
Introduction 

The human body is constantly performing a highly orchestrated 
process of multiplication and differentiation, taking us from sin-
gle-cell fertilized eggs to organisms with more than 30 trillion cells 
in our tissues and organs. Among the various organs that make up 
the human body, the lung is one of the few to be located on both 
sides of the body; furthermore, it is found near the heart and in 
front of the spine. The lungs are mainly responsible for the respira-
tory function of the organism and are the main site of gas exchange 
in humans. Lung tissues are made up of more than 40 different 
resident cell types, including epithelial cells, stromal cells, vascular 
cells, and immune cells. These cells perform critical functions 
and contribute to the homeostasis of lung tissues, although more 
is known about some of these cell types and their functions than 
others [1]. These cell types are differentially distributed across the 
various tissues in the lungs, and their density is largely dependent 
on the part of the lung being evaluated. There is also a distinct dif-
ference between these cells and lung stem cells in these tissues [2]. 
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The in vitro application of human pluripotent stem cell- or adult stem cell-derived lung organ-
oids has the potential to revolutionize lung disease research, but there are several limitations in 
the consistent implementation of lung organoids resulting from the structural diversity of the 
lung tissues and the variety of cell types (more than 40 resident cell types) populating these tis-
sues. However, the evaluation of these complexities using a combination of lung organoids and 
single-cell transcriptomics has made it possible to identify several key cell types and sub-popu-
lations critical to the development of robust in vitro organoid models. Recent studies have start-
ed to use stem cells to produce these organoids, making it possible to mimic complex 3-dimen-
sional tissues. Furthermore, single-cell mRNA sequencing allows critical comparisons of the 
transcriptome, which may help focus future research in the field of lung disease. 
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Epithelial cells are present throughout the lung, while mucus-se-
creting goblet cells, ciliated cells, and club cells, which are differen-
tiated from basal cells and neuroendocrine bodies, are present in 
the tracheobronchial region. The terminal bronchiolar region has 
no goblet cells, but contains club cells that can differentiate into cil-
iated cells and dedifferentiate into basal cells. In the alveolar region, 
where gas exchange occurs, the blood vessels are highly developed 
and can differentiate into flat alveolar type 1 (AT1) cells. Other 
AT1 cells and self-renewed AT2 cells are located next to AT1 cells. 
The difference between AT1 and AT2 cells were identified using 
single-cell mRNA sequencing technology, which has led to a more 
robust analysis of the function of different cell types in the lung, re-
sulting in the development of 3-dimensional (3D) organoids and 
lung-on-a-chip methods to study lung development, regeneration, 
and disease [3]. 

We have been working on methods to simulate the above de-
velopmental processes for several years with the aim of producing 
protocols that can help us understand both normal and pathogenic 
development in vitro. The application of adult stem cells, human 
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induced pluripotent stem cells (hiPSCs), and pluripotent stem 
cells has stimulated the development of cell culture-based methods 
that simulate the development of human lungs and diseases in vitro. 
The advent of 3D culture methods has allowed the expansion of 
this kind of work. Prior to the development of these technologies, 
research primarily focused on cell differentiation and development 
in 2 dimensions (2D) using stem cells. However, 2D models have 
clear limitations when studying human tissue development, which 
relies on the intercommunication of several integrated systems. In 
contrast, 3D culture systems overcome these limitations by facili-
tating the culture of multiple types of cells in structurally relevant 
ratios within the same system. Therefore, 3D culture produces a 
more complex microenvironment and helps to generate a balanced 
physiological state that more closely mimics in vivo tissues, produc-
ing what is commonly referred to as an organoid [4]. Stem cell-de-
rived lung organoids are emerging as a new platform for developing 
novel therapeutics, as they facilitate disease modeling and help to 
evaluate complex drug interactions in more representative disease 
models, while also helping to investigate the molecular mecha-
nisms underlying pathogenesis and tissue development [5]. How-
ever, it is not clear how accurately lung organoids recreate the lung 
tissues given the more than 40 resident cell types and their diverse 
sub-populations present in naturally occurring tissues. That said, 
several studies have been designed to overcome the limitations of 
lung organoid systems. These include studies that have analyzed 
the various characteristics of lung organoids using transcriptome, 
fluorescence-activated cell sorting (FACS), immunohistochemical 
analysis, and next-generation sequencing (NGS) [6]. Although 
studies have shown effectiveness in terms of establishment of the 
models, these evaluations have not been useful for analyzing the 
characteristics and diversity of the cells making up specific tissues 
and their sensitivity to disease. Lung organoids originating from 
a variety of cells have recently been used to complete single-cell 
mRNA sequencing analyzes to identify the underlying causes of 
specific diseases and the molecular mechanisms that underpin 
organ development to produce more precise and organized lung 
organoids. However, the lung organoids established so far remain 
relatively immature compared to in vivo tissues, and are often more 
similar to those found in the fetal environment. This means that 
these tissues do not reflect the full range of cellular constituents or 
the cellular ratios found in adult tissues, reducing their overall util-
ity. Thus, it is necessary to establish a cell atlas of current lung or-
ganoids and analyze the cellular profiles and ratios using high-reso-
lution single-cell transcriptomics in an effort to identify the missing 
components needed to model these in vivo tissues more accurately. 

This review aims to provide a general explanation of the work-
flow underlying single-cell transcriptomics and discuss the advanc-

es in this field over the last 10 years, while also evaluating the data 
from those single-cell transcriptome studies evaluating lung organ-
oids. This review was devised to act as a reference point for novel 
investigations designed to improve lung organoid models. 

Ethics statement: This study was a literature review of pre-
viously published studies and was therefore exempt from in-
stitutional review board approval.

The single-cell transcriptome analysis 
workflow 

Successful single-cell transcriptome analysis is performed in 5 
steps: (1) tissue/cell preparation, (2) single-cell capture, (3) 
library production, (4) transcriptome sequencing, and (5) data 
analysis and visualization. 

1. Tissue/cell preparation 
The first step in the analysis of single-cell transcriptomes is cellular 
dissociation. This process produces a living monodispersed cell 
population from cultured cells or tissues. It is important to mini-
mize cell death during the cell dissociation process, as cell death 
will reduce the variability in the downstream single-cell transcrip-
tome data. Because the analysis of single-cell transcriptomes is 
both time-and resource-intensive, single-cell analyzes should be 
subject to various quality control (QC) evaluations at every step. It 
is relatively easy to obtain living single cells from cultured cells or 
human blood samples, but obtaining living single cells from mass 
tissues, such as organoids, requires considerable effort. The plat-
form provided by Miltenyi Biotec (Bergisch Gladbach, Germany) 
has been shown to be superior in these kinds of applications, as it 
provides different cell dissociation methods for different tissues, 
which makes it possible to secure single cells with relatively little 
damage. After dissociation, it is advisable that researchers evaluate 
the live:dead cell ratio using DNA dyes, such as PI and 7AAD, or 
that they increase the ratio of living cells via FACS prior to moving 
to the next step of the experiment. It is also common for users to 
evaluate the cell size, cell concentration, and number of living cells 
using a commercial automated cell counter to identify the number 
of cells required for the next step in the analysis workflow. 

2. Single-cell capture 
Efforts to analyze single-cell transcriptomes began in earnest with 
research into oocytes in 2009 [7]. The subsequent rapid develop-
ment of NGS analysis technology and the creation of various sin-
gle-cell isolation methods have resulted in an exponential increase 
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in this type of analysis, which has fostered further development. 
In the past, it was only possible to separate cells into single cells 
using the serial dilution method or a labeled protein FACS-based 
method. However, these methods have limited efficiency because 
the number of cells that can be obtained per experiment is limit-
ed. Recently, the development and dissemination of commercial 
microfluidic platforms have enabled high-throughput single-cell 
transcriptome analysis. The 2 most widely used methods are mi-
crowell-and droplet-based methods. Microwell-based single-cell 
capture relies on introducing individual cells onto a chip one by 
one using a very fine well, followed by reverse transcription and 
amplification [8,9]. Unlike other methods, this approach has the 
advantage of being applicable to a variety of protocols [10–12], 
and the Fluidigm C1 platform is largely considered to be the rep-
resentative commercial platform for microwell-based single-cell 
capture (https://www.fluidigm.com). The second method is 
the microdroplet method, which is widely used in the analysis of 
single-cell transcriptomes. In this method, users synthesize cDNA 
libraries by making very small oil droplets that contain a single cell 
and an oligo-dT labeled gel bead designed to capture each cell and 
facilitate its lysis within the droplet [13,14]. The largest advantage 
of this platform is its high capacity; researchers can process thou-
sands of cells concomitantly, and 10x Genomics Chromium is the 
representative commercial platform for this type of single-cell cap-
ture (https://www.10xgenomics.com). 

3. Producing cDNA libraries 
A variety of methods are available for synthesizing single-cell 
cDNA libraries, but the methods that use oligo-dT primers, which 
specifically select for mRNA with a poly(A) tail, and subsequent 
reverse transcription, tend to be the most popular [15]. This meth-
od facilitates the addition of a barcode sequence to the transcripts 
of the library. These barcodes include a unique base sequence 
consisting of 12 base pairs that can then be used to identify specific 
transcripts from specific cells during data analysis [16]. When a 
cDNA library is established, noise is inevitably present; the noise 
can be mitigated by adding a short unique molecular identifier 
(UMI) to the primer [17]. These UMIs make it possible to quan-
tify the number of specific transcripts more accurately from each 
cell by correcting for the noise generated during the amplification 
process [18]. The quality and concentration of these cDNA li-
braries are then evaluated using a fragment analyzer to reduce the 
likelihood of sequencing failure. While these steps help, only about 
20% of all transcripts appear in the cDNA library [19], suggesting 
that there is room for improvement in the mRNA identification 
process. 

4. cDNA sequencing 
A small amount of synthesized cDNA can be amplified by poly-
merase chain reaction and sequenced using a commercial sequenc-
ing platform [19]. The system provided by Illumina (San Diego, 
CA, USA), which is the most representative commercial sequenc-
ing platform, is capable of sequencing single-cell transcriptomes. It 
uses a sequencing by synthesis technique that allows the massive 
parallel addition of a single base to every position in the DNA 
strand. Determining the read depth in single-cell transcriptome 
analyzes may vary depending on the purpose of the experiment, 
and the read depth is determined based on the number of reads 
per cell without the number of reads per base. Therefore, in sin-
gle-cell transcriptome analysis, unbiased sub-populations can be 
distinguished from 10,000 to 50,000 read depths per cell. While 
read-depth requirements are dependent on the purpose of the ex-
periment, paired-end sequencing, which increases the reliability of 
the sequencing results and allows mutation identification, remains 
the most popular read method. The single-read sequencing meth-
od produces limited sequence information because 3′ sequencing 
produces only approximately 100 bp of information per read close 
to the poly-A tail [20]. This means that most studies use 3′- and 
5′-paired-end sequencing in the hope of improving the data pro-
duced in these single-cell experiments [21]. 

5. Data analysis and visualization 
The final step in single-cell transcriptome analysis is the visualiza-
tion and interpretation of the sequencing results. The sequencing 
results are converted to the FASTQ format for analysis, and the 
cells are divided into groups using their barcode and UMI informa-
tion. Each read is then mapped and aligned to a reference genome 
following QC to improve the reproducibility and reliability of the 
datasets. This QC process was designed to check the ratio of genes 
in the non-cellular barcodes and the mitochondrial genome or 
remove doublet results by evaluating the number of genes per cell 
[22,23]. It is important to complete a thorough QC evaluation be-
fore moving on to data analysis and visualization, as QC improves 
the quality of the results produced in the study. Data that have 
undergone QC and normalization can, then, be used to produce 
new insights into the transcriptome by undergoing dimension 
reduction, clustering, visualization, and trajectory analysis. Seur-
at (https://www.10xgenomics.com), an open-source software 
program, is widely used to visualize single-cell transcriptome 
analysis results. Seurat is an R-based program (https://satijalab.
org/seurat) that can be used to evaluate and visualize the nor-
malization, dimensionality reduction, and heatmapping of these 
datasets. Single-cell RNA-sequencing results are considered big 
data and produce high-level information because thousands to tens 
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of thousands of cells are captured and the expression of 30,000 
genes is evaluated in each one. As it is impossible to visualize such 
high-level information directly, it is essential to visualize groups of 
cells with similar gene expression profiles. This is accomplished via 
the process of dimensional reduction, which allows us to project 
them into 2D space and express these groups of cells as dots [24]. 
The most important aspect of dimensional reduction is to avoid 
the loss of important biological information while excluding noise 
as much as possible. This process facilitates the evaluation of popu-
lation heterogeneity, subpopulation identities, and cell trajectories 
for each group of cells [24]. 

Single-cell transcriptomes from lung 
organoids 

Lung organoids are frequently established using adult stem cells 
present in the lungs of human tissues, embryonic stem cells, or 
dedifferentiated hiPSCs. This review focuses on the application of 
single-cell transcriptome analysis in the evaluation of lung organ-
oids established using these 3 types of stem cells. Adult stem cells 
are multipotent and cannot differentiate into cells from other or-
gans, as they are already programmed to differentiate into lung-tis-
sue cells. This means that lung lineage analysis following lung or-
ganoid differentiation is not required for these cells. However, only 
a very small number of cells can be obtained with the consent of 
the patient, and given the invasive nature of the procedure, it is of-
ten difficult to obtain these stem cells from healthy volunteers. Em-
bryonic stem cells are pluripotent cells that can differentiate into 
any lineage, which means that lung lineage analysis is required after 
lung organoid differentiation. These evaluations often need to be 
extensive to clearly demonstrate that they have not become other 
tissues or organs, but these cells are easier to obtain than adult stem 
cells. hiPSCs are pluripotent stem cells, such as embryonic stem 
cells, and display similar disadvantages; however, hiPSCs are more 
amenable to disease modeling as they are produced following the 
dedifferentiation of patient-derived somatic cells. This means that 
each of the 3 different stem cell lineages have different strengths 
and weaknesses, but they are all more useful for the in vitro model-
ing of human lung diseases than their animal model counterparts.  

1. Single-cell RNA sequencing for lung organoids 
produced using adult stem cells 
Many studies have focused on identifying and elucidating the in-
fection pathway for severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) and the subsequent identification of novel thera-
peutic agents for treating coronavirus disease 2019 (COVID-19). 
This has led to the use of lung organoids, which overcome the 

limitations of COVID-19 animal models, into the spotlight [25]. 
SARS-CoV-2 is replicated and released into the proximal airway 
[26]. The immune response is active in the distal airway [27]. 
However, a lung organoid protocol incorporating both cell types 
has been developed. These lung organoids were then subjected to 
single-cell RNA sequencing to determine the significance of their 
expression in infected patients, thereby narrowing the infection 
route and cellular target, which are important for the development 
of novel therapeutic agents. Adult stem cells isolated from lung 
biopsies produced lung organoids with complete proximal and 
distal airways in vitro, allowing the simulation of SARS-CoV-2 
infection without additional lung lineage analysis. Single-cell RNA 
sequencing analysis of these lung organoids enabled accurate dis-
ease modeling and showed that these techniques are suitable for 
the development of therapeutic agents as they facilitate the identi-
fication of specific cell types associated with specific lung-related 
diseases and can be used to develop novel protocols for producing 
appropriate organoids and exploring the pathology and physiology 
of the disease [28]. 

Unlike in rats, the basal stem cells of the human lung can be 
expanded and differentiated into the bronchial tree, indicating that 
lung organoids can be used to study human lung development in 
vitro [29,30]. During lung development, basal stem cells play an 
important role in maintaining lung homeostasis and facilitating 
regeneration [31]. This process can be explored using single-cell 
RNA sequencing and bud tip progenitor organoids [32] made 
from bud tip progenitor cells (such as adult stem cells) extracted 
from the human fetus. These evaluations allow researchers to de-
termine how similar the differentiation patterns are for specific cell 
populations from bud tip progenitor cells in vitro and in vivo. This 
was done by using single-cell RNA sequencing to evaluate which 
cell types from the bud tip progenitor produced a differentiation 
marker (TP63), and then comparing these to the expression pat-
terns of this marker in bud tip organoids during differentiation. 
In addition, specific transient cell types present only during lung 
differentiation, such as the bud tip adjacent and secretory progeni-
tor cell types, can be observed using lung organoids and single-cell 
RNA sequencing [33]. 

Next, a single-cell mRNA analysis confirmed the impact of 
SARS-CoV-2 on human lung alveolar type 2 (hAT2) cells using 
a 3D culture model. Youk et al. [34] created a 3D culture model 
with the folded and cystic-like structure of hAT2 cells derived 
from substantial areas of the lungs from a healthy donor. The anal-
ysis was conducted using the 10x Genomics single-cell sequence 
platform after SARS-CoV-2 infection in the established 3-dimen-
sional culture medium. The analysis captured a total of 14,174 
cells with 3,266 detectable genes per cell by an average of 13,500 
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UMIs, while 6 other clusters characterized hAT2 cells during 
virus infection. The authors analyzed the single-cell transcription 
results and confirmed that during SARS-COV-2 infection, no viral 
infection was found in the cell cluster defined as containing lung 
stem cells. Genes that respond to endoplasmic reticulum stress, 
such as HSPA1A, HSPA5, and HERPUD1, were particularly up-
regulated during the acute period of viral infection. As a result of 
viral infection, hAT2 cells showed significant upregulation of inter-
feron-stimulated genes (ISGs), such as IFI27 and IFI6. In clusters 
where cells die out due to viral infections, the level of ISG expres-
sion mostly decreased. Instead, these cells induced transcription 
of cell apoptosis mediators, such as PPP1R15A and GADD45B, 
suggesting active catastrophic cell pathways due to extreme viral 
strain. A Gene Ontology analysis using the variable genes obtained 
through sequencing single-cell transcriptomes primarily highlight-
ed infection-related pathways. 

2. Single-cell RNA sequencing for lung organoids 
using embryonic stem cells 
In addition to adult stem cells, which are difficult to extract, embry-
onic stem cells can be used to produce lung organoids for model-
ing lung-related diseases. Embryonic stem cells are generally easier 
to obtain, but lung organoids created using this method need to 
be evaluated for the lung lineage [35,36]. In particular, for analyses 
related to SARS-CoV-2, it was important to verify the expression 
of ACE2 (the viral receptor), TMPRSS2 (a protease involved 
in viral entry) [37], and FURIN (a pre-protein convertase that 
pre-activates the virus) [38], which are essential for SARS-CoV-2 
infection. Single-cell RNA sequencing was then able to confirm 
the cell type in these organoids, indicating that they can be used to 
model SARS-CoV-2 disease. This system can now be used to rap-
idly evaluate potential therapeutic interventions, such as imatinib, 
mycophenolic acid, and quinacrine dihydrochloride (approved by 
the US Food and Drug Administration [FDA]) for efficacy against 
COVID-19. In addition, the analysis of lung organoid-modeled 
SARS-CoV-2 disease using single-cell RNA sequencing made it 
possible to identify multiple novel colonic cell types [39]. 

The fact that SARS-CoV-2 recognizes ACE (a viral receptor) and 
that infection begins in lung cells expressing this receptor was first 
reported in a study using primary epithelial cell lines [40]. Howev-
er, Vero cells, which are commonly used for drug screening, have a 
significantly different ACE expression pattern from patient tissues, 
making it impossible to screen drugs for SARS-CoV-2 in these 
cells. Various analytical methods have made it possible to identify 
FDA-approved drugs that inhibit the process of ACE2 activation 
by 5a-dihydrotestosterone during the process of ACE2-mediated 
SARS-CoV-2 internalization. These drugs were then used to treat 

human lung organoids composed of AT2 cells expressing ACE2, 
TMPRSS2, AR, SRD5A1, and SRD5A2 that acted as an in vitro 
SARS-CoV-2 disease model, and researchers were able to evaluate 
drug efficiency in these settings as a primary screening for clinical 
evaluation. These researchers, then, used single-cell RNA-sequenc-
ing analysis to identify the factors required for the disease model 
to produce fully differentiated human lung organoids and to assess 
whether the percentage of AT2 cells in these organoids was exces-
sive [41]. 

As primary SARS-CoV-2 infection is respiratory-based, we 
developed a lung organoid model using human pluripotent stem 
cells that could be adapted for drug screening. Lung organoids, 
particularly AT2 cells, express ACE2 and are permissive to SARS-
CoV-2 infection. Transcriptomic analysis following SARS-CoV-2 
infection revealed a robust induction of chemokines and cytokines 
with little type I/III interferon signaling, similar to that observed 
in human COVID-19 pulmonary infections. We performed 
high-throughput screening using hPSC-derived lung organoids 
and identified FDA-approved drug candidates, including imatinib 
and mycophenolic acid, as inhibitors of SARS-CoV-2 entry. Pre- or 
post-treatment with these drugs at physiologically relevant levels 
decreased SARS-CoV-2 infection of hPSC-derived lung organoids. 
Together, these data demonstrate that hPSC-derived lung cells 
infected by SARS-CoV-2 can mimic human COVID-19 disease 
and provide a robust model to screen for FDA-approved drugs that 
might be repurposed and should be considered for COVID-19 
clinical trials [42]. 

3. Single-cell RNA sequencing for lung organoids 
produced using dedifferentiated stem cells 
Alveologenesis during human lung development is established be-
tween 36 weeks of gestation and 3 years of age [3]. This develop-
mental process accompanies the expansion of AT1 cells and their 
differentiation from AT2 cells, which are essential for gas exchange 
[43–45]. However, this differentiation process is not well charac-
terized because of the difficulties associated with the isolation and 
culture of primary AT1 cells. However, producing fibroblast-de-
pendent alveolar organoids (FD-AOs) using dedifferentiated stem 
cells [46–48] makes it possible to obtain AT1 cells more easily 
and may facilitate patient-specific cell therapy. Single-cell RNA 
sequencing analysis showed that induced AT1 cells made from 
dedifferentiated stem cells and induced AT1 cells obtained from 
hiPSC-derived AOs and primary AT1 cells were all very similar. In 
addition, single-cell RNA sequencing analysis revealed that sub-
stances such as XAV-939 increase AT1 cell differentiation in FD-
AOs via inhibition of canonical Wnt signaling [49]. 

AT2 cells act as tissue stem cells within the alveolar region of the 
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lung and can differentiate into AT1 cells, which occupy more than 
90% of the total area of the lung. AT2 cells can also differentiate 
into themselves, thereby facilitating their self-renewal. This means 
that if these AT2 cells can be obtained more stably and efficiently, 
they may provide a useful tool for evaluating the treatment of ir-
reversible lung diseases. Stable AT2 cell production usually relies 
on the production and separation of lung AOs, particularly those 
produced from hiPSCs. These organoids also have a specific ad-
vantage for the therapeutic application of AT2 cells, as these cells 
are less likely to experience immune rejection, making them more 
efficient for patient-specific disease treatment. Single-cell RNA 
sequencing analysis following lung AO culture is widely used to 
develop novel methods to efficiently differentiate and expand hiP-
SC-derived alveolar stem cells to facilitate long-term evaluation and 
promote therapeutic efficacy. The efficiency of the differentiation 
protocol can be evaluated by analyzing lung AOs at each stage, in-
cluding ventralized anterior foregut endoderm, distal lung progeni-
tor, and AOs using single-cell RNA units during the differentiation 
process and comparing the expression levels of key markers at each 
stage [47]. 

Conclusion 

In vitro models of lung disease have recently been thrust into the 
limelight, as research focus has shifted to the impact of air pollu-
tion on humans and lung-targeting diseases such as COVID-19, 
the prevalence of which has increased. Lung disease modeling 
relied heavily on both 2D cell culture and animal models until 
the advent of organoid fabrication techniques; this means that 
previous work suffered from numerous drawbacks, and most 
disease models were incomplete. For example, rats, which are the 
representative animal model for most lung studies, have relatively 
simple lungs compared to humans, who have over 40 types of 
cells with varying functions depending on where they are in the 
lung, making rat models less representative of both disease and 
development processes, ultimately limiting our ability to under-
stand the full complexity of the lungs (Fig. 1). Therefore, the need 
for disease modeling using human lung organoids has increased. 
Recent advances in the production of lung organoids from vari-
ous stem cells, such as patient-derived adult stem cells, embryonic 
stem cells, and iPSC dedifferentiated stem cells, have expanded 
the scope of in vitro modeling. However, given that these lung 
organoids struggle to mature beyond the level of fetal lung tissues, 
there remains a critical need to advance organoid technologies 
and better understand the lung tissue and development environ-
ments. Therefore, it is essential to verify the cell populations in 
human adult lungs and lung organoids using various technologies, 

including single-cell RNA sequencing, and to identify whether 
mature lung cells can be produced using lung organoids. In ad-
dition, various cells interact during gas exchange and at immune 
barriers and form a complex signaling network, which is prone to 
dynamic changes that cannot be recapitulated within the organoid 
environment. This means that it is critical to identify novel tech-
nologies that will help define these interactions, including those 
that would help define the transcriptional profile of these complex 
cellular environments. Taken together, the data in this review sug-
gest that single-cell transcriptome analysis can help to identify fate 
determinants during lung development via the production of a 
pseudo-time trajectory in a reduced data space and help to define 
cell populations essential to both development and disease in hu-
man organs. 
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