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ABSTRACT
Rationale: The lung mesenchyme gives rise to multiple distinct lineages of cells in the mature respiratory
system, including smooth muscle cells of the airway and vasculature. However, a thorough understanding
of the specification and mesenchymal cell diversity in the human lung is lacking.
Methods: We completed single-cell RNA sequencing analysis of fetal human lung tissues. Canonical
correlation analysis, clustering, cluster marker gene identification and t-distributed stochastic neighbour
embedding representation was performed in Seurat. Cell populations were annotated using ToppFun.
Immunohistochemistry and in situ hybridisation were used to validate spatiotemporal gene expression
patterns for key marker genes.
Results: We identified molecularly distinct populations representing “committed” fetal human lung
endothelial cells, pericytes and smooth muscle cells. Early endothelial lineages expressed “classic”
endothelial cell markers (platelet endothelial cell adhesion molecule/CD31 and claudin 5), while pericytes
expressed platelet-derived growth factor receptor-β, Thy-1 membrane glycoprotein and basement
membrane molecules (collagen IV, laminin and proteoglycans). We observed a large population of
“nonspecific” human lung mesenchymal progenitor cells characterised by expression of collagen I and
multiple elastin fibre genes (ELN, MFAP2 and FBN1). We closely characterised the diversity of
mesenchymal lineages defined by α2-smooth muscle actin (ACTA2) expression. Two cell populations, with
the highest levels of ACTA2 transcriptional activity, expressed unique sets of markers associated with
airway or vascular smooth muscle cells. Spatiotemporal analysis of these marker genes confirmed early and
persistent spatial specification of airway (HHIP, MYLK and IGF1) and vascular (NTRK3 and MEF2C)
smooth muscle cells in the developing human lung.
Conclusion: Our data suggest that specification of distinct airway and vascular smooth muscle cell
phenotypes is established early in development and can be identified using the markers we provide.
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Introduction
The lung is a complex organ comprised of many cell types that differentiate to acquire a specific fate
during the course of development. The interactions between these various cell types (e.g. epithelial,
endothelial, etc.) are essential for the development of adequate respiratory function, including gas
exchange structures, conducting airways and vasculature. Epithelial cell lineages in lung development and
disease have been extensively studied in multiple mammalian species, but most of the data are from rodent
models [1–6]. Fewer studies have focused on nonepithelial lineages [7–9], such that a thorough
understanding of the specification and inter-relationships among the diverse mesenchymally derived cells
in the lung is lacking. This is particularly the case for the developing human lung. A recent study assessed
the distinct mesenchymal lineages in mouse lung and determined that there are numerous functional
pathways, such as fibroblast growth factor signalling, that signal to the epithelium to promote epithelial
homeostasis [10]. However, other studies, including our own, have demonstrated that cellular and
molecular processes during lung development differ between mice and humans [11–13], including in the
context of fibroblast growth factor signalling [14].

The lung mesenchyme includes multiple distinct cell lineages in the mature respiratory system, including
airway smooth muscle cells (ASMCs) and vascular smooth muscle cells (VSMCs), endothelial cells,
pericytes, lipofibroblasts, and parenchymal fibroblasts. An array of cell-specific markers demarcates some
of these cell lineages, such as platelet endothelial cell adhesion molecule/CD31 (PECAM1) for endothelial
cells, platelet-derived growth factor receptor-β (PDGFRB) for pericytes and α2-smooth muscle actin
(ACTA2) in pan-smooth muscle cells. However, markers to identify each cell type remain elusive and
nonspecific for the majority, especially in the case of fibroblasts and VSMCs versus ASMCs. To date, there
are no definitive markers allowing us to distinguish pulmonary ASMCs from VSMCs in the lung. Several
pathological lung conditions are associated with either or both cell types. For example, pulmonary arterial
hypertension is characterised by hyperproliferation and remodelling of VSMCs [15], reverting from a
differentiated to a de-differentiated phenotype [16], whereas asthma is a disease in which patients have
compromised breathing due to narrowing and remodelling of the airways, partially as a result of
hyperproliferative and/or dysfunctional ASMCs [17]. In this study, we aimed to characterise the different
mesenchymal cell lineages in the human developing lung in general and the ACTA2 expressing cells in
particular.

Methods
Human fetal tissue collection
De-identified human fetal lung samples were obtained under Institutional Review Board approval from
both the University of Southern California (Los Angeles, CA, USA) and the Children’s Hospital Los
Angeles (Los Angeles, CA, USA) (USC-HS-13-0399 and CHLA-14-2211).

Single-cell suspension preparation
Fetal human lung tissues were digested to single-cell suspensions according to the LungMAP protocol with
minor adjustments, eliminating elastase and reducing the incubation time to 40 min [18]. Isolated cells
were resuspended in freezing media (90% fetal bovine serum/10% dimethyl sulfoxide) at a concentration
⩽60×106 cells·mL−1 and frozen until use.

Single-cell sequencing
Cell capture and library production was performed on the Chromium system (10X Genomics, Pleasanton,
CA, USA). Sequencing was performed on a HiSeq4000 (Illumina, San Diego, CA, USA), with read
alignment to Genome Reference Consortium Human Build 3. All single-cell sequencing data analysis was
performed using Seurat version 2.1 (https://CRAN.R-project.org/package=Seurat). Filtered data were log
transformed, scaled, integrated using canonical correlation analysis, clustered and represented by
t-distributed stochastic neighbour embedding (t-SNE). Differential expression was defined using a
parametric Wilcoxon rank sum test at a significance level of p<0.05. Pathway analysis and cell type
association was performed using the ToppGene Functional Annotation tool (ToppFun) (https://toppgene.
cchmc.org). For focused analysis of smooth muscle-like cells, we analysed only those cells with evidence
for ACTA2 expression (raw counts >2; n=781 cells), and applied the aforementioned steps to identify
subclusters and their associated cell types.

In situ hybridisation
Fluorescence in situ hybridisation (FISH) was performed on formalin-fixed, paraffin-embedded native
human fetal lungs, sectioned at 5 μm, using RNAscope technology (Advanced Cell Diagnostics, Newark,
CA, USA) following the manufacturer’s protocol and as previously described [14].
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Immunofluorescent staining
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded native human fetal lungs at
different gestational stages. Specimens were processed as previously described [19]. Briefly, embedded
lungs were sectioned at 5 μm, rehydrated and boiled in a sodium citrate antigen retrieval solution for
12 min. Sections were incubated with primary antibodies (supplementary table S1) overnight at 4°C and
then stained with appropriate fluorochrome-conjugated secondary antibodies.

Results
Unsupervised assessment of cell types in human embryonic lung
To characterise cellular heterogeneity in the developing human fetal lung, we performed single-cell RNA
sequencing of protease-dissociated cells from 11.5 or 18.5 weeks gestation lung samples (one sample of
each stage). We analysed data on a total of 3237 cells (1364 cells at 11.5 weeks and 1873 cells at
18.5 weeks), with an average detection of 2000–3000 genes per cell (supplementary figure S1). Canonical
correlation analysis, implemented in Seurat, was used for data integration across subjects. This data object
was used for analysis and visualisation by t-SNE. We identified 10 clusters of cells, along with
corresponding cluster marker genes (figure 1a). Functional enrichment analysis defined nine of these
clusters as identifiable lung cell populations, with one cluster remaining ambiguous (figure 1a and
supplementary table S2). The majority of the cells (>85%) appeared to be of mesenchymal origin
including a large population of human lung mesenchymal progenitor (HLMP) cells, which were annotated
as matrix fibroblasts (n=1678; cluster 0) based upon similarity with murine cells. Our data also identified
more recognisable mesenchymal populations including endothelial cells (n=388; cluster 1) and pericytes
(n=300; cluster 3). A small fraction of cells (<2%) were identified as epithelial (cluster 8). We also
identified a cluster of cells (n=302) with molecular attributes of both mesenchymal and epithelial origin,
which we have defined as myoepithelial (cluster 2). Interestingly, we observed multiple immune cell
populations including mixed lymphocytes (n=122; cluster 5), myeloid cells (n=79; cluster 7) and T-cells
(n=53; cluster 9) in these tissues from early stages of lung development.

Assignment of cluster identities was further validated by examining the expression of marker genes
associated with major cell types (figures 1b and 2). Many cluster markers included signature genes
expected of the suggested cell type. For example, for matrix fibroblasts (cluster 0), there was high relative
expression of decorin (DCN) and α1 type collagen I (COL1A1), whereas for pericytes (cluster 3), there was
high relative expression of THY1 and PDGFRB. Expression patterns and levels varied (figure 2) for some
individual canonical cell lineage markers. Some markers were present in a number of different clusters,
such as elastin (ELN), whereas others were highly restrictive, such as PECAM1 (figures 1b and 2), which
only appeared in the endothelial cell cluster.

Spatial validation of mesenchymal cell lineages
We chose to focus on mesenchymal cell clusters due to their high proportional representation in our data
set and the relative lack of characterisation of these cells in general, particularly in the human lung.
RNAscope FISH and immunofluorescent staining was used for validation and spatial assessment of cluster
marker genes for each of the different mesenchymal cell clusters. We studied spatial expression patterns
throughout different gestational stages of native human fetal lung (11, 14, 16 and 18 weeks; n=3 for each)
spanning the pseudo-glandular and canalicular stages of development. For matrix fibroblasts (cluster 0),
immunofluorescent staining of fibrillin 1 (FBN1), COL1A1 and DCN displayed generally comparable
localisation patterns, all indicative of lung matrix (figure 3). FBN1 was primarily localised within the
ASMCs, as well as in the VSMCs (figure 3a–d). Co-staining of COL1A1 and DCN demonstrated that the
two co-localised throughout development across multiple of the identified populations including, but not
limited to, ASMCs and VSMCs (figure 3e–h). For endothelial cells (cluster 1), validation of characteristic
cell markers (platelet endothelial cell adhesion molecule/CD31 and claudin 5 (CLDN5)) was performed.
CD31 immunofluorescent staining showed well-established and organised vascular and endothelial
networks (figure 4a–d) as early as 11 weeks (figure 4a). CLDN5 mesenchymal staining specifically
localised to endothelial cells, but CLDN5 was also detected in epithelial cells (figure 4e–h). Validation of
pericyte markers (cluster 3) demonstrated these cells were specified early on in the developing human lung
as evident by PDGFRB staining as early as 11 weeks (figure 5a–d). Staining for microfibrillar-associated
protein 2 (MFAP2), a marker highly expressed in fibroblasts/stromal cells (cluster 4), demonstrated strong
localisation around airway and vascular structures (figure 5e–h).

Discrimination of early human lung smooth muscle-like cell phenotypes
We were particularly interested in further distinguishing the large number of cells appearing to be of
mesenchymal origin. We focused our efforts on populations that were defined as smooth muscle-like
based upon the detection of ACTA2 expression (n=781). We analysed 3390 genes with highly variable
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expression in the 781 cells with evidence of ACTA2 expression. Among the 10 subclusters identified for
ACTA2+ cells (figure 6a), a majority of them displayed a low to moderate level of ACTA2 expression
(figure 6b). A majority of the 10 subclusters were annotated as various classes of identifiable mesenchymal
cells including fibroblasts (n=112), myofibroblasts (n=264) and pericytes (n=31). Some of the subclusters
were annotated as identifiable smooth muscle-like cells including vascular smooth muscle, bronchial
smooth muscle, stromal cells of the trachea or fibroblasts of the aorta (figure 6d). Two subclusters clearly
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FIGURE 1 Single-cell RNA sequencing identifies cell populations in human fetal lung. t-SNE: t-distributed
stochastic neighbour embedding. a) Unsupervised graph-based clustering of single-cell RNA sequencing data
from early stages of lung development, visualised using t-SNE. Each point represents a single cell, and
individual clusters are coloured and annotated based on cell type associations derived from ToppFun. b) Gene
expression patterns for individual canonical cell lineage markers in fetal lung cell clusters, overlaid on t-SNE
plots defining cell type clusters. Each point represents a single cell, with blue colour indicating expression
level of the specified marker gene (darker shade is higher expression). Expression of some lineage markers
is highly restricted (e.g. SFTPC to epithelial cells, PECAM1 and CDH5 to endothelial cells, and PTPRC and
HLA-DRA to leukocytes), while other markers are more widely expressed (KRT8, ACTA2, COL1A1 and ELN).
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displayed the highest levels of ACTA2 expression (ACTA2hi). These two ACTA2hi subclusters had unique
(as opposed to multiple) annotations for smooth muscle-like cells, with subcluster 0 markers annotated
only as stromal cells of the trachea and subcluster 3 markers annotated only as vascular smooth muscle.
Marker genes for these two subclusters are shown in figure 6c (and supplementary table S3) and
demonstrate distinct transcriptional profiles for these two clusters.

Spatial validation of ASMC and VSMC markers
We examined the spatial expression patterns for ACTA2hi subcluster 0 and subcluster 3 marker genes, to
test the hypothesis that they represent markers for airway and vascular smooth muscle, respectively.
RNAscope FISH was performed on human fetal lung tissue at 11, 14, 16 and 18 weeks gestation for
selected subcluster markers (n=3 for each time-point). Subcluster 0 was characterised by high expression of
fibroblast growth factor 18 (FGF18), insulin-like growth factor I (IGF1), myosin light chain kinase (MYLK)
and Hedgehog-interacting protein (HHIP) (figure 6c). FISH of HHIP, MYLK and ACTA2 clearly showed
that at each gestational stage all three markers were coexpressed in the ASMCs (figure 7a–a′′′), with
neither HHIP nor MYLK being expressed in the VSMCs. Similarly, IGF1 and FGF18 were coexpressed
with ACTA2 in ASMCs only but not in VSMCs (figure 7b–b′′′ and c–c′′′). High magnification panels of
these markers with airway smooth muscle ACTA2 seen in figure 7a′′′′, b′′′′ and c′′′′ and supplementary
figure S4 highlight the extent of co-localisation. Subcluster 3 was characterised by high expression of
Hairy/enhancer-of-split related with YRPW motif protein 2 (HEY2), neurotrophic receptor tyrosine kinase 3
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FIGURE 4 Spatial validation of endothelial cells. a–d) Immunofluorescent staining of platelet endothelial cell
adhesion molecule (CD31; green) on a) 11, b) 14, c) 16 and d) 18 weeks fetal human lung localised specifically
in the endothelial cells. e–h) Immunofluorescent staining of claudin 5 (CLDN5, red) on e) 11, f ) 14, g) 16 and
h) 18 weeks human fetal lung is primarily localised in the endothelial cells with some expression in the
epithelial cells. Scale bar: 50 μm. n=3 for each gestational stage.
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FIGURE 3 Spatial validation for matrix fibroblasts. a–d) Immunofluorescent staining of fibrillin 1 (FBN1, red)
on a) 11, b) 14, c) 16 and d) 18 weeks fetal human lung demonstrates localisation within the airway and
vascular smooth muscle cells. e–h) Immunofluorescent co-staining of decorin (DCN, red) and α1 type
collagen I (COL1A1; green) on e) 11, f ) 14, g) 16 and h) 18 weeks fetal lung demonstrates that the two
co-localise throughout development in multiple cell populations. Scale bar: 50 μm. n=3 for each gestational
stage.
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(NTRK3) and myocyte enhancer factor 2C (MEF2C) (figure 6c). FISH of NTRK3/MEF2C and ACTA2
clearly demonstrates that these two markers are both predominantly coexpressed in VSMCs with
extremely low expression of MEF2C in ASMCs (figure 8a–a′′′). Similarly, HEY2 is coexpressed with
ACTA2 in VSMCs but not ASMCs. HEY2 is also detected at low levels in some airway epithelial cells
(figure 8c–c′′′). The coexpression of these markers with vascular smooth muscle ACTA2 is also observed
in the high magnification panels (figure 8b–b′′′ and d–d′′′).

Discussion
We carried out the current study to expand our understanding of cellular phenotypes of the fetal human
lung and their molecular attributes. Prior studies by many investigators have described similar information
from the adult human lung in disease states (e.g. idiopathic pulmonary fibrosis versus controls) [20, 21]
and during development of animal models, most notably from the mouse [22–24]. The LungMap
consortium has begun to define various cell types in the developing mouse lung based on single-cell RNA
sequencing [25]. As multiple recent studies have uncovered substantive differences in the expression of key
molecules during mouse and human lung development, our studies aimed to provide a comprehensive
data set with which to assess these similarities and differences on a global level. Additional analysis, and
future work, will be necessary to further quantify the extent of the similarities. However, our data
set already provides novel information that can be used to identify markers of discrete cell populations
within the fetal human lung.

Our study has some limitations; mainly the fact that the single-cell RNA sequencing data presented are
derived from cells recovered from only two samples, one each at 11.5 and 18.5 weeks. It is important to
note, however, that statistical power for the analysis is provided by the fact that each population or cluster
of cells was represented by dozens or hundreds of independent cell gene expression profiles. Moreover, the
validation by in situ hybridization/immunofluorescence was performed on four different stages of lung
development and three independent sample per stage, which all show consistent results. Critically, each
cluster contained cells from both samples (supplementary table S2). Although the distribution of cells was
not identical among samples, we were not able to determine whether these differences were biologically
meaningful. Because of our interest in mesenchymal cells, and in an attempt to enrich these cells and
recover as many live mesenchymal cells as possible, we shortened the dissociation time, which resulted in
a reduction of the number of epithelial cells recovered. Therefore, our dissociation protocol is somewhat
selective for mesenchymal cells, as we recovered a very low percentage of epithelial cells (<2%).
Importantly, consistent with our data, recent work suggests that standard single-cell dissociation methods
lead to recovery of lower than expected numbers of epithelial cells in paediatric human lung tissues [18].
Notably, the frequency increases with age and is maximal in adult tissues. However, this did not affect our
ability to analyse the different mesenchymal populations in the human fetal lung.

From the data presented here, we can infer that specification of diverse populations of mesenchymal cells,
including discrete fibroblast, pericyte and smooth muscle cell populations, initiates prior to 11 weeks
gestation in humans. Conversely, our data indicate that the fetal human lung contains a large number of
“nonspecific” HLMP cells. RNA sequencing analysis indicates that HLMP cells are characterised by the
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FIGURE 5 Spatial validation of pericytes and stromal cells. a–d) Immunofluorescent co-staining of α2-smooth
muscle actin (ACTA2; red) and platelet-derived growth factor receptor-β (PDGFRB; green) on a) 11, b) 14,
c) 16 and d) 18 weeks native fetal human lung demonstrates the two are not coexpressed and the presence of
pericytes from an early developmental stage. e–h) Immunofluorescent co-staining of microfibrillar-associated
protein 2 (MFAP2; red) on e) 11, f ) 14, g) 16 and h) 18 weeks native human fetal lung demonstrates strong
localisation around airway and vascular structures. Scale bar: 50 μm. n=3 for each gestational stage.
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expression of interstitial collagens and multiple elastic fibre genes, including tropoelastin (ELN). ELN
expression in the lung is thought to be highly restricted in expression at later stages [26] and in rodents
[27], whereas in the human fetal lung, it is abundantly expressed across a large number of cell types.
Interestingly, HLMP cells appear to be highly similar to so-called matrix fibroblasts observed in the
developing mouse lung [25].

Our data also demonstrate that immune cells derived from the haematopoietic system, including lymphoid
and myeloid cells, occupy the fetal human lung at very early stages. Macrophages are known to play a role
during lung development in rodents [28]. However, our data are the first to suggest that localisation of
varied immune cells occurs during normal human fetal lung development. The identity of these immune
cells is still poorly defined at this time, but should be investigated in the future to better understand their
function and to determine their possible mechanistic role during lung development.

Myoepithelial cells are multipotent stem cells, present at the base of the submucosal glands, that have the
potential to give rise to all cell types of the submucosal glands and surface epithelium in response to
injury [29]. These cells are characterised by the expression of both epithelial and mesenchymal cell
markers (P63, keratin 5 (KRT5) and ACTA2). In mouse lung single-cell analyses, myoepithelial cells were
not detected [25], likely because submucosal glands are present only in the upper part of the trachea in
the mouse lung, whereas in the human lung the submucosal glands extend from the trachea to the
terminal bronchioles. To exclude low-quality cells, we filtered out cells having less than 500 unique
molecular identifiers detected or with ⩾12.5% of genes being mitochondrial genes, which were excluded
for being likely doublets (supplementary figure S3). We have not completely confirmed that this approach
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successfully removed doublets in our data set and cannot completely exclude the possibility that the
myoepithelial cell cluster contains some doublets. We did explore the relative quality control metrics across
individual clusters (supplementary figure S3), and clearly see that the myoepithelial cell cluster (cluster 2)
is near the mean for the number of genes detected per cell, the number of unique molecular identifiers per
cell and the percentage of mitochondrial genes per cell. These data suggest that the cells in this cluster are
not of different quality to those in other clusters that represent individual recognised cell types.
Importantly, the following features also support the biological, rather than technical, nature of this cluster:
substantial proportions of cells from both samples were assigned to this cluster (90 and 212 cells,
respectively; supplementary table S2), the total number of genes detected in this population is similar to
cells of other defined phenotype/annotation and the number of cluster-specific marker genes is similar to
cells of other defined phenotype/annotation. Therefore, the abundant presence of a population of
myoepithelial cells in our analyses was interesting but not surprising. Their role and contribution to the
development of the human lung is unknown and requires further investigation.

Mesenchymal cell types of the lung have been poorly defined relative to epithelial cell types. ASMCs and
VSMCs share similar contractile functions, and both express ACTA2, but are located at distinct locations. A
significant knowledge gap exists regarding the lack of specific and exclusive markers to differentiate them.
Encouraged by the diversity of ACTA2+ cells revealed by subclustering of fetal human lung RNA sequencing
data, we tested populations for attributes of frank smooth muscle cells. Our ontology analysis suggested that
the two subclusters with the highest level of ACTA2 expression may represent ASMCs and VSMCs,
respectively. FISH analysis confirmed that expression of at least a subset of markers differentially expressed in
these two ACTA2hi populations was spatially segregated and unique to either ASMCs (e.g. MYLK and HHIP)
or VSMCs (e.g. MEF2C, NTRK3 and HEY2). Among the marker genes for these two ACTA2hi populations,
which appear to be ASMCs and VSMCs, respectively, there are a number of genes that encode cell surface
proteins (supplementary table S3). Validation of these markers in future studies will be necessary to determine
if these markers alone, or in combination with others, can be utilised to isolate/sort these cell populations.

Interestingly, mutations in some markers identified in VSMCs, such as NTRK3, HEY2 and MEF2C, are
associated with congenital heart disease [30–33], whereas HHIP, identified in the ASMCs, has been
associated in genome-wide association studies with chronic obstructive pulmonary disease (COPD) [34].
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FIGURE 7 Airway smooth muscle cell (ASMC) spatial validation. FISH: fluorescence in situ hybridisation; VSMC: vascular smooth muscle cell. a–a′′′)
FISH of Hedgehog-interacting protein (HHIP; red), myosin light chain kinase (MYLK; white) and α2-smooth muscle actin (ACTA2; green) on fetal
human lung sections at a) 11, a′) 14, a′′) 16 and a′′′) 18 weeks gestation demonstrates co-localisation around the ASMCs with no presence around
the VSMCs. b–b′′′) FISH of insulin-like growth factor 1 (IGF1; red) in conjunction with ACTA2 (green) on fetal human lung sections at different
gestational stages demonstrates that IGF1 is solely localised in the ASMCs throughout development. c–c′′′) FISH of fibroblast growth factor 18
(FGF18; green) in conjunction with ACTA2 immunofluorescence (red) demonstrates that FGF18 is localised in the ASMCs and lower expression in
the distal epithelium between 11 and 18 weeks of lung development but is not expressed in the VSMCs. Scale bar: 50 μm. High magnification
panels of 16 weeks gestation confirm co-localisation of markers within the ASMCs (a′′′′, b′′′′ and c′′′′). High magnification panels for other
gestations are provided in supplementary figure S4. Scale bar: 25 μm. n=3 for each gestational stage.
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Moreover, MYLK expression is increased in COPD samples, suggesting that this increase could be
associated with ASMC hyperplasia [35]. Additional studies will be required to determine the timing at
which these populations become distinct in the human fetal/embryonic lung, whether marker expression
continues in a unique pattern through late lung development and adulthood, and if these same markers
define these spatially separate populations in other mammals.
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