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Abstract

The Human Cell Atlas (HCA) consortium aims to establish an atlas of all organs in the healthy human
body at single-cell resolution to increase our understanding of basic biological processes that govern
development, physiology and anatomy, and to accelerate diagnosis and treatment of disease. The
lung biological network of the HCA aims to generate the Human Lung Cell Atlas as a reference for the
cellular repertoire, molecular cell states and phenotypes, and the cell—cell interactions that
characterize normal lung homeostasis in healthy lung tissue. Such a reference atlas of the healthy
human lung will facilitate mapping the changes in the cellular landscape in disease. The discovAIR
project is one of six pilot actions for the HCA funded by the European Commission in the context of
the H2020 framework program. DiscovAIR aims to establish the first draft of an integrated Human
Lung Cell Atlas, combining single-cell transcriptional and epigenetic profiling with spatially resolving
techniques on matched tissue samples, as well as including a number of chronic and infectious
diseases of the lung. The integrated Lung Cell Atlas will be available as a resource for the wider
respiratory community, including basic and translational scientists, clinical medicine, and the private
sector, as well as for patients with lung disease and the interested lay public. We anticipate that the
Lung Cell Atlas will be the founding stone for a more detailed understanding of the pathogenesis of
lung diseases, guiding the design of novel diagnostics and preventive or curative interventions.



Introduction

Lung diseases are leading causes of death worldwide [1], with incidences increasing at an alarming
rate while curative interventions are lacking for most of these disorders. Research into lung diseases
lags behind compared to cancer and cardiovascular disease, the other two major causes of death [2].
The high anatomical complexity of lung tissue, with the bifurcating bronchial tree, facilitating
transport of air, and the parenchyma containing the alveoli for gas exchange, as well as its extremely
rich cellular heterogeneity, with more than 50 different cell types identified to date [3], are some of
the obstacles hampering progress in understanding the mechanisms of the many different lung
diseases. These discrete lung cell types are each defined by morphological features as well as
constitutive gene expression patterns that are essential for cell type identity [4]. Each cell type can
adopt various molecular cell states, defined by transient expression of additional, facultative gene
modules to allow execution of specific functions, adaptations to environmental factors or stimuli, or
transition to another cell type during differentiation or in disease pathogenesis [4]. Therefore, the
exact molecular phenotype of lung cells in time and space is determined by their exact location
within the highly complex, three-dimensional structure of the lung, their local interactions with
other cells, with the lung matrix and with the external environment that is omnipresent in this
organ. The rich cellular complexity and precise spatial organization are critical for proper lung
function in health, and are often lost in disease. Hence, there is an urgent need to have a detailed
description of this complexity in healthy lung tissue and propel basic, translational and clinical
research in lung disease into a fast track for the development of precision diagnostics and
therapeutics. To achieve this, we need a detailed understanding of the cells that make up the lung,
their fixed and variable features, their interactions and their organization into local cellular
neighborhoods and higher-order structures that make up the macroscopic tissue architecture in
health and the deviations thereof in disease [4].

The central goal of the Human Cell Atlas (HCA; https://humancellatlas.org) is to establish such an
atlas of all organs in the healthy human body [5]. Achieving this daunting task for the lung is the
central goal of the Lung Biological Network of the HCA [6], an open research community that
encompasses a large number of research groups, as well as several research consortia, including
discovAlIR (https://discovAlR.org), the CZI Seed Network for the Human Cell Atlas
(http://bit.ly/HCALungCZI1), LungMAP (https://LungMAP.net) and HuBMAP
(https://HuBMAPconsortium.org). The discovAIR consortium is one of six pilot actions for the Human
Cell Atlas funded by the European Commission in the context of the H2020 framework program.

DiscovAlIR aims to contribute to establishing the first draft of an integrated Human Lung Cell Atlas. In
this atlas, discovAlIR will contribute significantly to the multimodal single-cell omics data from
healthy human lung, to mapping the cellular heterogeneity observed in single-cell RNA-seq (scRNA-
Seq) datasets onto the lung tissue architecture, and to identification of changes of molecular cell
phenotypes and their interactions in lung disease cohorts such as asthma, chronic obstructive
pulmonary disease (COPD), pulmonary arterial hypertension (PAH), coronavirus disease of 2019
(COVID-19), and interstitial lung diseases (ILD) such as interstitial pulmonary fibrosis (IPF), enabling
accelerated translational and clinical research into lung diseases. The discovAlIR results will facilitate
progress in regenerative and precision medicine by identifying novel candidates for precision
diagnostics and curative interventions in lung disease. Here, we present the contributions of the
discovAlIR project to the roadmap of the Human Lung Cell Atlas from the HCA Lung Biological
Network.

The Lung Biological Network of the Human Cell Atlas

The anatomy, physiology and cell type composition of the lung has been studied in great detail using
classical immunohistochemical and pathological approaches, with well-characterized relationships
between cellular phenotype and function [7]. The application of single-cell RNA-sequencing
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techniques to human lung tissue, however, showed that our knowledge of the cellular composition
of the lung is incomplete, and novel cell types such as the pulmonary ionocyte have been identified
[8, 9]. Consequently, the HCA Lung Biological Network (HCA-Lung) aims to identify all cell types and
their molecular states or activities present in healthy lung tissue, their interactions and organization
into higher-order anatomical and/or functional units [4].

Lung tissue is exquisitely suitable for such a mapping effort, due to the presence of unambiguous
tissue landmarks to relate local cellular neighbourhoods and larger-order cellular structures back to
defined physical coordinates within the organ. Importantly, healthy lung tissue is available to a large
number of research groups through lung resections in patients with lung disease (healthy lung tissue
adjacent to well-defined regions of disease, such as lung cancer), but also from organ donation
programs and in some cases through research bronchoscopy programs involving healthy control
subjects. This combination of a highly ordered tissue architecture - facilitating the implementation of
a common coordinate framework (CCF) [10] - and good community-wide availability of tissue makes
lung especially well-suited as a lead organ for the HCA to develop the infrastructure, workflows,
platforms and computational approaches needed for a community-driven tissue mapping effort as
laid down in the vision of the HCA consortium [5]. Consequently, atlases of both the airways and
parenchymal lung tissue have been selected by the HCA consortium as a priority effort, with the
Lung Cell Atlas having developed into one of the HCA Flagship projects [6]. The infrastructure,
workflows, roadmap and platforms developed within HCA-Lung can serve as blueprints for other
biological networks of the HCA community.

The roadmap of the Lung Biological Network

The identification of the pulmonary ionocyte as a previously unknown cell type present in healthy
lung tissue [8, 9], sparked a number of studies mapping the cellular heterogeneity of healthy lung
tissue with increasing spatial and cellular resolution, and taking into account smoking as one of the
most important factors driving specific cell states in lung tissue [3, 11-13]. An overview of current
lung tissue scRNA-Seq datasets and their availability is provided in Appendix 1. Progress in the Lung
Cell Atlases has also recently been summarized [14]. Notwithstanding the importance of these
foundational datasets for the respiratory community, HCA-Lung aspires to move well beyond this
current state-of-the-art that is hampered by relatively low number of donors, poor coverage of
different ethnicities and ancestral diversity as well as age range of tissue donors, limited resolution
across the CCF and lack of spatial mapping of the identified cell states onto the tissue architecture
[4, 6].

Therefore, HCA-Lung aims to provide a true reference atlas of the lung that captures the
heterogeneity of cell states associated with location within the organ, as well as the variation of cell
states that can be observed within healthy lung tissue, as a function of genetic, demographic and
geographical variables. One approach to establish such a reference atlas is to leverage recent
advances in computational data integration techniques [15-19] to integrate the currently available
single-cell RNA-seq datasets into a single embedding, thereby establishing an integrated Lung Cell
Atlas that captures most of the available data and identifies undersampled regions and cell
populations, and efficiently corrects for batch effects. In addition to capturing the full heterogeneity
in transcriptional cell states of lung cells, HCA-Lung aims to incorporate a much larger variation in
ethnicity and ancestral diversity, age range and geographical location of tissue donors, as well as
multiple layers of omics data into an advanced draft of the Lung Cell Atlas, including epigenetic
features such as CpG methylation, chromatin accessibility and histone modifications, or proteomic
features at single-cell resolution. Leveraging the recent advances in single cell joint profiling
protocols, paired modalities can enrich our RNA reference using transfer learning approaches that
map the RNA measurements onto each other [20]. Finally, the lack of a systematic description of
molecular cell phenotypes with spatially resolving methods is severely hampering the interpretation


https://paperpile.com/c/ImCSy0/l4A2+VZqC
https://paperpile.com/c/ImCSy0/rYOu
https://paperpile.com/c/ImCSy0/Wo4GL
https://paperpile.com/c/ImCSy0/NzZV
https://paperpile.com/c/ImCSy0/DVKU
https://paperpile.com/c/ImCSy0/l4A2+VZqC
https://paperpile.com/c/ImCSy0/75Um+V0yd+OHRZ+7S5N
https://paperpile.com/c/ImCSy0/QW8i
https://paperpile.com/c/ImCSy0/rYOu+DVKU
https://paperpile.com/c/ImCSy0/ZAg1+Yorn+omdZ+7HlD+IyWb
https://paperpile.com/c/ImCSy0/lWJB

of the wealth of data generated by the single-cell omics approaches. Clearly, adding such spatial
maps of healthy lung tissue is one of the current priorities of HCA-Lung. Merging spatial datasets
with an integrated Lung Cell Atlas based on multiple layers of omics data will then establish a true
Human Lung Cell Atlas of healthy lung tissue, which will be an invaluable resource for basic,
translational and clinical research into lung and its diseases.

The discovAlIR approach to establish the Human Lung Cell Atlas

The discovAlIR project aims to contribute to the HCA-Lung goals by delivering the first version of the
Human Lung Cell Atlas towards the summer of 2022. Over the last two years a number of studies
have presented tissue atlases of both healthy and diseased human lung [3, 11, 13, 21-30], using
single-cell RNA-sequencing complemented with single molecule fluorescent in situ hybridization
(smFISH) analyses for validation of the main results. While these studies provide a rich resource for
mapping cell-type specific gene expression patterns, as exemplified by the rapid description of the
expression patterns of genes encoding the SARS-CoV-2 cell entry factors by the HCA Lung
community during the COVD-19 pandemic [31], these are usually single-center studies and limited
by the relatively low number of biological replicates, the low resolution in spatial locations sampled,
the annotation of ‘novel’ cell type labels lacking ontological or pathological context, and the lack of
detailed spatially resolving methods to accompany the single-cell RNA-seq data.

To address this shortcoming, discovAIR will combine multimodal single-cell profiling of lung cells
with multimodal spatial mapping of the lung cell types and their molecular states onto the lung
tissue architecture (see Figure 1). Moreover, discovAlIR partners will integrate multiple lung tissue
single-cell datasets into a single embedding, establishing the first draft of an integrated Lung Cell
Atlas, allowing cell-type specific analysis of the transcriptomic variation explained by demographic
covariates, as was recently piloted for a limited number of SARS-CoV-2 cell entry genes by a highly
collaborative HCA-Lung effort [32]. We have recently benchmarked computational approaches for
data integration of existing single-cell RNA-seq datasets [19]. We will use this framework to identify
the best-suited method for integration of available scRNA-seq datasets from healthy lung tissue. The
resulting integrated dataset will be presented as the core reference of healthy lung tissue, and can
be used as the first draft of an integrated Lung Cell Atlas. This atlas can then be used as a reference
to which newly generated datasets from either healthy or diseased lung tissue can be compared
using transfer learning methods such as scArches [20]. Taking this approach is especially powerful, as
it allows unified use of cell type labels, direct comparisons of cellular composition across datasets
and - in case of diseased tissue - direct identification of unique, disease-associated cell states absent
from the healthy reference. Moreover, the integrated Lung Cell Atlas can help to structure
discussions around cell type label harmonization and mapping of the hierarchical cell type labels
used for data integration (see Figure 1) to existing ontologies of the cells of the lung [33].

Towards the end of the project, discovAlR will establish a second draft of this integrated Lung Cell
Atlas incorporating all newly generated data within the consortium as well as data from the larger
HCA Lung Biological Network community. The newly generated dataset from the discovAlIR project
will entail scRNA-seq data from at least 60 healthy controls spanning a large age range, both sexes
and multiple ethnicities, as well as the detailed characterization of the 5-location dataset from
healthy donor lung tissue encompassing multimodal data as well as matching spatial datasets. It is
important to bear in mind that any tissue sample obtained for building the reference atlas of healthy
lung tissue will be derived from either deceased individuals whose lungs are suitable for organ
transplant, lung resection programs in routine clinical care (often as part of cancer treatment) or
bronchoscopy studies performed for research purposes on healthy volunteers. Of these, only the
latter source can be considered to reflect truly healthy, fresh lung tissue. The integrated Lung Cell
Atlases will be made freely available to the respiratory and scientific community to ensure optimal
impact of the discovAlIR efforts. In addition to these integrated atlases of scRNA-seq data, discovAIR
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aims to develop innovative visualisations for spatial datasets, including 3D reconstruction of lung
tissue architecture and molecular phenotyping of local cellular neighbourhoods by multiplexed sm-
FISH or immunofluorescence analysis.

Most datasets with a large number of biological replicates sample only a limited number of locations
within the organ, and use a single-omics technique. To contribute to a more balanced coverage of
multimodal sampling across the CCF in sufficient numbers of donors, discovAIR aims to establish a
reference dataset offering an in-depth exploration of healthy lung tissue from 5 deceased transplant
organ donors, each sampled at 5 discrete locations (see Figure 1) using both scRNA-Seq and scATAC-
Seq to characterise their constant and variable features, as well as multimodal spatial profiling of
lung cells on adjacent tissue sections, to map their organisation in a three dimensional tissue
architecture, and their local and distant interactions. The generation of in-depth transcriptomic data
will allow us to predict cell-cell interactions and the receptor-ligand pairs mediating these. The
discovAlR approach will also allow validation of these predicted cell-cell interactions by spatial data
that identifies, in a quantitative manner, cellular interactions.

The discovAlR project has selected 4 different spatially resolving methods. Of these, two are probe-
based, allowing validation of the spatial expression pattern of a (limited) gene set, selected on the
basis of the scRNA-seq data, by mapping these onto the tissue architecture. The other two methods
are sequencing-based spatially resolving methods, allowing detection of spatial gene expression
patterns without limiting the analysis to a prior selection of genes.

The two probe-based methods to map the transcriptional variation and cell-type heterogeneity
observed in the single-cell datasets onto the spatial architecture of lung tissue differ in sensitivity
and multiplexity. First, we will use a panel of 64 probes in the sm-FISH based method SCRINSHOT
[34], that has high sensitivity, but depends on sequential rounds of hybridization and imaging of the
same tissue section to achieve multiplexity. We have established two probe panels based on the
transcriptional variation observed in a similar dataset covering these same 5 locations. One probeset
was designed for airway wall-resident cell types and one for cell types of the lung parenchyma. In
addition to SCRNSHOT, we will map the cell types and their molecular phenotypes in high detail with
a panel of 150 probes using in situ sequencing (ISS), an alternative approach that has higher
multiplexity, but not the sensitivity of SCRNSHOT [35]. Probe selection for both SCRINSHOT and ISS
was performed using a multi-objective computational approach, which optimizes our ability to
discern cell types of interest while recovering most of the transcriptional variation observed in these
tissue samples with the selected probes (Appendix 2: the current discovAIR smFISH gene lists for
probe design in ISS and SCRINSHOT).

In addition to these probe-based spatial approaches, discovAlIR has selected two unbiased,
sequencing-based methods based on their capacity to generate spatially resolved transcriptomic
data from the adjacent tissue sections from the same lung tissue samples as used in SCRNSHOT and
ISS. In this pilot project for the Human Lung Cell Atlas, we have chosen to focus on spatially resolved
transcriptome-based data only, while protein-based analyses will need to be integrated at a later
stage. First, spatial transcriptomics by Visium [36] will be performed on 6.5 mm x 6.5 mm x 10
micron sections from the same lung tissue blocks also used for SCRINSHOT and ISS. The Visium spots
are 55 microns in diameter with a 100 micron center-center distance, and routinely yield >4000
genes per spot. Considering the architecture of the lung, we aim to profile pairs of adjacent sections
(10 micron) followed by a gap of 100 micron so that a total of about 10 tissue sections will cover a
tissue volume of over 1 cm’. A data-driven 3D model will be created based on the gene expression
data. We have selected two out of the five deep dive locations to be included in the 3D
transcriptomic approach: location 3 (3rd/5th generation airway) and location 5 (lung parenchyma;
see Figure 1D), which will thus generate a first draft map of the transcriptome in two main sampling
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locations of the 5 deceased donor lungs. The 3D transcriptomic results will be integrated with the
matching snRNA seq data generated on adjacent tissue sections to validate the spatial coordinates
of the identified cell types. Moreover, SCRINSHOT and ISS data from adjacent sections will be
available to guide further validation and higher-resolution mapping of the 3D transcriptomic map
onto the tissue architecture. We will create probabilistic spatial cell maps of scRNAseq defined cell
types using approaches like pciSeq [37] and Tangram [38].

The second sequencing-based approach with spatial resolution employs automated nuclear isolation
using the laser capture microdissection (LCM) method [39], followed by snRNA-seq or snATAC-seq of
the individual nuclei containing spatial coordinates. In this approach, a section of the lung tissue with
a thickness of 10 microns and lateral sizes varying between few millimeters and 1 centimeter is
imaged in up to three color channels. The nuclei of interest are detected by a machine learning
method using the intensity information from the different color channels. The detected nuclei are
then sequentially cut and collected in a collector plate filled with the appropriate lysis buffer and
further processed for snRNA-seq or snATAC-seq. The spatial location of each nucleus is stored in a
file by the LCM system. The RNA or ATAC sequencing data generated in this way will be correlated to
the spatial location of the individual nuclei to provide insights on the distribution of particular cell
populations across the human lung tissue. These datasets will be integrated with the matching
snRNA-seq as well as the SCRINSHOT and ISS data, and 3D Visium data for the 2 locations where this
is available. Together, this will generate a spatial map of cell types and cell states of the healthy
human lung, including 3D reconstruction of small airways and lung parenchyma.

Finally, DiscovAlR aims to provide a detailed profiling of the cellular trajectories of healthy adult lung
cells towards the disease-associated cell states. To this end, discovAIR will study a (limited) number
of chronic and/or inflammatory lung diseases: asthma, COPD, ILD, PAH and COVID-19. Moreover,
discovAlIR will establish a lung cell perturbation map to chart cell-state transitions between health
and disease (see Figure 1).

Lung diseases are highly heterogeneous, and several phenotypes as well as endotypes can be
observed for nearly all chronic lung diseases. The scope of discovAlR is to provide proof-of-principle
data that a high-quality reference cell atlas of healthy lung and can be used in combination with
datasets from lung tissue of patients with lung disease to identify disease-associated cell states and
cell-cell interactions, and the healthy-to-diseased cellular trajectories can be further characterized
using the perturbation atlas. Therefore, discovAlIR has chosen to include relatively small numbers of
samples from patients with lung disease (10 tissue samples per disease condition). In addition,
discovAlIR has selected very specific disease groups, such as adult patients with (physician diagnosed)
childhood-onset asthma without a history of cigarette smoking, in an attempt to minimize the
chance that heterogeneity of the disease obscures any reproducible disease-associated
transcriptional cell states in the final dataset.

The discovAlR perturbation atlas will use primary epithelial, immune and endothelial cells, as well as
precision-cut lung slices, all isolated from lung tissue of healthy donors, and stimulated in advanced
in vitro culture models [40, 41]. Time-series analysis of the ex vivo stimulated primary cells by scRNA-
seq will allow the identification of transitional cell states in the cellular trajectories of healthy cells
towards a potentially disease-associated transcriptional cell state. The discovAlIR project focusses on
testing this perturbation atlas concept in epithelial, endothelial and immune cells given the
availability of well-developed cell culture models available to the consortium. However, other cell
types such as mesenchymal cells including fibroblast subsets and smooth muscle cells are likely to
play key roles in disease inception, progression and exacerbations, and will need to be studied in a
similar approach in future follow-up projects if the concept of the perturbation atlas is validated.
Integration of the datasets from ex vivo cultures of healthy primary lung cells and tissues with the
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scRNA-seq datasets acquired in lung tissue samples obtained from patients with lung disease is
expected to allow the identification of the optimal in vitro proxy for the diseased cell states observed
in vivo.

These studies are expected to further uncover cellular mechanisms of disease, guide identification of
potential targets for preventive or therapeutic intervention and reveal biomarkers that can be used
to detect the presence of these specific diseased cell states for use in diagnosis or treatment
response monitoring. Given that discovAlIR is a 2-year pilot project, the approach has a strong focus
on transcriptomic data to establish the first draft of the Human Lung Cell Atlas in health in disease.
Notwithstanding the significant progress beyond the state-of-the-art such an Atlas would entail,
these foundational transcriptomic datasets will need to be validated at the protein level, both for
the Human Lung Cell Atlas describing the transcriptional heterogeneity in healthy lung tissue as well
as for the changes therein associated with chronic lung disease, to be able to achieve their full
impact for the respiratory community and patients with lung disease.

Taken together, the multimodal healthy lung tissue datasets, state-of-the-art integration methods,
the spatial mapping of healthy lung tissue and the disease cohorts in combination with the
perturbation atlas will allow discovAlIR to generate a first draft of the Human Lung Cell Atlas (V1.0) as
a standard reference for the respiratory community. This will not only encompass a healthy
reference Lung Cell Atlas combining multimodal omics and spatial datasets, but also a
comprehensive description of the changes thereof with disease, and the cellular trajectories that
might lead to the acquisition of the unique, disease-associated cell states. This will be a key asset for
the respiratory community and is expected to facilitate progress in regenerative and precision
medicine for lung disease, and guide identification of novel candidates for precision diagnostics and
curative interventions. All discovAIR methods and best practices will be openly shared through open
access portals such as protocols.io (https://www.protocols.io/workspaces/hca) and Github
(https://github.com/LungCellAtlas & appendix 3).

Dissemination, public engagement and outreach for the Human Lung Cell Atlas

To achieve full impact, discovAIR has the European Respiratory Society (ERS) and the European Lung
Foundation (ELF) as project partners for dissemination of results and community involvement in the
Human Lung Cell Atlas. ELF is a patient ambassador organization, aiming to bring together patients
and the public with respiratory professionals to positively influence lung health, and is essential to
safeguard patient involvement, public engagement and outreach for discovAlIR. ERS is the largest
scientific and clinical organisation in respiratory medicine in Europe. Involvement of ERS in the
Human Lung Cell Atlas initiative through discovAlIR is instrumental to inform and involve the basic,
translational and clinical respiratory scientific community as well as diagnostic, regenerative
medicine and pharmaceutical industries with respect to the progress and achievements of the
Human Lung Cell Atlas.

Needs from different user communities of a Human Lung Cell Atlas

A critical part of the discovAlIR dissemination strategy is to involve the different user communities
that will benefit from the Human Lung Cell Atlas early on. The discovAlIR consortium organized a user
group meeting for the Lung Cell Atlas at the 2020 ERS Lung Science Conference in Estoril, Portugal,
together with ELF. This meeting aimed to identify the needs of the different user groups with regard
to content and design of the Lung Cell Atlas, as well as the best approach to ensure optimal use of
the Lung Cell Atlas. The user groups represented in this meeting were patients with different
respiratory diseases, basic and translational scientists active in the respiratory field, clinical experts,
and representatives of the diagnostic and pharmaceutical industry. The results from the user group
meeting clearly indicate that the expectations and needs for the Lung Cell Atlas differ between the
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patient representatives and the lay public on the one hand, and experts including clinician, scientists
and representatives from the private sector on the other hand.

Patient needs

The patient ambassadors clearly indicated that the added value of a Lung Cell Atlas for them is to
better understand their lung disease. Patients with lung disease indicated that the Lung Cell Atlas
might help them understand the structure and function of the lung, the changes in disease, as well
as the identity and basic characteristics of the cells that make up the lung. Of special interest to the
patient is the opportunity to understand how their disease condition affects the cells of the lung,
how this is reflected in specific (diagnostic) test results and how prescribed drugs can work to
restore normal cell functions and interactions. As such, the Lung Cell Atlas can serve as a tool in
interactions between patients and their doctors. Thus, information needs to be presented in the
context of a specific disease.

In addition, the Human Lung Cell Atlas could be used as an educational tool, to explain the details of
a lung disorder to relatives and the lay public, and might help to educate the next generation of
patient advocates and respiratory scientists. Finally, the patient representatives also recognized the
Lung Cell Atlas as a potential tool for scientists, clinicians and partners in the private sector to
develop novel treatments for lung disease that can improve the quality of life for patients with lung
disease.

Scientific, clinical and industry needs

The needs indicated by the scientific, clinical and industry representatives at the Human Lung Cell
Atlas user group meeting were much more detailed, with open access to data being considered as
one of the most important features of the Human Lung Cell Atlas. Data access could be facilitated
either by querying the platform, by downloading the data or by obtaining contact details of the data
guardians. Furthermore, the respiratory scientists would like to see details on the aspects of the
Atlas that are not well covered in the current draft of the Human Lung Cell Atlas, as well as
opportunities to contribute their data to a next iteration of the atlas. Also, the Human Lung Cell Atlas
should offer details on disease-induced molecular phenotypes of lung cells, as well as the cellular
interactions causing disease or are altered by disease to increase its impact with the respiratory
community.

Representatives from the pharmaceutical industry were highly interested to use the Lung Cell Atlas
to map gene expression to specific locations in the bronchial tree or parenchyma, and to guide
design of drug delivery methods for targeted therapies. Furthermore, detailed insight into the
cellular transcriptomes, behaviors and interactions in the different regions of the lung and in
subtypes of disease could accelerate drug design for precision medicine. The industry
representatives further stressed the importance of access to the raw data and future expansions of
the Lung Cell Atlas with, for instance, single-cell epigenetic or proteomic datasets, as well as datasets
from a large number of lung diseases.

Functionalities to meet the different needs

Given the divergent needs indicated by the patient representatives and the individuals representing
respiratory science, medicine and industry, all stakeholders agreed that in designing a Lung Cell
Atlas, two separate portals might need to be developed. All user groups indicated that curiosity into
the biology of the lung and its disorders is an important incentive to access the Lung Cell Atlas.
Patient representatives indicated that clear illustrations and a step-by-step introduction into the
anatomy and physiology of the lung would be extremely helpful before accessing the individual cell
types and their changes in disease, with complexity slowly increasing as the user gets to the more
detailed parts of the atlas. Accessing the atlas through different mobile devices, with strong visual



support and structured search functions, as well as the ability to leave feedback were also of
importance.

Interactive resources with stories from patients around specific regions or structures in the lung
would greatly increase the attractiveness of the Lung Cell Atlas, especially when these are updated
regularly and kept up-to-date and relevant (for instance around cessation of cigarette smoking or
the consequences of COVID-19). Finally, the Lung Cell Atlas would need to be available in different
languages and hosted or mirrored by various local and national organizations for patients with lung
disease, each in their own language, to make it truly accessible to patients and the public. The Lung
Cell Atlas v1.0 may serve as a platform that could be expanded to accommodate these features in
the future.

The individuals from academia, clinic and industry indicated that the portal should allow maximal
interaction with the data through a variety of analysis tools, and the availability of the data for
download to perform such analyses offline. Examples are analyses of gene co-expression networks,
of trajectories along spatial, demographic or disease parameters, of DNA variant queries, of gene
ontology and of cell-type specificity regarding gene expression networks. An interactive analytical
tool or browser, that could be used to analyze the data in such a way that its results could be
presented in scientific publications or presentations, would clearly increase the impact and
recognition of the Human Lung Cell Atlas as an authoritative reference tool. In addition, such
functionalities would enable the Human Lung Cell Atlas to maximally contribute to open data and
open science. These data analysis tools will be made available through a dedicated webportal at the
Single-Cell Expression Atlas at EBI [42], as well as through the FASTGenomics platform
(https://fastgenomics.org/).

Conclusions

The Human Lung Cell Atlas is a shared goal of several international consortia, all of which are
represented in the Lung Biological Network of the Human Cell Atlas. The discovAlIR consortium is the
main European consortium active within HCA-Lung, and is one of the six research and innovation
actions funded by the European Committee in the Horizon2020 framework program. The discovAIR
consortium aims to contribute to the goals and efforts of the Lung Biological Network of the Human
Cell Atlas by providing the multimodal characterization of healthy lung tissue, including spatial
mapping of cell types and cell states onto the tissue architecture. This will allow discovAlIR to
generate a first draft of the Human Lung Cell Atlas as a standard reference for the respiratory
community.

In addition to the healthy reference Lung Cell Atlas combining multimodal omics and spatial
datasets, discovAlR will also provide a first description of the changes thereof with several lung
diseases, and the cellular trajectories that might lead to the acquisition of the unique, disease-
associated cell states. This will be a key asset for the respiratory community and is expected to
facilitate progress in regenerative and precision medicine for lung disease, and guide identification
of novel candidates for precision diagnostics and curative interventions. DiscovAIR will develop
portals for data exploration and analysis suitable for the academic and industrial end-users, as well
as information portals for patients, their families and the interested lay audience in collaboration
with the ELF, an ambassador organization for patients with lung disease. All discovAIR methods,
datasets and atlases will be made freely available and serve as a basis for further expansions and
updates by the Lung Biological Network of the Human Cell Atlas consortium. Future iterations of the
Lung Cell Atlas are expected to increase the genetic diversity of the atlas, to incorporate fetal and
pediatric lung development, to expand the number of diseases and diseased samples included in the
atlas and to further develop the interactive and integrated features of the Human Lung Cell Atlas
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across transcriptomic, epigenomic, proteomic and spatial data modalities, evolving into a standard
reference for the respiratory community.
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Figure 1 - discovAIR approach and workflow

The discovAlIR consortium aims to establish a first draft of the Human Lung Cell Atlas, by integrating
existing single-cell RNA seq datasets from the HCA Lung Biological Network into a single embedding,
allowing analyses on the integrated dataset (A). This dataset will be enriched by additional datasets
generated by the discovAIR consortium: a multi-omics characterization of lung tissue from 5 healthy
donor lungs sampled at 5 locations (‘deep dive’; B) and a cohort of healthy controls (at least n=50)
and patients with lung disease (at least n=50; C). The ‘deep dive’ tissue samples will also be used to
generate spatially resolving datasets on matched tissue sections using Visium, in situ sequencing,
SCRINSHOT and LCM-guided snRNA-seq analysis (D). Samples from the discovAIR cohort (patients &
controls) will be used for spatial mapping using SCRINSHOT (E) and for establishment of the
perturbation atlas (F). In the perturbation atlas, stimulations of ex vivo cultured primary cells or
precision-cut lung tissue slices will be used to map cell state trajectories of healthy cells to diseased
cell states (G). These novel datasets will be ingested into next iterations of the integrated lung cell
atlas, used to establish consensus annotations for the different lung cell types and submitted to the
appropriate data repositories (H) as open data using novel visualization modalities for the spatial



datasets. Finally, the integration of the lung cell atlas (including datasets from lung disease) and the
perturbation atlas will generate novel insights into mechanisms of disease, help guide identification
of drug targets and biomarkers for disease inception or treatment response.



