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Abstract

The human airway epithelium is essential in homeostasis, and epithelial dysfunction contributes
to chronic airway disease. Development of flow cytometric methods to characterize subsets of
airway epithelial cells will enable further dissection of airway epithelial biology. Leveraging
single cell RNA-sequencing (scRNA-seq) data in combination with known cell type-specific
markers, we developed panels of antibodies to characterize and isolate the major airway
epithelial subsets (basal, ciliated, and secretory cells) from human bronchial epithelial cell
cultures. We also identified molecularly distinct subpopulations of secretory cells and
demonstrated cell subset-specific expression of low abundance transcripts and micro-RNAs that
are challenging to analyze with current sScRNA-seq methods. These new tools will be valuable
for analyzing and separating airway epithelial subsets and interrogating airway epithelial

biology.
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Introduction

Flow cytometry is a commonly used research and diagnostic tool that uses fluorophore-
conjugated antibodies as probes to identify, characterize, and/or isolate cell populations (1). The
immunology community has developed panels of antibodies useful for detailed
immunophenotyping of immune cells derived from many organs including the lung. A recent
American Thoracic Society working group report (2) heralded the importance of flow cytometry
in pulmonary research, but noted that “the development of appropriate markers for
nonimmunologic cells is less mature than other pulmonary cell types,” including epithelial cells.
The airway epithelium defends against inhaled environmental challenges including
pollutants, pathogens, and allergens (3), and epithelial dysfunction is central to the
pathogenesis of major lung diseases including asthma, cystic fibrosis, chronic obstructive
pulmonary disease, and primary ciliary dyskinesia (4). Proximal airway epithelial subsets
including basal cells, ciliated cells, secretory cells including club and goblet cells, intermediate
cells, brush cells, and pulmonary neuroendocrine cells have been defined morphologically and
by their anatomical location within the tissue by histology and electron microscopy (5, 6). Single
cell RNA-sequencing (scRNA-seq) is further advancing our understanding of airway epithelial
heterogeneity. Recent studies of human and murine airways have confirmed the presence of
previously defined major airway epithelial subsets, identified molecularly distinct subpopulations
of these cells, and uncovered previously unrecognized cell types including ionocytes (7—11).
Pan-epithelial antibodies (EpCAM/pan-cytokeratin (12)) and limited sets of cell type-
specific antibodies (e.g., acetylated alpha-tubulin (TUBA) for ciliated cells (13), nerve growth
factor receptor (NGFR) and integrin subunit alpha 6 (ITGA6) (14) for basal cells, and mucin-5AC
(MUCS5AC) for goblet cells (15)) have been used individually for flow cytometry. We sought to
develop a larger panel of antibodies for simultaneous analysis of the major subsets of airway

epithelial cells and provide a new tool for further understanding airway epithelial physiology and
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pathology. To this end, we used known markers described elsewhere in the literature,
augmented these by leveraging information from scRNA-seq datasets, and developed panels of
antibodies for flow cytometry to identify, characterize, and isolate the major human airway

epithelial subsets.

Methods

Additional details are provided in the online data supplement. A detailed protocol is provided in

the online supplementary document.

Primary human bronchial epithelial cell (HBEC) culture

HBEC:Ss isolated from lungs not used for transplantation were cultured at air-liquid interface (ALI)
as previously described (16, 17). We harvested cells 23 days after establishment of ALI. Some
cultures were stimulated with IL-13 10 ng/ml for the final seven days of culture to induce goblet
cell production as indicated (18). The UCSF Committee on Human Research approved the use

of HBECs for these studies.

Flow cytometry analysis
We trypsinized HBECs to generate single cell suspensions and fixed cells in 0.5% (v/v)
paraformaldehyde; if not stained immediately, cells were frozen at -80 °C. Cells were blocked,

stained with the analytical panel (Table E1), and analyzed by flow cytometry.

Flow cytometry cell sorting
Prior to trypsinization, cells were incubated in culture media containing SiR-Tubulin
(Spirochrome/Cytoskeleton Inc., Denver, CO). Single cell suspensions were generated as

above, and singlets stained with fixable viability dye eFluor450 (ThermoFisher Scientific,
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97 Fremont, CA, USA) to discriminate live cells. Cells were subsequently stained with a sorting
98 panel comprising cell surface markers only (Table E1) and sorted by flow cytometry.
99
100 Gene expression analysis
101  We isolated total RNA from sorted cells, performed reverse transcription, and analyzed the
102  cDNA by quantitative real-time PCR (QRT-PCR) to quantify specific mMRNAs and microRNAs
103 (miRNAs). Table E2 lists qRT-PCR primer sequences.
104

105 Results

106 Identification of airway epithelial subset markers

107 To identify a panel of candidate cell-subset specific markers, we combined markers previously
108 used for flow cytometry (TUBA, ITGA6, NGFR, and ITGAG) with transcripts identified in several
109 recent human scRNA-seq datasets (cadherin-related family member 3 (CDHR3) and CEA cell
110 adhesion molecule (CEACAM) 5) (7, 9-11). We also analyzed HBECs differentiated at air-liquid
111  interface (16, 17) using the Drop-seq scRNA-seq platform (19); IL-13-stimulated cultures were
112  included as IL-13 induces goblet cell production (18) (Figure E1B). We examined our dataset for
113  cell-type—specific transcripts (Figure E1B), defined as genes more highly expressed in one cell
114  type than the others (FDR < 0.05) and identified two additional markers (CEACAM®6 and

115 tetraspanin-8 (TSPANS)). We combined all markers into a prospective flow panel (Table 1).

116 To test whether these putative cell subset markers were suitable for flow cytometry, we
117  stained unstimulated and IL-13-stimulated HBECs from 5 donors with antibodies against these
118 markers individually and performed flow cytometry. Each antibody stained a subset of HBECs
119 from both unstimulated and IL-13—stimulated cell cultures, except for the goblet cell markers
120 TSPANS8 and MUC5AC, which stained a subset of cells from IL-13—stimulated cultures, but few

121  if any cells from unstimulated cultures (Figure 1A). We observed significant increases in cells
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staining for TSPANS8 (P = 0.022), and MUC5AC (P = 0.0016) following IL-13-stimulation;
however, we did not observe statistically significant effects of IL-13-stimulation on the proportion

of cells stained for the other markers (Figure 1B).

Characterization of airway epithelial cells subsets using an analytical antibody panel

To define the relationships between cell subsets defined by these eight individual
markers, we performed multicolor flow cytometry with an analytical panel comprising all eight
antibodies (Table E1) on unstimulated and IL-13—stimulated HBECs from three donors. This
produced a 10-dimensional dataset (one fluorescence intensity for each of the eight antibodies,
forward scatter (FSC), and side scatter (SSC)). We analyzed this dataset with t-Distributed
Stochastic Neighbor Embedding (tSNE; Figure 2A-J). The distribution of marker staining
indicated that cell type heterogeneity was the major driver of staining patterns in this data set,
although effects of IL-13-stimulation (Figure 2K) and inter-donor variation (Figure 2L) also
contributed to the staining patterns. We next examined each staining parameter in relation to
the tSNE plot. TUBA staining (Figure 2A) was confined to a distinct cluster of cells that were
predominantly CDHR3" (Figure 2B); cells bearing these two ciliated cell markers had little if any
basal or secretory cell marker staining. Another cluster comprised cells stained for the basal cell
markers NGFR (Figure 2C) and ITGA6 (Figure 2D), but with little if any secretory or ciliated cell
marker staining, except for a small subset that stained for CDHR3. Cells that stained for neither
ciliated nor basal cell markers generally stained with antibodies against one or both of the
secretory cell markers CEACAMS5 (Figure 2E) and CEACAMG (Figure 2F). CEACAMS staining
was more pronounced in IL-13—stimulated cells. TSPAN8 and MUC5AC were detected only
after IL-13 stimulation. TSPANS staining was limited to a subset of CEACAMS5" cells (Figure
2G); MUCBAC staining was confined to a subset of the TSPANS™ population (Figure 2H).

Ciliated cells (TUBA™ and CDHR3") and some secretory cells tended to have higher forward
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scatter (Figure 21), an indicator of cell size, and basal cells (ITGA6" and frequently NGFR")
tended to have lower side scatter (Figure 2J).

To explore cellular heterogeneity, we examined the combination of the eight analytical
panel markers on individual cells. Figure 2M-Q and Figure E2 illustrate the use of a sequential
gating strategy to identify subpopulations of cells. Cells expressing the ciliated cell marker
TUBA were clearly distinct from those expressing the basal cell marker NGFR, and cells lacking
both TUBA and NGFR included subsets of cells expressing various combinations of the
secretory cell markers CEACAMG6, TSPANS8, and MUC5AC that were markedly altered by IL-13
stimulation.

We considered all 2° (256) possible combinations of staining that could be seen using
the panel of 8 markers and focused our attention on all subsets containing at least 1% of total
cells (Figure 2R and Table E3). In unstimulated HBECs, 12 such subsets were observed. After
IL-13 stimulation, we identified 17 subsets, 11 of which were present in unstimulated culture
conditions. Subsets expressing basal cell markers (NGFR*ITGA6°, CDHR3"NGFR'ITGA6", and
ITGAG" only) were identified in both culture conditions and their proportions were not
significantly changed by IL-13. TUBA'CDHR3" cells and TUBA" only cells were also present in
both unstimulated and IL-13-stimulated cultures, although the TUBA" only subset was
significantly reduced following IL-13-stimulation. Four TUBA*CDHR3" cell subsets that co-
stained with combinations of the secretory cell markers CEACAM6, CEACAMS5, and MUC5AC
were also observed; three of these subsets were significantly increased by IL-13. Cells
expressing both ciliated and secretory cell markers have been also identified in SCRNA-seq
experiments, with pseudotime analyses suggesting that these cells may represent a transition
from secretory to ciliated cells (11). Of cells bearing secretory cell markers,
CEACAM6'CEACAMS’ cells were present in similar proportions in unstimulated and IL-13-
stimulated conditions, as were CEACAM5" only cells. CEACAMG6™ only cells were unique to

unstimulated cultures. IL-13 stimulation led to the emergence of cells expressing both
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CEACAMS5 and TSPANS. These cells could be further subdivided into five subsets based on
expression of other markers. Three of the five CEACAM5 ' TSPANS" subsets also stained with
MUCS5AC, as would be expected for goblet cells. Whether the CEACAM5 ' TSPANS"MUC5AC™
populations represent goblet cell precursors, goblet cells that have secreted MUC5AC, or novel
IL-13—induced secretory cell subsets requires further investigation. Our findings are consistent
with bronchial tissue staining that demonstrated colocalization of CEACAMS5 and MUCS5AC in
never and current smokers (10). We also identified a subset that stained with none of the
markers (Null) and was present under both culture conditions. Collectively, these data suggest
IL-13 alters epithelial cell diversity, shifting populations towards cell subsets exhibiting secretory

and goblet cell markers.

A modified flow cytometry panel is suitable for live cell sorting

Flow cytometry is also useful for live cell sorting. Our analytical panel precludes this
since it requires fixation and permeabilization for staining with antibodies against the
intracellular antigens MUC5AC and TUBA. We therefore designed a sorting panel that omitted
the MUC5AC antibody and replaced the TUBA antibody with SiR-tubulin, a membrane-
permeable live cell dye that stains microtubules (20), which have a major structural role in cilia
(21). To ensure that we only sorted live cells, we also included a viability dye. The sorting panel
is detailed in Table E1.

To evaluate this panel, we performed flow cytometric cell sorting on unfixed HBECs from
3 donors (Figure 3A-E). After excluding dead cells that failed to exclude the viability dye, we
gated on SiR-tubulin and NGFR and identified the SiR-tubulin"NGFR™ singlets. Sorted SiR-
tubulin"fNGFR"™ cells were subsequently stained for TUBA and examined by microscopy; 58/60
cells examined possessed cilia and stained with TUBA, confirming that these were ciliated cells
(Figure 3F and G). We gated the remaining singlets on CEACAM6 and NGFR staining to

discriminate between secretory and basal cell subpopulations.
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We sorted these three cell subsets from HBECS, isolated total RNA, and performed
gRT-PCR for cell type-specific markers (Figure 3H). As expected, the ciliated cell transcripts
forkhead box J1 (FOXJ1), tubulin alpha 1A class 1 (TUBA1A), and CDHR3 were enriched in the
SiR-tubulin” ciliated cell subset. The basal cell transcripts cytokeratin 5 (KRT5) and NGFR were
enriched in the NGFR" basal cell subset; this subset also expressed ITGA6. The secretory cell
transcripts, secretoglobulin family 1A member 1 (SCGB1A, also known as club-cell specific
protein, CCSP) and mucin-5B (MUC5B), along with CEACAMG6, were enriched in the
CEACAMG" secretory cell subset, as expected. The goblet cell transcripts SAM pointed domain
containing ETS transcription factor (SPDEF), MUC5AC, and TSPANS8 were upregulated in
CEACAMG6'TSPANS" cells from IL-13- stimulated HBEC cultures. Collectively, this analysis
demonstrated that the combination of cell surface marker and SiR-tubulin staining was sufficient
for discriminating the major airway epithelial cell populations.

Analyzing sorted cells may improve the ability to detect low abundance transcripts that
are difficult to quantify using available scRNA-seq approaches. We identified several transcripts
detected in a bulk RNA-seq dataset (22) but absent from our scRNA-seq dataset, and
performed gRT-PCR to determine their cell-subset—specific expression. For example, the
transcription factor SPDEF is critical for IL-13—-induced goblet cell differentiation of HBECs (15)
but was not detected in our sScRNA-seq dataset. Using our sorting panel, we found that SPDEF
was selectively expressed in CEACAMG6" secretory cells, particularly CEACAMG6 TSPANS” cells
(Figure 3D). The alarmin thymic stromal lymphopoietin (TSLP) was almost exclusively
expressed in the NGFR" basal cell subset. The ciliated cell transcription factor MYB proto-
oncogene, transcription factor (MYB) (23) was expressed primarily in SiR-tubulin® ciliated cells
and was downregulated by IL-13. Expression of the secreted protein, proline-rich protein BstNI
subfamily 1 (PRB1), which we identified as an IL-13-induced gene by bulk RNA-seq but did not

detect using Drop-seq, was enriched in the CEACAM6 TSPANS" secretory cell subset.
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Analyzing sorted cells also allows for analysis of small RNAs, such as miRNAs, that are
not assessed using Drop-seq and related scRNA-seq approaches. miR-34/449 family miRNAs
are required for motile ciliogenesis (24). We quantified miR-34¢-5p and miR-449a and
confirmed enrichment in SiR-tubulin” ciliated cells. We found that miR-375, which is involved in
goblet cell differentiation in the colon (25), was IL-13—inducible, restricted to secretory cells, and
enriched in the TSPANS8" secretory cell subset. These data demonstrate that the sorting
strategy we developed is useful for isolating and characterizing subpopulations of epithelial cells

with distinct transcriptional and miRNA profiles.

Discussion

Our study outlines an analytical flow panel and gating strategy for the characterization and
enumeration of subsets of airway epithelial cells from HBECs. We also demonstrate a scheme
for isolating common airway epithelial subsets from HBECs using a sorting flow panel. Both
panels identified the major airway epithelial subsets — ciliated cells, basal cells, and secretory
cells — as well as molecularly distinct subsets of each.

We identified several molecularly distinct, IL-13—-regulated secretory cell subsets. IL-13-
driven changes included the disappearance of CEACAMG6" only cells, and the emergence of
TSPANS8" and MUC5AC" subsets, supporting evidence of IL-13—induced alterations in secretory
cell phenotype. We confirm that transcriptional heterogeneity in secretory cells is accompanied
by related changes at the protein level. Whether these subsets are functionally disparate or
represent novel subsets with overlapping function, and what epigenetic processes underlie the
shift in secretory cell heterogeneity require further investigation. Understanding secretory cell
diversity in the context of IL-13 stimulation will be crucial in understanding asthma pathology.

Our data underline the increasing recognition of epithelial cell heterogeneity, suggesting

that airway epithelial subsets may be more precisely described by sets of molecular markers
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rather than using traditional approaches for defining ciliated, basal and secretory cells based on
morphology and/or use of more limited sets of markers (26). Traditionally, nomenclature is
based principally on histologic criteria (5, 6) that fail to capture the heterogeneity evident from
scRNA-seq (7-11) or antibody panels. Our protocol provides a working method for classifying
airway epithelial subsets, and we expect that additional reagents can be added to this panel to
further subdivide major subsets and identify other smaller populations, such as ionocytes.
Furthermore, use of standard sets of molecular markers such as those developed here will
promote clearer communication and allow for more meaningful comparisons across studies.

We coupled flow cytometric cell sorting with gene expression analysis and identified
MRNA transcripts not detected in our scCRNA-seq experiment plus several miRNAs. Although
scRNA-seq is revealing airway epithelial cell transcriptomes in unprecedented resolution,
current technologies have limited sensitivity and do not reliably detect low-abundance
transcripts (e.g. transcription factors) that may have significant impact on cell specification and
in disease. Furthermore, available scRNA-seq techniques are generally not suited for analyzing
MRNA variants or small RNAs, such as miRNAs. Therefore, our sorting panel may contribute to
deeper cataloging of airway epithelial subset transcriptomes. Additionally, our panels could be
coupled with downstream epigenetic and proteomic analyses to further understand the
specification and/or function of airway epithelial subsets in human health and disease.

There is also potential to build on the protocols we have developed. For example,
although flow cytometric analysis of clinical samples was not performed, published scRNA-seq
datasets suggest that the panels we developed could be useful for analyzing disaggregated
cells from human airways (7, 9—11). Furthermore, although our study used a 10-parameter, 8-
fluorochrome approach, application of an increased panel is viable. Future refinement and the
addition of other markers for rarer epithelial subtypes (e.qg. cystic fibrosis transmembrane
conductance regulator (CFTR)-expressing ionocytes and doublecortin like kinase 1 (DCLK1)-

expressing tuft cells (7—10)) may permit characterization of the null or minor (<1%) populations
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275  reported here. Additionally, combining the epithelial panel with existing panels for immune cells
276  and other non-epithelial cells will permit a more comprehensive examination of lung

277  development, airway inflammatory and immune responses, and a variety of disease states.

278  Mass cytometry (27) or use of oligonucleotide-barcoded antibodies together with single cell

279  sequencing (28) also promise to allow for more extensive panels of markers that could further
280 expand our approach to increase our understanding of the function of specific subsets and their
281  heterogeneity.

282 In summary, we have leveraged scRNA-seq datasets to develop flow cytometry panels
283  for characterizing subpopulations of airway epithelial cells. These panels identified major airway
284  epithelial cell subsets, revealed molecular heterogeneity within these populations, and permitted
285 analysis of low abundance transcripts and miRNAs. We envisage that these panels and their
286 future refinements will be powerful tools for interrogating airway epithelial biology.

287
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409

410

Table 1. Panel of cell-subset—specific markers

Name Antigen Cell subset  Description References
Acetylated TUBA Ciliated Recognizes axonemal alpha-tubulin (7, 9, 10, 21, 29
alpha-tubulin acetylated on the epsilon-amino
group of lysine(s), a hallmark of
stable microtubules, which are
enriched in motile cilia
Cadherin- CDHR3 Ciliated Calcium-dependent cell adhesion (9, 10, 13, 30, 3
related family protein associated with ciliogenesis
member 3 and asthma; receptor for Rhinovirus
C
integrin subunit  CD49f/ Basal Integral membrane protein of the (10, 14)
alpha 6 integrin alpha chain family; function
ITGAG . . .
uncharacterized in the airway
Nerve growth CD271/ Basal Cell surface receptor localized to (7, 14)
factor receptor NGFR basal cells of unknown function in
the airway
CEA cell CD66¢c/ Secretory Cell surface glycoprotein upregulated (9, 10, 32, 33)
adhesion CEACAMS after smoking cessation and linked to
molecule 5 lung squamous cell carcinoma
CEA cell CD66e/ Secretory Cell surface glycoprotein associated (7, 9, 10, 32, 34
adhesion CEACAMG6 with severe asthma and upregulated
molecule 6 after smoking cessation
Tetraspanin 8 TSPANS8 Goblet Cell surface glycoprotein of unknown (9, 10)
function in the airway
Mucin 5AC MUCS5AC Goblet Secreted, gel-forming glycoprotein (4,9, 10)

associated with mucus dysfunction in
chronic lung disease
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Figure Legends

Figure 1: Identification of cell-specific markers for flow cytometry. (A) Human bronchial
epithelial cells (HBECs) grown in the absence (cyan histogram) or presence of interleukin-13
(IL-13; magenta histogram) were stained using antibodies against cell subset specific markers.
Positive staining was determined by comparing the same sample stained with an appropriate
isotype control (grey histogram). (B) Comparison of positive staining for cell-subset—specific
markers from unstimulated and IL-13—stimulated HBECs (n=5; each donor is represented by a
different color). Significance was evaluated using a t-test: ns, nonsignificant; *, P < 0.05; and **,

P <0.01.

Figure 2: Characterization of airway epithelial cells subsets and IL-13 stimulation using
an analytical flow cytometry panel. HBECs (n=3) were cultured with or without IL-13 and then
processed for multicolor flow cytometry. (A-L) Results from 3,000 cells from each donor were
combined and analyzed by t-Distributed Stochastic Neighbor Embedding (tSNE). tSNE plots are
colored to show cells that stained for the ciliated cell markers (red) TUBA (A) and CDHR3 (B),
the basal cell markers (blue) NGFR (C) and ITGAG6 (D), and the secretory cell markers (green)
CEACAMSG (E), CEACAMS (F), TSPANS (G), and MUC5AC (H). Forward scatter FSC (J) and
side scatter SSC (K) are represented as a continuum from low (blue) to high (red). Cells came
from unstimulated (-) or IL-13-stimulated cultures (K) from three donors (L). (M-Q) Gating
strategy to identify airway epithelial subsets from unstimulated (IL-13-) and IL-13—stimulated (IL-
13+) HBECs. Doublets (M) and debris (N) were removed, and resulting singlets were gated on
NGFR and TUBA (O). Subsequently, TUBA'NGFR™ singlets were gated on ITGA6 and
CEACAMG (P). ITGA6 CEACAMG6" cells were then gated on MUC5AC and TSPANS (Q). (R)
Comparison of cell subsets (>1%) from unstimulated (IL-13-; cyan) and IL-13—stimulated (IL-

13+; magenta) HBECs (n=3; each donor is represented by a different point). Ciliated cell
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436  markers are colored blue, basal cell markers red, and secretory cell markers green. “Null”

437  indicates cells that did not stain with any of the eight markers and “Other” indicates totals for all
438  subsets representing <1% of total cells. Significance was evaluated using Student’s t-test: ns,
439 not significant; *, P < 0.05; **, P < 0.01.

440

441  Figure 3: Flow cytometric sorting of HBEC subsets. Prior to processing for flow cytometry,
442  HBECs cultured in the absence or presence of IL-13 were stained with SiR-tubulin. SiR-tubulin—
443  stained cells were trypsinized, stained with a cell viability dye, and sorted by FACS. (A-E)

444  Gating strategy for flow cytometric cell sorting of unstimulated (IL-13-) and IL-13—stimulated (IL-
445  13+) HBECs. After selection of singlets (A) and live cells (B), cells were gated on SiR-tubulin
446  and NGFR staining (C). SiR-tubulin™ cells were gated on NGFR and CEACAMG6 (D). NGFR™
447 CEACAM®6" cells were gated on MUC5AC and TSPANS (E). (F, G) To validate SiR-tubulin

448  staining, SiR-tubulin® cells were fixed in paraformaldehyde, immobilized to slides by cytospin,
449  stained with TUBA (cyan), and counterstained with DAPI (blue). Images show cells from

450 unstimulated (IL-13-, F) and IL-13-stimulated (IL-13+, G) cultures with TUBA-stained cilia

451  (found in 58/60 cells examined). Scale bar = 10 uM. (H) Quantitative real-time PCR analysis of
452  sorted cell subpopulations. Mean expression values calculated from triplicate experiments with
453  different donors were normalized to the maximum expression of the gene in any cell type (0-1:

454  white-red).
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