells
that produce asthma-associated inflammatory mediators. Here, using a lung
cell atlas of 311,748 single cell RNA-Seq profiles, we identify 687 ionocytes
(0.45%). In contrast to prior reports claiming a lack of ionocytes in the small
airways, we demonstrate that ionocytes are present in small and large airways
in similar proportions. Surprisingly, we find only 3 mature tuft cells (0.002%),
and demonstrate that previously annotated tuft-like cells are instead highly
replicative progenitor cells. These tuft-ionocyte progenitor (TIP) cells produce
ionocytes as a default lineage. However, Type 2 and Type 17 cytokines divert
TIP cell lineage in vitro, resulting in the production of mature tuft cells at the
expense of ionocyte differentiation. Our dataset thus provides an updated
understanding of airway rare cell composition, and further suggests that
clinically relevant cytokines may skew the composition of disease-relevant
rare cells.

Single cell profiling studies in human and mouse airways have revealed
the existence of a triad of rare cells: ionocytes, tuft, and neuroendo-
crine (NE) cells'™. lonocytes express the Cystic Fibrosis Transmem-
brane Conductance Regulator (CFTR), the causal gene whose
disruption leads to cystic fibrosis (CF)®’. lonocyte ablation in a ferret
model of CF resulted in abnormalities of airway physiology remarkably
reminiscent of CF?, and their loss in human large airway epithelial
cultures disrupts ion transport™', In contrast, tuft cells and NE cells

have roles in environmental sensing and initiating inflammatory
responses’”.

Alterations in tuft cell, neuroendocrine cell, and ionocyte num-
bers have been associated with diseases of the airway, but the
mechanisms governing their abundance are poorly understood'*™*,
However, very few tuft cells have been identified in single-cell atlases
of the normal human lung®?°. Tuft cells have been associated with
Type 2 inflammation in the intestinal®** and nasal” epithelia, but
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surprisingly few tuft cells have been identified in asthma atlases™*.

Analogously, ionocytes have been reported to be absent in small
airways, despite the prominent small airway pathology seen in
CF®7?¢_ This has led to the suggestion that ionocytes may not play a
significant role in the small airways pathology characteristic of the
early stages of CF*.

In order to understand the underlying mechanisms governing the
distribution and differentiation of lung ionocytes and tuft cells, we
construct an anatomically-guided, deep single-cell RNA-Seq (ScCRNA-
seq) atlas of 311,748 cells from 8 donor lungs. We identify a highly
replicating bipotent progenitor cell population that gives rise to either
tuft cells or ionocytes, hereafter referred to as Tuft-lonocyte Pro-
genitor (TIP) cells. We find that TIP cells are present in both the large
and small airways. Consistently, in contrast to prior reports, we
demonstrate the presence of ionocytes in the small airways, which
suggests that ionocytes may indeed play a role in the small airway
pathology associated with CF. We then demonstrate that both Type 2
and Type 17 cytokines skew TIP cell lineage and promote the differ-
entiation of mature tuft cells at the expense of ionocytes, providing
one explanation for the ionocyte loss recently reported in patients
with both eosinophilic and non-eosinophilic asthma'®'*¥. Thus, in
addition to the classic airway basal stem cell that sits atop the airway
epithelial hierarchy, we identify a second highly replicative human
progenitor cell population that is dedicated to the production of rare
epithelial cells. Furthermore, cytokine-mediated skewing of TIP cell
lineage may provides a framework for re-examining alterations of rare
cell numbers in airways disease.

Results

Deep cell atlas of the human lung

To build a deep human lung cell atlas, we profiled 311,748 cells from 8
normal explanted human lungs, from individuals of both genders (5
females, 3 males), a broad age range (3 months to 66 years old) and
different ancestries (6 white, one African American, and one Hispanic/
Latino), representing the largest single dataset of normal human lung
cells profiled to date (Fig. 1A, B and Supplementary Figs. 1-3, Supple-
mentary Data 1). From one individual (HU37), we profiled 71,263 single
cells across 13 anatomic sites along the respiratory tree, including 6
proximal airway sites and 7 distal lung lobe sites (Fig. 1A, B and Sup-
plementary Data 1). We complemented this dataset with cells obtained
from another 7 donors to account for inter-individual variability
(Supplementary Figs. 1-3, Supplementary Data 1). The cells partitioned
into 17 epithelial (Fig. 1C, D and Fig. S1), 9 stromal/mesenchymal
(Supplementary Fig. 2A-D), 5 endothelial (Supplementary Fig. 2E-H),
and 32 immune (Supplementary Fig. 3) subsets, which were indepen-
dently annotated and then matched to the Human Lung Cell Atlas
(HLCA) ontology*® (Methods).

In the proximal airway we identified all of the expected common
epithelial cell types (basal, secretory, goblet, deutrosomal', and cili-
ated cells), along with cells from the glands (Supplementary Fig. 1A),
and the three previously identified rare cell populations: neuroendo-
crine (NE) cells, ionocytes, and POU2F3* cells (Fig. 1B). Previously, these
rare POU2F3" cells had been annotated as “tuft-like” cells*?, in part
because POU2F3 is required for tuft cell differentiation and
maintenance??®, In the distal region of the lung, we again found all the
expected epithelial cell types, including alveolar type 2 (AT2) cells,
alveolar type 1 (AT1) cells, mesothelial cells, as well as small airway
epithelial cell types, including basal, secretory, goblet, and ciliated
cells. Additionally, in alveolar regions we detected the previously
described secretory cell subsets: secretory-ciliated (SecCil) and
secretory-AT2 (SecAT2) cells**° (Fig. 1D and Supplementary Fig. 1B).
Despite the anatomical sampling and depth of our cell atlas, we did not
detect rare airway epithelial cell types in the small airways, in contrast
to the large airways, possibly due to the predominance of alveolar type
1and type 2 cells.

Mature tuft cells are exceedingly rare in normal human lungs
and in vitro epithelial models

In order to determine the abundance of mature tuft cells in human
lungs, which we did not detect de novo in our deep scRNA-seq atlas, we
leveraged the HLCA version 1 core dataset composed of harmonized
data from 9 independent studies® to re-clustered the 885 annotated
rare epithelial cells (Supplementary Fig. 4A-C). We used supervised
scoring to discriminate NE cells, ionocytes, POU2F3" “tuft-like” cells, and
mature tuft cells, using markers derived from the dataset’ that con-
tained the greatest number of mature tuft cells (10 cells) in a single
study (Methods, Supplementary Data 2). Using this approach, we con-
firmed that the HLCA core dataset contains 561 ionocytes (0.096% of all
cells; 0.199% of all epithelial cells) and 159 NE cells (0.027% of all cells;
0.056% of all epithelial cells) (Supplementary Fig. 4D, Supplementary
Data 3). However, the 165 cells that were annotated as tuft cells in HLCA,
were, in fact, composed of two subsets: A major subset of 152 POU2F3"
“tuft-like” cells (0.026% of all cells; 0.054% of all epithelial cells), and a
very small subset of 13 mature tuft cells (0.002% of all cells; 0.005% of all
epithelial cells, Supplementary Fig. 4D, Supplementary Data 3).

To identify rare epithelial cells that may not have been detected in
the HCLA extended data set, we used our scoring approach to detect
1829 rare epithelial cells (compared to 1649 previously annotated cells
by HLCA®; Supplementary Fig. 4E, Supplementary Data 3). Next, we
derived a more generalizable tuft cell signature based on rare cells
from multiple studies (Supplementary Fig. 4F, Supplementary Data 2)
and identified a total of 56 high confidence mature tuft cells. For
ionocytes and neuroendocrine cells, we observed high correspon-
dence between our de novo annotations and HCLA metadata labels
(Supplementary Fig. 4G). In contrast, POU2F3" “tuft-like” cells were
predominantly annotated as “tuft” (71%) or “Other” (27%), while most
mature tuft cells were mislabeled as “Other” (68%) in HLCA (Supple-
mentary Fig. 4G). Rare epithelial cells in HLCA were present across
multiple anatomical regions, including the nose, respiratory airways,
and distal lung lobes (Supplementary Fig. 4G, right). As noted before,
mature tuft cells identified using our supervised approach were also
extremely rare in the extended HLCA dataset (0.004% of all cells;
0.01% of all epithelial cells, Supplementary Data 3).

Applying the same scoring approach to our own deep atlas
revealed 687 ionocytes (0.22% of all cells; 0.45% of airway epithelial
cells), 363 NE cells (0.12% of all cells; 0.24% of airway epithelial cells),
725 POU2F3" “tuft-like” cells (0.23% of all cells; 0.47% of airway epi-
thelial cells), and only 3 mature tuft cells (0.001% of all cells; 0.002% of
airway epithelial cells; Supplementary Data 4). Thus, despite our very
deep sampling of rare cells, mature tuft cells were indeed exceedingly
rare in the normal human lung. These rare tuft cells do not form a
distinct cluster using standard unsupervised community detection
algorithms (Supplementary Fig. 4H). In total, our deep atlas added 1778
rare cell profiles to the 1649 profiles contained in HLCA, and our rea-
nalysis added another 180 rare cells mislabeled as “Other” in HLCA and
refined the annotation for another 128 cells, establishing that mature
tuft cells are a remarkably scarce fraction (<0.02%) of an already scarce
total rare epithelial cell pool.

Given the exceptionally low numbers of rare epithelial cells
recovered from dissociated distal lungs and the predominance of
alveoli in the tissue sample, we next compared the proportions of rare
cells in epithelial air-liquid interface (ALI) cultures generated from
large and microdissected small airway (LAE and SAE AL, respectively).
In contrast to prior reports, which reported that SAE ALI cultures
contain fewer ionocytes than LAE ALIs?®, our scRNA-seq of LAE vs. SAE
ALI cultures detected comparable numbers of ionocytes on average
(per sampled ALI, Methods; Fig. 1E-G). Notably, mature tuft cells were
not detected in either LAE or SAE ALI cultures.

We hypothesized that those physiological activities that are nor-
mally ascribed to mature tuft cells, such as environmental sensing, may
be assumed by other cell types. As a precedent, genes related to bitter
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Fig. 1| Deep cell atlas of the human lung reveals the presence of ionocytes in
both human proximal and distal airways and proximal and distal ALI cultures.
A Regional sampling for a deep lung cell atlas. Numbered circles represent sampled
locations. B Lung cell atlas. Uniform manifold approximation and projection
(UMAP) embedding of cell profiles (dots) from the large airways (left) and lung lobe
regions (right) colored by cell type annotation. C-F Epithelial lung and ALI cell
profiles. UMAP embeddings of epithelial cell profiles from the proximal airway (C),
distal lung lobe (D), and ALI cultures generated from large airway basal cells iso-
lated from primary bronchus (E) or from small airway basal cells isolated from
microdissected small airway less than 2 mm in diameter (F). G-I lonocyte abun-
dance in the human proximal and distal airways and human proximal and distal ALI

cultures. G Number of BSND+ mature ionocytes per ALI (y axis) in Large ALI and
Small ALI cultures (x axis). n=3 ALIs averaged from 3 separate donors, Two tailed
unpaired T test. Error bars are standard deviation. H Whole mount images of dis-
sected large (left) and small (right) airways stained for BSND (magenta) and
acetylated Tubulin (green). Insets: Representative examples of BSND+ ionocytes
(magenta). I Number of BSND+ mature ionocytes per mm2 (y axis) in micro-
dissected large airways and small airways (x axis). n = 26 for large airways and 33 for
small airways across three normal human lungs (Hu66, Hu67, and Hu68). One way
ANOVA (Sidak’s multiple comparisons). Error bars are standard deviation. Elements
of 1A was created with BioRender https://BioRender.com/Oruztco.

taste receptors (TAS2R4, TAS2R43) are expressed by human ciliated
cells?, genes related to olfactory receptor-mediated functions are
expressed in NE* cells, and genes for succinate sensing (e.g., succinate
receptor (SUCNRI)) are expressed in glandular NE cells*. Indeed, NE
cells from our deep cell atlas and human LAE cultures expressed the
succinate receptor (SUCNRI), whereas POU2F3" “tuft-like” cells did not
(Supplementary Fig. 5A, B). We confirmed SUCNRI receptor protein
expression in NE (TUJI') cells in human LAE ALI culture in situ (Sup-
plementary Fig. 5C) and further established that NE cells functionally
respond to succinate with a rise in intracellular calcium (Supplemen-
tary Fig. 5D).

CFTR-rich ionocytes are comparably distributed in large and
small airways in situ

Although CF is associated with small airways disease, prior reports
claimed that small airways and SAE cultures contain few ionocytes?**,

leading to the suggestion that ionocytes do not play a role in CF-
associated small airway pathology. In contrast, our LAE and SAE cul-
tures contained a similar number of ionocytes (Fig. 1G). We further
found that small airway ionocyte abundance, in particular, depended
on the choice of culture media (Supplementary Fig. 6A). Consistent
with these findings, a recent report demonstrates that media choice
would account for the previously reported lack of small airway iono-
cyte differentiation in vitro®*®. In our cultures, both large airway and
small airway ionocytes resemble their in vivo counterparts and com-
parably express ionocyte transcription factors (TFs) FOXII and ASCL3,
CFTR, and the CF-associated ion transporters ATPIAI, ATP6VOD2 and
ATP6VIC2 (Supplementary Fig. 6B). Finally, to directly quantify the
numbers of sparsely distributed ionocytes in situ we performed whole
mount staining of microdissected airways? from three donors (Sup-
plementary Fig. 6C, D, E)*. We detected mature ionocytes expressing
BSND protein in both large and small airways (less than 2mm in
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Fig. 2 | Transcriptional and chromatin accessibility profiles reveal a replicative
rare cell progenitor and a pre-ionocyte state. APOU2F3+ tuft-like cells are pre-
dicted to be progenitors of mature ionocytes. UMAP embedding of scRNA-seq
profiles (dots) of rare epithelial cells in our deep lung cell atlas, colored by cell
annotation (left) and showing RNA velocity vectors (right) directed from tuft-like
cells to ionocytes. B Human large airways and human Large ALI cultures both
contain POU2F3+ cells. Antibody staining of a section of the right primary bronchus
for POU2F3 (red) and DAPI (blue) and LAE ALI for POU2F3 (green) and DAPI (blue).
This staining has been repeated in 3 separate samples. C-EPOU2F3+ tuft-like cells
include replicating and non-replicating cells. C Mean expression (dot color, relative
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classification (left) or cell type annotation (right). E Large ALI cultures co-stained
with POU2F3 (yellow, top) and MKI67 (purple, middle). The bottom panel shows
cells expressing both markers (arrows). This staining was repeated in 3 samples.
F Distinct chromatin state marks POU2F3+ progenitors. UMAP embedding of large
airways epithelial cell scATAC-seq profiles (dots) colored by de novo cell type
annotation. Zoom of boxed rare cells highlight chromatin accessibility at select
gene loci associated with tuft cells, ionocytes, and progenitor cells.

diameter) (Fig. 1H) in similar numbers (Fig. 1I). Thus, small airway
ionocytes expressing CF-related genes may yet play a role in CF-
associated small airways disease™.

Ionocytes differentiate from replicating POU2F3*

progenitor cells

Despite their prior annotation as “tuft-like” cells, RNA velocity
analysis®**” on rare epithelial cells from our lung donors predicts that
POU2F3" progenitors give rise to ionocytes (Fig. 2A), consistent with
prior observations that POU2F3 knockout results in the loss of ionocyte
differentiation in large airway ALI cultures'. We verified that POU2F3"
“tuft-like” cells were present in sections of primary bronchus and large
airway ALl cultures (Fig. 2B). The POU2F3" “tuft-like” cells express both
ionocyte (FOXI1) and tuft cell (POU2F3, ASCL2) TFs (Fig. 2C), and do not
express markers of mature tuft cells (TRPMS, GNG13, RGS13, TASIRI,
GNATS3, IL25), ionocytes (BSND, CFTR, ATP6VOD2, ATP6VI1B1, CLCNKA,

CLCNKB), or NE cells (ASCL1, CALCA, CHGA, CPE) (Fig. 2C). Taken
together, these findings suggest that POU2F3" cells, previously anno-
tated as “tuft-like” cells', act in fact as ionocyte progenitors during the
course of normal homeostasis. RNA velocity analysis of cells profiled
from SAE vs. LAE cultures also argue that both small and large airway
ionocytes arise from POU2F3" progenitor cells (Supplemen-
tary Fig. 6F).

Notably, a large fraction of human airway POU2F3" progenitor
cells were cycling in vivo (19%), expressing canonical markers of cell
proliferation: MKI67, ASPM, TOP2A, and UBE2C (Fig. 2C, D). Remark-
ably, the cycling fraction of POU2F3" progenitor cells is greater than
the cycling fraction of canonical basal stem cells (11%) in in vivo human
large airways (Supplementary Data 1). We confirmed the presence of
proliferative POU2F3" progenitor cells in ALI cultures (Fig. 2E), and
demonstrated that they also express ASCL2, mimicking their in vivo
counterparts (Supplementary Fig. 6G). Interestingly, a fraction of
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POU2F3" cells start to express the ionocyte TF FOXI1 (Fig. 2C and
Supplementary Fig. 6G). However, they do not express the full com-
plement of mature ionocyte markers (e.g., BSND, CLCNKA, ATP6VOD2;
Fig. 2C, Supplementary Fig. 6G).

Chromatin accessibility profiles in the lung distinguish a pre-
ionocyte state

To delineate the chromatin accessibility landscape underpinning rare
lung epithelial cell differentiation, we profiled 18,260 cells from lung
donor Hué62 by single-cell Assay for Transposase-Accessible Chromatin
with sequencing (scATAC-seq). Using unsupervised clustering, we
identified 12 major large airway cell clusters (Supplementary
Fig. 7A, B), including NE cells, ionocytes, and POU2F3" progenitor cells
(Fig. 2F), but not the exceedingly rare mature tuft cells (Supplementary
Data 5). We also detected 12 major cell clusters in distal lung lobe
regions that corresponded to expected cell classes typically found in
the lung parenchyma (Supplementary Fig. 7C, D). Next, we de novo
identified TF motifs enriched in chromatin accessible regions for each
cell cluster, including TP63 in basal and POU2F3 in “tuft-like” cells,
suggesting cell type specific regulatory activity for the corresponding
TFs (Supplementary Fig. 7E, F; ChromVar®® FDR < 0.01, mean differ-
ential accessibility =0.5). We further defined differentially accessible
regions across the annotated cell clusters that can be used for cell type
specific enhancer discovery and the construction of cell type specific
reporters (Supplementary Data 6).

Interestingly, POU2F3' cells de novo partitioned into two clusters
based on their scATAC-seq profiles: a ‘POU2F3" progenitor’ cluster and
a ‘pre-ionocyte’ cluster (Fig. 2F). As expected, the POU2F3' progenitors
are characterized by high accessibility at the POU2F3 and ASCL2 loci
(Fig. 2F inset, Supplementary Fig. 7G), suggesting a competence to
differentiate into mature tuft cells. However, accessibility at the
POU2F3 and ASCL2 loci gradually decreases as POU2F3" progenitors
transition into pre-ionocytes and then into ionocytes, alongside a
concomitantly increasing accessibility at ionocyte TFs FOXI1 and ASCL3
loci (Fig. 2F inset, Supplementary Fig. 7G). This is consistent with
commitment towards an ionocyte fate, prior to the opening of loci
associated with mature ionocytes*. Indeed, while some mature iono-
cyte gene loci (CLCNKB, PTGER3) remain largely closed in pre-iono-
cytes, chromatin at other ionocyte loci (BSND) has already opened in
some cells, and the CFTR locus is already decidedly open (Supple-
mentary Fig. 7H). Interestingly, pre-ionocytes are also marked by
unique open loci for genes such as SERPINFI and GSTA2 that are not
accessible in either POU2F3" progenitor cells or mature ionocytes
(Fig. 2F, right).

The type 2 cytokines IL-13 and IL-4 induce mature tuft cell
differentiation

In order to assess whether we could identify pathways that govern the
differentiation of POU2F3" progenitors, we performed gene set
enrichment analysis of differentially expressed genes (DEGs) between
mature tuft cells and ionocytes detected in the HLCA (Supplementary
Data 7). Unsurprisingly, ion transport was associated with ionocytes
and neurotransmission was associated with mature tuft cell DEGs
(Fig. 3A). Interestingly, interleukin signaling was the second most
enriched REACTOME pathway for mature tuft cells (Fig. 3A). This
finding is consistent with the documented role of IL-13 in tuft cell
expansion in human and murine nasal epithelial cultures***' and the
presence of tuft cells in human allergic rhinosinusitis’”*"*,

To assess the role of Type 2 cytokines on human rare cell differ-
entiation, we treated mature large airway epithelial (LAE) ALI cultures
with IL13 (20 ng/pl) for 96 h and then performed scRNA-seq. As
expected*®, IL13 treatment resulted in the differentiation of secretory
cells into goblet cells (Fig. 3B and Supplementary Fig. 8A). We con-
tinued to be able to identify POU2F3" progenitors, ionocytes, and
NE cells, but we also identified an additional new cluster of

TRPM5'SOX9'POU2F3" mature tuft cells (Fig. 3C, D), expressing mar-
kers of both murine tuft 1’ (chemosensory) airway epithelial cells
(GNAT3, TASIR3) and murine tuft 27 (leukotriene) (ALOXS, ALOX5AP)
cells (Fig. 3D). In further support of a model in which Type 2 cytokines
induce bipotent progenitor cells to differentiate into mature tuft cells,
IL13 application results in the nascent expression of mature tuft cell
genes (TRPMS, GNAT3, ALOXS) within the progenitor cluster itself
(Fig. 3D). To verify that POU2F3" progenitor cells had matured into
bona fide tuft cells, we performed immunohistochemistry for the
mature tuft cell marker GNAT3. IL13 treatment resulted in a significant
increase in GNAT3" cells, while the number of ionocytes (BSND')
remained unchanged (Fig. 3E).

IL4, another Type 2 pathway cytokine, also induces the expression
of mature tuft cell genes (TRPMS5, GNAT3) in LAE ALl cultures, as
measured by qPCR of entire cultures, whereas treatment with the Type
2 cytokine IL5 did not show a pronounced effect (Supplementary
Fig. 8B). The lack of an effect of IL5 is consistent with the lack of
expression of the IL5 receptor (/L5RA) in progenitor cells; /L5RA
expression is restricted to ciliated and deutrosomal cells (Supple-
mentary Fig. 8C). Treatment of small airway epithelial (SAE) ALI cul-
tures with IL13 (20 ng/pl) for 96 h also resulted in the differentiation of
mature tuft cells, where we performed scRNA-seq as a readout
(Fig. 3F, G).

Type 2 cytokines induce a lineage switch in POU2F3" bipotent
tuft-ionocyte progenitor (TIP) cells

Although POU2F3" bipotent progenitors express both tuft cell TFs,
POU2F3 and ASCL2, we have shown above that at steady state, they
normally give rise to ionocytes (Fig. 2A, C). Consistent with this
ionocyte-biased lineage, chromatin accessibility at the POU2F3 and
ASCL2 loci gradually decreases in pre-ionocytes, as FOXII accessibility
increases (Fig. 2F, Supplementary Fig. 7G). In order to define the line-
age trajectory of these bipotent progenitors when they are exposed to
IL13, we developed an enrichment strategy in order to obtain sufficient
numbers of mature tuft cells to computationally infer a new lineage
path, by sorting for CD45CD31'EPCAM'KIT'NCAMI" cells (Fig. 4A and
Supplementary Fig. 9), which enriched for cells expressing POU2F3 and
FOXI1 (Fig. 4B). Next, in order to specifically capture lineage transi-
tions, we focused on differentiating epithelial cells. Because POU2F3
expression first begins to increase on day 2 of ALl epithelial differ-
entiation, we treated day 3 differentiating cultures with IL13 (10 ng/pl)
and profiled cells using scRNA-seq at days 5, 6, and 8 (Fig. 4C, D).
Following profiling, we detected all the expected common cells as well
as differentiating rare cells (Supplementary Fig. 10A, B).

In aggregate, we obtained 572 rare cells from cultured control and
IL-13-treated epithelial cells, and they partitioned into five rare cell
clusters (Supplementary Fig. 10C, D). We next separately clustered the
control cells (Fig. 4E-H) and the cells that were exposed to IL13
(Fig. 41-L). These included cycling POU2F3" progenitor cells enriched
for markers of active proliferation (Fig. 4E-L) and non-cycling POU2F3*
progenitor cells that express ASCL2, POU2F3, and FOXI1, but not the
ionocyte-specific TF ASCL3 (Fig. 4E, H, I, L). We also identified ASCL3*
pre-ionocytes (Fig. 4E, H, I, L); mature ionocytes that further express
BSND, CFTR, ATP6V1C2, ATP6VOA4, and CLCNKB (Fig. 4E, H, 1, L); and
mature tuft cells expressing a full suite of functional tuft cell genes
(IL25, CHAT, GNAT3, GNB3, GNG13, TASIRI, TASIR3, ALOX5, ALOX5AP)
(Fig. 4E, H, 1, ).

Based on RNA velocity analysis, during differentiation, POU2F3*
progenitors once again give rise to ionocytes, as expected by the
default lineage path (Fig. 4E, F). Following IL13 treatment, POU2F3'
progenitors now also differentiate into mature tuft cells (Fig. 41, J).
Having established that POU2F3" progenitor cells give rise to both
mature tuft and ionocyte lineages depending on the signaling milieu,
we will hereafter refer to these cells as Tuft lonocyte Progenitor cells
(TIP cells). In ALI culture, many of these TIP cells proliferate, whereas
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REACTOME database, most enriched in genes up-regulated in mature tuft cells
(positive values) or ionocytes (negative values). B IL-13 treatment shifts the Large
ALI cell composition. UMAP embedding of scRNA-seq profiles (dots) from control
(left; same plot as in Fig. 1E, reproduced here for convenience) and IL-13-treated
(right) LAE ALISs, colored by cell subset annotation. C-E Mature tuft cells are
induced in IL-13-treated LAE ALls. Zoom of a portion of the UMAP embedding in IL-
13 treated LAE ALIs (from B, right) colored by scores for rare cell marker gene
signatures (Supplementary Data 2) (C) or by expression of rare cell marker genes
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(D). E Number of antibody-stained cells (y axis) for GNAT3 expressing tuft cells
(n=2 ALIs (Hul9, Hu67)) and BSND expressing ionocytes n=3 ALIs (Hul9, Hu62,
Hu67) in LAE ALI treated with PBS or IL13 (10 ng/ml) (x axis). (All experimental
treatments were done in parallel; Methods). F Mature SAE ALIs are treated for 96 h
with PBS (control) or IL13 (20 ng/ml). IL-13 treatment shifts SAE ALI cell composi-
tion. UMAP embedding of scRNA-seq profiles (dots) from control (left; as in Fig. 1F)
and IL-13-treated (right) SAE ALISs, colored by cell type annotation. G Mature tuft
cells are induced in IL-13-treated SAE ALls. Zoom of a portion of the UMAP
embedding in IL-13 treated SAE ALIs (from G, right) colored by expression of rare
cell marker genes.

pre-ionocytes, mature ionocytes, and mature tuft cells do not cycle
(Fig. 4E, G, H, I, K, L). As is the case in vivo, the fraction of cycling TIP
cells (49%) is once again higher than that of cycling canonical basal
stem cells (22%) (Supplementary Data 8). TIP cells express both iono-
cyte (FOXII) and tuft cell (ASCL2, POU2F3) TFs, in both control and IL-13
conditions (Fig. 4E, H, I, L). During differentiation towards a mature
tuft cell or ionocyte, the expression of TFs of the opposing lineage are
suppressed (Fig. 4E, H, I, L). Of particular note, SOX9 expression is
induced in the tuft cell lineage and absent in the default ionocyte

lineage, while conversely ASCL3 expression presages ionocyte com-
mitment and is absent in the mature tuft cells (Fig. 4E, H, I, L). Ulti-
mately, functional tuft and ionocyte genes are expressed when the
lineage path is completed (Fig. 4E, H, I, L). Interestingly, prolonged IL-
13 treatment of differentiating LAE ALI cultures resulted in a decreased
in the number of ionocytes per ALI membrane (Fig. 4M), presumably
because ionocytes could not be fully replenished by TIP cells, which
were being diverted towards a mature tuft cell fate (Fig. 4N). Thus, RNA
velocity analysis supports a model in which TIP cell descendants
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proceed through an orderly process of differentiation associated with
the sequential expression of distinct cell fate-determining transcrip-
tion factors based on the presence or absence of IL13 (Fig. 4N, O). In
aggregate, these findings establish a TIP cell lineage hierarchy where
the default lineage path is biased towards ionocyte fate, while Type 2
cytokines redirect TIP cells towards a mature tuft cell fate (Fig. 40, P).

lineage
Tuft cell differentiation i
tion, but tuft cells are al

ferentiation of murine in

lonocytes

IL17A induces TIP cell differentiation towards a mature tuft cell

s generally associated with Type 2 inflamma-
so found in human SARS-Cov2 pneumonia*’

and in mouse models of influenza infection*. Interestingly, the dif-

fluenza-induced tuft cells has been shown to
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Fig. 4| Type 2 pathway cytokines redirect the lineage of bipotent Tuft-lonocyte
Progenitor (TIP) cells. A, B Sorting strategy to enrich rare cells. A. Mean expres-
sion (dot color, relative expression) and proportion of cells (dot size) expressing
genes encoding the cell surface proteins NCAM1 and KIT in human in vivo scRNA-
seq data from Fig. 1B. B Expression level (00CT, qPCR, y axis) of key rare cell marker
genes (marked on top left) in sorted cell populations from human ALI cultures (x
axis, labeled by sorting marker). n =3 technical replicates. Error bars are standard
deviation. Based on this expression data, dissociated cells were stained for anti-
human CD45-BV421 (1:100; BioLegend 368522), anti-human CD31-BV421 (1:100;
BioLegend 303124), anti-human CD326(EPCAM)-APC (1:100 BioLegend 324208),
CD117(KIT)-FITC (1:100; BioLegend 313231) and anti-human CD56(NCAM)-BV711
(1:100; BD Biosciences 563169). A negative sort was performed for CD45 (immune
cells) and CD31 (endothelial cells), with positive selection for CD326 (epithelial
cells), CD56 (NCAM - rare cell marker), and CD117 (KIT - rare cell marker). Please
see Supplementary Fig. 9 for gating strategy. C, D Experimental strategy. C Left:
Model of differentiating AL Right: POU2F3 mRNA expression (00CT, qPCR, y axis)
at different time points (x axis) during ALI differentiation. n = 3 technical replicates.
Error bars are standard deviation. D Schematic of experimental time course, where
starting at ALI D3 (top; the time point at which TIP cells are first present) cultures
were treated with IL13 (10 ng/ml) or PBS control for 5 days and then CD45- CD31-
EPCAM + NCAM1 +, CD45- CD31- EPCAM +KIT+ and CD45- CD31- EPCAM +KIT +
NCAML1+ rare cells were collected, pooled, and profiled using scRNA-seq. E-H TIP
cells give rise to ionocytes via defined transition states in control LAE ALI cultures.
UMAP embedding of scRNA-seq profiles (dots) from PBS-treated (control) LAE ALI

be independent of Type 2 cytokine signaling'. We therefore hypo-
thesized that Type 17 cytokine signaling also biases TIP cell lineage
towards mature tuft cell differentiation. Indeed, IL17A receptors
(ILI7RA and IL17RC) are expressed in TIP cells (Supplementary Fig. 8C).
To test our hypothesis, we treated fully differentiated (day 39) ALI
cultures with IL17A (50 ng/pl) for five days (Fig. 5A). IL17A adminis-
tration resulted in the maturation of bona fide tuft cells as evidenced
by an increase in the numbers of mature tuft cells that express GNAT3
per ALl membrane (Fig. 5B). Similarly, continuous administration of
IL17A for 21 days during the course of ALI epithelial differentiation
from day 3 to 24 also resulted in an increase in the number of mature
GNAT3 expressing tuft cells per membrane (Fig. 5C, D). To our
knowledge, this represents the first direct evidence for a role of IL-17
signaling in airway tuft cell differentiation.

Human asthmatic epithelium contains mature GNAT3" tuft cells
Since cytokine signaling resulted in differentiation of mature
GNAT3 expressing tuft cells in epithelial ALI cultures, we hypothe-
sized that airway epithelial cultures derived from asthmatic indivi-
duals would similarly contain mature tuft cells, although such cells
have not heretofore been found in the airways of asthmatic
individuals*®. To test our hypothesis, we isolated basal cells from
the large airways of two individuals who died during an asthma
exacerbation and generated fully differentiated for 28 days LAE ALI
cultures without added cytokines. We found a 2-4 fold increase in
the number of GNAT3" mature tuft cells per airway membrane
compared to two ALls from two healthy lungs (Fig. SE). We next
performed whole-mount staining of microdissected human airway
from the one patient from whom intact tissue was available and
identified GNAT3 expressing mature tuft cells (Fig. 5F). Because
mature tuft cells have not been previously reported in the intact
asthmatic airway, we performed immunohistochemistry for GNAT3
and ALOX5AP, demonstrating the expression of functional proteins
in both taste transduction and the synthesis of asthma-associated
leukotrienes (Fig. 5F). Of note, ALOXSAP staining reveals the char-
acteristic bipolar morphology associated with mature tuft cells.
Conversely, we could not detect GNAT3" mature tuft cells in human
airway whole-mounts from individuals without asthma. To our
knowledge, this represents the first direct evidence for the exis-
tence of mature tuft cells in situ in asthmatic airways.

cultures colored by cell type annotation (E), overlaid RNA velocity vectors (F), cell
cycle phase classification (G, left), G1/S (G, middle), and G2/M (G, right) gene sig-
nature scores. H Mean expression (dot color) and fraction of cells (dot size)
expressing different lineage markers (columns) in each cell subset along the default
lineage transition of TIP cells towards ionocytes (rows). I-L TIP cells are diverted
towards mature tuft cell fate following IL-13 treatment. UMAP embedding of scRNA-
seq profiles (dots) from IL-13-treated LAE ALI cultures colored by cell sub-
setannotation (I), overlaid RNA velocity vectors (J), cell cycle phase classification (K,
left), G1/S (K, middle), and G2/M (K, right) gene signature scores. L Mean expression
(dot color) and fraction of cells(dot size) expressing different lineage markers
columns, same genes as in H) in each cell subset (rows) along the IL13-induced
lineage transition of TIP cells towards mature tuft cells. M Left: Experimental setup
schematic of differentiating ALI treated continuously with IL-13 for 25 days. Right:
Number of BSND+ cells (ionocytes, y axis, n = 3 ALIs (Hul9, Hu60, Hu67)), error bars
are standard deviation, and GNAT3+ cells (tuft cells, y axis, n =2 ALIs (Hu60, Hu67))
in PBS and IL-13 conditions (x axis). N RNA velocity analysis of the pooled PBS and
IL13-treated ALlIs (clustering shown in Supplementary Fig. 10C, D) demonstrates
that IL13 redirects TIP cell differentiation towards mature tuft cells and away from
the default pathway of ionocyte differentiation. O Schematic depicting the
observed expression of lineage-specifying TFs in TIP cell descendants that are
differentiating towards either ionocyte or mature tuft cell fate. Orange arrows
indicate default differentiation (PBS) and blue arrows indicate IL13-induced dif-
ferentiation. P Proposed model of cytokine-mediated TIP cell lineage switching.

Discussion

We describe the identity and physiological regulation of the TIP cell, a
new replicative rare cell progenitor that has the potential to differ-
entiate into either ionocytes or mature tuft cells. Despite their prior
annotation as “tuft-like” cells based on their expression of POU2F3, the
default pathway of TIP cell differentiation leads to the steady-state
production of ionocytes. In contrast, cytokines induce a deviation
from the default TIP cell lineage pathway, resulting in the differentia-
tion of mature tuft cells. Remarkably, -19% of TIP cells are replicating,
exceeding the cycling fraction of basal stem cells. This high rate of
turnover suggests that ionocytes, the default products of TIP cell dif-
ferentiation, may have a short half-life and therefore require constant
replenishment. Indeed, the application of IL13 to patient samples
decreased ionocyte numbers within days and this led to abnormal
airway surface physiology”. Thus, we speculate that episodes of acute
inflammation may result in rapid changes in disease pathophysiology
on the order of days to weeks.

We named the cells “TIP cells” following the simple naming con-
vention used to label hematopoietic progenitors by their spectrum of
differentiation. Mechanistically, TIP cell bipotency is associated with
the dual expression of TFs of both the tuft and ionocyte lineages. Prior
studies were based on the analysis of scant cells and had annotated
these rare cell progenitors as “tuft-like”, “tuft”®, or “undefined rare™,
while the actual tuft cells were identified as “other” cells. Our revised
annotation and inference of the role of these cells illustrates how
analysis of a very large compendium of scRNA-seq data from multiple
studies can resolve confusing lineage relationships. Notably, genetic
deletion of POU2F3 leads to a loss of ionocytes', consistent with the TIP
cell mechanism we describe. Although the existence of multipotent
rare cell progenitors has been suggested, we only find evidence for a
bipotent progenitor of ionocytes and tuft cells. Furthermore, basal
stem cells are known to directly differentiate into the third rare cell
lineage, neuroendocrine cells. Provocatively, two recent studies
suggested that basal cells, and possibly TIP cells, foreshadow sub-
classes of small cell lung cancer®®,

Prior studies argued that ionocytes were not relevant to CF-
associated small airways disease because they could not be identified
in the small airways. However, our demonstration of small airway
ionocytes, accompanied by their small airway TIP cell parents, leaves
open the door for a substantive role for ionocytes in CF-related small
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Fig. 5 | IL17A promotes tuft cell differentiation and asthmatic airway epithe-
lium contains mature tuft cells. A-D Tuft cell abundance increases following
IL17A treatment in LAE AL A, C Overview schematic of IL17A treatment experi-
ments in mature LAE ALl treated with PBS (control) or IL17A (50 ng/ml; from D39 to
D44) (A) and differentiating ALI at D3 (the first time point at which TIP cells are
present) treated cells with IL17A (50 ng/ml) or PBS from D3 to D24 (C). B Number of
GNAT3+ mature tuft cells (quantified by immunohistochemistry, y axis, n=2 ALIs
(Hul9, Hué67)), when mature LAE ALIs are treated with PBS or IL17A (50 ng/ul; from
D39 to D44) (x axis) D Number of GNAT3+ mature tuft cells (quantified by immu-
nohistochemistry, y axis, n=2 ALIs, (Hul9, Hu67)), in LAE ALIs when treated with
PBS or IL17A from D3 to D24. E, F Tuft cells are increased in ALIs and airways from
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asthmatic patients. E Number of GNAT3+ mature tuft cells (y axis) in LAE ALIls
derived from two asthmatic individuals (Hu70 and Hu78) and in patients with no
history of lung diseases (Hu66, Hu67) (x axis), n =1 ALI per donor. F Whole mount
staining of dissected airways from a patient with asthma exacerbation. Staining in
the top panel with GNAT3 (green) shows a mature tuft cell, surrounded by ciliated
cells (Atub, white). Staining with additional mature tuft cell marker ALOX5AP
(magenta) reveals the characteristic bipolar morphology (arrows) associated with
mature tuft cells (bottom panels). Due to the availability of tissue, immunostaining
was performed on only 1 donor. lllustrations 4B and D were created with BioRender:
https://BioRender.com/g37wh81.

airways disease. Furthermore, the TIP cell model suggests that
inflammation may worsen CF-related airway pathology due to a rela-
tive depletion of ionocytes.

The TIP cell model provides an explanatory framework for
considering the mechanisms that drive alterations in the frequency
of ionocytes and mature tuft cells that have been reported in eosi-
nophilic and non-eosinophilic asthma'®?. Indeed, the application of
asthma-associated cytokines to airway epithelial cultures resulted
in aloss of ionocytes associated with pathologic alterations of CFTR
current and CFTR-mediated fluid absorption'®”. We now identify
mature tuft cells in the asthmatic airway that express ALOX5AP,
necessary for asthma-associated leukotriene production. However,
one wonders whether such rare cells are truly pathogenic or whe-
ther these rare cells are merely a byproduct of TIP cell diversion and

serve as markers of disease. Alternatively, cytokines as well as
growth factors may result in pathologic proportions of rare cell
numbers™** In aggregate, the pathologic regulation of TIP cells may
explain the reported alterations in the frequency of ionocytes and
mature tuft cells in asthma, cystic fibrosis, and viral pneumonia.
That said, true normative values for rare cell numbers have not yet
been established. Only then can we assess whether and how
alterations in rare cell numbers are physiologically compensatory,
incidental, or whether they are pathologic.

Methods

The research complies with all relevant ethical regulations and work is
approved by the Massachusetts General Brigham Institutional
Review Board.

Nature Communications | (2025)16:5180


https://BioRender.com/g37wh81
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60441-w

Human lung tissue

The use of all human material has been approved by the Massachusetts
General Brigham Institutional Review Board [Protocol # 2010POO
1354]. Human lung tissue was received from New England Donor Ser-
vices. New England Donor Services obtained informed consent, and
the donor's information was de-identified as per IRB protocol. Tissue
was collected from individuals without any reported history of lung
disease, smoking or drug use.

Human lung tissue dissection, dissociation and cell enrichment
sorting

Large airways were manually dissected and washed with HBSS media
(Sigma, 55021 C) containing Y-27632 (5 pM, Selleck Chemicals S1049)
inhibitor in order to remove any mucus and debris. Single cells were
dissociated in HBSS media containing pronase (1 mg/ml Roche 11 459
643 001), DNAse (1unit/ml, Worthington LK003170) and Y-27632
inhibitor (5pM, Selleck Chemicals S1049) on a 37°C shaker for
30-60 min. The dissociated epithelial layer was collected by cen-
trifugation. Cell pellets were treated with TrypLEExpress solution
(ThermoFisher Scientific 12605036) for 5 min at 37 °C with rotation.
Cell suspensions were collected by centrifugation and treated with
ACK lysis buffer (ThermoFisher Scientific A1049201) for 1 min on ice.
Cell pellets were resuspended in phosphate-buffered saline (PBS
ThermoFisher Scientific 14190250) with 10% FBS (Thermo Fisher Sci-
entific A3160502) and Y-27632 inhibitor (5uM, Selleck Chemicals
S1049) and then sequentially filtered through 100 uM and 40 uM filters.
Cell viability was assessed using a hemocytometer, and single cell
suspensions were placed on ice for further experiments. To further
enrich large airway rare epithelial cells we used FACS sorting. We
stained cells with anti-human CD45-BV605 (1:100; BioLegend 368524)
or anti-human CD45-BV421 (1:100; BioLegend 368522), anti-human
CD31-BV421 (1:100; BioLegend 303124), anti-human EPCAM-APC
(1:100 BioLegend 324208) or EPCAM-PE (1:100; BioLegend 324205),
anti-human CD117-FITC (1:100; BioLegend 313231) or CD117-APC-Cy7
(1:100; BioLegend 313227) for 20 min at room temperature. Cells were
washed and suspended in PBS (ThermoFisher Scientific 14190250)
containing 10% FBS (Thermo Fisher Scientific A3160502) and Y-27632
inhibitor (5pM, Selleck Chemicals S1049) with added DAPI solution
(ThermoFisher Scientific 62248) to assess cell viability. After washing,
cells were sorted on a FACS sorter, and analysis was performed using
FlowJo software.

Distal lung lobe regions were manually dissected, avoiding all
airways larger than 2 mm, and washed with HBSS (Sigma, 55021 C)
containing Y-27632 inhibitor (5pM, Selleck Chemicals S1049) to
remove any mucus and debris. Single cells were dissociated in HBSS
media (Sigma, 55021 C) containing collagenase (225 units/ml Wor-
thington LS004188), dispase (2.5 units/ml Worthington Biochemical
LS02100), elastase (2 units/ml Worthington Biochemical LS002279),
pronase (1 mg/ml Rochell 459 643 001), DNAse (1 unit/ml, Worthing-
ton LK003170) and Y-27632 inhibitor (5 uM, Selleck Chemicals S1049).
Tissue fragments were injected with the above dissociation solution
multiple times with a syringe and then divided into smaller pieces that
were placed in a 37 °C shaker for 60 min. Cell suspensions were treated
with ACK lysis buffer (ThermoFisher Scientific A1049201) for 2 min on
ice to remove red blood cells. Cell pellets were resuspended in PBS
with 10% FBS and Y-27632 inhibitor (5puM) and sequentially filtered
through 100 uM and 40 uM filters. Cell viability was assessed using a
hemocytometer and single cell suspensions were placed on ice for
further experiments. Additionally, in order to enrich for rare cell types
in distal lung lobe regions, we used sequential magnetic cell separation
using MACS cell separation columns on three human lung samples
(Hu37, Hu49, and Hué62). Specifically, for Hu37 and Hu49 distal lung
lobe samples, we used human CD45 MicroBeads (Miltenyi Biotec 130-
045-801) to enrich immune cells in the CD45 positive fraction and
further loaded the CD45 negative fraction onto CD31 MicroBeads

(Miltenyi Biotec 130-091-935). We collected the CD31-positive fraction
to enrich endothelial cells, and also collected and loaded the CD31-
negative fraction. For Hu62, distal lung lobe samples, we used human
CD45 MicroBeads (Miltenyi Biotec 130-045-801) to enrich immune
cells in the CD45 positive fraction and further loaded the CD45 nega-
tive fraction onto CD31 MicroBeads (Miltenyi Biotech 130-091-935). We
collected the CD31-positive fraction to enrich endothelial cells and the
CD31 negative fraction was then loaded onto human anti-lgM
MicroBeads conjugated to anti HTII-280 antibody (Terrace Biotech
TB-27AHT2-280) to enrich AT2 cells. We collected the HTII-280 nega-
tive fraction to increase the number of captured small airway
epithelial cells.

Dissection of large and small airways and whole mount staining
Large and small airway samples were handled identically. Within 24 h
after explanting the lungs, airways were dissected at various indicated
areas in the right and left mainstem bronchi and the right and left distal
airways (<2 mm in diameter; as in Fig. S7). Tissue explants were then
fixed in 4% PFA (Santa Cruz Biotechnology sc-281692) for 1h and
washed in PBS for 1h. Tissues were preserved in PBS until staining.
Explants were then permeabilized in PBS-0.3% TritonX-100 (PBST,
Sigma Aldrich T8787-100ML for 30 min. Samples were stained with
primary antibody at 4 °C overnight, diluted in 1% BSA-0.3% PBST
(Sigma Aldrich A7906). The following antibodies and dilutions were
used as per Supplementary Data 9.

For each donor, 3 large airway and 3 small airway samples were
obtained. From these, a number of airways (each 0.06480mm? surface
area region) were obtained for each donor based on the size of tissue
dissected, as follows: HU66: 8 large airway regions and 9 small airway
regions; HU67: 10 (large) and 17 (small); HU68: 8 (large) and 7 (small).
Each explant was mounted onto an O-ring (McMaster Carr 1283N264)
fixed into a 60 mm dish (Cellstar 628160) with Sylgard 184 silicone
elastomer (EMS 24236-10). Each region was imaged with a 25X objec-
tive, and cells were counted on a maximal intensity projection. Only
regions in which there was concomitant staining for acetylated tubulin
were included to ensure imaging of the airway epithelial layer. For
BSND staining, 1.68 mm? of large airway and 2.14 mm? of small airway
were imaged in total. One way ANOVA (Sidak’s multiple comparisons)
was done. Each dot represents individual fields imaged on respective
donors. Error bars are the standard deviation.

Air liquid interface cultures

Cell were dissociated from large airways or distal lung lobe regions
and expanded in basal cell media containing PneumaCult-Ex Plus
medium (Stem Cell Tech 5040) containing 0.5 uM DMH-1 (Tocris
4126), 1pM CHIR 99021 (Tocris 4423), 1uM A-8301 (Tocris 2939),
5 UM Y-27632 (Selleckbio S1049), and Primocin 500x (Invivogen ant-
pm-2). To initiate air-liquid interface (ALI) cultures, basal cells were
seeded onto transwell membranes with basal cell media in the upper
and lower chambers. After reaching confluence, the media was
removed and replaced with PneumaCult-ALI Medium (Stem Cell Tech
05001) in both the upper and lower chambers. After 24 h, media was
removed from the upper chamber to begin basal cell differentiation
for the indicated number of days. ALI cultures were treated with
either 10 or 20 ng/ml of recombinant human IL13 (Peprotech 200-13-
10UG), 10 ng/ml of recombinant human IL4 (Peprotech AF-200-04
100ug), 10 ng/ml of recombinant human IL5 (Peprotech 200-05
100ug), or 50 ng/ml of recombinant human IL17A (Peprotech 200-17
50ug) as indicated (all diluted in PneumaCult-ALl Medium). We
initially used 20ng/ml of IL13 in ALl cultures as previously
reported’”, but subsequently found that a lower concentration of
10 ng/ml IL13 was sufficient to induce mature tuft cell and goblet cell
differentiation, so this concentration was employed in the data pre-
sented in Fig. 4. Control cultures received an equal volume of PBS or
DMSO (Sigma Aldrich D2650-100ML).
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Staining and quantification of cells in Air liquid interface
cultures
The luminal side of the ALl membranes were washed with 200ul of PBS
or 10 mM DTT (Thermo Fisher Scientific RO861) in PBS for 1 min fol-
lowed by an additional wash with PBS. ALl membranes were fixed in 4%
PFA for 15min and washed in PBS for 5min. ALl membranes were
preserved in PBS until staining. ALl membranes were permeabilized in
PBS-0.3% TritonX-100 (PBST) for 60 min. Samples were stained with
primary antibody at 4 °C overnight, diluted in 3% BSA 0.5% Tween20
5% Donkey Serum in PBS. Samples were stained with secondary anti-
bodies at room temperature for 1 h, diluted in 3%BSA 0.5%Tween20 5%
Donkey Serum in PBS. The primary and secondary antibodies used and
their concentrations are listed in Supplementary Data 9.

The ALI membranes were then mounted using a mounting med-
ium containing DAPI (Southern Biotech DAPI Fluoromount G 0100-
20). Confocal images were obtained using an Olympus FV10i confocal
laser-scanning microscope with a 10x objective, and the images were
processed using Image ] and cells from the ALl membrane were
manually counted. Statistical analysis for Fig. 1G was a 2 tailed unpaired
T test. Each dot represents the counts on ALI membrane for individual
donors. Statistical analysis for Supplementary Fig. 6A one way ANOVA.
P=0.0001.

Generation of GCaMP6s cell line and live visualization of calcium
signals

Human airway basal cell lines were transfected with lentivirus carrying
CMV-GCaMPé6s and a puromycin selection marker (Vectorbuilder
VB900088-2805ckn). Positively transfected cells were selected with
1pg/ml puromycin (Invivogen ant-pr-1) for 3 consecutive days. Basal
cells were then grown in air-liquid interface cultures as described
above. After maturation, ALl membranes were cut from the transwell
and mounted on a glass bottom imaging chamber (Warner Instru-
ments 64-0228). GCaMP signals were visualized using an Olympus IX81
inverted epifluorescence microscope fitted with a blue excitation filter.

ALI membrane cell dissociation and FACS

ALl membranes were cut and washed twice with PBS. Membranes were
incubated in TrypLE Express solution (ThermoFisher Scientific) and
incubated at 37 °C for 5 min with rotation. Dissociation was stopped
with PBS containing 10% FBS and Y-27632 inhibitor (5 pM). Dissociated
cells were passed through a 40uM filter. Cells were then pelleted
and stained with anti-human CD45-BV605 (1:100; BioLegend 368524),
anti-human CD31-BV421 (1:100; BiolLegend 303124), anti-human
EPCAM-APC (1:100 BiolLegend 324208) or EPCAM-PE (1:100; BioLe-
gend 324205), anti-human CDI117-FITC (1:100; BioLegend 313231)
or CDI17-APC-Cy7 (1:100; BiolLegend 313227) and anti-human
CD56-BV711 (1:100; BD Biosciences 563169) for 20 min at room tem-
perature. Cells were washed and suspended in PBS (ThermoFisher
Scientific 14190250) containing 10% FBS (Thermo Fisher Scientific
A3160502) and Y-27632 inhibitor (5 uM, Selleck Chemicals S1049) with
added DAPI solution (ThermoFisher Scientific 62248) to assess cell
viability. After washing, cells were sorted on a FACS sorter and analysis
was performed using FlowJo software.

q-RT PCR

Total RNA was extracted from ALI using Direct-zol RNA minipre (Zymo
Research, R2051). cDNA was generated using Goscript reverse trans-
ciption mix with random primers (Promega A2801). A 10uL q RT-PCR
reaction was performed using using primer pairs in Supplementary
Data 10, cDNA, Luna universal qPCR master mix (NEB Biolabs M3003E)
and dH,0. A BioRad C1000 touch Thermal Cycler (CFX 384) was used.
Reaction protocol was as follows: A) 95°C for 1min, B) 95°C for
15 seconds, C) 60 °C for 30 seconds, B and C were repeated 44 times,
D) 65 °C for 5seconds, E) 95°C, and held at 4 °C. Fold changes using

AACT methodology was calculated with GAPDH as housekeeping gene
(see Source Data file for Fig. 4B).

scRNA-seq library generation and sequencing

Droplet-based scRNA-Seq 10x Genomics V2 (donor samples from
Hu28, Hu30, Hu32, Hu37, Hu39, and Hu49) or V3 (donor samples from
Hu52 and Hu62) 3’ gene expression technology was used according to
manufacturer’s recommendations. In short, single cells were washed
with 0.4% BSA in PBS, and loaded onto a Chromium single-cell 3’ Chip.
Single cells were partitioned into droplets with gel beads in the
Chromium Controller. After emulsions were formed, barcoded reverse
transcription of RNA took place. This was followed by cDNA amplifi-
cation, fragmentation and adapter and sample index attachment.
Libraries were pooled together and sequenced on an Illumina NextSeq
500, or an lllumina Nova-Seq, with paired end reads.

Pre-processing of human lung scRNA-seq data

Raw 3’ scRNAseq sequencing BCL files were demultiplexed using the
CellRanger pipeline (10X Genomics) version 7.0.1. ‘mkfastq’ command
using default parameters to generate fastq files followed by ‘count’
command to align the reads to the human GRCh38 reference genome.

Quality control and data analysis of human lung scRNA-seq
datasets

The resulting raw barcode, gene, and count matrices from individual
samples were individually loaded in R(4.0.5) for downstream analysis
using Seurat™ version 4.0.6 with the read 10X function. We removed
low quality cells with fewer than 1000 unique molecular identifiers
(UMlIs), fewer than 400 detected genes or greater than 25% mito-
chondrial genes from all downstream analysis. The remaining cells
were ‘LogNormalized’ using NormalizeData() function and 2000 vari-
able genes were identified using the default ‘vst’ method in the ‘Find-
VariableFeatures’ function. The normalized data was scaled using the
ScaleData function, which was then used to perform principal com-
ponent (PCA) analysis on the variable gene expression space. Next,
dimensionality reduction of the first 20 principal components was
performed using Uniform Manifold Approximation and Projection
(UMAP) for visualization and annotation of each donor lung scRNA-seq
data prior to performing donor-wise integration.

Cell clustering and annotation of human lung scRNA-seq

Cell type identification was performed by assigning cell clusters to cell
subsets at different resolutions. The ‘FindNeighbors’ function was
applied to each donor’s normalized gene-expression data matrix to
calculate the pairwise distances between the cells and construct KNN
and shared nearest neighbor (SNN) graphs. Then de novo clustering
was performed using the Louvain algorithm at different resolutions
(0.2,0.4, 0.8,1.2, 2.4, and 5) on the SNN graph space. For each cluster,
we used the findAlIMarkers() function to identify the positive markers
for that cluster with a minimum fraction of 0.25, log2 fold-change of
0.25, where we used the Wilcoxon rank-sum test for finding upregu-
lated differentially expressed genes (DEGs) for each cluster and com-
puted Bonferroni corrected p-values. We overlapped de novo
discovered DEGs with well-established cell type markers to perform
high-level cell type annotation in an iterative and semi-supervised way
to assign clusters to broad classes based on consistent expression of
known markers in a given cluster. We used the following markers for
broad cell class annotation: epithelial (EPCAM, KRTS, KRTIS, TP63,
S100A2), mesenchymal (COL1A1, COLIA2, DCN, FBLNI), myeloid (LYZ,
CIQA, CIQB, APOCI), T (CD3D, CD3E, GZMK) & NK (GNLY, GZMB,
KLRDI), B/plasma (CD79A, M§4A1, MZB1, JCHAIN, IGHGI), mast (TPSABI,
TPSB2, CPA3), and endothelial (VWF, PECAMI1, CLDNS). We then subset
cells within each of the broad classes and further subset samples into
two groups (proximal and distal) based on whether they were acquired
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from the large airways (proximal) or parenchyma (distal). To annotate
cell subsets within each broad cell class from either proximal or distal
region samples, the whole process of log normalization, selection of
“variable” genes, scaling, dimensionality reduction (PCA/UMAP),
clustering at different resolutions, and finding DEGs was repeated, as
described above. Doublet enriched clusters were identified as clusters
expressing canonical markers for two cell types and containing higher
numbers of genes per UMI (genes/UMI) than expected from each
individual cell type. These doublets were removed from downstream
analysis.

Data integration of human lung scRNA-seq

There was a noticeable batch effect in our human lung data set pri-
marily driven by using either V2 or V3 chemistry 3’ gene expression kits
for different donors, which required robust data integration. We chose
to integrate the data across donors using the anchor-based approach
as implemented in Seurat v3**. Prior to integration, count matrices for
individual donors were normalized and mitochondrial gene content
per cell was regressed out using the SCTransform() function. Next, we
selected 3000 integration features via the SelectIntegrationFeatures()
function followed by donor-wise integration using PrepSCTIntegra-
tion(), FindIntegrationAnchors(), and IntegrateData() function
respectively. Post-integration, the resulting integrated Seurat objects
were subjected to downstream analysis, as described above, including
data log normalization, selection of variable features, data scaling,
dimensionality reduction (PCA/UMAP), clustering, finding DEGs, and
cell annotation.

scRNA-seq cell cycle analysis

To identify cycling cells, we used the Seurat CellCycleScoring() func-
tion to compute, for each cell, the enrichment score for the expression
of genes linked to either G1/S or G2/M phase of the cell cycle®. Cells
with either a G1/S- or G2/M-score greater than 0.1 were classified as
cycling and all other cells were considered non-cycling (Fig. 2D).
Finally, the resulting cycling status or cell cycle phase of cells were
visualized using Seurat’s DimPlot() function for different UMAP
embedding. To quantify cycling cell stages in the ALI scRNA-seq data,
raw FASTQ files were aligned to the human reference build GRCh38
using CellRanger 7.0.1 ‘count’ function, input into Scanpy, and scored
with the integrated list of cell cycle genes used in the approach
implemented in Seurat™ via the score_genes_cell_cycle() function with
the default n_bins=25.

scRNA-seq module score analysis and detection of mature

tuft cells

Sub-clustering of epithelial cells in our scRNA-seq data allowed us to
identify clusters containing ionocytes, neuroendocrine (NE) cells, and
TIP cells, but not mature tuft cells. To detect mature tuft cells in our
data, we utilized published scRNA-seq data of rare lung epithelial cells®
and identified the top ten differentially expressed genes for ionocytes,
NE, TIP, and mature tuft cells (Supplementary Data 2). Signature scores
for rare epithelial cells were assigned per cell using the AddModule-
Score() function in Seurat v4, which compares the average expression
of genes in an input gene set to the aggregate expression of control
sets of genes randomly selected from the same expression level bins as
the input gene set>.

HLCA rare epithelial cell analysis

To characterize the number and proportion of rare lung epithelial cells
in other published data sets, we subset the rare epithelial cells in the
main HLCA vl data set using Seurat v4. We log-normalized the data
using the NormalizeData() function and identified 2000 variable fea-
tures using the FindVariableFeatures() function. Next, we performed
data scaling, PCA, batch correction using Harmony (v1.0), and UMAP
dimensionality reduction to visualize the data in two dimensions

(Supplementary Fig. 4A-C). Finally, we scored all cells for rare lung
epithelial cell signatures (Supplementary Data 2) using the AddMo-
duleScore() function and assigned clusters that were specifically enri-
ched for one of the 4 rare cell type signatures of the corresponding
rare cell identity (Supplementary Fig. 4D).

To de novo identify rare lung epithelial cells in HLCA, all “Normal”
condition data sets from HLCA v1.0 extended (full) were subsetted.
Next, all cells were scored for the original rare lung epithelial cell sig-
natures (Supplementary Data 2) using the Scanpy v1.9.6 score_genes()
function with parameter settings n_bins=24, ctrl_size=100, and use_r-
aw=False, recovering 41 cells with tuft cell signature score > 1 after
doublet removal, which were labeled as mature tuft cells. The 41 cells
were used to identify more generalizable markers of lung mature tuft
cells, using the Scanpy function rank_genes_group(). Refined (new)
mature tuft marker genes were selected manually based on having a
logFC > 7.5 and highly specific expression in mature tuft cells across
the HLCA cohort (Supplementary Fig. 4F) by inspection of dotplots
generated using the Scanpy dotplot() function. Next, the original
ionocyte, neuroendocrine, tuft-like, and refined mature tuft cell sig-
natures were used to score all HLCA cells (Supplementary Data 2) with
the Scanpy score_genes() function with parameter settings n_bins=24,
ctrl_size=100, and use_raw=False (Supplementary Fig. 4G), using a
threshold of 1 for ionocytes and neuroendocrine cells, threshold of 1.6
for POU2F3+ tuft-like cells, and a threshold of 0.5 for mature tuft cells.
For batch effect correction in Supplementary Fig. 4E, scANVI model
with n_layers = 3 and n_latent = 32 from scvi-tools v0.20.3 was used on
raw counts to integrate the data across samples with default para-
meters when training.

Differential expression and gene set enrichment analysis
Differential expression analysis between 56 mature tuft cells and
1,419 ionocytes that were de novo scored in the HLCA normal exten-
ded data sets, was performed using Scanpy rank genes_groups()
function, retaining 94 and 257 genes with a log fold change > 0.7 and
g-value < 0.05 as differentially up regulated in tuft cells and ionocytes,
respectively (Supplementary Data 7). Gene Set Enrichment Analysis
(GSEA) on these two gene sets was performed against the REACTOME
database at https://www.gsea-msigdb.org/gsea/ using default para-
meters, where the top 4 most enriched functional categories were
displayed in Fig. 3A and the rest included in Supplementary Data 7.

RNA velocity analysis of scRNA-Seq

Aligned scRNA-seq reads were further processed using the Velocyto
0.17¥ read counting pipeline in Python 3.6.0. The GRCh38 expressed
repeat mask was used. The output loom file was processed using
Scanpy 1.6.0 with leidenalg 0.8.3. For in vivo human lung scRNA-seq
data, quality control and integrated UMAP plots were obtained as
described above. For ALI scRNA-seq data, high-quality cells were
retained, those that had >200 genes detected, <15% mitochondrial
read count, and >. 45 doublet prediction score from scrublet (2020
version) (automatic detection threshold, manually verified). scVelo
0.2.2 was used to predict RNA velocity with the following parameters:
n_neighbors=20 (for full data set) and n_neighbors=5 (for subset
computation). Stochastic, deterministic, and dynamical modeling
were all tested, and quality control plots of known key marker genes
were plotted to select stochastic estimation as the final modeling
method.

Single-cell ATAC-seq (scATAC-seq) library generation and
sequencing

scATAC-seq was performed from primary carina and subpleural
parenchymal tissue of one donor (Hu62). Libraries were generated
using the 10x Chromium Controller and the Chromium Single Cell
ATAC Library & Gel Bead Kit (Chromium Single Cell ATAC Library &
Gel Bead Kit 1000111) according to the manufacturer’s instructions
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(CGO00169-Rev C; CGO00168-Rev B) with the following modifica-
tions in cell handling and processing. Briefly, human lung primary
cells were processed in 1.5ml DNA LoBind tubes (Eppendorf),
washed in PBS via centrifugation at 400 x g for 5min at 4 °C and
lysed for 3 min on ice before washing via centrifugation at 500 x g
for 5min at 4 °C. Supernatant was discarded and lysed cells were
diluted in 1x diluted nucleus buffer (10x Genomics, 2000153) before
counting using trypan blue and a Countess Il FL Automated Cell
Counter to validate lysis. If large cell clumps were observed, a 40-um
Flowmi cell strainer was used before the tagmentation reaction,
followed by Gel Bead-In-Emulsion generation and linear PCR as
described in the manufacturer’s protocol. After breaking the
emulsion, barcoded tagmented DNA was purified and further
amplified to enable sample indexing and enrichment of scATAC-seq
libraries. Final libraries were quantified using a Qubit dsDNA HS
Assay kit (ThermoFisher Scientific Q32851) and a High Sensitivity
DNA chip run on a Bioanalyzer 2100 system (Agilent). All libraries
were sequenced using NextSeq High Output Cartridge kits and a
NextSeq 500 sequencer (Illumina), and 10x scATAC-seq libraries
were characterized by paired-end sequencing (2 x 72 cycles).

scATAC-seq data analysis

Fastq files were aligned to human genome reference hgl9 using
cellranger-atac (v1.2). Fragment files were parsed with ArchR (v1.0.2)
and initial QC on cells was applied based on sequencing quality and
depth, discarding cells with <1,000 fragments or a transcription start
site (TSS) enrichment score <4. Dimensionality reduction and clus-
tering was applied on cells passing filters using the standard ArchR
analysis workflow. Cell type annotation of scATAC-seq data was guided
using cell annotation labels from scRNA-seq data, which were trans-
ferred to the scATAC-seq data using the function addGenelnte-
grationMatrix. De novo marker discovery was run with the function
getMarkerFeatures using the GeneScoreMatrix assay. Final scATAC-
seq cell annotation was performed by assigning the de novo dis-
covered clusters to cell types predicted by the RNA or to cell types
associated with the most enriched scATAC-seq features in that cluster
when no analog cell type was found in the RNA data. TF activity was
inferred using ChromVAR (v1.16) implemented by ArchR via addMo-
tifAnnotations, addBgdPeaks and addDeviationsMatrix functions. For
visualization, ArchR built-in plotting functions and ComplexHeatmap
were used (v2.10).

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

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. The scRNAseq and scATACseq data generated
from donor lungs in this study have been deposited in the NIH SRA
database: PRJNA1044083. The analyzed cell counts and differential
gene analysis by cell type of the scRNAseq and scATACseq data gen-
erated from donor lungs data are available in the Supplementary
Data 1-10 of this work. The ALI scRNAseq data generated in this study
have been deposited GEO with accession numbers: GSE240168. Source
data are provided with this paper.

Code availability

Analyses in this manuscript largely used publicly available code/func-
tions from Scanpy and Seurat R package as described in the Methods,
except for the code used for rare cell detection in HLCA, which is
available at the following link: [https://github.com/TsankovLab/
LungRareCells] and [https://doi.org/10.5281/zenod0.15298362]°.
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