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Dysfunction of motile cilia can impair mucociliary clearance in the airway and result in primary ciliary 
dyskinesia (PCD). We previously showed that mutations in central pair apparatus (CPA) genes perturb 
ciliary motility and result in PCD in mouse models. However, little is known about how epithelial cell 
types in the ciliary microenvironment of the upper airway respond to defects in ciliary motility and 
mucociliary clearance. Here, we have used single-cell RNA sequencing to investigate responses in 
tracheal epithelial cells from mice with mutations in CPA genes Cfap221/ Pcdp1, Cfap54, and Spef2. 
Expected cell types were identified, along with an unidentified cell type not expressing markers 
of typical airway cells. Deuterosomal cells were found to exist in two states that differ largely in 
expression of genes involved in differentiation into ciliated cells. Functional enrichment analysis of 
differentially expressed genes (DEGs) revealed important cellular functions and molecular pathways 
for each cell type that are altered in mutant mice. Overlapping DEGs shed light on general responses 
to cilia dysfunction, while unique DEGs indicate that some responses may be specific to the individual 
mutation and ciliary defect.
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Defects in motile cilia typically result in the pediatric syndrome primary ciliary dyskinesia (PCD) due to an 
inability of the cilia to clear fluids and particles from the epithelial cell surface1–3. Mucociliary clearance defects 
in the airway cause patients to experience chronic upper and lower respiratory infections, bronchiectasis, and 
a decline in pulmonary function1–3. Similarly, dysfunction of ependymal cilia in the brain and epithelial cilia in 
the oviduct can result in hydrocephalus and female infertility, respectively, in some patients1–3. Situs inversus is 
also associated with PCD due to defects in the similarly structured nodal cilia during embryonic development, 
and defects in sperm flagella commonly cause male infertility1–3. PCD is a genetically heterogeneous disorder1–3, 
and while there has been a substantial body of research investigating the impact of gene mutations on ciliary 
function, little is known about how the cells in the ciliary microenvironment, or the airway epithelial milieu, 
respond to cilia dysfunction during disease pathogenesis.

In the airway, the ciliary microenvironment consists of several epithelial cell types (Fig. 1A)4. The primary 
differentiation pathway involves basal progenitor cells differentiating into suprabasal cells, which further 
differentiate into secretory club cells (also known as Clara cells). In the presence of Notch signaling, club cells 
can differentiate into mucus-producing Goblet cells. In the absence of Notch, both club and goblet cells give 
rise to deuterosomal cells, which further differentiate into ciliated cells. Several rare cell types are also found 
in the airway, including tuft cells, ionocytes, and neuroendocrine cells. While each cell type has distinct and 
critical functions within the airway, it remains unclear how each responds to defects in mucociliary clearance, 
the primary function of ciliated cells, to address this physiological abnormality. Moreover, it is unclear how 
mutations in different ciliary genes affect disease pathogenesis at the cellular level in the airway.

Recent single-cell transcriptomic studies using human tissue, mouse models, and cultured epithelial cell 
systems have shed light on the composition of the mammalian airway epithelium4–7. This studies have identified 
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several critical cell types and their differentiation pathways4–7. Transcriptomic studies have also demonstrated 
that the major airway cell types are heterogeneous populations with differences between the upper and lower 
airway, as well as between the fetal and adult airways6,8–14. In addition, recent work has demonstrated that motile 
ciliated cells in the airway and other tissues share cilia-related gene expression profiles and undergo a convergent 
differentiation pathway15.

Transcriptomic studies have also begun to identify differences between wild type (WT) cells and airway 
epithelial cells in disease states. Reyfman et al. compared human lung tissue between healthy transplant donors 
and transplant recipients with pulmonary fibrosis, identifying changes in gene expression in multiple cell types in 
the fibrotic lungs and uncovering novel sub-populations of alveolar epithelial cells and alveolar macrophages in 
the lower airway of patients with pulmonary fibrosis16. Biopsies from cystic fibrosis (CF) patients with end-stage 
lung disease identified substantial changes in gene expression in each of the major epithelial cell types compared 
to healthy patients17. Sorted basal cells from COPD patients similarly showed substantial differences in gene 

Fig. 1. Expected cell types identified in PCD mouse tracheae. (A) Schematic diagram depicting the current 
understanding of cellular differentiation in the upper airway. Cell-specific markers used to identify the 
cell types are provided in italics. (B-C) UMAP plots showing individual cell clusters in the mouse tracheal 
epithelium, depicted as combined for all genotypes (B) and separated by genotype (C). Each dot represents an 
individual cell plotted by gene expression profile.
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expression profiles10. Only a couple of studies have begun to apply single cell transcriptomic approaches to the 
PCD airway. Yang et al. identified basal, cycling basal, suprabasal, club, goblet, and ciliated cells in organoids 
cultured from a tracheobronchial biopsy from a PCD patient with a mutation in the dynein gene DNAH518. 
Horani et al. identified basal cells, secretory cells, ciliated cells, ionocytes, and neuroendocrine cells in tracheal 
epithelial cell cultures from a mouse model lacking dynein assembly factor Dnaaf519. They demonstrated that 
while there was no apparent effect on distribution of cell types in the mutant culture, there was an increase in 
expression of cilia assembly and cilia component genes. Additional studies are required to fully understand the 
effects of cilia dysfunction on the ciliary microenvironment in vivo and understand how ciliary defects impact 
cellular functions during disease pathogenesis.

We previously showed that mutations in ciliary central pair apparatus (CPA) genes Cfap221 (also known 
as Pcdp1), Cfap54, and Spef2 result in a PCD phenotype due to defects in ciliary motility20–22. The mutant 
airways exhibit mucociliary clearance defects with an accumulation of mucus in the maxillary sinus cavity 
that is sometimes accompanied by an immune response. In addition, exposure to the bacterium Streptococcus 
pneumoniae, a common pathogen in PCD patients, results in an enhanced immune response in mice with 
mutations in Cfap221 or Spef223. Importantly, mutations in CFAP221, SPEF2, and CFAP54 have since been 
identified in human PCD patients24–26, underscoring the significance of these genes in ciliary function and 
human health. We hypothesized that airway epithelial cells undergo specific cellular responses to ciliary 
dysfunction during disease pathogenesis. In this study, we have used a scRNAseq approach to understand how 
the epithelial cell types in the airway ciliary microenvironment respond to defects in cilia function in these three 
models of PCD. The use of three different CPA models strengthens the findings and provides evidence for cellular 
mechanisms altered under conditions of impaired mucociliary clearance, while simultaneously uncovering 
differences due to mutations in distinct CPA genes. We report changes in gene expression profiles in each of the 
primary epithelial cell types (basal, suprabasal, secretory, deuterosomal, and ciliated) from each mutant mouse 
line. We also identify functional categories and affected molecular pathways for differentially expressed genes 
that indicate cellular responses to ciliary dysfunction. In addition, we provide evidence that deuterosomal cells 
may exist as two distinct cell types that vary in their state of differentiation toward ciliated cells. While previous 
studies have used cultured human or mouse airway epithelial cells, to our knowledge, this is the first study to use 
a single-cell transcriptomic approach to investigate cellular responses to motile cilia dysfunction in vivo.

Results
Single-cell RNAseq analysis reveals expected airway cell types in tracheae with CPA defects
To elucidate how epithelial cells in the airway respond to defects in ciliary motility and mucociliary clearance, we 
performed a scRNAseq analysis on the tracheal epithelium from three mouse models with CPA defects whose 
phenotypes we had previously characterized in detail20–23, and we compared those to WT mice. Figure 1A shows 
the cell types within the upper airway epithelium and their differentiation pathway. Through single cell sorting, 
we obtained transcript sequence for all expected cell types as determined by marker expression analysis, as well 
as an additional unidentified cell cluster (Fig. 1B). All cell types were present in WT and each PCD mutant 
mouse (Fig. 1C).

Cell clusters were defined by identifying cell-specific marker expression using the 10X Genomics Loupe 
browser software (Fig.  2). Basal cells were defined by expression of Krt5 and Tp63 (Fig.  2). Similarly, Itga6 
and Ghrl2 are both markers of undifferentiated cells. Ghrl2 did not appear at substantial levels in any tracheal 
epithelial cluster, but Itga6 was expressed in all clusters except the most terminally differentiated, which we 
determined to be the ciliated cells (Fig. 2). Krt4 and Krt13 are markers of suprabasal cells, with Krt4 expressed 
in a larger cluster of cells (Fig. 2). Secretory cells were generally identified by expression of Bpifa1 and Wfdc2. 
These markers are expressed in multiple clusters, including clusters that overlap with suprabasal cell marker Krt4 
and clusters that overlap with deuterosomal marker Deup1 (Fig. 2). We therefore conclude that the suprabasal 
cells, which give rise to secretory cells, are beginning to express secretory cell genes. Similarly, deuterosomal 
cells, which differentiate from secretory cells, are still expressing some secretory cell genes. The cluster between 
those, which only expresses secretory cell markers, likely represents the secretory cells. To distinguish between 
secretory cell types, we examined expression of club cell marker Scgb1a1 and goblet cell marker Muc5b. These 
markers are expressed in overlapping clusters (Fig. 2), suggesting that the two secretory cell types have very 
similar gene expression profiles and are both represented by the same secretory cell cluster. Deuterosomal cells 
were identified by Deup1 and Plk4, which appear in two distinct clusters based on overall gene expression profile 
in the UMAP plot (Fig. 2). Foxj1 and Tub1a1 are expressed in both deuterosomal and ciliated cells. These markers 
identify the two deuterosomal clusters and an additional cluster that we determined to be the ciliated cells 
(Fig. 2). The absence of Itga6, a marker of undifferentiated cells, in that third cluster provides additional evidence 
that this cluster represents the terminally differentiated ciliated cells. The deuterosomal and ciliated cell clusters 
were further defined by expression of eGFP, which is expressed as a transgene under the Foxj1 promoter in our 
mouse lines as a control for the scRNAseq approach and identifies ciliated and deuterosomal cells, as well as cilia 
genes Dnah5 and Dnah12 (Fig. S1). We also verified that the genes mutated in each mouse line (Cfap221 in the 
nm1054 mouse, Cfap54 in the Cfap54gt/gt mouse, and Spef2 in the bgh mouse) are expressed in the deuterosomal 
and ciliated cell clusters (Fig. S1). Cell clusters corresponding to the rarer tuft and neuroendocrine cell types 
were identified by Lrmp and Calca, respectively (Fig.  2). Ionocyte marker Foxi1 identified only a very small 
cell cluster (Fig. 2). Cftr, which is expressed at low level in most airway epithelial cell types, is known to be 
expressed at highest levels in ionocytes5,6, and its highest expression level is in the same Foxi1-positive cluster 
that we deem to represent ionocytes (Fig. 2). Ccna and Hells were used as markers of rapidly dividing cells, since 
the tuft cells, ionocytes, and neuroendocrine cells were previously found to rapidly derive from the basal cells 
(Montoro 2018). Surprisingly, these markers were found only in a small subset of cells between the secretory and 
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Fig. 2. Expression of cell-specific markers in the mouse tracheal epithelium. UMAP plots and violin plots 
showing marker expression by cell type are provided for Krt5 (basal), Tp63 (basal), Itga6 (non-terminally 
differentiated cells), Ghrl2 (undifferentiated cells), Krt4 (suprabasal), Krt13 (suprabasal), Bpifa1 (secretory), 
Wfdc2 (secretory), Scgb1a1 (Club cells), Muc5b (Goblet cells), Deup1 (deuterosomal), Plk4 (deuterosomal), 
Foxj1 (deuterosomal and ciliated), Tub1a1 (deuterosomal and ciliated), Lrmp (tuft), Calca (neuroendocrine), 
Foxi1 (ionocyte), Cftr (ionocyte), Ccna (rapidly dividing cells), and Hells (rapidly dividing cells). B: basal cells, 
C: ciliated cells, ED: early deuterosomal cells, LD: late deuterosomal cells, N: neuroendocrine cells, S: secretory 
cells, SB: suprabasal cells, T: tuft cells, U: unknown cell cluster.
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deuterosomal cells, rather than in the expected basal cells (Fig. 2). Combined, marker expression demonstrates 
effective identification of known epithelial cell types in the airway.

One cell cluster, labeled as Unknown in Fig. 1B, was negative for all markers of expected tracheal epithelial 
cell types. To determine if it might be a contaminating cell type in our prep, we investigated whether it expresses 
markers of common airway contaminants. We first investigated whether it might be cluster of cells undergoing 
apoptosis that have a distinct expression profile. Apoptosis scoring showed positively apoptotic cells in nearly 
every cluster, but the Unknown cluster was not uniquely higher than any other (Fig. S2). Similarly, apoptotic 
marker Bcl2 did not show high expression in the Unknown cluster (Fig. S2). Vim is a marker of fibroblasts, 
which are separated away from the epithelial cells prior to single-cell sorting. To determine whether a cluster of 
fibroblasts may have remained with the cell prep, we examined Vim expression but found only negligible levels 
of expression throughout the various clusters with no increase in the Unknown cluster (Fig. S2), suggesting 
that the protocol was effective at removing fibroblasts from the sample. In addition, no expression of airway 
smooth muscle marker Myh11 was detected in the Unknown cluster (Fig. S2). Also not expressed in that 
cluster was hematopoietic marker Ptprc (Fig. S2), indicating that there are no contaminating red or white blood 
cells in the sample. Finally, we examined markers of immune cells that might infiltrate the upper airway. No 
marked expression of macrophage marker CD68, T lymphocyte marker CD3D, or B lymphocyte marker CD19 
was observed in the Unknown cluster (Fig. S2). Given the common origin of the airway and intestine from 
the developing gut tube, along with the presence of tuft cells and ionocytes in both systems, we investigated 
whether the Unknown cluster could represent an intestinal cell type not previously appreciated in the airway. We 
examined markers for crypt cells (Lgr5), Paneth cells (Lyz1), M cells (Tnfaip2), faveolar cells (Aplnr), parietal cells 
(Atp4a), and enterochromaffin cells (Spock1). However, no discernable expression was observed for any of these 
markers in our cell samples (Fig. S3). We then compared the gene expression profile for the WT Unknown cell 
cluster to all other clusters in the WT sample in an effort to identify potential cellular functions that are unique 
to that cell type (Table S1). Gene ontology (GO) enrichment analysis identified the top functional categories as 
myelin sheath, endoplasmic reticulum (ER), and cytosolic small ribosomal subunit (Fig. S4). Processes related 
to the ER or translation do not provide any substantial information regarding the function of this cell type. The 
myelin sheath is specific to neurons, so while a nervous system origin could be of potential relevance, additional 
studies are required to further elucidate the identity of this cell cluster.

To further investigate the relationship between the cell clusters, we performed pseudotime analysis using 
both the Monocle (Fig. 3A) and Slingshot (Fig. 3B-C) software. Differentiation of epithelial cells begins with 
the basal cell cluster. As expected, the primary differentiation pathway leads through the suprabasal cells, 
secretory cells, deuterosomal cells, and concludes with the terminally differentiated ciliated cells. Surprisingly, 
the pseudotime analysis suggests that the neuroendocrine cells and tuft cells may derive from the deuterosomal 
cells in a separate lineage from the ciliated cells. This is supported by expression of secretory cell markers (Bpifa1, 
Wfdc2, Scgb1a1, Muc5b) and deuterosomal/ciliated cell markers (Foxj1, Tub1a1) in the neuroendocrine and tuft 
cell clusters (Fig. 2). Pseudotime analysis also suggests that the differentiating suprabasal cells may give rise to the 
Unknown cell cluster and the ionocytes in an additional lineage (Fig. 3). While further experimental evidence is 
needed to fully discern the differentiation pathways for these cells, the pseudotime analysis confirms the primary 
differentiation pathway to the ciliated cells and suggests a more complicated pathway for differentiation of rare 
epithelial cell types.

Deuterosomal cells appear in two distinct clusters
Pseudotime analysis suggests that the two deuterosomal cell clusters exist as early and late deuterosomal cells 
along the primary differentiation pathway to ciliated cells (Fig. 3). To further discern the relationship between 

Fig. 3. Pseudotime analysis of cell types in PCD mouse tracheae. UMAP plots generated through Monocle (A) 
and Slingshot (B, C) software showing that cells likely follow a differentiation path from basal to suprabasal, 
secretory, early deuterosomal, late deuterosomal, and finally ciliated cells as a terminally differentiated cell type. 
The plots show trajectories (A, B) and lineages (C). The plots also raise the possibility that neuroendocrine and 
tuft cells may differentiate from deuterosomal cells in a distinct lineage and that the unknown cell cluster and 
ionocytes may differentiate directly from secretory cells in a separate lineage.
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these two deuterosomal cell clusters, we used GO enrichment analysis to compare the gene expression profiles 
between the two clusters from WT tracheae (Fig. 4A, Table S2). The top functional categories fell into three 
main areas: microtubule cytoskeleton (microtubule-based process, microtubule-based movement, cytoskeleton, 
microtubule cytoskeleton), cell projection (plasma membrane bounded cell projection assembly, cell projection 
assembly), and ciliogenesis (cilium assembly, cilium organization, motile cilium). Since cilia are microtubule-
based organelles that extend from the cell surface, these top functional categories all point to differences related 
to differentiation into the ciliated cell type. Pathway analysis identified several relevant pathways that were 
altered in the late deuterosomal cells relative to the early deuterosomal cells. Notably, a large number of genes 
in the cilium assembly pathway are up-regulated in late deuterosomal cells (Fig. 4B). In addition, there is down-
regulation of key components of the gap junction signaling pathway along with up-regulation of components 
of tight junction signaling and epithelial adherens junction signaling that are predicted to lead to enhanced 
cytoskeletal rearrangement and cell differentiation (Fig. 4C-E). Interestingly, there is also an up-regulation of 
genes involved in the Wnt signaling pathway (Fig.  4F), which has been shown to play an important role in 
driving motile ciliogenesis27,28. We therefore conclude that the identified clusters of early deuterosomal cells 

Fig. 4. Early and late deuterosomal cells are at distinct differentiation stages toward the ciliated cell type. (A) 
Bubble plot showing the top functional categories for genes differentially expressed between the WT early 
deuterosomal and late deuterosomal cell clusters indicate. The top functional categories pertain to microtubule 
processes, plasma membrane projection, and ciliogenesis. Functional categories were determined by GO 
analysis. (B-F) Altered molecular pathways in the late deuterosomal cells relative to the early deuterosomal 
cells showing differences in the motile cilia assembly (B), gap junction signaling (C), tight junction signaling 
(D), epithelial adherins junction signaling (E), and Wnt signaling (F) pathways. Pathways were generated using 
the Qiagen Ingenuity Pathway Analysis software.
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and late deuterosomal cells exist at different but distinct stages of differentiation toward the ciliated cell type, 
with distinct changes in ciliogenesis, cell surface components, and cell-cell contact that may be driven by Wnt 
signaling.

Airway epithelial cell types show different expression profiles in mice with ciliary CPA defects
Differential gene expression (DEG) analysis was used to identify cellular responses to defects in ciliary motility 
and mucociliary clearance in the ciliary microenvironment. Genotyping and next-generation sequencing 
confirmed the presence of the underlying mutations in nm1054, bgh, and Cfap54gt/gt mice20–22, and UMAP plots 
show the cluster-specific similarity between cells from WT, nm1054, bgh, and Cfap54gt/gt mice (Fig. 5). While 
there are basal, suprabasal, secretory, and early deuterosomal cells with distinct gene expression profiles for each 
genotype, separation of genotypes based on gene expression becomes highly apparent for late deuterosomal and 
ciliated cells. The clear differences in gene expression profiles for late deuterosomal and ciliated cells from each 
genotype suggest that cellular responses to ciliary dysfunction may become more pronounced further into the 
differentiation pathway. These results also indicate that causative mutations in individual genes encoding CPA 
components can have profoundly differential effects on gene expression and cellular responses.

Since none of the primary clusters show completely overlapping gene expression profiles for the four 
genotypes, we further investigated the DEGs for each cell type. We examined differences in gene expression 
profile, functional categories represented by the DEGs, and the most significantly up-regulated and down-
regulated genes for basal cells (Fig. S5, Table S3), suprabasal cells (Fig. S6, Table S4), secretory cells (Fig. S7, Table 
S5), early deuterosomal cells (Fig. S8, Table S6), late deuterosomal cells (Fig. S9, Table S7), and ciliated cells (Fig. 
S10, Table S8). Heat maps demonstrate substantial differences in the gene expression profiles for each cell type in 
the WT, nm1054, bgh, and Cfap54gt/gt tracheae. The number of DEGs for each cell type, as well as the number of 
overlapping genes that are differentially expressed in all three of the mutant tracheae, are shown in Table 1. There 
are a number of overlapping DEGs for each cell type, indicating that there are some cellular responses common 
to airway epithelial cells regardless of ciliary defect. At the same time, however, there is also a substantial number 
of unique DEGs, suggesting that the specific ciliary defect may determine some of the cellular responses, even 
when each mutation is in a CPA gene. GO enrichment analysis identified the top functional categories of DEGs 

Fig. 5. Differences in gene expression profiles in PCD cell types. Cell cluster-specific UMAP plots separated 
by genotype for the primary epithelial cell types (basal, suprabasal, secretory, early deuterosomal, late 
deuterosomal, and ciliated). Each dot represents an individual cell plotted by gene expression profile.
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for each epithelial cell type. While some functional categories were common across epithelial cell types, some 
functions particularly relevant to a given cell type emerged as responses to ciliary dysfunction. Finally, volcano 
plots indicate the most significantly up-regulated and down-regulated genes in each nm1054, bgh, and Cfap54gt/gt 
epithelial cell type. Because ribosomal genes were among the most significant DEGs in every cell type and for 
every genotype, we concluded that these genes are not directly relevant to the biological phenotype, and they 
were removed from all volcano plots in this study. Importantly, because the markers for club cells and goblet cells 
are expressed in an overlapping cluster (Fig. 2), DEGs were analyzed for the single secretory cell cluster without 
distinguishing between the two secretory cell types (Fig. S7). These results further underscore the differential 
impact of distinct PCD genotypes on gene expression and cellular function.

Key cellular functions and pathways are altered in mutant airway epithelial cells
Upon identification of top DEG functional categories for each epithelial cell type in our PCD mutant tracheae, 
we performed pathway analysis on a subset of high-interest functional categories that were prioritized based 
on their relevance to the airway phenotype. Notably, network diagrams show the relationship between DEGs 
involved in epithelial cell differentiation, an important altered pathway in basal cells from the PCD tracheae, 
suggesting that defects in mucociliary clearance may impact subsequent differentiation of epithelial cell types in 
the airway (Fig. 6A). Also highly relevant to cell differentiation in the airway, DEGs involved in the functional 
category of ciliogenesis and cilia function emerged in the late deuterosomal cells from nm1054 and Cfap54gt/gt 
mice (Fig. 6B). Interestingly, an important functional category of DEGs identified for ciliated cells was immune 
response, particularly proteins with anti-bacterial function (Fig.  6C). With defects in ciliary function as the 
first means of host defense, it seems reasonable that ciliated cells would respond by activating mechanisms 
underlying an immune response as the next means of defense. Consistent with this finding, an infiltration of 
neutrophils was observed in the sinus cavity of bgh mice, as well as bgh double mutants with either the nm1054 
or the Cfap54gt/gt mutation21,29.

In addition to functional categories for DEGs, we investigated impacts on individual molecular pathways 
relevant to the high-interest cellular functions. Interestingly, we observed down-regulation of several genes 
in the cilium assembly pathway in the late deuterosomal cells from all three PCD mutants (Fig. 7). Although 
we initially hypothesized that ciliary dysfunction might result in increased differentiation of ciliated cells to 
compensate for the defect, it appears as though the late deuterosomal cells may actually respond by reducing 
the number of new, defective ciliated cells. Given that inhibition of Notch signaling is a key driver of ciliated 
cell differentiation, we wondered whether Notch signaling would be affected in the PCD mutant cells. We 
observed changes in Notch signaling components only in the ciliated cells of the Cfap54gt/gt mutant, but there 
was an increase in the ubiquitinated form of the Notch signals and down-regulation of downstream components 
(Fig. S11), suggesting that there is further inactivation of Notch signaling. This indicates that the inhibition of 
ciliogenesis may be independent of Notch inactivation in the Cfap54gt/gt mutant. Finally, we observed increased 
expression in several major components of tight junction signaling in the secretory cells and early deuterosomal 
cells of bgh and Cfap54gt/gt mutant mice (Fig. S12), suggesting that mucociliary clearance defects may prompt cell 
surface and cell-cell contact changes at these key stages of epithelial differentiation, particularly in the absence of 
Spef2 or Cfap54. Taken together, these data demonstrate that epithelial cell types in the airway exhibit a variety 
of important responses to defects in ciliary motility during disease pathogenesis.

Discussion
In this study, we have performed the first in vivo scRNAseq analysis of epithelial cell types in the airway ciliary 
microenvironment from mice with primary defects in motile cilia function. Use of three mouse models with 
CPA defects lends strength to analysis of cellular responses to ciliary dysfunction and impaired mucociliary 
clearance while also highlighting differences in response based on the underlying PCD-causing mutation. 
Each of the expected epithelial cell types was identified in our samples, along with an Unknown cell cluster. 
Pseudotime analysis confirms the primary differentiation pathway toward the ciliated cell type and suggests a 
more complicated pathway for differentiation of rare epithelial cell types. The deuterosomal cells were found 
to exist in two distinct clusters that differ in their state of differentiation toward ciliated cells. Gene expression 
profile differences for each cell type uncovered distinct differences in cellular responses for each PCD model, 
indicating that the individual mutated CPA gene has a profound impact on cellular responses in the airway 
during disease pathogenesis. Functional enrichment analysis of the differentially expressed genes uncovered a 
variety of cellular functions altered in mutant cells, including those required for differentiation, ciliogenesis, and 
immune response.

Cell Type DEGs in nm1054 DEGs in bgh DEGs in Cfap54gt/gt Overlapping DEGs in all three mutants

Basal 220 312 361 69

Suprabasal 326 254 403 99

Secretory 204 244 324 78

Early Deuterosomal 306 454 653 102

Late Deuterosomal 503 527 649 79

Ciliated 144 144 140 24

Table 1. Numbers of differentially expressed genes (DEGs) in PCD epithelial cells.
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The presence of an Unknown and unidentified cell cluster was both fascinating and unexpected. Analysis of 
marker genes confirmed that it is not one of the expected airway epithelial cell types or a common contaminant 
cell type such as fibroblasts, blood cells, macrophages, or lymphocytes (Fig. 2 and S2). We also confirmed that 
it does not express markers of intestinal epithelial cell types that might share a common origin or function with 
this cluster, much as the tuft cells or ionocytes do in both systems (Fig. S3). GO enrichment analysis identified 
the neuron-specific function of myelin sheath as a top function category for genes differentially expressed in this 
cluster relative to all other clusters in the sample (Fig. S4). It is possible that the Unknown cell type could have 
a nervous system origin, but further lineage studies are needed to definitively determine the identity of this cell 
cluster.

The presence of two distinct deuterosomal cell clusters in our analyses was also an unexpected finding. 
While both clusters express deuterosomal cell markers, they separate into individual clusters on the UMAP 
plot based on their gene expression profile (Fig. 2). GO enrichment analysis revealed that these clusters differ 
primarily in areas of microtubule cytoskeleton, cell projection, and ciliogenesis, suggesting that the early and 
late deuterosomal cells are at distinct stages in the differentiation path toward the ciliated cell type and represent 
distinct intermediate cell types. Affected pathways involved in cilium assembly, cell-cell contact, and Wnt 

Fig. 6. Functional network diagrams for differentially expressed genes in nm1054, bgh, and Cfap54gt/gt cells. 
Networks are shown for biologically relevant functional categories of epithelial cell differentiation in basal cells 
(A), cilia in late deuterosomal cells (B), and immune response in ciliated cells (C). Networks were generated 
using the Ingenuity Pathway Analysis software based on GO functional categories. Cilia-related functional 
categories were not identified for bgh late deuterosomal cells through GO analysis.
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signaling indicate that the late deuterosomal cells are undergoing important structural changes that may be 
driven by Wnt signaling. While additional lineage studies are required to more fully understand the nature 
and function of early and late deuterosomal cells, identification of these cells is an important and novel finding 
regarding the differentiation of epithelial cells in the airway.

Fig. 7. Altered motile cilium assembly pathway in mutant deuterosomal cells. Pathway analysis shows 
differentially expressed genes involved in the cilium assembly pathway in nm1054 (A), bgh (B), and Cfap54gt/gt 
(C) late deuterosomal cells. Pathway diagrams were generated using the Qiagen Ingenuity Pathway Analysis 
software.
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The nm1054, bgh, and Cfap54gt/gt mice each have mutations in genes that encode components of the ciliary 
CPA (Cfap221, Spef2, and Cfap54, respectively), suggesting that they all contribute to the role of the CPA in 
regulating dynein motor force and ciliary beating2. Cfap221 and Cfap54 are also members of the same protein 
complex in Chlamydomonas reinhardtii flagella30–32. However, the DEGs and corresponding cellular functions 
affected in the early deuterosomal, late deuterosomal, and ciliated cells where the Cfap221, Spef2, and Cfap54 
genes are expressed are not identical across the three mutant mice. This is evident from distinct separation of 
the cell clusters by genotype on UMAP plots (Fig. 5) and differences in DEGs identified (Figs S8, S9, and S10; 
Table  1 and Tables S3-S8). Differences in DEGs also manifest in variations between mutants for functional 
gene networks and pathways (Figs. 6 and 7, S11, S12). This finding underscores the complexity of the CPA and 
demonstrates that mutations in specific genes may produce distinct phenotypes and cellular responses, even if 
their gene products are in the same protein complex.

DEG and functional enrichment analysis identified cellular functions of particular interest for differentiating 
ciliated cells in the PCD airway. Identification of cilia as a high priority functional category for late deuterosomal 
cells, which directly give rise to the ciliated cell type, suggests an alteration in epithelial cell differentiation 
(Fig. 6). Interestingly, cilia only emerged as a top functional category in GO enrichment analysis for the nm1054 
and Cfap54gt/gt late deuterosomal cells, suggesting that defects resulting from loss of Spef2 in the bgh mutant 
may not have the same impact on differentiation into the ciliated cell type as loss of Cfap221 or Cfap54. All 
three mutants, however, showed decreased expression of components of the cilium assembly pathway and 
a general down-regulation of that pathway (Fig.  7), indicating that differentiation of the ciliated cell type is 
inhibited in the mutant late deuterosomal cells. Several critical genes involved in intraflagellar transport (IFT), 
the cellular process underlying assembly of the cilium, are down-regulated in the nm1054 and Cfap54gt/gt late 
deuterosomal cells, including IFT27, IFT43, IFT74, and IFT172. IFT27 is a critical component of the IFT 
machinery involved in both anterograde and retrograde transport during ciliogenesis33. Mutations in IFT43 
impair retrograde IFT transport in primary cilia and result in the human primary ciliopathy Sensenbrenner 
syndrome34. Mutations in IFT74 result in human ciliopathies with defects in both primary and motile cilia, 
including the airway epithelial cilia35,36. IFT172 mutations also affect formation of primary cilia and result in 
human ciliopathies Jeune syndrome and Mainzer-Saldino syndrome37. Similarly down-regulated in nm1054 
and Cfap54gt/gt late deuterosomal cells is Dync2li1, which encodes a light intermediate chain of the dynein 2 
motor protein involved in transport of IFT particles during primary ciliogenesis and has been implicated in the 
human ciliopathy short rib polydactyly syndrome38. Foxj1, which is a critical transcription factor and regulator 
of the ciliary transcriptome and ciliated cell differentiation39,40, is down-regulated in the nm1054 and bgh late 
deuterosomal cells. Mutations in FOXJ1 perturb ciliogenesis and result in a PCD phenotype in both humans 
and mice41–43. In addition, the gene encoding Cimap3, also known as pitchfork (Pifo), was down-regulated in 
all three mutant late deuterosomal cells. Cimap3 plays a role in sonic hedgehog (Shh) signaling and associates 
with assembling and disassembling primary cilia, with mutations resulting in human ciliopathies characterized 
by defects in ciliary dynamics44,45. Decreased expression of these genes further indicates that late deuterosomal 
cells exhibit a decrease in differentiation into ciliated cells.

Four additional PCD genes are down-regulated in the nm1054 and Cfap54gt/gt late deuterosomal cells: Ak7, 
Gas8, Rsph1, and Nme5. Ak7 has been implicated in both human PCD and a comparable mouse phenotype 
that includes mucus accumulation in the sinus cavity due to ciliary structural and motility defects46,47. Nme5 
mutations result in human PCD with associated respiratory infections, bronchiectasis, and ciliary structural 
defects48, as well as a PCD phenotype with respiratory infections in Alaskan Malamute dogs49. Mutations 
in Gas8, which is down-regulated only in the nm1054 late deuterosomal cells, result in human PCD with 
chronic respiratory infection and bronchiectasis due to ciliary structural defects50, and mice lacking Gas8 have 
tracheal ciliary motility defects51. Human mutations in RSPH1, which is down-regulated only in Cfap54gt/gt 
late deuterosomal cells, result in PCD with associated chronic respiratory infections due to structural ciliary 
defects52–54.

We identified immune response as a high-priority functional category for DEGs in ciliated cells (Fig. 6). 
Mucus clearance through ciliary beating is the primary function of ciliated cells in the airway. Analysis of 
DEGs in the ciliated cells would indicate how these cells are responding to a perturbation of their primary 
function. It stands to reason that the cells would respond by modifying immune function, which serves as the 
secondary means of defense after mucociliary clearance. Several genes of interest were found to be differentially 
regulated in the mutant ciliated cells. The gene encoding galectin-3 (Lgals3), which has been shown to promote 
neutrophil invasion via its own up-regulation during streptococcal pneumonia in mouse lungs55,56, is also 
up-regulated in the bgh and Cfap54gt/gt ciliated cells. Similarly, up-regulated in the same mutants is the gene 
encoding the lipopolysaccharide (LPS)-binding protein (LBP), which has an inhibitory role in LPS-induced lung 
inflammation in mice57. Bpifa1, also known as Splunc1, is down-regulated in bgh and Cfap54gt/gt ciliated cells. 
Mouse studies have shown that Bpifa1 promotes the lung innate immune response upon bacterial infection58–60. 
The gene encoding TNF-α-induced protein 8 (Tnfaip8) is down-regulated in nm1054 and Cfap54gt/gt ciliated 
cells and has been shown to regulate bacterial invasion in the liver, spleen, and intestine61,62, although its role 
in airway immune response is unknown. Inhibition or loss of Pglyrp1 in mice results in increased susceptibility 
to infection and impaired inflammatory response in the airway63,64. The Pglyrp1 gene is differentially expressed 
in ciliated cells from all three mutants, but it is up-regulated in the bgh mutant and down-regulated in nm1054 
and Cfap54gt/gt ciliated cells. While the mechanisms of altered immune response in mutant ciliated cells remains 
to be determined, it is clear that expression of related genes is affected, and the response may vary depending 
on the specific mutation and ciliary defect. Taken together, the DEG analyses in this study shed light on 
cellular responses to ciliary dysfunction in the airway and enhance the current understanding of the ciliary 
microenvironment.
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Materials and methods
Mice The Mus musculus nm1054 line lacking Cfap221, the bgh line with a mutation in Spef2, and the Cfap54gt/gt 
line with a gene-trapped allele of Cfap54 were obtained as previously described20–22, and each line was main-
tained on the 129S6/SvEvTac (129) background. Mice heterozygous for these lines and wild type controls were 
bred to B6;C3-Tg(FOXJ1-EGFP)85Leo/J mice (Jackson Laboratory, strain 010827) expressing EGFP under the 
Foxj1 promoter65, providing EGFP as a positive control marker for ciliated and deuterosomal cells. Mice that 
were homozygous for the Cfap221, Cfap54, and Spef2 mutations and expressed EGFP under the Foxj1 promoter 
were used for single-cell RNA sequencing experiments. Other than male infertility, no sex-specific differences 
have been observed for the PCD phenotypes associated with the nm1054, bgh, or Cfap54gt/gt lines20–22. There-
fore, male and female mice were used for pooled samples in this study. All experiments involving mice were 
performed in accordance with the Animal Welfare Act and National Institutes of Health (NIH) policies and 
were approved by the Sanford Research Institutional Animal Care and Use Committee under protocol 2023-
0087. Per AVMA guidelines, mice were euthanized by inhalation of carbon dioxide without anesthesia followed 
by cervical dislocation. The carbon dioxide is delivered from a compressed tank to the cage at a flow rate of 30% 
cage volume displacement. This is monitored and verified by our attending veterinarian, and it complies with 
the ARRIVE guidelines.

Tracheal epithelial cell preparation Five to six mice were pooled from each genotype for scRNAseq sample prepa-
ration (6 WT, 6 nm1054, 5 bgh, 6 Cfap54gt/gt). Each mouse was between five and eight months of age at the time of 
sample collection. Because no age-specific differences have been observed in the airway pathology of any of these 
lines, and tissue damage has not been observed as a result of mucus accumulation, there were no concerns about 
precise age matching20–23,29. Tracheae were removed from the mice, and the cells were isolated as described by 
You and Brody, 2013 66. In brief, cells were dissociated in Pronase solution (1.5 mg/ml, Roche, #11-459-643-001) 
and plated on Primaria cell culture dishes for three to four hours to separate the epithelial cells from the fibro-
blasts. Dead cells were removed from the epithelial suspension using the Miltenyi Biotec Dead Cell Cleanup Kit 
(#130-090-101), and the cells were passed through a 40-micron Flowmi Cell Strainer (SP Bel-Art Scienceware) 
before collecting the live cells using a MiniMACS Separator column (Miltenyi Biotec). For each genotype, cells 
were resuspended in Hams F-12 media with 10% fetal bovine serum to a final count of 1 × 106 cells/ml.

Single cell RNA sequencing For each genotype, 8500 cells were loaded into Chromium Next GEM Chip G (10X 
Genomics, #1000120) in the reverse transcription reaction according to the manufacturer’s instructions to cap-
ture at least 5000 cells. Reverse transcription, gel beads-in-emulsion (GEM) generation, and library prepara-
tion were performed using the Chromium Next GEM Single Cell 3’ Kit v3.1 (10X Genomics, #1000268). Gel 
beads were loaded into the designated wells of the same Chip G, which was then inserted into the Chromium 
Controller for GEM generation. Following GEM generation, full-length barcoded cDNAs were produced from 
poly-adenylated mRNA by reverse transcription, and the cDNA was amplified using twelve amplification cycles 
per manufacturer recommendation. The amplified cDNA was cleaned up using SPRIselect (Beckman Coulter), 
and the cDNA (1 µl) was run on a bioanalyzer using the High Sensitivity DNA kit (Agilent, #5067 − 4627) to 
assess the quality and determine concentration. To prepare Illumina sequencing-compatible cDNA libraries, 
the cDNA was subjected to fragmentation, followed by end repair, A-tailing, and adapter ligation. After each of 
these steps, the reaction product was cleaned up using SPRIselect. The samples were then amplified with dual 
sample indexes to enable multiplexing during sequencing, cleaned up, and quantified. The cDNA (0.5 ng/ml) 
was sequenced by Novogene.

Bioinformatics scRNA-seq reads were aligned using CellRanger (10X Genomics, version 6.0.1) with default pa-
rameters67. Initially, a CellRanger count was performed on each sample, followed by CellRanger aggregation to 
generate a consolidated expression matrix, a vector of genes, and a vector of barcodes. The resulting expression 
matrix, along with the gene and barcode vectors, was imported into R Studio (version 4.3.1) for further analysis 
using the Seurat package (version 4.0.4)68,69. Seurat was employed for the single cell analysis, including differ-
ential expression analysis. Default settings to produce DEG lists based on the non-parametric Wilcoxon rank 
sum test included a Log(fold change) threshold of 0.1 and a min.pct fraction of 0.01. Prior to clustering, cells 
underwent filtering based on the percentage of mitochondrial RNA (< 10%) and the number of genes expressed, 
with cell cycle correction applied. Cluster identification and pseudotime trajectory analysis were facilitated by 
Monocle3 (version 1.2.9)69–72 and Slingshot (version 2.12.0)73. Garnett (version 0.2.8) and its mmLung pre-
trained classifier were utilized for cell type classification in the single-cell expression data74. Cluster boundaries 
were defined using Loupe Browser (10X Genomics) to identify regions of cell-specific marker expression. Gene 
ontology classification of differentially expressed genes was performed using DAVID75,76, and network and path-
way analyses were performed using the Ingenuity Pathway Analysis software (Qiagen)77.

Data availability
The single cell RNAseq datasets generated and analyzed in this study are available in the NCBI Gene Expression 
Omnibus (GEO) database under accession number GSE254100. Prior to release, they are available to reviewers 
at the following link by entering the token “ongvmmagtxcrnox”:  h t t p s : / / w w w . n c b i . n l m . n i h . g o v / g e o / q u e r y / a c c . 
c g i ? acc=GSE254100.
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