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Summary eBioMedicine
Background The larynx consists of the supraglotiis, glottis, and subglottis and each differ in tissue composition, 292>14 105631
lymphatic drainage, ability to counter infections, and response to injuries. However, the cellular mechanisms driving
laryngeal homoeostasis remain largely unexplored. As a result, understanding disease pathogenesis within the larynx
including idiopathic subglottic stenosis (iSGS) and intubation-related traumatic stenosis has been challenging. Here,
we sought to characterise the cellular processes governing laryngeal health and disease.
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Methods As part of the prospective Canadian Airways Research (CARE) iSGS study, we characterised 122,004 high-
quality transcriptomes using single nucleus RNA-sequencing to profile 11 human epiglottis and 17 human subglottis
biopsies across three different conditions: control, iSGS, and intubation-related traumatic stenosis to define cell
populations and pathways associated with disease. We validated our results using cohort-level bulk transcriptomics
using 114 human epiglottis and 121 human subglottis.

Findings We defined the single-cell taxonomy of the human subglottis and epiglottis using single-nucleus sequencing
in both healthy and disease states. Mechanistically, we discovered the presence of unique epithelial and fibroblast
progenitor subsets within the control subglottis but not within the anatomically adjacent epiglottis. The
uncontrolled proliferation of these cellular subsets exhibited skewed sex hormone signalling and orchestrated a
fibro-inflammatory cascade. We leveraged cohort-level bulk transcriptomics to define hallmarks of iSGS associated
with disease covariates and introduced the first biomarker associated with recurrent relapse. Longitudinal
sampling demonstrated that the subglottic microenvironment in patients with iSGS is changing dynamically with
and without therapeutic intervention.

Interpretation Together, our data refines our understanding of laryngeal biology, nominates candidate compounds for
iSGS treatment, and serves as a transformative platform for future clinical investigations to further precision

laryngology.
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Research in context

Evidence before this study

The human laryngeal region is constantly exposed to a variety
of physical, chemical, and inflammatory insults. However, our
understanding of cellular processes that participate in the
homoeostatic responses following these insults remains
incomplete.

Added value of this study

Using large-scale single-nucleus RNA sequencing, we
characterised epiglottis and subglottis tissue from patients in
three different conditions-control, iSGS, and intubation-

Introduction

Healthy human airway barrier function is maintained by
carefully orchestrated and regulated injury responses
that employ specialised epithelial, mesenchymal, endo-
thelial, and immune cell subsets."” The human laryn-
geal region that lies at the intersection of upper and
lower respiratory tract is structurally complex, func-
tionally important, and constantly exposed to insults
while playing key roles in phonation, breathing, swal-
lowing, and protection from physical, chemical, and
infectious insults. Anatomically, the larynx is divided
into the supraglottis, glottis, and subglottis. Each have
complex tissue niches with important differences in
tissue composition, lymphatic drainage, and ability to
counter infections and respond to injuries.>° Neverthe-
less, despite the impressive knowledge base regarding
the tissue and functional complexity of the larynx, we
have limited understanding of the cellular homoeostasis
and disease pathophysiology within the region.
Furthermore, our understanding of processes governing
laryngeal airway dynamics and remodelling responses to
different nature of insults remains incomplete.

Past efforts to identify cellular subsets have been
hindered by several factors. These include the lack of
healthy subglottic tissue controls, limited cell sampling
within modest cohort sizes, coverage of only a single
anatomical region, and sampling bias from brushings
that capture only superficial tissue layers. Additionally,
the small sample sizes in previous studies restricted the
ability to identify features associated with clinical

related traumatic stenosis-to define cell populations
associated with disease pathogenesis and progression. Further
integrative analyses of cohort-level bulk transcriptomics data
identified tissue microenvironmental features associated with
disease recurrence.

Implications of all the available evidence

Our study charts the cellular processes that underly the
pathogenesis of subglottic stenoses and refine our
understanding of homoeostatic processes in the laryngeal
region in health and disease.

outcomes, especially in a disease often treated hetero-
geneously with no standardised care. We recently re-
ported a large-scale prospective cohort study of the
disease subglottic stenosis.” Subglottic stenosis (SGS)
encompasses a group of laryngeal conditions that may
arise from trauma, such as prolonged intubation (trau-
matic SGS), autoimmune disease like granulomatous
polyangiitis, or without any apparent cause
(idiopathic).*'> The distinct aetiologies of SGS presents
a valuable opportunity to shed light on tissue repair
within the larynx following different initiation events.
In this study, we utilised paired biopsies of subglottic
and supraglottic (epiglottic) regions of patients with
idiopathic subglottic stenosis (iSGS), intubation-related
traumatic SGS, and controls. These samples were pro-
spectively collected as part of the Canadian Airways
Research (CARE) group to investigate the cellular pro-
cesses underlying the pathogenesis of these conditions.
Using these data, we aimed to investigate the cellular
populations linked to iSGS disease pathogenesis and
their association with clinical outcomes. First, we con-
structed an integrated cellular atlas of the supraglottic
and subglottic regions in control and diseased tissues. A
large-scale integrated cellular atlas offers a unique op-
portunity to systematically identify the diverse cell types
within the human larynx’s supraglottic and subglottic
regions. This comprehensive resource will serve to
unravelling the cellular responses to intrinsic or physical
injury. Using this dataset, we identified cell states
associated with anatomical restriction and disease
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pathophysiology in the two distinct types of SGS: trau-
matic and idiopathic. Finally, we introduced cellular
niche archetypes of iSGS that correlate with specific
clinical characteristics and patient outcomes. Our inte-
grative study creates a platform to understand SGS and
other airway disease, potentially enabling personalised
precision laryngology.

Methods

Study population

Inclusion criteria for patients with SGS required a his-
tory of either idiopathic or traumatic SGS, being at least
18 years old, and the ability to provide consent. For the
control group, inclusion criteria were: 1) female, 2) at
least 18 years old, 3) self-identifying as Caucasian, 4) no
prior history of SGS, head and neck cancer, or diseases
affecting the subglottis, and 5) the ability to provide
consent. These criteria for controls were designed to
match the characteristics of patients with SGS. The
controls for subglottic and epiglottic biopsy were
recruited from patients presenting with conditions
limited to the glottis (thus have healthy epiglottis and
subglottis), such as laryngeal papillomatosis or vocal
fold polyps.

Patients presenting with iSGS, traumatic SGS sec-
ondary to prolonged intubation, or controls were pro-
spectively screened for study enrolment at tertiary
laryngology clinics across each study site.

Fresh epiglottic and subglottic tissue samples were
surgically obtained via biopsy and flash-frozen within
30 min of collection. Given the rarity of iSGS, no prior
sample size calculation was performed. The sample size
was determined based on the budget and availability of
material. Thirty samples were selected to be prepared
and sequenced, in which twenty-eight samples were
successfully prepared and passed all quality control
measures. Final data cut-off for clinical information
follow-up was August 1st, 2023.

Ethics

The current case—control study received approval from
the Research Ethics Board of all participating in-
stitutions (Western University [HSREB 115746], Uni-
versity of Toronto [#19-324], and University of British
Columbia [H20-03149]). Written informed consent was
obtained from all participants.

Single nucleus (sn) RNA-seq library preparation

Fresh epiglottic and subglottic samples were minced
into 1-2 mm’® pieces on dry ice using a chilled razor
blade. The tissue was covered with lysis buffer and
transferred to a tube to lyse on ice. The supernatant and
pellet were dounced separately and transferred to chilled
tubes. Douncing was complete when solution was
milky. Nuclei viability was confirmed by SYBR staining
using a Countess Cell Counter (Invitrogen Cat
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#C10283). Nuclei were collected by centrifugation
(800xg for 10 min), repeated and then resuspended in
1 ml suspension buffer and passed through a 40 um
Flowmi cell strainer. Nuclei were then loaded onto the
Chromium single cell controller (10x Genomics) to
construct a single nucleus 3’ library. Sequencing was
performed using NovaSeq 6000 sequencer.

snRNA-seq data quality control and preprocessing

snRNA-seq data were aligned and quantified using
CellRanger (v6.0.2) against the reference human
genome GRCh38 using the CellRanger count com-
mand. Empty droplets and ambient RNA were denoised
using the CellBender" remove-background module. We
than utilised scanpy (v1.9.3) for downstream quality
control and processing. The quality of nuclei was
assessed using the following criteria: 1) The number of
detected genes was above 200; 2) the minimum number
of transcript counts was above 500. We further removed
nuclei whose total transcript count, genes detected, total
mitochondrial transcript count, and mitochondrial
transcript percentage were 5 median absolute deviation
(MAD) above the median. We then logged and nor-
malised transcripts counts per nucleus. We integrated
the dataset across the two batches that they were pro-
cessed in using harmonypy'* with the run_harmony
command. After batch correction, we did not observe
obvious batch effects as most immune, cell, epithelial
and stromal populations in different patients within the
same tissue site mixed well. In total, after these strin-
gent quality control measures our dataset contained
122,004 high quality nuclei.

Cell clustering, annotation, and pathway analysis
To identify cell states, we used the python scanpy
(v1.9.3) package to identify highly variable genes (HVG)
with a minimum mean of 0.0125, a max_mean of 3, and
a minimum dispersion of 0.5 that resulted in 4694
highly-variables genes. Principal component analysis
(PCA) was performed on the HVGs. Nearest neigh-
bourhood graphs were generated using scanpy neigh-
bours function. Clustering was performed using the
leiden algorithm. Uniform Manifold Approximation
and Projection (UMAP) was applied for dimensionality
reduction.

We performed hierarchical annotations of the iden-
tified clusters. In the first level of cell annotations, we
used well-characterised cellular markers to annotate
cells as epithelial (FXYD3, EPCAM, ELF3), immune
(PTPRC, CD53, COROIA), stroma (ECM2, OLFMLI,
SLIT2), and endothelial (CLDN5, ECSCR, CLEC14A),
which makes up cell type level 1. Full gene names used
throughout the manuscript can be found in
Supplementary Table S1. Tumour cells were identified
using infercnvpy (v0.4.3). We then further annotated
cell clusters using marker genes identified using the
scanpy rank_genes_groups function hierarchically with
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increasing precision until the finest level (cell type level
4). In total, we identified 8 endothelial populations (1
arterial, 2 venous, and 5 lymphatic), 25 epithelial pop-
ulations (5 basal, 11 suprabasal, 2 ciliated, 2 club cell, 1
glandular, 1 goblet, 1 mucous, 1 myoepithelial, and 1
neuroendocrine populations), 11 stromal populations (8
fibroblast, 2 neuronal, and 1 smooth muscle cell pop-
ulations), and 6 immune populations (3 lymphoid and 3
myeloid derived). PROGENy" as part of the decoupler-
py (v1.5.0) through the multivariate linear model com-
mand run_mlm() was used to infer the activity of
androgen and oestrogen pathways. The decoupler-py
commands run_ora() was used to perform gene over
representation analysis for snRNA-seq data.

Label transfer via logistic regression

CellTypist'*"” v1.2.0 was used to train a logistic regres-
sion model from our dataset for label transfer using the
celltypist.train function (tag-value pairs:
use_SGD = True, feature_selection = True). Trained
models from previously published datasets®?' were
retrieved from (https://www.celltypist.org/models).

Tissue and disease type enrichment of cellular
subsets

We utilised two different strategies to quantify and
assess the cell clusters across tissue types (epiglottis or
subglottis) and disease status (healthy control, trauma
SGS, and iSGS). For each cellular subset in each major
cellular type (immune, epithelial, stroma, and fibro-
blast), we calculated the R,/ value and compared the
expected and observed number of cells for each cluster
using the following formula as previously described:

Observed

= Expected

The expected cell numbers for each combination of
cell clusters and tissues are obtained from the x* test.
We further utilised a beta-binomial model in the
sccomp package (v1.6.0)* to robustly perform variability
analysis of the compositional data and statistical testing.
Sccomp has been found to have improved performance
over commonly used Dirichlet regression methods.

Trajectory analysis and RNA velocity

Cell trajectory were inferred using scFates” using
principal tree inference settings and visualised using the
scf.pl.trajectory command. The RNA velocity analysis
was conducted using the scVelo package.”* First, the
spliced and unspliced counts were extracted from the
preprocessed bam file using velocyto.”” Then, scVelo’s
default preprocessing steps were applied, including
filtering genes based on their velocity confidence. The
velocities were estimated using the stochastic model
provided by scVelo, which accounts for the transcrip-
tional dynamics of splicing kinetics. The computed

velocities were then projected onto a PCA embedding
for visualisation, facilitating the interpretation of cellular
trajectories and potential fate decisions.

Cell-cell ligand-receptor interaction network
analysis

Given the frequent discrepancy of output of individual
tools, we adopted a consensus approach to analyse cell-
cell ligand-receptor interactions, implemented using the
liana-py package.” For cellular subsets within each dis-
ease tissue (iSGS subglottic, control subglottis, etc.), we
scored ligand-receptor pairs using eight different
methods including CellPhoneDB, Connectome, log2FC,
NATMI, SingleCellSignalR, CellChat, and GeoMetric
Mean. We limited the cell subsets to those that are
present in each disease and tissue by restricting analysis
to the only interactions of cell subsets with R, greater
than 0.5 in the specific disease tissue. Highly ranked
interactions were then scored using rank and aggrega-
tion of interactions from all methods. We defined pu-
tative high—quality interactions as those that fit all of the
following criteria: 1) CellPhone P-value less than 0.001;
2) CellChat P-value less than 0.001; 3) scaled weight
greater than 1; 4) aggregate specificity weight less than
0.001. We plotted the cell-cell interaction by calculating
the interaction strength between each cell subset by
summing the strength between identified significant
putative ligrand-receptor interactions. We then applied
the Fruchterman-Reingold layout algorithm to the
network defined using the strength as the edge weight,
and cell type as nodes using the igraph (v1.6.0) package.
Node output strength was also computed using igraph
package.

SCENIC regulon analysis

To identify activated regulons, we utilised the SCENIC
package using the python implementation pySCENIC,
as previously described.” We estimated gene—gene co-
expression relationships between transcription factors
and their potential targets using the multiprocessing
version of the grn command. The aucell command was
used to estimate the regulon activity for each cell.

SUBglottiS gEne subType (SUBSET) iSGS subtypes

To derive potential cellular composition relationships
between cell subsets in iSGS subglottic samples, we first
derived consensus cell modules using consensus clus-
tering implemented using the ConsensusClusterPlus
package. We utilised estimated cell abundance from
CibersortX using Pearson correlation as the distance
metric and Ward Linkage with 1000 repetitions and 0.8
proportions of items per sample. We calculated the cu-
mulative distribution function of the consensus matrix
for each k subgroups to identify the optimal number of
cluster numbers k at which the cumulative distribution
function plateaus. For the number of cell clusters, the
optimal k identified is 5, which we labelled as cell
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modules C-M1 to C-M5. Using this information, we
then calculated the total abundance of cell types in each
cell modules C-M1 to C-M5 for each sample and per-
formed hierarchical clustering through hclust to derive
cellular composition subtypes of iSGS, which we label
SUBglottiS gEne subtype (SUBSET). The optimum
number of clusters for hierarchical clustering was
identified using silhouette statistic. The SUBSET sub-
types are labelled as SUBSET1—SUBSET4.

Statistics

All statistical analysis were conducted using R (v4.2.1) or
python (v3.8.7). Cox-proportional hazards models were
used for survival analyses. Specifically, the Cox models
were specified with 1) the time of biopsy as the start of
the survival interval; 2) the next surgical dilation or intra-
office steroid injection as event and not adjusting for any
covariates as there are no robust factors associated with
time to next intervention. Patients were censored at the
time of their last known follow-up if no event had
occurred. The study cut-off date was at the study cut-off
date August 1st, 2023. The proportional hazards
assumption was checked using Schoenfeld residual test,
with a significance level of P < 0.05 as evidence against
the assumption. Wilcoxon test, Fisher’s exact test, and
Poisson regression were performed using the packages
rstatix, or stats. The Poisson regression model was
specified using the dependent variable is the number of
events within the follow-up time and SUBSET as inde-
pendent variable and BMI, age at diagnosis, smoking,
antiacids use, and Cotton-Myers grade as covariates
using a log-link function. Only one Poisson model was
performed. Overdispersion was checked by calculating
the dispersion parameter and overdispersion was not
detected. Confidence interval for Poisson regression

Disease Status Tissue Type Refined Cell Type Label

were estimated using robust sandwich estimators. Unless
stated otherwise in the figure legend or text, multiple
comparison was corrected using the Benjamini-
Hochberg procedure, as previously described.”® For
single cell analyses, Benjamini-Hochberg procedure
multiple testing adjustments for statistical tests were
determined by the number of the transcripts and cell
types as specified using scanpy.

Role of funders
The funders of the current study had no role in the
design, data collection, data analyses, interpretation, or
writing of report.

Results

Single cell blueprint of epiglottic and subglottic
tissue in healthy and diseased states

To investigate the cellular underpinnings of subglottic
stenoses, we performed single-nucleus RNA sequencing
(snRNA-seq) of 17 subglottis and 11 epiglottis samples
collected prospectively from 18 patients (10 patients
with iSGS, 5 controls, and 3 trauma patients with SGS).
Out of the 28 samples subjected to snRNA-seq, there
were 10 epiglottis—subglottis pairs from the same pa-
tient. After stringent quality control and filtering of the
snRNA-seq data (see Methods), we obtained 122,004
high-quality transcriptomes (Fig. 1a). There were mini-
mal batch effects, with most cell populations repre-
sented by cells from multiple patients (Supplementary
Figure Sla). To define major populations and sub-
populations of cell states, we performed graph-based
clustering which revealed a total of 50 clusters fol-
lowed by expert iterative manual annotation (see
Methods). In total, our cell atlas revealed 25 epithelial

b Epiglottis

Subglottis

by
L

Cell Type Lvi1

‘%m Trauma SGSe ISGS

Sample Type

+ Epiglottise Subglottis
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Fig. 1: A single cell atlas of the healthy and diseased epiglottis and subglottis. a) UMAP visualisation of cell states and annotated with
disease status, tissue type, sample type, coarse cell type (level 1) labels, and finely annotated (level 4) cell type labels. b) Distribution of coarse
cell type annotations by patient (cell type level 1). c) Proportion of profiled cells by sample type (disease status and tissue type).
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(E) cell clusters, 11 stromal (F) clusters, 8 endothelial (D)
clusters, and 6 immune cell clusters (Fig. la-c,
Supplementary Figure Sla—c). We explored the simi-
larity and divergence of cell subsets to previous pub-
lished single-cell/nuclei atlases of the respiratory system
in other healthy and diseased contexts encompassing
data from the lung, bronchi, trachea, and
nasopharynx.”*?' Using logistic regression-based label
transfer'® (see Methods), we found that most observed
immune and endothelial populations within the sub-
glottis and epiglottis found in our atlas were also present
in other atlases. On the other hand, many of the
epithelial and fibroblast cell subsets exhibited tissue
restriction within the subglottis and epiglottis, and were
not present in other healthy or fibrotic cell atlases. This
highlights important tissue-specific differences within
the laryngeal region compared to other respiratory re-
gions (Supplementary Figure S2a-d). Therefore, our
data not only captured both previously described im-
mune, epithelial, stromal, and fibroblast cells within the
subglottis and epiglottis, but also revealed previously
undescribed cell states that may contribute to unique
disease pathologies in the subglottis.

Anatomically distinct, disease-associated epithelial
populations in the epiglottis and subglottis
Airway epithelium rapidly responds to injury to prevent
barrier loss.”’”*' Progenitor populations, such as basal
cells, can differentiate into secretory, glandular, and
ciliated cells to resolve damage. Given the close prox-
imity of the subglottis to the epiglottis, their exposure to
similar external insults and pathogens, and the lack of
molecular alterations in the epiglottis region in patients
with extensive fibrotic disease in iSGS, we hypothesised
that intrinsic differences in cell type composition pre-
dispose the subglottis to fibrosis. As many epithelial cell
types in our cell atlas are distinct from other respiratory
cell atlases (Supplementary Figure S2), we first focused
on the epithelial cell subsets within the subglottis and
epiglottis. The 25 identified epithelial cell subsets
(Fig. 2a) are defined by distinct transcriptional markers
(Supplementary Figure S3a) and activated transcrip-
tional pathways (Supplementary Figure S3b). We
examined the enrichment of individual epithelial cell
subsets across disease-tissue using two orthogonal
modelling approaches. Within the epiglottis, Rg/e
enrichment analysis and compositional analyses (see
Methods) suggest that there are minimal cellular
compositional differences between the iSGS epiglottic
tissue and control epiglottic tissue (Fig. 2a,
Supplementary Table S2a). Further, we detected no
difference in the estimated abundance of each of the
epithelial cell subsets between the control and iSGS
epiglottis in our bulk RNA-seq cohort (Fig. 2c top panel,
Wilcoxon rank-sum FDR P-value > 0.05).

We next turned our attention to the subglottis. E23
SLIT3 mucinous cells and E24 myoepithelial cells are

enriched in both the trauma SGS epiglottis and sub-
glottis (Fig. 2b), suggesting similar trauma-driven aetiology
across these two anatomic sites from prolonged intubation.
Further, we identified enrichment of several cell subsets
(Fig. 2b) in iSGS subglottic tissue compared to control
subglottis, including E10 suprabasal cells, E20 RUNX1+
cells, and E22 goblet cells. The E22 CD55+ goblet cells are
almost exclusively found in the iSGS subglottic region, but
not detected in either control or trauma SGS. Despite
inter-patient heterogeneity for bulk RNA-seq, we observed
largely similar enrichment patterns in estimated epithelial
cell subsets in the subglottis at the cohort level (Fig. 2c).
Collectively, these results underscore the unique compo-
sitional changes in epithelial cell states within the sub-
glottis of iSGS and trauma patients with SGS. This data
also highlights the remarkable anatomical tissue restriction
pathologies to the subglottis is observed only in iSGS, but
not trauma SGS.

Inflammatory, androgen-skewed secretory cell
subsets reinforce the iSGS local subglottic niche
We molecularly dissected the epithelial cell subsets that
are specific to the subglottis and either enriched or
depleted in iSGS or trauma SGS in both the single cell
and bulk RNA-seq datasets following the two distinct
modes of injury initiation—likely microenvironmental
(iSGS) and physical (trauma SGS). Gene set enrichment
analysis found that iSGS-subglottic specific cells are
marked by expression of a high abundance of transcripts
related to androgen response (Fig. 2d, Supplementary
Figure S3b). We formally inferred downstream oes-
trogen and androgen pathway activity in each of the
epithelial subsets using PROGENy" and identified that
E22 goblets cells have increased androgen pathway
responsiveness and lower oestrogen responsiveness
compared to other epithelial subsets (Fig. 2e). Further-
more, the E22 goblet cells express a higher abundance
of gene sets pertinent to complement activation, JAK-
STAT signalling, and inflammatory pathways such as
TNF-alpha (Supplementary Figure S3b).

To discern the transcriptional trajectories of the
epithelial populations within the subglottis, we utilised
two orthogonal methods to study cellular fate. Trajectory
analysis® and RNA velocity** (Fig. 2f=h) suggest that
basal cell populations shared across control and
diseased subglottic tissue could give rise to club cells
and mucous producing cells. In contrast, basal cells in
control subglottis differentiate into suprabasal cells and
E19 SCGB3A1 club cells that are MUC5B+ (Fig. 2f-h).
Basal cells in iSGS give rise to E20 RUNX1 club cells or
further convert into E22 CD55+ goblet cells, which are
marked by increased response to androgen and
decreased response to oestrogen in iSGS (Fig. 2h), in
contrast with the E21 glandular cells enriched in trauma
SGS that maintain a high response of both the androgen
and oestrogen pathways. The E22 CD55+ goblet cells
that express high amounts of MUC5AC and SPDEF
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Fig. 2: Epithelial heterogeneity and dysfunction in subglottic stenoses. a) UMAP visualisation of 25 epithelial cell states and annotated
with disease status, tissue type, sample type, level 3 cell type labels, and finely annotated (level 4) cell type labels. b) Sample type tissue
prevalence estimated by Ry score. FDR derived from statistical compositional difference testing using sccomp package, corrected with
Benjamini-Hochberg procedure. Statistical comparisons of iSGS epiglottis, trauma SGS epiglottis, and control subglottis made against
control epiglottis, while iSGS subglottis and trauma SGS subglottis were compared against control subglottis. ¢) Abundance of each
estimated of epithelial cell type in the epiglottis (top) and subglottis (bottom) from bulk RNA-seq using CIBERSORT. FDR from Benjamini-
Hochberg adjusted Wilcoxon test. *: FDR <0.05, **: FDR <0.01, ***: FDR <0.001, ****: FDR <0.0001. d) Gene ontology enrichment value for
androgen response in each epithelial subset. e) Pathway output activity of androgen and oestrogen inferred using PROGENy, normalised
between groups. f) Inferred developmental trajectory of epithelial cells from the subglottis using pseudotime using scFate package, colour by
their cell type level 3 annotations. g and h) PCA-representation of the developmental trajectory of epithelial cells from the subglottis
inferred using RNA velocity and coloured using either the disease status (g) or cell type level 3 annotation (h). i) PCA visualisation of
transcript abundance of (D55, MUC5AC, SCGB3A1, MUC5B, ERBB4, and SPDEF, along with PROGENy inferred pathway output activity score
of androgen, oestrogen, and WNT-signalling. j-I) Scatter plot showing the specificity scores of regulons in E19 (j), E20 (k), and E22 (1) cell
populations. The top 10 regulons are highlighted.

(Fig. 2i) were located at the end of the velocity and show  seq data, where the abundance of SCGB3AI and
decreased pathway activity of WNT-signalling, thereby =~ MUC5B was significantly decreased in iSGS subglottis
inferred as the terminal state. The depletion of  compared to control subglottis (FDR P-value < 0.0001,
MUC5B + SCGB3A1+ cells concur with our bulk RNA-  Wilcoxon test, Supplementary Figure S3c).
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Intriguingly, gene regulatory programs inferred us-
ing pySCENIC(27) (Methods) identified regulons in E20
and E22 controlled by the ELF3 encoded transcriptional
factor that is necessary for airway club cells to resolve
epithelial injury (Fig. 2j-1, Supplementary Figure S3d).*
On the other hand, the HEY1 encoded transcription
factor was specific to the E19 club cells, which are
abundant in the control subglottis but depleted in both
iSGS and trauma SGS. HEY1 is a mediator of NOTCH
signalling that regulates airway epithelial progenitor
stem cell fate decision* by serving as an androgen re-
ceptor (AR) co-repressor and controlling the expression
of genes down stream of AR.** All together, these find-
ings imply that secretory cell subsets in the subglottis
undergo a profound and conserved transcriptional
response that leads to differential activity of sex hor-
mone pathways in response to distinct disease aetiol-
ogies. Taken together, our data proposes a model where
a yet-unidentified disease-initiating event in the sub-
glottis of iSGS induces dysregulated hormonal signal-
ling in the epithelial cell subsets. These sustained
hormonal dysregulation drives epithelial differentiation
of club cells to inflammatory goblet cells, which are
hyper-responsive to androgen. Critically, the enrich-
ment of these androgen-responsive cell subsets within
the subglottic region of iSGS may thus explain the near
exclusivity of the disease to premenopausal females.

Origin, divergence, and function of subglottic
fibroblast populations

We next examined mesenchymal subsets, focussing on
fibroblasts as they coordinate response to injuries and
orchestrate tissue repair.”” Within the control and
diseased epiglottis and subglottis, we discovered eight
distinct fibroblast populations (Fig. 3a) that exhibit
unique tissue and disease distribution (Fig. 3D,
Supplementary Figure S4a) and are characterised by
distinctive transcriptional programs (Supplementary
Figure S1b). The remarkable divergence in tissue dis-
tribution between these fibroblast subsets is highlighted
by the near exclusivity of F4 inflammatory myofibro-
blasts in the subglottis tissue of iSGS (Fig. 3D,
Supplementary Table S2b), that is further supported
within our bulk RNA-seq dataset (Fig. 3¢, Wilcoxon test
FDR P < 0.0001). Furthermore, in trauma SGS, fibro-
blast populations differ both between the epiglottis and
subglottis compared to that of controls, but also with
those found in the iSGS, indicative of differential
fibrotic response leading to similar pathologies (Fig. 3b).
F3 fibroblasts enriched in trauma SGS have high
expression of hypoxic genes (Supplementary
Figure S4b), possibly reflecting the long period of
intubation these patients experienced.

We then sought to understand the differences be-
tween the fibroblasts within the control subglottis. The
majority of fibroblast populations in the control sub-
glottis consists of F3 myofibroblasts and F6 fibroblasts

(Fig. 3b—e) that express high abundance of SLIT2,
encoding a secreted cell migration factor. These cells
protect against fibrosis in healthy tissues by inhibiting
myofibroblast differentiation and tissue fibrosis.” The
F6 fibroblasts also express high amounts of AXIN2, a
WNT-pathway regulator, which correlates with a popu-
lation of myofibrogenic progenitor cells in airways that
readily differentiate into myofibroblasts. Fascinatingly, a
similar subset AXIN2+ cells are found in the rare ge-
netic disease pulmonary lymphangioleiomyomatosis
(LAM),”” a respiratory disease that shares many clinical
features with iSGS—near exclusivity to females of
childbearing age-and the AXIN2+ myofibrogenic pro-
genitor cells that generate pathologically deleterious
myofibroblasts after injury in idiopathic pulmonary
fibrosis.”

RNA velocity analysis suggests that F1 and F6 fi-
broblasts (Fig. 3d), depleted in both trauma SGS and
iSGS, expand divergently into F4 and F3 myofibroblasts
in iSGS and trauma SGS respectively. The acquisition of
these myofibroblast cell states is accompanied by the
expression of TGFf, VEGF, and myogenic transcrip-
tional programs. In addition, the F3 and F4 myofibro-
blasts are accompanied by acquisition of unique marker
genes such as COLIA1 in F4, and CREBS5 and SOX6 in
F3 (Fig. 3f). The progenitor state of F6 fibroblasts is
further supported by gene regulatory network analysis
(Fig. 3f), with increased expression of stemness-related
transcriptional factors SOX17 and NFATC4.%*%
Furthermore, both F4 (Fig. 3g) and F6 (Fig. 3f) fibro-
blasts have high activity of RELB regulon, which is
crucial for NF-kB-mediated inflammation along with
enrichment of JAK-STAT and interferon response,
which was not observed in fibroblast populations
enriched in the control epiglottis (Supplementary
Figure S4b). Collectively, our data suggest that the hu-
man control subglottis contains a group of fibroblast
populations that is primed for inflammation and fibrotic
repair. These cells respond to injury through differen-
tiation into myofibroblasts, which are absent within the
epiglottis and could explain why stenosis is restricted
solely to the subglottic region. Similarly, these F3, F4
and F6 cells are absent in normal lung tissue
(Supplementary Figure S2a and b) but are present in
idiopathic ~ pulmonary fibrosis tissue samples
(Supplementary Figure S2c and d).

Rational prioritisation of candidate targeted
therapeutics to reverse iSGS fibrosis

We next utilised a perturbation-transcriptional response
connectivity database to link candidate compounds to
revert the fibrotic change from F4 to F6 (see Methods).
The class of compounds with the highest similarity with
expression program that reverses the gene expression
change from F4 to F6 include glucocorticoid receptor
agonists, TGF-beta receptor inhibitors, and heat shock
protein inhibitors (Fig. 3h, Supplementary Table S3).
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Fig. 3: Distinctive fibroblast populations within the subglottis primed for expansion. a) UMAP visualisation of eight fibroblast cell states.
b) Sample type tissue prevalence estimated by R,. score. FDR from sccomp scores, corrected with Benjamini-Hochberg procedure. Statistical
comparisons of iSGS epiglottis, trauma SGS epiglottis, and control subglottis made against control epiglottis, while iSGS subglottis and trauma
SGS subglottis were compared against control subglottis. ¢) Abundance of each estimated fibroblast cell states in the epiglottis (top) and
subglottis (bottom). FDR from Benjamini-Hochberg adjusted Wilcoxon test. **: FDR <0.01, ***: FDR <0.001, ****: FDR <0.0001. d) Inferred
developmental trajectory of RNA velocity of fibroblast found in the control subglottis, trauma SGS subglottis, and iSGS subglottis. Pathways are
coloured by activity of TGFf, VEGF, and myogenesis pathways. e) PCA visualisation of transcript abundance of SLIT2, ABCA10, CREB5, AXIN2,
SOX6, and COL1A1. f, g) Scatter plot showing the regulon specificity scores of transcription factor in F6 (F) and F4 (g) fibroblasts. Top 10
regulons are highlighted. h) Connectivity Map analysis of potential therapeutics to reverse gene expression of F4 fibroblasts. Norm connectivity
score (CS) and adjusted P-values from ConnectivityMap query module. i) UMAP visualisation of immune cell subset. j) Sample type tissue
prevalence estimated by R,. score. FDR from compositional analysis performed using the sccomp package, corrected with Benjamini-Hochberg
procedure. Statistical comparisons of iSGS epiglottis, trauma SGS epiglottis, and control subglottis made against control epiglottis, while iSGS
subglottis and trauma SGS subglottis were compared against control subglottis. k) Abundance of each estimated immune cell states in the
epiglottis (top) and subglottis (bottom). FDR from Benjamini-Hochberg adjusted Wilcoxon test. *: FDR <0.05.

These classes of compounds have all been widely
investigated in mitigating and reversing fibrosis of other
respiratory diseases** such as idiopathic pulmonary
fibrosis and thus warrants further clinical investigation
in the disease context of iSGS. The potential of these
compounds to change clinical progression of iSGS
fibrosis is strengthened by the observation that gluco-
corticoid steroid injections are widely used in the clinic
and operating room to delay the need for further sur-
gical interventions.*~” Future studies will be needed to
study the comparative efficacy of these agents in the
context of iSGS.
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A chorus of cell interactions defines cellular
ecosystem, plasticity, and rewiring to sustain tissue
remodelling in iSGS

In our single cell dataset, we detected a lower number of
macrophages and increased abundance of L1 CD4 T
cells in the iSGS subglottis compared to control sub-
glottis (Fig. 3i and j). However, using the larger bulk
RNA-seq cohort level we identified an overall increase in
the abundance of M1 macrophages (Fig. 3k,
Supplementary Table S2c) and did not identify differ-
ences between lymphocyte populations (L1 CD4 T cells,
L2 CD8 T cells, or L3 B cells, Fig. 3k). These data
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suggest significant disease heterogeneity in the immune
cell populations within the microenvironment both in
control and iSGS subglottis tissue. We next turned to
eight identified endothelial populations (Supplementary
Figure S5a and b) within our snRNA-seq dataset, and
found that iSGS exhibited distinct venous and lymphatic
cell abundances compared to control subglottis
(Supplementary Figure S5c and d).

To gain insights into the crosstalk between the cell
populations during homoeostasis and disease, we
interrogated global cell-cell interactions in healthy and
diseased epiglottis and subglottis using a stringent
consensus model implemented through LIANA that
aggregates the results of eight state-of-the-art ligand-re-
ceptor inference tools*® (see Methods). We began by
focussing on the control epiglottis, where we identified
putative receptor-ligand interactions between cellular
subsets in the epiglottis from control, trauma, and pa-
tients with iSGS (Supplementary Figure S6).

In control epiglottis (Supplementary Figure S6a) and
similarly undiseased iSGS epiglottis (Supplementary
Figure S6b) endothelial and fibroblasts populations
form the central nodes of the signalling network. In
contrast, epithelial subsets E24 myoepithelial cells, E21
glandular ERBB4, and E23 mucinous SLIT3 cell pop-
ulations form the strongest interactions in trauma SGS
epiglottis (Supplementary Figure S6¢). Similarly in
traumatic SGS subglottis (Supplementary Figure S6f),
E24 were found to be the central node of the network,
implicating these cells in orchestrating the inflamma-
tory response following long-term intubation. Finally,
we found that the iSGS subglottis interaction network
(Supplementary Figure S6e) consisted of fewer nodes
compared to both the control subglottis (Supplementary
Figure S6d) and trauma SGS subglottis (Supplementary
Figure S6f). In particular, the iSGS subglottis network is
dominated by E5 basal cells, which secrete large amount
of growth factors that coordinate tissue repair
(Supplementary Figure S6e), such as MIF, a key factor
in promoting wound healing and tissue repair.**
Among the other top interactions in iSGS were be-
tween CDS55 in E22 Goblet cells and ADGRE2 on mast
cells (Supplementary Figure S6g), which play vital roles
in potentiating inflammation and autoimmunity.”**
Taken together, our data suggests that iSGS and
trauma SGS both exhibit distinct rewiring of cell sig-
nalling that contributes to the two distinct types of
fibrosis.

Tissue microenvironment niche and plasticity in
iSGS

Cells within human tissues form complex niches that
dynamically interact. To understand cellular heteroge-
neity in iSGS at a cohortlevel, we examined co-
enrichment patterns of cells from estimated cellular
abundance in the subglottis inferred using bulk RNA-
seq to define the cellular ecosystem archetypes of

iSGS. Consensus clustering revealed five stable cellular
modules (C-M1 to C-M5) in iSGS subglottis samples
that have inter-correlated abundance patterns (Fig. 4a,
Supplementary Figure S7a, Methods). The C-M1 mod-
ule consisted of cell subsets such as F4 Myofibroblasts,
L1 CD4 T cells, L3 B cells, and M1 Macrophages. The
co-existence of these cell subsets suggests a coordinated
and sustained fibroinflammatory response within the
subglottis. The C-M 2 module consists of E11 supra-
basal, D5 lymphatic, and E24 myoepithelial cells, while
the C-M 3 module is characterised by L2 CD8 T-cells
and suprabasal cells. C-M4 consists of basal cells, and
club cell-derived cell subsets (e.g. E20 club RUNX1 and
E22 goblet cells). Finally, C-M5 consisted of E19 club
cells and E21 glandular cells. Using these cell modules
(C-M1—C-MS5), we assigned patients into one of four
subglottic subtypes based on the abundance of cells
within each of the coordinated cell module using a
cluster approach. We named this classification system
SUBSET (SUBglottiS gEne subType, Fig. 4b, see
Methods). SUBSET1 subglottis consisted mainly of cells
from the C-M3 cell module that are CD8 T-cells and
suprabasal cells, with lower proportion of C-M4 and C-
M1 module. SUBSET2 subglottis was enriched with C-
M1, C-M3, and C-M4 cell modules, suggestive of both
secretory epithelial cells and fibroinflammatory cell
populations. Cells from SUBSET3 consisted of a large
proportion C1 cell subsets with also smaller proportion
of C-M3, C-M4, and C-M5 modules, while C-M1 and
C-M2 constitutes the majority of samples in SUBSET4.

We next examined the association between SUBSET
with the clinical trajectory of patients. SUBSET was not
associated with clinical parameters at the time of tissue
sample acquisition such Cotton-Myers score (P = 0.94,
Fisher’s exact test, Supplementary Figure S7c). Howev-
er, compared to SUBSET1, patients with SUBSET3 or
SUBSET4 subglottis were associated with the increased
rate of intervention (dilation or steroid injection) during
follow up (Fig. 4c, multivariate Poisson regression with
follow-up time as offset), a measure of long-term disease
severity. These results suggest that the SUBSET classi-
fication (Fig. 4d) is predictive of the intervention rate
over time of patients with iSGS, with SUBSET3 and
SUBSET4 patients experiencing more events compared
to SUBSET1 patients and thus more aggressive long-
term disease.

We further studied microenvironmental plasticity
within the iSGS subglottis in the 11 patients with mul-
tiple biopsies available and characterised these using
bulk RNA-seq. Only three of eleven patients (27%)
exhibited concordant SUBSET types between at least
two time points (Fig. 4e), suggesting that the molecular
microenvironment of iISGS can evolve spontaneously or
following therapeutic intervention through either dila-
tion or steroid injection. The evolving subglottic
microenvironment in iSGS may pose challenges for the
usage of targeted therapies or monoclonal antibodies
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Fig. 4: Cellular and molecular classification of iSGS. a) Cell type modules identified using consensus clustering of cell type abundance (n = 83).
Only cell types with R,/ above 0.01 in at least one of control, iSGS, or trauma SGS subglottis is included. b) SUBglottiS gEne subtype (SUBSET)
microenvironment archetypes identified using clustering of identified relative abundance. c) Association between each SUBSET cluster and total
number of interventions (n = 72). Only the first sample for patients with multiple samples were considered. Estimate, 95% confidence interval,
and P-values from Poisson regression. d) Summary of patients stratified by SUBSET. e) SUBSET changes with or without treatment
demonstrating microenvironment plasticity patients with iSGS with multiple samples.

towards a specific cell population, and future work will
be needed to understand the interplay between these
variables and clinical outcomes.

Discussion

The low incidence of iSGS has precluded detailed mo-
lecular characterisation at a cohort level. In this study,
single cell profiling of a prospectively collected cohort
allowed us to decipher the single-cell taxonomy of the
human subglottis and epiglottis in both healthy and
diseased states. Moreover, we developed a biomarker
associated with recurrent relapse in iSGS. Currently
laryngologists primarily employ a treat and observe
approach for iSGS. Pending further validation, the
SUBSET classifier may facilitate the identification of
patients with severe disease and optimise therapy for
these high-risk patients.
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Our findings have important clinical and mecha-
nistic implications. Biologically, our data reveal the
presence of epithelial and fibroblast progenitor subsets
within the control subglottis, which are less abundant in
the adjacent epiglottis. Dysregulation in the differenti-
ation and proliferation of these progenitor cell subsets
may initiate a fibroinflammatory cascade following
injury or as a response to other, yet unidentified, stim-
uli. Further, we demonstrate that contrary to a previous
hypothesis of generalised airway abnormalities,* the
cellular population in the epiglottic tissue of patients
with iSGS largely resembles that of controls. Moreover,
we identify a notable enrichment of androgen-
responsive and oestrogen unresponsive club-cell-derived
subsets in iSGS, setting it apart from trauma-induced
SGS. Given the hypothesised influence of hormonal
signalling in iSGS, especially given its prevalence in
women of child-bearing age, these club-cell-derived
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subsets are likely significant contributors to disease
pathogenesis. Collectively, our results support the theory
that sex hormones may play a contributory, if not driving,
role in the development of iSGS.

Clinically, our work revealed significant heterogene-
ity between the subglottic tissue of patients with iSGS in
subglottic tissue among patients with iSGS through
standardised prospective sample collection. Longitudi-
nal sampling indicates dynamic changes in the sub-
glottic microenvironment in iSGS, potentially
explaining variability in recurrence intervals observed
among patients. These microenvironment changes
could profoundly influence the design of clinical in-
vestigations using targeted therapies or immunothera-
peutic approaches aimed at specific cell population.
Nevertheless, given that the biopsy only covered limited
tissue, future studies will be needed to better charac-
terise these identified changes and their implications for
iSGS management.

The current study has several limitations. Firstly, due
to cost constraints and challenges in obtaining suffi-
ciently small biopsies from this anatomically difficult
location, we were only able to profile a subset of patients
using single-cell profiling. Nevertheless, we have used a
larger bulk RNA-sequencing cohort to validate our sin-
gle cell findings. As the cost of single cell profiling de-
creases, we anticipate expanding our dataset further.
Combining expanded single cell transcriptomic data
along with genetic information may enable identifica-
tion of cell-type specific expression QTLs that may be
associated with disease.”*® Furthermore, due to the
inaccessibility of the anatomic site, the biopsies are
inherently small, and sampling bias cannot be ruled out.
Future research should aim to expand our findings by
exploring intra-patient heterogeneity across different
treatments, locations, and time points. Lastly, while we
have gained potential insights into cellular subsets,
molecular pathways, and candidate therapeutics, our
findings will require validation in animal models or
prospective clinical trials to draw definitive conclusions.

In summary, we provide a cellular blueprint of the
larynx, which bridges the upper and lower respiratory
tract. Our multi-scale datasets offer significant insights
into the heterogeneity and complexity of subglottic ste-
noses. Importantly, our research infrastructure could be
leveraged to investigate other poorly understood dis-
eases of the laryngeal region, advancing precision
laryngology and potentially improving patient outcomes.
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