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Abstract

Objectives: We aimed to investigate cell population distributions
and transcriptional changes along the airways by using single-cell
RNA proﬁling.

(SCGB1A1, TFF3) airways. By contrast, cell-type–speciﬁc gene
expression is stable across all tracheobronchial samples. Our atlas
improves the description of ionocytes, pulmonary neuroendocrine
cells, and brush cells and identiﬁes a related population of NREPpositive cells. We also report the association of KRT13 with dividing
cells that are reminiscent of previously described mouse “hillock”
cells and with squamous cells expressing SCEL and SPRR1A/B.

Methods: We have explored the cellular heterogeneity of the human

Conclusions: Robust characterization of a single-cell cohort

Rationale: The respiratory tract constitutes an elaborate line of

defense that is based on a unique cellular ecosystem.

airway epithelium in 10 healthy living volunteers by single-cell RNA
proﬁling. A total of 77,969 cells were collected at 35 distinct
locations, from the nose to the 12th division of the airway tree.
Measurements and Main Results: The resulting atlas is composed

of a high percentage of epithelial cells (89.1%) but also immune
(6.2%) and stromal (4.7%) cells with distinct cellular proportions in
different regions of the airways. It reveals differential gene expression
between identical cell types (suprabasal, secretory, and multiciliated
cells) from the nose (MUC4, PI3, SIX3) and tracheobronchial
The prevalence of chronic respiratory
diseases is believed to arise in part because
of exposure to diverse atmospheric
contaminants (respiratory microbes,

in healthy airways establishes a valuable resource for future
investigations. The precise description of the continuum existing
from the nasal epithelium to successive divisions of the airways and
the stable gene expression proﬁle of these regions better deﬁnes
conditions under which relevant tracheobronchial proxies of human
respiratory diseases can be developed.
Keywords: single-cell RNAseq; epithelium; nose; trachea;

bronchus

pollution, allergens, and smoking) that
interact with the respiratory epithelium. The
respiratory tract constitutes an elaborated
line of defense based on a unique cellular

ecosystem. Thus, secretory and multiciliated
cells form a self-clearing mechanism that
efﬁciently removes inhaled particles from the
upper airways, impeding their transfer to
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Single-cell RNA proﬁling

has already been applied to nearly
normal airway samples, but so far, no
data set includes biopsies collected
from young healthy adults at distinct
and well-identiﬁed macroanatomical
regions in the airways.
What This Study Adds to the Field:

Our data set provides the ﬁrst picture
of the heterogeneity of gene expression
at a single-cell level across different
sites of biopsies located between the
nose and the 12th division of the
airway tree.
deeper lung zones. Several mechanical ﬁlters
(the nose, pharynx, and ramiﬁed structure
of the lung airways) further limit the inﬂux
of pathogens and inhaled particles
downward within the bronchial tree.
Although the nose and bronchus share
many cellular properties, which has led to
the deﬁnition of a pathophysiological
continuum in allergic respiratory diseases
(1, 2), they differ by features such as host
defense against viruses, oxidative stress (3),
or antibacterial mechanisms (4, 5). In the
framework of the Human Cell Atlas (HCA)
consortium, we have now established a
precise airway epithelium cell atlas in a
population of 10 healthy living volunteers.
Minimally invasive methods were set up
to collect biopsies and brushings using
bronchoscopy. A high-quality data set of
77,969 single cells comprising a large panel
of epithelial cell subtypes was generated
from 35 distinct samples taken at precise
positions in the nose, trachea, and bronchi.
Data integration and analysis provide a
unique view of the cell type proportions
and gene signatures from the ﬁrst to
approximately the 12th division of the
airways. The resulting picture deﬁnes a
relatively stable cellular composition
and gene expression across the ﬁrst
12 successive generations of the
tracheobronchial tree. The largest
differences were found between nasal and
tracheobronchial samples.
Some of the results of these studies
have been previously reported in the form
of a preprint (https://doi.org/10.1101/
2019.12.21.884759).

Methods
The atlas of the airway epithelium was
obtained from biopsies and brushings from
10 healthy nonsmoking volunteers. Each
donor was sampled 4–5 times in different
regions of the upper (nose) and lower
airways (tracheal, intermediate, and distal
bronchi), located in different lobes (Figure
E1 in the online supplement and Table E1).
Single-cell capture was performed using the
103 Genomics Chromium device (39 V2)
(10X Genomics). Large integrative analysis
of the 35 samples composing the atlas was
done using fastMNN (6), and analysis was
performed using Scanpy (7). Cell-type
annotation was based on hg19, but we also
mapped the 35 samples on the human
genome Grch38 3.0.0 (version 3.0.0 of
Genome Reference Consortium Human
Build 38) using CellRanger 3.0.2 (10X
Genomics). After concatenation with
Scanpy, cells and genes were ﬁltered based
on hg19 quality control. Additional
differential gene expression analysis was
undertaken using edgeR (8) to investigate
both cell distributions and gene expression
heterogeneity along the airways. Differences
between nasal and tracheobronchial
compartments (suprabasal, secretory, and
multiciliated cells) were speciﬁcally analyzed
after creating pseudobulk samples for each
cell cluster. The method, detailed in the
online supplement, summed gene expression
from equal numbers of randomly picked
cells in each sample. This ensured an
equivalent gene expression background
among all bulk samples. Trajectory inference
(partition-based graph abstraction,
PAGA) (7) and gene network inference
(GRNBoost2) (7) were also performed to
further characterize the identiﬁed cell
populations. Results were validated using
RNAscope and immunostainings.
Additional details on the methods are
provided in the online data supplement.

Results
Building a Molecular Cell Atlas of the
Airways in Healthy Volunteers
Data collection. Cells were analyzed by
single-cell RNA sequencing (scRNA-seq)
after isolation from four distinct locations
using two sampling methods: 1) nasal
biopsies (3 samples) and 2) nasal brushings
(4 samples), 3) tracheal biopsies (carina, 1st
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division, 9 samples), 4) intermediate
bronchial biopsies (5th–6th divisions,
10 samples), and 5) distal brushings
(9th–12th divisions, 9 samples) in
10 healthy volunteers (Figures 1A and 1B
and E1 and Table E1). Optimized protocols
allowed the proﬁling of 77,969 single cells
that were collected at 35 distinct positions
of the airways, resulting in the detection of
an average of 1,892 expressed genes per cell
with 7,070 unique molecular identiﬁers per
cell (Figures E2A and E2B).
After batch correction and graph-based
clustering, cell types were assigned to each
cluster using well-established sets of marker
genes (Figures 1C and E3A and E3B). We
identiﬁed 14 epithelial cell types, including
12 for the surface epithelium and 2 for
submucosal glands, which collectively
represented 89.1% of total cells (Figures 1C–1E
and Table E2). A similar cell typing was found
when data was mapped on either hg19
(Figure 1C) or hg38 (Figure E3C). All data
(hg19 and hg38) can be accessed through our
interactive web tool (https://www.genomique.
eu/cellbrowser/HCA/). Stromal and immune
cells represented 4.7% and 6.2%, respectively,
of all cells (Figure 1E).
Annotation of epithelial cells. Basal
cells (KRT5, TP63, and DLK2-high)
accounted for one-third of all cells (Figures
1D and 1E). We also identiﬁed suprabasal
cells, characterized by low TP63 expression,
decreasing gradients of KRT5 expression,
and increasing gradients of KRT19 and
NOTCH3 expression (9–12) (Figure 1D).
We grouped club and goblet cells as
“secretory cells” because these two
populations could not be clustered
separately and essentially differed by the
level of expression of MUC5AC and
MUC5B (Figure E4) (12). We detected
clusters of multiciliated cells (expressing
high levels of FOXJ1, TPPP3, and SNTN)
and deuterosomal cells, which correspond
to precursors of multiciliated cells and
express several speciﬁc markers: DEUP1,
FOXN4, and CDC20B (Figures 1C and 1D)
(12, 13). The suprabasal, secretory, and
multiciliated clusters each comprised a
subcluster of cells that could only be
detected in nasal samples. These clusters
were labeled “Suprabasal N,” “Secretory N,”
and “Multiciliated N” and will be described
later in the manuscript. Two cell types were
associated with submucosal glands: serous
cells (expressing high levels of LTF, LYZ,
and PIP) and mucous cells (expressing high
levels of MUC5B but no MUC5AC)
1637
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Figure 1. A molecular cell atlas of the healthy human airways. (A) Schematic representation of the sampled anatomical regions. (B) Experimental design of
the study, detailing the anatomical regions, sampling methods, number of donors, biopsies, and cells after data curation. (C) Uniform Manifold
Approximation and Projection visualization of the whole human healthy airway data set. Each distinct cell type is defined by a specific color. (D) Heatmap of
expression for top marker genes of each cell type. (E) Pie chart of the total proportion of each cell type identified in human airways. (F) Bar plot of the
relative abundance of each cell type collected by two distinct modes of biopsies at four macroanatomical locations.
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(Figures 1C and 1D). Finally, we identiﬁed
222 cells belonging to clusters of rare
epithelial cells (0.3% of the cells) (Figures
1C and 1D). We also detected the presence
of some alveolar cells: 10 type I (AT1) and
11 type II (AT2) pneumocytes, which were
all derived from a unique distal brushing
(Table E2 and Figure E5A). AT1 expressed
HOPX, AGER, and SPOCK2; AT2
expressed SFTPA, SFTPB, SFTPC, and
SFTPD (Figure E5B).
Immune cells: annotation and
distribution along the respiratory tree. We

clustered the 4,891 immune cells into seven
distinct cell types (Figure E6A). Four clusters
of myeloid cells were found: 1) macrophages
and 2) monocytes, mostly detected in distal
brushings; 3) mast cells, mostly detected in
distal brushings and, to a lesser extent, in
tracheal and intermediate bronchial biopsies;
and 4) dendritic cells, found everywhere. We
also identiﬁed the following three clusters of
lymphoid cells: T cells were found in all
samples; plasma cells were exclusively found
in biopsies, in line with an interstitial
localization; and B cells were mostly detected
in distal airway brushings (Figures E6B and
E6C and E7 and Table E2). The gene
regulatory network was further characterized
with GRNboost2, a program that infers
regulatory unit activity (14) (Figure E6D). In
the lymphoid lineage, we were able to
discriminate B cells (expressing high levels of
MS4A1 and LTB, and high PAX5 inferred
activity) from plasma cells (expressing high
levels of IGJ and MZBI, and high IRF4
inferred activity) (Figures 1D and E6D).
T cells and related subtypes, which our
analysis did not separate well, were
characterized by a high and speciﬁc
transcriptional activity of the XCL1 and CD3D
regulatory units (Figures E6D and E6E).
Stromal cells: annotation and
distribution along the respiratory tree. We

annotated four stromal cell types (Figure E8A)
found only in biopsies, especially in the
intermediate samples (Figures E8B and E8C),
including endothelial cells expressing high
levels of ACKR1, ﬁbroblasts expressing high
levels of FBLN1, and smooth muscle cells,
characterized by high levels of DES (desmin)
and high activity of the HOXA4 regulatory
unit (Figures 1D and E8D). Based on speciﬁc
expression of markers such as RERGL,
MCAM, and PDGFRB, we also identiﬁed
pericytes, a population of periendothelial
mesenchymal cells with contractile properties
that are located on the vascular basement
membrane of capillaries (15, 16). Pericytes

also share markers such as ACTA2 and
MYL9 with smooth muscle cells (Figures 1D
and E8E).
Large Variations in the Composition
of Epithelial Cells Distinguish Nasal
and Tracheobronchial Airways

We then compared the epithelial composition
in each of the ﬁve types of samples. We
noticed that the sampling mode produced a
large effect on the distribution of cells;
brushings collected more luminal cell types,
such as multiciliated or secretory cells,
whereas forceps biopsies collected cells located
deeper in the tissue, such as basal, stromal, and
submucosal gland cells (Figures 1F and E7
and Table E2). All subsequent comparisons
were then performed on samples obtained
with similar sampling methods.
Tracheal and intermediate bronchial
biopsies shared very similar cell type
distributions, with few differences between
biopsies taken from upper, middle, and
lower lobes (Figures 1F and E7). The most
striking variation was for submucosal gland
cells (serous and mucous cells). Their
detection in three out of three nasal
biopsies, three out of nine tracheal biopsies,
and zero out of nine intermediate biopsies
(Figure E7) suggests a larger density of
glands in the nose and a progressive decline
in smaller airways, as previously described
(17–20). Comparison between nasal and
distal brushing samples also showed a clear
enrichment of secretory cells in nasal
samples and an enrichment of multiciliated
cells in distal samples (Figure 1F and E7).
To characterize qualitative differences
between nasal and tracheobronchial
compartments, we assessed the correlations
in average gene expression between each
epithelial cell type. We found stronger
correlations (.0.9) between cells belonging
to the same cell type, in a donorindependent manner, than between cells
belonging to distinct cell types (Figure 2A),
conﬁrming that cell type identity was well
conserved across samples (Figures E9A and
E9C). This analysis also revealed nasalspeciﬁc and tracheobronchial-speciﬁc
subclusters for suprabasal, secretory, and
multiciliated cells (Figures 1C and 1D and
2A and E9A and Tables E3A–E3C),
characterized by differentially expressed genes.
Twenty overlapping genes between suprabasal,
secretory, and multiciliated cell types were
associated with the nasal epithelium (Figures
2B and 2C). Among the top 16 genes shared
by all three nasal cell types were SIX3 and
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PAX7 (Figure 2C and Table E3D), which have
well-reported roles in the eye, neural, and/or
neural crest–derived development (21–23)
(Table E4).
Nasal and tracheobronchial gene
expression were compared in suprabasal,
secretory, and multiciliated cells (Tables
E3A–E3C). Among multiciliated cells,
LYPD2, SPRR3, and C15orf48 were
enriched in nasal cells as well as ACE2,
the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) receptor (24)
(Figure 2D and Table E3C). Among
secretory cells, we noticed an enriched
expression of SCGB1A1, SCGB3A1, KLK11,
and SERPINF1 in the bronchi and of
LYNX1, S100A4, CEACAM5, LYPD2, PI3,
and MUC4 in the nose (Figure 2E and
Table E3B, Figures E10A and E10B).
Immunostainings on independent
brushings and biopsies conﬁrmed the
bronchial-speciﬁc expression of SCGB1A1,
which was absent from both the surface and
submucosal glands epithelium in the nose,
as well as the nasal-enriched expression of
PI3 and MUC4 (Figure 2F). Thirty-seven
additional transcripts were conﬁrmed based
on a comparison with the Protein Atlas
database (25) (Table E5). Functional
properties were inferred by gene set
enrichment analysis and GNRBoost2.
Several regulatory units were associated
with nasal cells, such as MESP1, reported as
a regulator of somitic mesoderm
epithelialization (26). IRF1, IFI27, and
STAT1 (i.e., transcription factors related to
IFN pathways) were enriched in the nasal
tissue (Figure E10C and Table E6). FOXA3
regulatory unit, which promotes goblet
metaplasia in mouse and induces MUC5AC
and SPDEF expression (27, 28), was
enriched in tracheobronchial samples
(Figures E10C and E10D).
Intriguingly, dissociated nasal cells
appeared larger. There was a proximodistal
gradient of cell size, with the largest average
size in the nose (12.56 mm 6 0.71) and the
smallest size in the distal airways (8.77
mm 6 0.71) (Figure E10E). This difference
correlated with the number of detected
genes and unique molecular identiﬁers
(Figures E2A and E2B).
Identiﬁcation of Rare Epithelial Cells
along the Human Airways

We identiﬁed 13 brush/tuft cells according
to their high expression of LRMP and
RGS13 (12, 29, 30) (Figures 3A–3C). We
also noticed in these cells a speciﬁc activity
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of HOXC5, HMX2, and ANXA4 regulatory
units (Figure E11A). A cluster of 29
pulmonary neuroendocrine cells (PNECs)
(Figure 3A) was found, mostly in tracheal
and intermediate biopsies (Figure 3B).
PNECs expressed the neurotransmitterassociated genes PCSK1N, SCGN, and NEB
(Figure 3C), and we identiﬁed HOXB1,
ASCL1, and FOXA2 as PNEC-speciﬁc
regulatory units (Figure E11A). A cluster
of 117 ionocytes was also identiﬁed
(Figure 3A), mostly in nasal and distal
brushings (Figure 3B). Ionocytes were
characterized by markers such as ASCL3
and CFTR (30) (Figure 3C), and we
identiﬁed ASCL3, FOXI1, and DMRT2 as
ionocyte-speciﬁc regulatory units (Figure
E11A). A cluster of 63 cells, labeled as
“undeﬁned rare” cells, was sampled evenly
across all macroanatomical locations
(Figures 3A and 3B). Relative to the other
rare populations, these cells expressed more
speciﬁcally NREP, STMN1, and MDK
(Figure 3C) but shared the expression of
HEPACAM2, HES6, AZGP1, CRYM, and
LRMP with ionocytes, brush cells, and
PNECs. When we searched for a correlation
with the other epithelial cell types, we
found a high correlation with ionocytes
(.0.85), PNECs, and brush cells (.0.80)
as well as with basal and suprabasal
populations (.0.85) (Figure 3D). This
proﬁle appears to be intermediate between
basal cells and the other rare cells.
We named the last group of rare cells,
multiciliating-goblet cells, a cell type that
has already been described in primary
cultures (12) and in patients with asthma
(31). These cells express both goblet and
multiciliated cell markers. In our data set,
around 60 cells were found positive for
both FOXJ1 and MUC5AC. They were
equally distributed between the secretory
and the multiciliated cell clusters
(Figure 3E). We used SoupX to remove
gene counts that may emerge from cell-free
mRNA contamination, thus avoiding
interference with the quantiﬁcation of
multiciliating-goblet cells. We conﬁrmed
the presence of these cells by MUC5AC and
cilia immunostaining of freshly dissociated
nasal epithelium (Figure 3F) and by using
RNAscope in situ RNA hybridization on
nasal epithelium sections (Figure 3G).
When these cells were superimposed in a
PAGA representation of tracheobronchial
cell lineages, they were located close to
multiciliated cells, while they were located
between secretory and deuterosomal nasal

cells, nearer to these latter (Figures
E11B–E11E). This result supports our
previous description of goblet cells as
precursors of multiciliated cells in
homeostatic and healthy epithelium and
additionally suggests that transition
through this stage may have slightly
distinct dynamics between nasal and
tracheobronchial epithelia (12).
Cell Proliferation within Homeostatic
Airways

Before batch correction, we identiﬁed a
cluster of cycling cells deﬁned by the
expression of MKI67, TOP2A, CDC20
(Figure 4A). After batch correction, these
cells spread between the basal and
suprabasal clusters (Figure 4B). A cell cycle
analysis of all cell types identiﬁed two
clusters with positive cell cycle scores. One
corresponds to cycling cells (MKI67positive) and the other to deuterosomal
cells (MKI67-negative) (Figure 4C), in
agreement with Ruiz Garcı́a and colleagues
(12). Figure 4D shows Uniform Manifold
Approximation and Projection graphs
for the subgroup of cells that belonged
to the bona ﬁde cycling cluster with a
superimposition of the cell cycle scores for
G1, S, and G2/M phases, which delineates
each phase of the cell cycle inside the
circular embedding (Figure 4D). We
noticed that the marker genes of this
cycling population largely overlap with
those of suprabasal cells (Figure 4E),
suggesting that in the homeostatic and
healthy epithelium, suprabasal cells may
be the main proliferating population in
the epithelium. Labeling of bronchial
epithelium sections with MKI67 antibody
conﬁrmed the presence of MKI671/
KRT51 cells that were located in a
para/suprabasal position (Figure 4F).
Cycling cells were distributed all across the
35 samples, although with a highly variable
distribution, which was reminiscent to the
expression proﬁle of KRT13 in suprabasal
cells (Figures 4G and 4H and E12A and
E12B). These KRT13-high samples displayed
the highest cycling cell proportion (.20% of
cycling cells, Figure 4G). In situ RNA
hybridization in nasal epithelium sections
conﬁrmed an association of MKI67 RNA with
cells located at a suprabasal position, some of
which expressing KRT13 (Figure E12C). This
association between KRT13 expression and
proliferation, together with the variability of
detection of these cells, is highly reminiscent of
the recent description of hillocks in mouse
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airway epithelium (30). We conﬁrmed the
presence of KRT131 cell clusters in nasal
epithelium, with patterns very similar to those
previously found in mouse (Figure 4I). It is,
however, important to notice that KRT13 was
also detected in an additional group of cells,
located between nasal suprabasal and secretory
cells in the scRNA-seq data (Figure E12B).
This group of cells was devoid of MKI67
but expressed SCEL, SPRR1A, and SPRR1B
(Figure E12D) (i.e., known markers of
squamous/corniﬁed epithelial cells) (32, 33).

Discussion
We have established a reference single-cell
atlas of normal human airways after
analyzing 35 fresh tissue samples collected
by bronchoscopy in 10 healthy volunteers,
resulting in a large-scale gene expression
proﬁling that also integrated spatial
information for each sample. This approach
was well adapted to collect samples from the
nose to the midairways but excluded the
bronchiolar compartment and the
parenchyma, for which alternative
experimental approaches have already been
proposed (31, 34). The combination of our
atlas with these other data sets will enable
the establishment of a comprehensive
airway atlas. Our approach provides a
unique opportunity to build a single-cell
gene expression resource based on wellcharacterized healthy volunteers, who are
rarely accessible in most large-scale studies.
The use of bronchoscopy, a minimally
invasive approach in the airways, creates a
real opportunity to rapidly transfer novel
information generated in the context of the
HCA project to new clinical practices.
In our workﬂow, a critical analytical
step led to robust cell type annotation of 35
single-cell RNA-sequencing experiments.
Speciﬁcally, integration was performed
sequentially after quantiﬁcation of
individual samples, merging, and batch
correction. The quality of our sampling and
analysis resulted in nonsigniﬁcant donorrelated effects and in very high epithelial cell
proportions, two important quality criteria
that had not been systematically reached by
the other lung atlas reports, making our
resource particularly more reliable. Our
conclusions were all based on observations
that were made on several donors and
independently conﬁrmed. Future
integration of our data set into a larger atlas
with many more individuals and anatomical
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locations will allow a more precise deﬁnition
of regional and interindividual
idiosyncrasies.
Proﬁling of identical cell types across
many sites of the airways has allowed us to
quantify the frequencies of epithelial,
submucosal gland, immune, and stromal
cells and has revealed an inﬂuence of the
mode of sampling. However, this did not
prevent us from deﬁning stable core cell type
signatures for each epithelial, stromal, and
immune cell types, irrespective of their
anatomical location. In contrast, important
variations of gene expression were found
when comparing the same populations of
suprabasal, secretory, and multiciliated cells
from the surface epithelium between nasal
and tracheobronchial compartments. These
results ﬁt well with previous work reporting
differential gene expression signatures
between nasal and bronchial brushings (5,
35). Interestingly, SIX3, PAX6–7, and
OTX1/2, which we found to be speciﬁc
of the nasal epithelium, are all associated
with gene ontology terms such as
“regionalization” and “morphogenesis
involved in neuron differentiation” (Table
E4) and have well-described functions
during embryonic patterning of the head
(22, 36–38). Expression of Six3 in murine
ependymocytes, which are radial gliaderived multiciliated cells, is necessary for
the maturation of these cells during
postnatal stages of brain development (36).
Hence, nasal-speciﬁc expression of
developmental patterning genes might be
the consequence of head versus trunk
differential developmental origins and may
not necessarily confer speciﬁc functions to
nasal epithelial cells. The underlying
mechanisms that confer a persistence in
the expression of these developmental

hallmarks remain to be elucidated. We also
found an enrichment in ACE2 expression
in nasal multiciliated cells, a ﬁnding that
may have clinical implications in the course
of infection of SARS-CoV-2. A tonic
activation of IFN pathways may contribute
to the increased nasal expression of speciﬁc
genes, such as ACE2 (39), which ﬁts well
with our ﬁnding of enriched IFN-related
genes in nasal secretory cells. These speciﬁc
data have recently been included in two
collaborative studies by the HCA Lung
Biological Network (39, 40).
A focus on secretory cells demonstrates
that nasal cells contain few SCGB1A11
and SCGB3A11 cells. Despite this low
secretoglobin content, they display the core
gene signature of secretory cells, suggesting
that secretoglobins may not be sufﬁcient
marker genes to identify all secretory/club
cells. These differences are important to
consider when using nasal samplings as a
proxy to assess bronchial status.
Our atlas sheds some light on two novel
cell types, namely, the multiciliating-goblet and
the undeﬁned rare cells. Because the two
populations were also found in pig trachea (12)
(S. Ruiz Garcia, M. Truchi, and colleagues,
unpublished results), we are convinced of the
validity of these two cell categories. Even
though much caution should be taken when
performing trajectory inference performed
with few cells, multiciliating-goblet cells may
be facultative multiciliated cell precursors, a
notion that is consistent with our previous
in vitro work (12). Regarding the undeﬁned
rare cells, considering their intermediate
proﬁle between basal and other rare cells, it is
tempting to speculate that they may be
precursors for the ionocytes, PNECs, and
brush cells. However, further work is clearly
needed to describe more comprehensively
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