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Abstract

The evolutionary relationship of cells within tissues having a similar function but located in
different anatomical sites is of considerable biological interest. The development of single-cell
RNA sequencing (scRNA-seq) protocols has greatly enhanced opportunities to address this topic.
Here we focus on cells in the epithelium which lines two regions of the human respiratory

tract and the male genital ducts to delineate the shared, differentiated functions of the different
cell populations. Transcriptomic data were used to assess the gene expression profiles of human
bronchial, nasal, and epididymal epithelium (HBE, HNE, and HEE). Bulk RNA-seq showed many
shared genes expressed in cells from the nasal and bronchial epithelium and highlighted their
divergence from the epididymal epithelium. SCRNA-seq in HBE and HNE cells demonstrated
overlapping gene expression patterns within basal and secretory cell populations. Moreover, the
distribution of cell types was altered in HNE cells derived from donors with cystic fibrosis (CF)
when compared to cells from healthy donors. Next, the HBE and HNE datasets were merged

and confirmed intersection of cell type gene expression profiles from the two sites. However,
secretory and ciliated cells were the most abundant types in the HBE samples, while more basal
cells were seen in the HNE populations. We then merged single-cell data from the epididymis to
determine if overlapping functions of these cells corresponded to those in the airway. Of note, only
the pulmonary ionocytes/epididymis clear cells showed a strongly conserved identity, which was
confirmed by imputation in bulk RNA-seq datasets from the same cells.
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1. Introduction

The key function of epithelial tissues throughout the human body is to provide a protective
barrier from external insults. However, the epithelial layer also has to perform specific
functions relating to its organ site. Our goal was to investigate the cellular basis of common
and diverse functions in epithelia lining two distinct regions of the same epithelium,
focusing on the respiratory system, and an unrelated epithelium from the male reproductive
tract. For example, is it possible to assign differentiated identities to secretory, basal and
ciliated cells that show greater similarities between cell types than between tissues of origin?
Our focus on lung, nose and epididymis epithelia was guided by their direct involvement

in the pathology of cystic fibrosis (CF). Loss of function mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene have a profound impact on epithelial
fluid secretion. However, the mechanistic contribution of different cell types underlying this
defect in each affected epithelium is not fully understood.

In all epithelial tissues the most abundant cell types are secretory, with many cell types
producing secretions with site-specific signatures. For example, in the airway epithelium,
club cells dominate the secretory compartment and produce a fluid containing protease
inhibitors, surfactants, antimicrobial peptides and other components of the innate immune
response that are required for airway protection and repair (Rokicki et al., 2016). Airway
goblet cells are also secretory epithelial cells that secrete the MUC5B mucin (Ma et al.,
2018) and other high molecular weight glycoproteins. In the epididymis epithelium principal
cells are the major secretory cell type and produce a fluid that is rich in antimicrobial
peptides including multiple defensins together with site-specific protease inhibitors (Leir et
al., 2020; Rinaldi et al., 2020; Shi et al., 2021). Apical and narrow cells in the epididymis
are also abundant and have secretory functions including releasing cysteine-rich secretory
protein (CRISP1) and whey acidic protein four disulphide core domain proteins, which

are also protease inhibitors. Many types of motile ciliated cells are evident in epithelial
tissues where they perform the critical function of clearing material from the surface of
cells (Thomas et al., 2010). Though the structural features in the centriole-cilium proteome
of these cells is well defined (Lovera and Luders, 2021), their precise phenotype is highly
location-dependent, even within the same epithelium (Mitchison and Valente, 2017). Basal
cells, which are located at the basal side of pseudostratified epithelia, in general all
expressed keratin 5 (KR75) and include both cycling cells and importantly the 7P63 positive
quiescent stem cell population. These stem cells are activated upon epithelial damage and
can differentiate into both secretory and ciliated cells populations. Basal cells share a rather
similar transcriptional signature in different epithelial tissues in the body (Mandon et al.,
2015; Rock et al., 2010). A large number of other cell types are much rarer in epithelial
tissues, though many have overlapping functions at different anatomical sites and include
neuroendocrine cells and ionocytes/clear cells (Leir et al., 2020; Montoro et al., 2018;
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Plasschaert et al., 2018). The latter have a unique transcriptional signature with high levels
of the cystic fibrosis transmembrane conductance regulator (CFTR), other ion channels such
as the V-ATPase hydrogen pump (in clear cells), the epithelial sodium channel (ENaC) and
the Forkhead box transcription factor, FOX/1.

Dysfunction of epithelial tissues is the cause of many human diseases in addition to CF,

for example common multifactorial diseases such as chronic obstructive pulmonary disease
(COPD) and asthma, and also many cancers. Hence, detailed knowledge of cellular identity
in epithelia may inform novel therapeutics. However, most experimental assays of epithelial
function use /n vitro model systems, which do not fully represent the cellularity, physical
constraints and microenvironment of epithelia /77 vivo. In this context, we also wanted to
compare identity of the standard primary cell culture systems, which are commonly used to
model epithelia /n vitro for functional and pharmacological testing, to the epithelial tissues
of origin. There is now an abundance of single cell (sc) RNA-seq data sets available for
human lung (Carraro et al., 2021; Deprez et al., 2020; Montoro et al., 2018; Okuda et

al., 2021; Plasschaert et al., 2018; Travaglini et al., 2020) and nasal cells (Ruiz Garcia

et al., 2019). These data provide key information on lung cell identity which facilitate

a comparative transcriptomics analysis such as we have performed here. However, we

have also generated our own bulk RNA-seq and scRNA data from nasal, bronchial and
epididymis epithelial cells to directly address questions of epithelial cell identity.

To define epithelial-specific transcriptional signatures we first used bulk RNA-seq data from
nasal, bronchial (Goodale et al., 2017) and epididymis (Browne et al., 2016) epithelial cells,
and to increase diversity of the cell signatures also epidermal keratinocytes (Casares et

al., 2020). Next, we generated scRNA-seq from the human bronchial epithelial (HBE) and
human nasal epithelial (HNE) cells to characterize individual cell types within each culture
and the similarities or differences in the expression patterns of marker genes. The HNE
samples were stratified by cells derived from healthy patients or patients with CF to identify
differences at the cellular subpopulation. HBE and HNE datasets were combined to assess
if patterns of gene expression between biologically similar clusters also showed statistical
similarity when subjected to one set of variable selection and dimensionality reduction
parameters. This analysis was then expanded to include the unrelated human epididymal
epithelium (HEE). Finally, we used imputation software to relate the heterogeneous cell
subtypes identified in each of the single cell datasets to the bulk datasets, estimating the
abundance of member cell types in mixed cell populations.

2. Materials and methods

2.1. Primary human nasal epithelial (HNE) culture

Primary human airway epithelial cells from nasal brushings (2 WT and 2 CF) were collected
under University Hospitals Institutional Review Board approval #10-04-14. Cells were
expanded at 37 °C on irradiated 3T3 murine fibroblast feeder cells with growth media
(F-12/DMEM [3:1] supplemented with 5% heat-inactivated FBS, 25 ng/mL hydrocortisone,
1 mg/mL insulin, 12.5 ng/mL EGF, 8.6 ng/mL cholera toxin, and 24 pg/mL Adenine)

with ROCK inhibitor (ROCKi, Y27632 at 16 pg/mL), antibiotics (50 pg/mL gentamicin,
0.25 pg/mL amphotericin B, 100 U/mL Penicillin, and 100 ug /mL Streptomycin), and
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cry-opreserved upon initial passaging (P1). For air-liquid interface (ALI) culture HNE

cell stocks (P1) were expanded on collagen-coated culture dishes in AW#2 medium (F12/
DMEM [1:1], supplemented with 2% Ultroser G, penicillin/streptomycin, gentamicin, and
fungizone). Harvested cells were seeded (P2) onto collagen-coated 12 mm inserts (Costar
3801) in AW#2 with RI at 4 x 10° cells per insert. Media was replaced with AW#2 without
ROCK:i 24 h after seeding and cultures expanded for 3—4 days until confluent, when apical
media was removed for mucociliary differentiation. Basolateral medium was exchanged

for fresh AW#2 medium every other day. After six weeks, the ALI cultures were well
differentiated into polarized epithelia. Of note, the cells have not been exposed to ROCKi or
hormonal supplements for at least 6 weeks at the time of harvest. For single cell isolation,
the cultures were first digested with 0.25% trypsin and 1 mM EDTA at 37 °C for 5 min, and
then further digested to single cells using Accutase at 37 °C for 10 min

2.2. Primary human bronchial epithelial (HBE) culture

Passage 1 (P1) primary human bronchial epithelial cells were obtained from the University
of North Carolina at Chapel Hill according to their published methods (Fulcher et al.,

2005) and under protocol #03-1396 approved by the University of North Carolina at

Chapel Hill Biomedical Institutional Review Board. Informed consent was obtained from
authorized representatives of all organ donors. Cells were grown on collagen I-coated plastic
in bronchial epithelial growth medium (Lonza). Passage 2 primary HBE cells were used for
ALLI cultures using a protocol similar to that described for HNE above, except PneumaCult-
ALI medium (STEMCELL) was used. Cell harvesting for ScRNA-seq was as above.

2.3. Bulk RNA-seq of HNE cells and analysis

RNA was isolated from primary HNE cultures using TRIzol (Life Technologies) as
described previously (Browne et al., 2016) and RNA-seq was performed by standard
protocols (SR 50 bp) on a NovaSeq 6000. Raw reads were aligned with STAR 2.6 (https://
github.com/alexd obin/STAR) (Dobin et al., 2013). Aligned reads were then assigned

to genomic features with featureCounts version 1.6.3 in the Subread package (http://
subread.sourceforge.net/) (Liao et al., 2014) and differential gene expression was analyzed
using EdgeR v3.30.3 (Robinson et al., 2010).

2.4. Gene ontology and gene set enrichment analyses

Differentially expressed genes were filtered to enrich for genes with a fold change =

1.5 and Benjamini-Hochberg adjusted p-value < 0.01. RNA-seq gene lists were read into
the gProfiler gene ontology program and database (Raudvere et al., 2019). Dot plots for
clustered results of each gene ontology term were generated using the Genome wide
annotation for Human database and mapped using Entrez Gene identifiers (Carlson, 2019).
Statistically significant results were filtered for categories passing a p-value of 0.001 with
the Bonferroni correction for multiple testing. Gene set enrichment analysis was performed
using clusterProfiler 4.0 (Wu et al., 2021) and the Hallmark human v6.2 database and
org.Hs.eg.db 3.13.0 (Liberzon et al., 2015).
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2.5. Single cell RNA-seq and analysis

Approximately 3000 cells from 5 HNE (donors AXH023, AXH024, AXH026, AXH029,
AXH030) and 2 HBE (donors AXH017, AXH018) samples were used for sScRNA-seq using
the 10x Genomics Chromium Single Cell 3’ Reagent Kit v3 (HBE), or v3.1 (HNE). Donor
age and gender information is shown in Table S1. After quality control using Tapestation,
libraries were sequenced on a NovaSeq 6000 machine. Reads were aligned to the hg19
genome package v1.0 using Cell Ranger 3.1.0. Cell-UMI matrices were exported into
Seurat v4.0.3 and filtered with the default parameters and a seed specified at 88, min.cells

= 3, min.features = 200. Each dataset was then filtered with the following parameters:
nFeature_ RNA > 1000, nFeature_ RNA < 8000, percent.mt < 25. Batch effect correction was
then performed using 30 dimensions and 2000 anchor features. Cell neighbors were found
using 30 dimensions and unsupervised clustering at a resolution of 0.1 for all tissues. 15
PCA dimensions were reduced using UMAP. Seurat was also used to perform differential
gene expression analysis using the ROC method.

2.6. Integrative scRNA-seq and imputation

Seurat objects were generated from 10X matrices using the above filtering and
dimensionality reduction parameters for WT HNE, HBE, and HEE individually, combined
HBE+HNE, and combined HBE+H-NE+HEE. RDS and differential gene expression
datasets for the individual and combined datasets were analyzed using clusterMap (Gao

et al., 2019). Each individual dataset was reformatted to specify cluster identities to each
barcoded cell. The integrated count data for each gene was then assigned to generate a
signature matrix for CIBERSORTx (Newman et al., 2019). Log, normalized counts per
million from the bulk RNA-seq were used as the mixture file in each imputation. Minimum
expression value was set to 0 with 1000 iterations per sample.

3. Results

3.1. Human bronchial and nasal epithelial cultures show similar gene expression profiles

We first examined the similarity and divergence of the bulk transcriptome of epithelial
cells from the human nose (HNE), lung (HBE) and epididymis (HEE). To achieve this,

we performed pairwise comparisons between new bulk data sets from nasal cells (n = 2)
bronchial cells (n = 6) (Goodale et al., 2017) (GEO: GSE97036), and our caput epididymis
cell data (n = 3) (GEO: GSE72986). Each dataset was also compared primary keratinocyte
bulk RNA-seq data (n = 3) (GEO: GSE131565), since these are a substantially divergent
epithelial cell type. Results were filtered for differentially expressed genes (DEGS) with a
fold change = 2 or < -2 and a false discovery rate (FDR) < 0.01 (Table S2). The number

of DEGs in each epithelial culture (columns) in the pairwise comparison compared to
those of other origins (rows) are shown in Fig. 1A. When keratinocytes were compared

to HBE and HNE cells more than 2000 DEGs were observed for each, but only 579 and
524 DEGs were identified in the reciprocal comparison between HBE and HNE cells,
respectively. HEE cells were more similar to keratinocytes with 1558 uniquely expressed
genes compared to 2313 and 2327 when compared to HBE and HNE cells, respectively.
Principal component analysis confirmed both the similarity between HBE and HNE cells, as
well as their significant deviation from the HEE cells and keratinocytes (Fig. 1B). Gene set
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enrichment analysis (GSEA) was next performed on the DEGs in each pairwise comparison
between the epithelial cell types to identify Hallmark pathways (Liberzon et al., 2015) that
were differentially enriched. Few ontology categories were identified for genes specific

for either HBE or HNE, with only those associated with plasma membrane components
being significantly enriched in HNE cells (Fig. 1Ci). These genes include multiple Solute
Carrier (SLC) family members such as SLC16A12, SL C12A5, SLC26A2, SLC6A15and
also specific Tetraspanins (7SPAN1, TSPANS). Of note, the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) gene was also upregulated in nasal compared to bronchial
epithelial cells. In the comparisons against the caput epididymis cells, both HBE (Fig.

1Cii) and HNE (Fig. S1) were enriched for the Hallmark pathway “Cilium or flagellum-
dependent cell motility”, showing that they express substantially more cilia-associated
genes. These genes include Dynein Axonemal family members (DNAH5, DNAHZ, DNA/1,
DNAH11, DNAH6, DNAHS3). In contrast, HEE cells express more genes associated with
the extracellular matrix including numerous collagens (COL6A3, COL8A1, COL14A1,
COL1AZ, COL25A1) (Fig. 1Ciii). These results illustrate clear differences between the
nasal, bronchial and epididymis epithelial cells, with the airway cells having predominant
roles in ion transport, secretion and ciliary action, consistent with maintenance of the
mucociliary escalator. In contrast, expression of genes in the epididymis cells appears
important in maintaining the structural integrity of the male genital ducts, with the other
key functions of this epithelium (Leir et al., 2020) being less evident in the bulk RNA-seq
data. The 2D culture system for HEE cells and 3D culture of HBE/HNE cells on permeable
supports may also contribute to this difference.

3.2. Single-cell RNA-seq profiles of human bronchial and nasal epithelial cells

Multiple groups have used scRNA-seq to generate single cell atlases of human airway tissue
from the nose, proximal and distal lung, and epithelial cells derived from these tissues
grown at ALI (Carraro et al., 2021; Deprez et al., 2020; Plasschaert et al., 2018; Ruiz
Garcia et al., 2019; Travaglini et al., 2020). However, little work has been done to compare
the shared and contrasting gene expression profiles between nasal and bronchial epithelial
cells. We performed scRNA-seq on HBE (n = 2) and HNE (n = 3) cells using the 10X
Genomics Chromium platform and subsequently analyzed data with the Seurat analysis
pipeline, filtering out cells with > 25% mitochondrial reads and removing ribosomal protein
genes. Dimensionality reduction was performed by the Uniform Manifold Approximation
and Projection technique (UMAP) (Figs. 2A and 2B) using the same filtering, dimension,
and resolution parameters for both cell types. In both HBE and HNE datasets (Fig. S2, Table
S3 and S4) we identified the canonical clusters corresponding to secretory, ciliated and basal
cells and the CFTR-high, pulmonary ionocytes.

Secretory cell types are the most abundant in both HBE and HNE, however the distribution
of secretory subsets differs between the two. In HBE the largest cluster (0) comprises cells
that express secretoglobin family 3 A member 1 (SCGB3AI) (Fig. 2C), the serine protease
inhibitor secretory leukocyte peptidase inhibitor (SLPI), which also has antimicrobial
properties and another protease inhibitor WAP four disulphide domain core domain 2
(WFDC2) (Fig. S3). This abundance of protease inhibitors likely provides a major protective
shield against the impact of infection and inflammation on the airway epithelium (Dey et al.,
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2018). In contrast in HNE cells there was a clearer separation of different types of secretory
epithelial cells. Cells expressing SCGB3A1, SLPIand WFDCZ2 (cluster 0) were in a slight
majority, but another cluster (1) was also evident with a club cell transcriptome including
several members of the serpin family of serine protease inhibitors (SERPINB4/ B3 B1) (Fig.
S3), secretoglobin family 1 member 1 (SCGB1AI) and transmembrane serine protease

11D (7MPRSS11D) being almost equally abundant. Another subset of secretory cells,
specifically goblet cells (cluster 4) marked by the expression of the MUC5B mucin (Fig.
2C), anterior gradient 2 (AGR2) and BPI fold containing family member 1 (BPIFAI), was
evident in HNE. These cells did not exhibit differential expression of certain other classical
goblet cell markers, suggesting incomplete differentiation. Of note, although dimensionality
reduction did not separate goblet cells into a separate cluster in HBE, MUCS5B expressing
goblet cells are evident as a subset of the secretory cell cluster (Fig. 2C).

In HBE cells, the next most abundant cell types are ciliated cells, which are represented

in 3 separate clusters (1, 3 and 4). Cluster 1 includes cells with high expression of

canonical markers of mature ciliated cells including tubulin genes such as Tubulin Alpha

la (TUB1AI) (Fig. 2C) and TUBBA4B, tubulin polymerization promoting protein family
member 3 (7PP3), calcyphosine (CAPS) (Fig. S3) and the forkhead box transcription family
member, (FOXJ1) (Fig. S3). Clusters 3 and 4 contain less mature ciliated cells in which
FOXJ1 is not differentially expressed and significant markers include dynein axonemal
heavy chain genes such as DNAH5 and DNAHI2. Of note in other work (Carraro et al.,
2021), similar cells in lung tissue were defined as secretory cell progenitors of ciliated cells.
An important DEG in clusters 1, 3 and 4 is HYDIN axonemal central pair apparatus protein
(HYDIN), mutations of this gene are causative in one form of primary ciliary dyskinesia
(Olbrich et al., 2012). By contrast, only one ciliated cell cluster is seen in HNE cells marked
by expression of markers from several stages of differentiation including 7PPP3, CAPS
(Fig. S3) and DNAHS.

The comparison of basal cell populations in the HBE and HNE cells is particularly
interesting. In HBE cells, two distinct basal cell subpopulations (basal 1 and 2) were
delineated; both express keratin 5 (KR75) but only basal cluster 2 shows significant
expression of the stem cell marker gene 7P63 (Fig. 2C). In contrast, HNE cells showed only
one large basal cell cluster (2) with significant expression of both 7P63and KR75. Among
these cells keratin 7 (KRT7) expression is inversely correlated with that of KR75along

the axis of basal cell differentiation into secretory cells (Fig. S3). The expression signature
of the HNE basal cell cluster may be directly influenced by the use of ROCK:i during the
establishment of cultures and at each passage. For both HBE and HNE the process of stem
cell differentiation is evident when following spatial coordinates of 7P63 positive basal cells
transitioning into KR75and S100 Calcium Binding Protein A2 (SZ00A2) expressing cells
(Fig. 2C). S100A2 expression also marks the transition of basal cells into the secretory and
club cell clusters for HBE and HNE respectively.

Among the clusters of rarer cells seen in both HBE and HNE are rapidly dividing cells
(RDC) (clusters 7 and 6 respectively) identified by Cyclin O (CCNO) and Helicase, and
Lymphoid Specific (HELLS) gene expression (Fig. 2C), which are likely a subset of
basal cells according to their spatial coordinates. Also evident in both HBE and HNE are
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pulmonary ionocytes (clusters 6 and 5 respectively) that express FOX/1, ASCL3and CFTR
(Fig. 2C and S3). Consistent with other recent data sets (Carraro et al., 2021) CF7R (Okuda
et al., 2021) expression is also seen in the secretory and basal cell compartments of HBE and
HNE with highest expression in HNE secretory cells.

Next, to address potential bias arising from the small numbers of HBE donor samples used
for scRNA-seq in our analysis we merged our data with equivalent non-CF HBE ALI data
from GSE:150674, including only a subset of samples generated by the same protocols. The
UMARP plots for the combined analysis of tissue samples (4) and HBE ALI cells (3) from
GSE:150674 are shown in Fig. S4, and HBE-ALI cells (3) only in Fig. S5. In both cases

we see that our HBE cells fall within the same UMAP space as the clusters identified in the
larger dataset (Fig. S4A,B and Fig. S5A,B) thus showing that they have similar single cell
gene expression signatures. Moreover, inspection of the feature plots for markers of mature
basal (KRT5), secretory (SCGB1A1) and ciliated (FOXJI) cells and ionocytes (FOX11) we
see robust contributions of our HBE cultures to each cluster (Fig. S4C and S5C). Of note,
though the subset of data we used from GSE:150674 included cells that although isolated
similarly to our cultures, were grown in different differentiation media (Carraro et al., 2021),
the clusters are very similar. An exception is the relative paucity of KRT5 + basal cells

in our cultures, which this may also be influenced by the duration of culture at ALI (8
weeks for our cultures and 4 weeks for Carraro et al.). More impactful is the donor-to donor
variation since one HBE ALI culture has a dominant contribution to the mature ciliated
cluster (FOXJI +).

3.3. Comparison of healthy and CF human nasal epithelial cells

Alterations in gene expression profiles across cell populations in the context of disease
may further our understanding of key cell types driving the phenotypic change. Duplicate
non CF (WT) and CF HNE cells from two passages were combined and analyzed using

the same filtering and resolution parameters. Data were then stratified by phenotype with
UMARP by cluster and original identity (Fig. 3A and 3B, respectively). Although there were
no significant changes between secretory cells from non CF and CF, we observed differences
in the distribution of subsets of ciliated cells between non CF and CF and also identified
two distinct subsets of basal cells (Table S5). These proportions of CF (total 4006) and

non CF (total 4774) cells contributing to each cluster are summarized in Fig. 3C. Focusing
first on ciliated cell clusters (3, 5 and 7), approximately equivalent cell numbers are seen

in the cluster (3) of fully differentiated ciliated cells marked by high expression of CAPS,
sentan, cilia apical structural protein (SNTN), TUBB4B, TPPP3and FOXJL. In contrast,
cilia cluster 5 has an overrepresentation of CF cells compared to non CF (proportion CF/
proportion non CF = 1.402) (Fig. 3C) and DEGs suggest this cluster defines an immature
population that despite high levels of TUBB4B expression, lacks differential expression of
FOXJ1 and other cilia marker genes and has high expression of the microtubule associated
tubulin alpha 1b (7UBA1B). Conversely, CF cells make no contribution to cilia cluster 7
(Fig. 3C), and these non CF cells have an unclear gene expression signature, including
energy generation, cilia and microtubule components, and may be an intermediate cell type
arising in culture. Next, addressing the basal cell compartment, the most abundant basal-like
cluster (1) has a greater relative contribution from non CF cells (proportion CF/proportion
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non CF = 0.596) (Fig. 3C) but does not correspond to a well-defined cell lineage /in vivo.

In addition to abundant KR77 transcripts, which were previously found to be enriched in
club cells (Ruiz Garcia et al., 2019), this cluster also shows many immune cell markers
including CD47 and multiple HLA components (Fig. S6). This gene expression profile

may indicate that this cluster contains basal and immune cells; alternatively these are basal
cells contributing to the innate immune response, for example by expression of lipocalin 2
(LCN2) as observed elsewhere (Shaykhiev, 2015). Basal cluster 1 (cluster 2) is identified

by canonical markers of basal stem cells, with KR75and 7P63among the most significant
DEGs, and has overrepresentation of CF cells (proportion CF/proportion non CF = 1.786).
Basal 2 cells (cluster 4), which also expressed KR75and 7P63in addition to fibulin
(FBLNI), show a marked deficit of CF cells compared to non CF (0.250) (Fig. 3C) Several
genes were differentially expressed within these clusters including two major keratins as
shown in the violin plots in Fig. 3D. Non CF and CF cells expressed greater amounts

of keratin 7 (KR77) and keratin 15 (KRT715), respectively, although the distributions

varied between the basal and ciliated subpopulations. Transcripts of the serum amyloid A
apolipoprotein genes SAAZ and SAAZ, which are involved in the proinflammatory response,
were also found in varying abundance between the phenotypes (Fig. 3D). Although CF cells
within the basal/immune cell population expressed more SAAZ and SAAZ2than non CF
cells, in the other basal and ciliated clusters these transcripts were more abundant in non CF
cells.

3.4. Combined and comparative analysis of HBE and HNE scRNA-seq datasets

Having examined the identity and separate gene expression profiles of the clusters of HBE
and HNE cells, we next embarked on addressing the question of common and diverse
functions of the same cell types in the different epithelia. To achieve this, we integrated
scRNA-seq datasets from the two HBE and two WT HNE cultures to determine the

degrees of similarity for like-clusters. Consistent with the individual profiles, dimensionality
reduction with UMAP separated the major cell types within 10 principal components (Fig.
4A) distributed across the canonical clusters (Fig. S7, Table S6) of secretory, ciliated,

basal cells, and pulmonary ionocytes. In both basal and basal/immune populations KR75
and 7P63are DEGs, however the latter is marked by high expression of the laminin

genes LAMB3and LAMCZwhich are differentially expressed in the HNE basal cells. The
ClusterMap program (Gao et al., 2019) was then used to compare gene expression profiles
between HBE and HNE cells and determine the relative contributions of each individual
cluster to those in the combined analysis (Fig. 4B). Binary hierarchal clustering using the
purity tree cut algorithm showed that the closest neighbor to each of the resulting five
clusters in the combined dataset came from the HBE profile, with the exception of the
secretory cells, which had a shared profile in both HBE and HNE cells. Secretory and
ciliated cells were the more abundant type in the HBE samples, while more basal cells were
seen in the HNE (Fig. 4C). Pulmonary ionocytes occurred in the same proportion in both
cultures at 1.51% in HBE and 1.59% in HNE (Fig. 4C). Similarities between clusters in the
individual and combined datasets were calculated using hierarchical clustering as illustrated
by the cluster dendrogram (Fig. 4D). The average height across the cluster dendrogram,
defined as 1 minus the height of the merging node of the matching groups, was consistent
between all the subtypes with the most significant deviation being observed in the ciliated
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cells. Cellular subpopulations consistently fell one degree from their biologically equivalent
cluster in the HBE and merged dataset (Fig. 4D). This indicates that the marker gene

trends within secretory, basal and ciliated cells, RDC, and ionocytes identified in the HBE
population are all similar to the equivalent cells in the HNE cultures, with no subpopulation
differing substantially.

3.5. Integration of single cell data from human epididymis epithelium

Our earlier single cells atlas of the human proximal epididymis identified 8 cell type
clusters (Leir et al., 2020) including secretory and basal epithelial cells, and rarer clear
cells, all of which have overlapping functions with cells in the bronchial and nasal
epithelium. Moreover, the epididymis is a major site of organ pathology in CF, which

is usually associated with congenital absence of the vas deferens (CABVD) and deficits

in other regions of the male genital ducts. Using the same methodology described above
for comparing HBE and HNE cells, we merged our HEE scRNA-seq datasets (GEO:
GSE148963) with those of HBE and HNE. Data from two donors of the three we analyzed
previously were used to maintain sample number consistency between cell types and remove
a donor with substantial efferent duct contribution to the caput epididymis tissue sample
(Table S7). Dimensionality reduction with UMAP using 15 principal components and a
resolution of 0.1 visualized the distribution between 10 clusters (Fig. 5A, Table S8) and
tissue of origin (Fig. 5B). Clusters 3, 5, 6, and 9 appear to be HEE specific with cluster 5
projecting across the secretory HBE and HNE clusters (Fig. 5B). ClusterMap comparison
reiterated the high degree of similarity between the bronchial and nasal epithelial cell
subtypes within the combined results and their substantial contribution to the overall dataset
(Fig. 5C). In contrast, HEE clusters showed little overlap with airway cells, with expression
profiles contributing only to distinct HEE-specific regions in the combined dataset (Fig.
5C, Fig. S8). This suggests a specialized transcriptome of secretory cells in the epididymis,
as required for the unigue nature of luminal fluid in the epididymis. Basal cells in the
epididymis were also dissimilar to those from the airway epithelium. One cell type that

did show strong identity across the epithelial cells from different origins was the ionocyte/
clear cell. Average linkage and Jaccard distance indicated degrees of similarity between

the FOX/I-expressing cells in all three samples, corresponding to the pulmonary ionocytes
in the lung and the clear cells in the epididymis. We next assayed the expression level

and percent expression of specific key marker genes for each cell cluster in the individual
analyses, in the combined analysis to compare the HBE, HNE, and HEE (Fig. 5D). This
proved to be more biologically useful than the bioinformatic predictions from ClusterMap.
S100 Calcium Binding Protein A6 (SZ00A6) that is known to be highly expressed in most
epithelia, is consistently expressed and variable between clusters. KR77expression, which
may identify basal cells differentiating into club cells as noted in the individual analyses,

is found in HBE and HNE clusters distinct from those with high KR75. Clusters 4 and 7
comprise basal-like KRT5+ cells with contribution from all three cell types, although only
cluster 4 expressed the stem cell marker 7P63. HEE-unique clusters were discernable by
high expression of epididymal genes such as lipocalin 12 (L CN12) and homeodomain-only
protein homeobox (HOPX), which are markers of principal cells, or vimentin (V/IM) in

the stromal cells. Notably, one cluster with a consistent gene expression identity was the
FOX/1- and CFTR- expressing subpopulation of cluster 8: the ionocytes in the airway and
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the clear cells in the epididymis. These data suggest that the key site-specific functions

of an epithelium are the dominant feature driving gene expression signatures among
epithelial cells, hence equivalent cell types from different epithelial tissues do not share a
distinct transcriptomic signature. Among exceptions to this observation are the ion pumping
ionocyte/clear cells.

3.6. Imputation of bulk epithelial gene expression profiles using scRNA-seq data

Although bulk RNA-seq of primary cell cultures provides general information about gene
expression profiles in each population, it fails to properly capture the heterogeneity of
individual cell lineages. The low level of overlap in gene expression signatures between the
HEE and HBE/HNE was identified in both bulk and single-cell analyses, but these do not
reveal whether the discrepancy is due to general differences between the cells or the result
of dominant contributions by one or more cell subtype. We used the CIBERSORTX tool
(Newman et al., 2019) to impute the abundance of individual cell types in the bulk RNA-seq
from a signature matrix generated from the corresponding scRNA-seq dataset. For the
three epithelia, the proportion of the identity clusters delineated by single-cell sequencing
were calculated for each replicate of the corresponding bulk RNA-seq data (Fig. 6). In

the two airway cell samples, we found a significant enrichment of secretory and a subset
of ciliated cells. Unlike in the HNE cultures which exhibited a more homogenous ciliated
cell population, ciliated cells within the bulk HBE dataset were more similar to the dynein-
positive ciliated cells rather than the fully differentiated multiciliated, CAPS-expressing
population. Relatively little contribution from the basal 1 cells could be identified in the
HBE cultures, in contrast to an approximate 17% contribution in the HNE populations.

In the HEE cells we observed an even distribution of all subtypes apart from clear cells
and sperm. This analysis robustly confirms our observations on the identity, abundance,
and relatedness of key epithelial cell types, derived from scRNA-seq data in the previous
sections by highlighting the variable presence of the different cellular subpopulations in the
bulk transcriptomic data.

4. Discussion

Single-cell RNA sequencing technologies have greatly enhanced our understanding of

gene expression signatures that identify individual cell types in a heterogeneous complex
tissue. These protocols also enable direct comparison of tissues with a similar function

that are located in different parts of the body. Such assessments across tissues may further
delineate the pathways of development and differentiation of critical cell types at single cell
resolution. Here, we focus on epithelial cells from three anatomical sites and examine the
concordance between the human bronchial, nasal and epididymal epithelium. These analyses
reveal the shared expression profiles of major, functional cellular subpopulations in the
tissues and the different distributions of these cells, including in the context of CF.

Extensive work has compared the similarity of gene expression in the human bronchial
and nasal epithelium (Deprez et al., 2020; Ghosh et al., 2020; Nguyen et al., 2018). This
relationship is important both in the context of the healthy and diseased airways, the
response to bacterial or viral infection, and the development of therapeutics for airway
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disease. The very few genes that are differentially expressed between bulk RNA-seq for
HBE and HNE cells include several ion transporters and other genes encoding proteins that
are associated with the plasma membrane. This may reflect site-specific differences in the
composition of epithelial surface fluid in different parts of the respiratory tree. Epididymal
epithelial cells together exhibit a much more similar gene expression profile to keratinocytes
than to airway epithelial cells from either nose or lung. Genes encoding components of
cilia and ciliated cells appear to be the most differentially expressed between the airway
and epididymal epithelium, predominating in the former. Since airway epithelium is of
endodermal origin, male genital ducts of mesodermal origin and skin keratinocytes derived
from the ectoderm, the similarities and differences in bulk gene expression profiles do not
correlate with the embryonic origins of the epithelia.

Analysis at single-cell resolution confirmed the high degree of similarity between HBE
and HNE cells, though we observed unique distributions of known cell subtypes that may
contribute to biological differences between the epithelia at different airway sites. HBE
cultures were dominated by in SLP/-expressing secretory cells and several clusters of
ciliated cells, which were marked by FOXJI or dynein expression. In contrast, the HNE
cultures showed a greater abundance of basal cells (KRT5 positive) including the stem

cell population expressing 7P63. Also, a goblet cell population identified by MUC5B
mucin and BP/FAI (SPLUNC1) (Bingle and Craven, 2002) transcripts was evident in HNE
cells and distinct from the main secretory cell population. The relatively low cell numbers
analyzed for each epithelium could have contributed to the differences observed between
HBE and HNE cell populations. Also, the slightly different culture media used for HNE
cells may influence cell differentiation/identity as it includes ROCKi both at establishment
of cultures and transiently at each passage. Moreover, the profound impact of different
culture media on differentiation of primary airway cells has been observed elsewhere (Ruiz
Garcia et al., 2019; Saint-Criq et al., 2020). Earlier studies cultured differentiating 3D
cultures of HNE cells in Bronchial epithelial growth medium (BEGM, Lonza) and used a
1:1 DMEM:BEBM (basal medium) with BEGM supplements for the ALI cultures (Ruiz
Garcia et al., 2019; Saint-Criq et al., 2020). Here we used F12/DMEM [1:1], supplemented
with 2% Ultroser G, which may account for some variation between our data and previous
HNE data. Additionally, donor-to-donor variation in HBE and HNE cell cultures is a source
of substantial variability and cannot be excluded on a small sample number. Both HBE and
HNE cells exhibited a clear axis of stem cell differentiation into secretory cells, as shown in
the UMAPs by the gradient of expression from TP63 and KRT5 positive cells transitioning
into cells with secretory cell markers. In the comparison between HBE and HNE cells,
CFTR expression was consistently highest in FOXI1, ASCL3 marked ionocytes, though it
was a more abundant transcript in the secretory cell compartment of HNE than HBE cells.

The existence of altered epithelial cell states in cystic fibrosis airways was established prior
to the development of single cell sequencing technologies (Rock et al., 2010) and likely
reflects the prolonged cycle of infection, inflammation and repair that contributes to airway
remodeling (Hirota and Martin, 2013). Some of these changes may be recapitulated in
cultured HBE and HNE cells, for example a deficit of basal cells was seen in differentiated
CF HBE cells (Zoso et al., 2019). More recently, sScRNA-seq analyses have provided further
insights into alterations in the CF airway, which may have therapeutic relevance. Increased
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numbers of epithelial cells transitioning into certain ciliated and secretory subsets were
observed in one study (Carraro et al., 2021), along with a decrease in cycling basal cells.
Our findings comparing cultured HNE cells from non CF and CF donors also suggested
differences in the basal cell compartment. We identified two distinct basal cell subgroups in
the combined analysis, both expressing 7P63and KRTb5, but separately clustering for high
expression of KRT7(non CF) or KRT15 (CF) respectively, among other markers. We also
found a population of ciliated cells unique to the non CF samples with high expression of
ATPase subunit (A7P5B, ATP5G1, ATP5G3, ATP6V0B) genes. Of additional interest in the
CF airway is the presence of a pro-inflammatory profile that has been reported in multiple
studies (Cantin et al., 2015). Here we monitored expression of the pro-inflammatory markers
SAAIand SAAZ2and though CF cells within the basal-like cell population expressed more
SAAI1and SAAZthan non CF cells, in the other basal and ciliated clusters these transcripts
were more abundant in non CF cells. These observations suggest a complex response to the
cell culture environment that may mask any inherent phenotypic properties associated with
CF. Also of interest in the comparison between HNE cells from non CF and CF donors was
that higher passage HNE cells (P4) predominately contributed to the secretory cell clusters,
apparently loosing ciliated cells with time in culture (Fig. S9).

Merging single-cell datasets across epithelial cells from different tissue origins allows us to
simultaneously identify any clusters that may be specific to one location as well as identify
patterns of gene expression shared between sites. As expected from the bulk and separate
scRNA-seq analysis, the HBE and HNE cellular subpopulations exhibited a high degree of
concordance. We found that the secretory, basal, ciliated cells, and ionocytes all clustered
with their similar cell types within less than 10 principal components. Ciliated cell clusters
2 and 3 from the independent HBE dataset, corresponding to ciliated cells with higher
expression of dynein genes, deviated significantly from the fully differentiated ciliated cell
cluster (FOXJI-high) shared between the two tissues. As we observed in the comparison of
bulk RNA-seq data, most highly expressed marker genes of known importance in the airway
or epididymis were still found primarily expressed in either of those two lineages with

little overlap. Despite this, variations in our data were still contained within 10 principal
components and the epididymis-specific clusters did not deviate from the airway-specific
clusters, except for the principal and apical/narrow cells. Of particular interest are clusters 5
and 6. Cluster 5 is found within two dimensions of UMAP topological space, primarily
diverging from the airway secretory cell clusters 0 and 2 by a third dimension (Fig.

S10). The only marker gene identified is Metallothionein 1 G (MT71G), an isoform of
Metallothionein 1 that maintains homeostasis of essential metals (Andrews, 2000) and was
found to have a potential tumor-suppressor role (Wang et al., 2019). MT1G is primarily
expressed in the efferent duct and stromal cells of the epididymis (Fig. S11). Cluster 6 is
found proximal to the secretory cells and the airway-unique ciliated cells, with Prolactin
Induced Protein (P/P) as the only identified marker gene. P/Pis only expressed at high levels
in the efferent duct, though at lower abundance than M7G1. The strongest concordance

in all three tissues was the rare FOX/1 and CFTR expressing cluster 8. This may indicate
that the pulmonary ionocytes and the clear cells represent highly similar cell types with

the same function in the tissues. Together, these results seem to indicate that although the
most abundant cell types of the epididymis exhibit unique expression profiles compared to
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the airway epithelium, the basal cells and certain other cell types may share a degree of
similarity.

Discrepancy is often observed between bulk RNA-seq and single-cell RNA-seq results due
to the relative abundance of different cellular subpopulations in the bulk data. Abundant

cell types may dominate sequencing signatures and cell type diversity may dilute the
contribution of rare cell types. The CIBERSORTx machine learning method highlighted this
variability in each of the HBE, HNE, and HEE cell data sets analyzed here. The significant
enrichment of ciliated cells in both the HBE and HNE bulk data provides an explanation

for the earlier finding that gene ontology terms associated with the cilia were the most
enriched in the comparison against HEE. Additionally, the dominant secretory cell signature
in HNE cells compared to HBE cells may reflect differences in the expression of certain
solute carrier family members. The most consistent result of the imputation, consistent with
the scRNA-seq data, is the minor but detectable contribution by the ionocytes/clear cells in
the tissues.

In conclusion, by merging data from three different epithelial tissues we were able to
directly address the question of the differentiated identity of individual epithelial cell types.
Our results suggest that in general, each tissue confers a stronger identity on cells with
common functions than the inherent differentiated properties of those cells. This results

in different transcriptomic signatures for secretory, ciliated and basal cells when they are
located at different anatomical sites. However, some rare, highly specialized cell types
maintain a transcriptional identity that is site independent.
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Fig. 1.

HBE and HNE cells have similar transcriptomes, which both deviate significantly from
HEE cells and keratinocytes. A. Table of genes differentially expressed in one cell type
(columns) in the pairwise comparison with another cell type (rows) passing a FDR threshold
of 0.01 and a minimum CPM expression value of 4. B. Principal component analysis of bulk
RNA-seq datasets. C. Hallmark gene set enrichment analysis for select, significant terms
enriched in the pairwise comparison between HNE/HBE (i), HEE/HBE (ii), HNE/HEE (iii).
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Fig. 2.

Single-cell RNA-seq reveals substantial overlap in the identities of HBE and HNE cell
populations. A B, UMAP dimension reduction plot of HBE (donors AXH017, AXH018)
and HNE (donors AXH026, AXH029, AXH030) scRNA-seq. Clusters are labeled by cell
identity based on marker genes. C UMAP plots showing normalized log, expression of
SCGB3A1, SI100A2, MUC5B, TUBAIA, KRT5, TP63, HELLS, and CFTR in the HBE

(left) and HNE (right) datasets.
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Fig. 3.

CF and non CF HNE cells show altered distribution of basal and ciliated cell subclusters,
UMARP plots of merged CF (donors AXH024, AXHO030) and non CF (donors AXHO023,
AXH029) HNE by differential gene expression profiles (A) or phenotypic identity (B). C.
Table shows the total number of CF and non CF cells found in each cluster and the ratios
of CF to non CF cells as proportion of each cluster. D. Violin plots show the expression of
KRT7, KRT15, SAAL, and SAA2 stratified by HNE cell type in CF and non CF samples.
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Merged analysis of HBE and HNE cell scRNA-seq data confirms the degree of overlap
across all clusters. A. UMAP plot of the merged WT HBE (donors AXH017, AXH018)

and WT HNE (donors AXH023, AXH029) datasets, clustered by cellular identity based on
marker gene expression. B. Circos plot of the matched subgroups between HBE/HNE cell
individual datasets and the merged dataset. The width of the black bars for each cluster
represents percentage of cells in that group. C. Table of the total number of HBE and HNE
cells found in each subgroup. D. Dendrogram of the hierarchal clustering of subgroups
across samples by average binary distance of the expression of marker genes. The similarity
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of the matched groups is defined as 1 minus the height of the merging node of the matched
groups.
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Specific and shared cell populations in diverse epithelial tissues of origin are detailed in

a merged analysis of HBE, HNE, and HEE cell scRNAseq. A. UMAP plot of the merged
ScRNA-seq data from HBE (donors AXHO017, AXHO018), HNE (donors AXH023, AXH029),
and HEE (AXHO009, AXHO014) (Leir et al., 2020) marked by cluster. B. UMAP plot of the
merged data marked by cellular identity. C. Circos plot of the matched subgroups between
individual and merged datasets. D. Dot plot of the expression of genes in each cluster,
stratified by cell identity. Several genes are known markers of cellular subtypes such as
KRT5 (basal), VIM (stromal), and FOX/1/CFTR (pulmonary ionocytes/clear cells). Color
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intensity represents average expression of the gene per cell within the cluster and the size of
the dot corresponds to the percentage of cells within the cluster expressing the gene.

Eur J Cell Biol. Author manuscript; available in PMC 2022 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Paranjapye et al. Page 25

Basal 1 Secretory Ciliated 1 Ciliated 2 Ciliated 3 RDC |lonocytes Basal 2 P-value _Correlation RMSE
HBE 1 0013 <0.0001 | 0833 | o554
HBE 2 X o.004 <0.0001 | 0.854 0525
HBE 3 | 0032 | (X7l o0.008 i <00001 | 0812 | 0584
HBE 4 ! 0039 | 0031 [ o <0.0001 | 0.709 0.727
HBE 5 | 0121 [ 0095 | 0066 | 0049 | 0.047 <00001 | 0858 | 0514
HBE 6 <0.0001 | 0.852 0.529
0%
1
Cluster
2 Basal 1
Secretory
. Ciliated 2
. Ciliated 3
. RDC
lonocytes
. Basal 2

es  P-value __ Correlation RMSE
<0.0001 0.804 0.595

<0.0001 0.860 0.511

Cluster
0% 25% 75% 100% secretory [ woc
1 — ' . Club Ciliated
2 N I Ee W oo
Relative Percent =

C Apical/ Efferent
Narrow Principal Stromal  Basal Duct Clear Sperm P-value _ Correlation RMSE
0.103 Y <0.0001 0.627 0.807

0.13 <0.0001 0.678 0.785
<0.0001 0.710 0.750

0% 25% 75% 100% Cluster

_ l Apical/Narrow . Efferent Duct
Principal Clear

s .. m--

. I B

Relative Percent

Fig. 6.

In?putation identifies the relative contributions of the expression profiles of ScRNA-seq
clusters in bulk RNA-seq. Enumeration of the proportions of distinct cell subpopulations
identified from the single-cell data in replicate, bulk expression profiles for HBE (A), HNE
(B), and HEE (C). Each table shows the relative numeric imputation with the empirical
p-value, Pearson correlation, and root-mean-square error (RMSE) calculated by comparing
imputed fractions in a given mixture dataset with fractions that would have been obtained by
random chance.
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