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Abstract

Background: Although the mouse is widely used to model human lung development, function, and disease, our
understanding of the molecular mechanisms involved in alveolarization of the peripheral lung is incomplete.
Recently, the Molecular Atlas of Lung Development Program (LungMAP) was funded by the National Heart, Lung,
and Blood Institute to develop an integrated open access database (known as BREATH) to characterize the
molecular and cellular anatomy of the developing lung. To support this effort, we designed detailed anatomic and
cellular ontologies describing alveolar formation and maturation in both mouse and human lung.

Description: While the general anatomic organization of the lung is similar for these two species, there are
significant variations in the lung’s architectural organization, distribution of connective tissue, and cellular
composition along the respiratory tract. Anatomic ontologies for both species were constructed as partonomic
hierarchies and organized along the lung’s proximal-distal axis into respiratory, vascular, neural, and immunologic
components. Terms for developmental and adult lung structures, tissues, and cells were included, providing
comprehensive ontologies for application at varying levels of resolution. Using established scientific resources,
multiple rounds of comparison were performed to identify common, analogous, and unique terms that describe
the lungs of these two species. Existing biological and biomedical ontologies were examined and cross-referenced
to facilitate integration at a later time, while additional terms were drawn from the scientific literature as needed.
This comparative approach eliminated redundancy and inconsistent terminology, enabling us to differentiate true
anatomic variations between mouse and human lungs. As a result, approximately 300 terms for fetal and postnatal
lung structures, tissues, and cells were identified for each species.
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Conclusion: These ontologies standardize and expand current terminology for fetal and adult lungs, providing a
qualitative framework for data annotation, retrieval, and integration across a wide variety of datasets in the BREATH
database. To our knowledge, these are the first ontologies designed to include terminology specific for
developmental structures in the lung, as well as to compare common anatomic features and variations between
mouse and human lungs. These ontologies provide a unique resource for the LungMAP, as well as for the broader
scientific community.

Keywords: Alveolarization, Biomedical ontology, Data annotation, Database, Lung-specific cell types, Molecular
anatomy, LungMAP, OWL, Single-cell analysis, Web-based atlas,

Background
Ontologies are formal representations of knowledge used
to handle big data sets and information retrieval. Ontol-
ogies consist of standardized vocabularies of terms for
individual entities (or objects) that are associated with a
specific domain or field of knowledge. Anatomy ontol-
ogies are designed to capture biological concepts and de-
scriptions in a way that can be easily categorized and
analyzed with computer technology. The most visible
biological application today is the Gene Ontology project
[1], which provides a controlled vocabulary for cross-
species comparisons of genes and gene products that are
associated with biological processes, molecular func-
tions, and cellular components. In recent years, ontol-
ogies have become indispensable tools for various
molecular anatomy and atlas projects, including GUD-
MAP, molecular anatomy of genitourinary tract develop-
ment in the mouse [2, 3]; Brain Maps 4.0, neuroanatomy
of the rat brain [4]; Xenbase, Xenopus anatomy and de-
velopment [5]; and FaceBase, craniofacial anatomy, de-
velopment and malformations in a variety of species [6].
Ontologies also extend our ability to access prior know-
ledge from other model organisms, using cross-
referenced linkages to existing ontologies or databases.
Together, these ontologies provide innovative tools for
knowledge representation and modeling of biologic and
developmental relationships, as well as cellular and mo-
lecular processes.
While extensive research has been published on the

molecular regulation of early lung formation and
branching morphogenesis of the conducting airways
(reviewed in [7–10]), less is known about the molecular
mechanisms regulating expansion and maturation of the
alveolar parenchyma during the later stages of lung de-
velopment (reviewed in [11–16]). This period of lung de-
velopment is critical for the formation of the distal gas-
exchange region of the lung, which is marked by the
generation of millions of highly vascularized alveoli that
are the lung’s primary gas-exchange units (reviewed in
[17, 18]). This process, termed alveolarization (or alveo-
logenesis), increases the surface area and diffusion cap-
acity of the lung, which are required for efficient

exchange of oxygen and carbon dioxide after birth. Dis-
ruption of this process has significant clinical relevance
for managing neonatal lung disease related to prematur-
ity, neonatal respiratory distress, and abnormal lung
growth [19–21].
The mouse is an important animal model for investi-

gating human lung development, function, and disease
[22–26]. Although there are many anatomic, histologic,
and developmental similarities between these two spe-
cies, significant variations exist in the architectural
organization, connective tissue elements, and cellular
composition of their lungs [27–29]. Lung development
in both species proceeds in an orderly fashion in re-
sponse to molecular mechanisms that control the initial
formation and subsequent proliferation, differentiation,
growth and maturation of the lung (reviewed [7–10]).
Development of the lung is divided into several stages
that extend throughout the fetal and postnatal periods of
life [17, 30]. These stages include the embryonic, pseudo-
glandular, canalicular, saccular, and alveolar stages,
which describe the histologic changes observed during
development of the lung [17, 30–35]. Vascular matur-
ation of the alveolar capillary bed in both species takes
place during the last stage of lung development and is
coincident with alveolar septation [17, 36–38]. Although
lung development is similar in all mammalian species,
the relative timing and/or length of each developmental
stage varies from one species to another [17, 39, 40].
While maturation of the peripheral alveoli is initiated
prior to birth in the human lung [30, 34, 41, 42],
similar histological changes in the mouse do not
begin until after birth [17, 43]. In both species, on-
going formation of additional alveoli continues into
young adulthood [36, 37, 41, 43, 44].
Recently, a cooperative research project, the Molecular

Atlas of Lung Development Program (LungMAP), was
initiated by the National Heart, Lung, and Blood Insti-
tute to characterize and compare the molecular anatomy
of mouse and human lungs, focusing on the later stages
of lung development and maturation [45, 46]. LungMAP
is a consortium composed of four research centers, a
mouse hub, a human tissue repository, a central
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database termed Bioinformatics REsource ATlas for the
Healthy lung (BREATH), and a data-coordinating center
with a public web site (www.lungmap.net) [45, 46]. The
BREATH database is an integrated open-access database
that contains multiple datasets generated by a variety of
analytical approaches to detect temporal-spatial changes
in the developing lung. These include changes in 1)
mRNA and microRNA expression, using microarrays
and mRNA sequencing; 2) epigenetic control of gene ex-
pression, based on DNA methylation patterns; 3)
protein, lipid and metabolite expression, using mass
spectrometry imaging; 4) protein and mRNA expression,
using high-resolution immunofluorescence confocal mi-
croscopy and high-throughput in situ hybridization; and
5) structural features, using three-dimensional (3-D) im-
aging [47–51]. Annotation and retrieval of information
from these diverse datasets require a standardized vo-
cabulary to integrate the molecular data with anatomic,
histologic, and cellular imaging, in order to identify
functionally and/or anatomically defined cell types in the
developing lung.
To support this effort, we developed a comprehensive,

high-resolution ontology, incorporating terms for well-
defined anatomic structures, tissues, and cells found in
the late fetal and postnatal mouse lung. Likewise, a de-
tailed anatomic ontology for the late fetal and postnatal
human lung was constructed and then harmonized with
the mouse ontology in order to compare normal devel-
opmental processes between the two species. To our
knowledge, this is the first ontology to include termin-
ology specific for developmental structures in the mouse
and human lung, including pulmonary, vascular, neural
and immunologic components critical for lung function.
It is also the first time that specific cell types have been
incorporated into an anatomic ontology for the lung.

Content and construction
Methods
The abstract version of these anatomic ontologies was
constructed using Protégé1 version 5.0.0 [52, 53]
(https://protege.stanford.edu/about.php) and Web
Ontology Language (OWL 2). This approach supports
integration with other biological and biomedical ontol-
ogies. Scientific content was informed by review of the
published literature (peer-reviewed research, reviews,
textbooks, atlases, and medical dictionaries), by the au-
thors’ expertise in lung development, anatomy, histo-
pathology, and cell biology, and by annotation
requirements for the BREATH database. Terminology
and definitions already in use were adopted from exist-
ing ontologies, including the Mouse Gross Anatomy and
Development Ontology (EMAP) [54] (https://bioportal.
bioontology.org/ontologies/EMAP); the Mouse Adult
Gross Anatomy Ontology (MA) [55, 56] (http://

bioportal.bioontology.org/ontologies/MA); the Founda-
tional Model of Anatomy (FMA) [57] (http://bioportal.
bioontology.org/ontologies/FMA); the Uber Anatomy
Ontology (UBERON) [58] (http://bioportal.bioontology.
org/ontologies/UBERON); and the Cell Ontology (CL)
[59, 60] (http://bioportal.bioontology.org/ontologies/CL).
Additional resources for terms and definitions included
the National Cancer Institute Thesaurus (NCIT)
(https://ncit.nci.nih.gov/ncitbrowser/) and National
Institute of Health (NIH) Medical Subject Headings
(MeSH) (https://www.nlm.nih.gov/mesh/). Definitions
derived from existing ontologies and resources were
often modified to reflect lung-specific knowledge and ex-
pertise. Synonyms commonly used in the literature and
in other ontologies were included to improve query
searching. Where additional terms were required (i.e.,
terms that could not be drawn from existing ontologies),
the published literature was reviewed for the most
widely accepted terms, synonyms, and definitions. Mul-
tiple revisions were performed to refine both existing
and newly introduced terms, as well as term definitions
and synonyms. Construction of these ontologies is open-
ended, so that additional anatomic terms and newly
defined or molecularly distinct cell types can be incorpo-
rated as needed for annotation and linkage at a later
date.

Design of the ontology framework for the mouse lung
A review of existing anatomic ontologies for the mouse,
including UBERON, MA and EMAP, demonstrated that
these ontologies had limited coverage of the fetal and
postnatal mouse lung, especially for the later stages of
lung development when alveolar growth, vascularization,
septation, and maturation are initiated. In addition, devel-
opmental staging, specific terminology, and definitions for
fetal lung structures and cells were often lacking in these
established ontologies. As a result, we decided initially to
organize the anatomic ontology for the mouse lung into
four separate developmental time periods, or age_range(s)
(Fig. 1), beginning with the canalicular stage, embryonic
day (E) 16.5-E17.5, and ending with the alveolar stage,
postnatal day (P) 4–36, of lung development. Since the
intervening saccular stage (E17.5-P3) of lung development
spans the perinatal period in the mouse, this stage is sub-
divided into two age_range(s), i.e., a prenatal (or early)
saccular stage (E17.5-E19.5) and a postnatal (or late) sac-
cular stage (P0-P3) (Fig. 1). During these periods, terms
associated with the formation and maturation of the al-
veolar parenchyma differ as this region evolves over time
(enclosed boxes, Fig. 1).
Within each age_range, anatomic structures, tissues,

and cells were organized into six major classes: trachea,
bronchi, lung, vascular structures (including the pul-
monary, bronchial, and lymphatic circulations), the
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autonomic nervous system, and the immune system (see
https://www.lungmap.net/breath-ontology-browser/). As
a rule, fetal lung development proceeds both spatially
and temporally along the proximal-distal axis of the
lung, so that formation, growth and differentiation of the
proximal conducting airways, vasculature and nerves
precede that of the distal alveolar parenchyma [61–66].
Therefore, each system was organized along the
proximal-distal axis of the lung with increasing levels of
granularity, i.e., from larger, lower resolution, extra-
pulmonary structures (trachea, bronchi and pulmonary
vessels) to smaller, higher resolution, intra-pulmonary
structures (bronchioles, alveoli and alveolar capillaries),
tissues, and cells. Microvascular structures of the
alveolar-capillary bed were integrated into the alveolar
parenchyma of the lung, since close apposition of the

alveolar epithelium and adjacent capillary endothelium
is critical for gas-exchange.
Considering the lung has over 40 different cell types

that have been classified primarily by location, histology,
function, and ultrastructural features [67–71], we inte-
grated both general (e.g., epithelial, endothelial, intersti-
tial cells) and specific (e.g., basal, ciliated, mucous,
alveolar type II cells) cell types into the anatomic ontol-
ogy. Recently, the availability of cell-specific markers,
such as antibodies to transcription factors, intracellular
proteins, and cell surface markers [7], has augmented
our ability to detect and isolate lung-specific cell types
and subpopulations, while advances in single-cell tech-
nology have identified molecularly distinct cells previ-
ously classified together as a single, specific, cell type
[51, 72–75]. In order to improve data linkage and

Fig. 1 Terms associated with prenatal and postnatal development of the alveolar parenchyma organized by age_range. Development of the
alveolar parenchyma is organized into 4 developmental stages, or age_range(s), each with unique terminology for pre- and post-natal alveolar
structures. These age_range(s) are E16.6-E17.5 (canalicular stage); E18.5-E19.5/birth (saccular stage, prenatal period); P0-P3 (saccular stage, postnatal
period); P4-P36 (alveolar stage). Terms for the alveolar parenchyma (enclosed in boxes) differ with developmental stage as these structures evolve
over time
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website queries based on single-cell data, a class termed
isolated lung cell types was created for experimental cell
types, i.e., newly defined cell types identified by single-
cell RNA sequencing (scRNA-seq) analysis of isolated
cells. The inclusion of general, specific, and isolated cell
types is a major feature of this ontology that is not com-
monly found in many traditional anatomic and histo-
logic ontologies.

Construction of the mouse lung ontology
The anatomic ontology for the mouse lung is con-
structed as a partonomic (X is a part of Y, or part_
of) hierarchy with separate trees for the different de-
velopmental stages or corresponding age_range(s) [3,
55, 76]. Age_range is an annotation property that is
assigned to each term in the ontology. Each age_range
is subdivided into separate respiratory, vascular,
neural, and immunologic components that are orga-
nized along the proximal-distal axis of the lung. Each
organ system, in turn, is populated with terms for

well-characterized fetal, postnatal, and adult anatomic
structures, distinct tissue compartments, and specific
cell types. General and specific cell types incorporated
into the anatomic ontology are also organized into a
separate cell ontology, which is constructed using the
is_a (subtype) relation. Within each age_range, cell
types are listed alphabetically by class (major general
cell types) and then by subclass (specific cell types)
(Fig. 2). This strategy provides a comprehensive ana-
tomic ontology that can be used at varying levels of
resolution, i.e., with whole mounts, sectioned material
or isolated tissues and cells.
This ontology for the mouse contains 283 terms, in-

cluding 167 for anatomic structures, 48 for tissues, and
68 for cells, which are distributed by developmental age
and organ system (Table 1). It is displayed in the Lung-
MAP’s website browser as a tree structure that can be
expanded and collapsed as desired (see https://www.
lungmap.net/breath-ontology-browser/). Access to term
details is achieved by selecting or highlighting any term

Fig. 2 Cell ontology. General and specific cell types are organized into a separate tree of the ontology by developmental age (age_range) and
then alphabetically. a There are 13 general cell classes for the mouse at P0-P3. The general cell type, epithelial cell, has four major subclasses:
alveolar, bronchial, bronchiolar, and tracheal epithelial cells. b Each of these subclasses can be expanded into specific cell types, illustrating their
distribution in the conducting airway and alveoli. A subclass termed isolated lung cell types was created for experimental cell types/subtypes
identified by scRNA seq analysis
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in the browser. This brings up the term detail box,
which displays a unique identifier (i.e., a LungMAP
Mouse Anatomy ID: LMMA_00XXX), a name (term or
label), synonyms, and a definition for each individual en-
tity (or object) (Fig. 3). This information, along with an-
notation properties and relations, are then incorporated
into the formal ontology (Additional file 1). Annotation
properties, i.e., specific attributes, features, characteris-
tics or values that are associated with each individual ob-
ject, are displayed in Table 2. The annotation property,
evidence, was created to indicate terms that are either 1)
well-established published terms or 2) experimental
terms based on gene expression profiles generated by
mRNA analysis of isolated cells or by scRNA-seq data.
The special annotation property of display_order en-
abled proximal-distal organization of anatomic struc-
tures and tissues. Relations, or attributes describing how
a class or an individual object relates to other classes
and/or objects in the ontology [77], are displayed in
Table 3. Although the primary relation used to construct
this ontology is part_of, five additional relations are in-
cluded to enrich the terms in the ontology. These in-
cluded both spatial (adjacent_to, continuous_with,
branching_part_of) and developmental (develops_from)
relations, whose inclusion is designed to empower web-
based queries related to complex molecular and cellular
interactions.
Existing terms from relevant ontologies were adopted

where applicable. Terms were classified as existing if they
could be mapped to current ontologies and/or to add-
itional vocabularies (e.g., NCIT or NIH MeSH) found in

the National Center of Biomedical Ontology (NCBO) Bio-
portal (https://www.bioontology.org) [78, 79]. In general,
terms drawn from other ontologies describe well-known
anatomic structures, tissues and cells, but rarely include a
complete description of lung-specific tissues and cells.
Where additional terms were required, the scientific litera-
ture was reviewed for the most widely accepted terms,
synonyms, and definitions. Additional terms most often
included tissue structures and cells specific for the lung,
such as alveolar lumen, alveolar capillary bed, and lipofi-
broblast, or for lung-specific developmental structures and
cells, such as acinar tubule, alveolar septal crest, and im-
mature club cell. Many of these developmental terms have
been used for years in the literature to describe the hist-
ology of the developing lung [30, 34] and were incorpo-
rated into the ontologies, where possible, due to their long
and extensive use in the literature. As a result, there are
159 (56%) terms cross-referenced to existing ontologies
and 124 (44%) additional terms drawn from the literature
for the mouse anatomic ontology (Table 4). This repre-
sents a significant expansion of current anatomic ontol-
ogies for the developing and adult mouse lung.

Development of the human lung ontology
As for the mouse, review of existing human anatomic
and developmental ontologies, such as FMA, UBERON,
and the Human Developmental Anatomy Ontology
(http://bioportal.bioontology.org/ontologies/EHDAA2)
[80], revealed limited coverage of fetal and postnatal hu-
man lung structures, especially those associated with the
late stages of lung development when alveolar growth,
vascularization, septation and maturation are initiated.
In the mouse, the alveolar stage of lung development be-
gins postnatally around P4 and is complete by P36 [32,
36]. In contrast, this stage of human lung development
begins prior to birth, at approximately 36 weeks of gesta-
tional age (GA), and continues after birth into the first
few years of life [41]. The human lung ontology was pat-
terned initially on the alveolar stage of mouse lung de-
velopment and then revised to reflect the unique
differences in architectural organization, anatomic struc-
tures, tissue components, and cellular composition be-
tween the two species. Commonly used synonyms were
included to improve harmonization search capabilities
across the two species. As was done for the mouse, gen-
eral and specific cell types were incorporated in to the
anatomic ontology, and an additional cell ontology was
constructed in which the cells were listed alphabetically
by class (major general cell type) and then by subclass
(specific cell type) using the primary relation, is_a. An-
notation properties (Table 2) and class relations (Table
3) were harmonized with those developed for the mouse
lung ontology.

Table 1 Distribution of terms for the mouse lung by anatomy,
organ system, and developmental stage
Category Number of terms

Domain

Anatomy 167

Tissue 48

Cell 68

Organ system

Trachea 40

Bronchus 44

Lung 94

Vascular system 74

Autonomic nervous system 20

Immune system 41

Developmental stage (age_range)a

Canalicular Stage (E16.5-E17.5) 231

Prenatal (early-mid) Saccular Stage (E17.5-E19.5) 229

Postnatal (mid-late) Saccular Stage (P0-P03) 253

Alveolar Stage (P04-P36) 262
a, includes terms for all organ systems at each developmental stage
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Comparison of mouse and human lung anatomy
Although the general anatomic organization of the ma-
ture human and mouse lung is similar, there are signifi-
cant variations in the gross architecture, as well as in the

distribution of connective tissue elements and in cellular
composition along the airways (Additional file 2). These
variations are due primarily to differences in size be-
tween the two species and partly to differences in the

Fig. 3 Term Details. Access to the Term Details box is achieved by selecting, or highlighting, any term in the Ontology Browser. The Term Details
box contains the name of the term, a unique identifier (LungMAP ID), age range, Theiler stage, developmental stage, synonyms (if applicable),
definition, developmental relationships (if known), evidence (experimental or published term), and ontology path, known database cross
references (hasDBXref), and multiple parents

Pan et al. Journal of Biomedical Semantics           (2019) 10:18 Page 7 of 21



shape of the lungs. These differences are described
below and are reflected in the corresponding ontologies,
where anatomic structures are captured as specific clas-
ses of objects whose anatomic features are related
through the hierarchical, partonomic design of these
ontologies.

Lung Lobes and Segmental Bronchi
Both the human and mouse lung are composed of mul-
tiple lobes that vary in number and organization be-
tween the two species. The human lung has 2 lobes on
the left and 3 on the right, while the mouse lung has 1
lobe on the left and 4 on the right. In the human, there
are multiple, intrapulmonary, segmental bronchi contain-
ing cartilage and submucosal glands [44], while in the
mouse, the cartilaginous airways end with the lobar
bronchi (Additional file 2, Fig. 4). Each segmental bron-
chus in the human lung supplies a distinct bronchopul-
monary segment, which is subdivided into multiple
pulmonary lobules. While the human lung has extensive
interlobular and segmental connective tissue dividing
each lobe into individual lobules or segments, the mouse
lung is not subdivided into these smaller units (Add-
itional file 2).

Conducting Airways and Branching Patterns
The conducting airway of the lung is a tree-like struc-
ture that is formed during development by repetitive
branching of the bronchial tubules into the surrounding
mesenchyme. The segmental bronchi in the human lung
exhibit an irregular pattern of dichotomous (formed by
repeated bifurcations) branching which gives rise to ~
16–23 generations of branches from the trachea to the
gas exchange region of the lung [81–83]. Airway branch-
ing in the mouse is more asymmetric and gives rise to ~
13–17 generations of airways [84]. In the mouse, there is
a single axial or central airway (central bronchiole) that
runs the length of each lobe with multiple lateral
branches (lateral bronchioles) that form along its length.
Each of these lateral branches bifurcate 3 to 4 times be-
fore ending in the terminal bronchioles [85, 86]. In the
human lung, the terminal bronchioles branch into 2 to 3
generations of alveolarized respiratory bronchioles. These
bronchioles subsequently branch into multiple alveolar
ducts that are lined entirely by alveoli. In contrast, there
are no respiratory bronchioles in mice. Instead there are
short terminal bronchioles with an abrupt transition to
thin-walled alveolar ducts at the bronchoalveolar duct
junction. These differences are captured in the ontol-
ogies for mouse and human lungs, as shown in Fig. 5.

Table 2 Annotation properties for the fetal and postnatal mouse lung

Annotation property Examples

Age_range E16.5-E17.5, E17.5-E19.5, P0-P3, P4-P36

Developmental_Stage Canalicular Stage (E16.5-E17.5)
Prenatal Saccular Stage (E17.5-E19.5)
Postnatal Saccular Stage (P0-P03)
Alveolar Stage (P04-P36)

Theiler_Stage TS24 (16 dpc), TS25 (17 dpc), TS26 (18 dpc) TS27 (P0-P3), TS28 (P4-Adult)

Evidence Published
Experimental

Has_abbreviation Abbreviations

Has_synonym Alternative names

Table 3 Ontology class relations for both mouse and human lung

Relations Examples

part_of “left lung bronchiole” is part_of “left lung”

is_a alveolar epithelium is_a epithelium
“lymphatic endothelial cell” is a “endothelial cell”

adjacent_to “basement membrane” is adjacent_to “alveolar epithelium”
“pericyte” is adjacent_to “alveolar capillary endothelium”

branching_part_of “lateral bronchiole” is a branching_part_of the “central bronchiole”
“terminal bronchiole” is a branching_part_of the “lateral bronchiole”
“alveolar duct” is a branching part of “the terminal bronchiole”

develops_from “alveolus” develops_from “pre-alveolar terminal saccule”, which develops_from “pre-alveolar acinar tubule”
“secondary alveolar septum” develops_from “alveolar septal crest”, which develops_from “primary alveolar septum”

continuous_with “trachea” is continuous_with “bronchus”, which is continuous_with “central bronchiole”
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Cellular Composition
There are also important differences between the human
and mouse lung with respect to the cellular composition
of the airway epithelia, which varies along the proximal-
distal axis [28, 87–90]. These differences are reflected in
the construction of the anatomic and cell ontologies for
both species. In both species, the trachea and proximal
conducting airways are lined by pseudostratified

columnar epithelium, while the more peripheral con-
ducting airways are lined by cuboidal epithelium. In the
human lung, the more proximal, intrapulmonary, cartil-
aginous airways (bronchi) resemble that of the trachea
and are lined by tall, pseudostratified, columnar epithelia
composed of basal, ciliated, club, serous, mucus, inter-
mediate and neuroendocrine cells, and exhibit abundant
submucosal glands. In contrast, the more proximal

Table 4 Distribution of terms for the mouse lung drawn from existing ontologies and resources
Category NoNo. % Ontology No.

Anatomic ontologies 15,144 51% Uber Anatomy Ontology (UBERON) 68

Foundational Model of Anatomy (FMA) 34

Cell Ontology (CL) 38

Human Developmental Anatomy
Ontology, abstract version 2 (EHDAA2)

4

Non-anatomic ontologies 15 5% National Cancer Institute Thesaurus (NCIT) 4

NIH Medical Subject Headings (MeSH) 3

BRENDA Tissue and Enzyme Source Ontology (BTO) 5

Systematized Nomenclature of Medicine,
Clinical Terms (SNOMED CT)

1

Neuroscience Information Framework, Standard Ontology (NIFSTD) 1

Systemized Nomenclature of Medicine,
International Version (SNMI)

1

All existing terms 159 56% 159

Additional termsa 124 44% 124

Total 283 100% 283
a, Terms drawn from the scientific literature but not found in any of the ontologies listed in the NCBO Bioportal

Fig. 4 Comparison of the proximal airways in human and mouse lung. Differences in the nomenclature of the human and mouse proximal
conducting airways are captured in the anatomic ontologies. The human lung has additional intrapulmonary segmental (tertiary) bronchi.
*Structures specific to the human lung
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intrapulmonary conducting airways (bronchioles) of the
mouse are lined by low columnar epithelia, composed
primarily of ciliated and club cells with clusters of neu-
roendocrine cells largely located at airway branch points.
There are no basal cells and only rare mucous cells. In
the human lung, the respiratory bronchioles are lined by
cuboidal epithelia, alternating with thin-walled alveoli
lined by squamous alveolar type I pneumocytes. In the
mouse, the terminal bronchioles are lined by cuboidal
epithelial cells with an abrupt transition (bronchioal-
veoar duct junction) to the alveolar duct, which is lined
by squamous type I pneumocytes. In general, the relative
proportion of these different cell types varies along the
proximal-distal axis in both human and mouse airways
[28, 89, 90]. While the variation in cell types between
human and mouse airways are captured in these ontol-
ogies, the relative proportions of these cells along the
conducting airway are not.

Comparison and classification of terms
Overall, we generated 283 and 301 classes for the mouse
(Table 4) and human (Table 5) lung, respectively, with
224 common terms, 12 analogous terms, 65 terms
unique to human, and 47 terms unique to mouse be-
tween the two ontologies (Additional file 3). Repeated
rounds of comparison and harmonization were per-
formed to validate and refine the classification of these
terms into common, analogous, and unique terms. The

process we used to compare and classify terms for the
human and mouse ontologies is described below
(Additional file 4).

� Common terms describe identical structures and/or
cells found in both human and mouse lung, e.g.,
bronchial cartilaginous ring, primary alveolar
septum, and type II pneumocyte(s).

� Analogous terms describe structures that are
anatomically similar in both human and mouse lung,
e.g., the membranous bronchiole in the human lung
is analogous to the central bronchiole and lateral
bronchiole in the mouse lung.

� Unique terms describe structures and/or cells that
are present in one species, but not in the other.
Typically, these terms represent tissue structures
that are less developed in the mouse compared to
the human lung, primarily due to differences in size.
For example, the bronchiolar adventitia and
bronchiolar lamina propria are well-developed in
the human lung and can be distinguished by histo-
logic examination. On the other hand, these two
structures are more difficult to distinguish in the
mouse lung and thus have been combined into one
broader term, e.g., bronchiolar connective tissue.
These terms also include terms for species-specific
structures or cells that are present in only one or
the other species, but not in both, such as 1) the

(See figure on previous page.)
Fig. 5 Comparison of the conducting airways between human and mouse. a Organization of the bronchiolar structures in the anatomic ontology
with differences enclosed in boxes. b Schematic drawing of the conducting airways in human and mouse. The circles without color indicate
similar structural organization and terminology. Those with color indicate differences in structural organization. Differences between human and
mouse with respect to the relationships part_of and branching_part_of are highlighted with black and orange, respectively, reflecting differences
in size and complexity of the human and mouse lung. c Histologic comparison of the bronchioles in human and mouse lung stained with
hematoxylin and eosin; original magnification, 10X; Art, pulmonary artery; TB, terminal bronchiole; RB, respiratory bronchiole; AD, alveolar duct

Table 5 Distribution of terms for the human lung drawn from existing ontologies and resources
Category No. % Ontology No.

Anatomic ontologies 167 55% Uber Anatomy Ontology (UBERON) 75

Foundational Model of Anatomy (FMA) 47

Cell Ontology (CL) 41

Human Developmental Anatomy
Ontology, abstract version 2 (EHDAA2)

4

Non-anatomic ontologies 22 7% National Cancer Institute Thesaurus (NCIT) 5

NIH Medical Subject Headings (MeSH) 5

BRENDA Tissue and Enzyme Source Ontology (BTO) 7

Systematized Nomenclature of Medicine, Clinical Terms (SNOMED CT) 3

Radiology Lexicon (RADLEX) 2

All Existing Terms 189 63% 189

Additional Termsa 112 37% 112

Total 301 100% 301
a, Terms drawn from the scientific literature, but not found in any of the ontologies listed in the NCBO Bioportal
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inferior lingular bronchus and respiratory bronchiole,
found in the human lung but not in the mouse, and
2) the right lung accessory lobe, venous cardiac
muscle, cardiomyocyte, and chemosensory cell, which
are found in the mouse, but not in the human lung.

Harmonization of terms
When harmonizing terms for anatomic concepts be-
tween the human and mouse ontologies, several deci-
sions based on LungMAP objectives and current
knowledge of the variations in human and mouse lung
anatomy were considered. In general, we decided to
adopt the UBERON and MA naming convention to be
consistent. We used these terms as the primary term for
a given structure and then used alternate terms from the
literature as synonyms for annotation. For example, right
lung lower lobe was used as the primary term for this
lobe, while right caudal lobe and right diaphragmatic
lobe were used as synonyms.
We found, however, that certain terms were used for

both general (mouse) and specific (human) anatomic
structures, which could cause confusion. The term re-
spiratory, for example, is used in our anatomic ontol-
ogies to designate a specific structure in the human
lung, the respiratory bronchiole, while in the MA, it is
used as a general term to describe the intrapulmonary
system of bronchioles in the mouse lung. In the human
anatomic ontology, we use respiratory bronchiole to indi-
cate that this structure is both a conducting airway and
a gas-exchange structure with alveoli, i.e., a hybrid struc-
ture found in the human lung, but not in the mouse
lung [91]. In the mouse anatomic ontology, we assigned
specific terms to the individual components of the intra-
pulmonary system of bronchioles, i.e., central, lateral,
and terminal bronchioles, instead of using the more gen-
eral term.

Harmonization of terms with existing ontologies
During development of these ontologies, we adopted
knowledge from relevant ontologies, adopting existing
terms and definitions where applicable (Additional file
3). We searched for each term in the NCBO BioPortal
and found that only 56% (159) and 63% (189) of the
terms for the mouse and human anatomic ontology, re-
spectively, could be mapped to existing ontologies (Ta-
bles 4 and 5). The following criteria were used for
mapping and harmonizing our ontology terms with
those found in existing ontologies.

� Terms with names identical to those found in
existing anatomic or cell ontologies, such as
bronchial epithelium (UBERON_0002031) and
pulmonary nerve plexus (UBERON_0002009, were
adopted for use in our ontologies,

� For terms in our ontologies with similar, but not
identical names associated with existing anatomic or
cellular ontologies, we had to decide if these terms
represented the same structure or concept in both
species. If so, we harmonized our original terms by
changing them to those found in the existing
ontologies and then added our terms as synonyms.
Several of the original names were terms commonly
used in our LungMAP Research Centers. Therefore,
including them as synonyms enables our users to
find these terms in the LungMAP ontologies. For
example, we changed alveolar septum to
interalveolar septum (UBERON_0004893), lymphoid
macrophage to lymph node macrophage
(CL_0000868), and right anterior basal bronchus to
right anterior basal segmental bronchus (FMA7418),
and then added our original terms as synonyms.

� Terms with names found in existing BioPortal
vocabularies or lexicons, but not in existing
ontologies, were also included in our anatomic and
cell ontologies. For example, tracheal submucosa
(SNOMEDCT/4419000) and telocyte (MeSH/
D000067170) were not found in any existing
ontology.

As a consequence, 44% (124) of the anatomic ontology
terms for the mouse lung (Table 4) and 37% (112) of
those for the human lung (Table 5) were not found in
the BioPortal. These additional terms, such as alveolar
capillary bed and pulmonary arteriole, were added to
both ontologies.

Utility and discussion
Data annotation and retrieval
These ontologies provide a controlled vocabulary of
well-defined terms that describe the developing and
adult lung. These terms are used to tag and retrieve
posted and/or stored data when searching or navigating
the LungMAP website, which facilitates data annotation,
retrieval, and linkage related to the BREATH database.
The inclusion of synonyms and other alternate terms al-
lows users, who may not be lung specialists, to access
relevant data describing developmental concepts, func-
tional relationships, and molecular interactions between
the tissues and cells of the lung. The inclusion of anno-
tation properties and relations is designed to enable
more advanced user queries. For example, one potential
application is to identify all datasets annotated with a
specific structure (e.g., alveolus) and then query for 1)
spatially related structures (adjacent_to); 2) developmen-
tally related structures (develops_from); or 3) develop-
mental stage (alveolar stage).
All experimental data are annotated with species and

age of the sample(s) harvested for the experiment, as
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well as with relevant anatomy terms and/or cell types.
Linkage to experimental data annotated with a selected
anatomic feature or cell type is achieved by entering the
term in the search box on the website’s home page
(https://www.lungmap.net). For example, a keyword
search using one of these terms, type II pneumocyte,
links the user to a summary page that provides term de-
tails, as well as links to multiple datasets annotated with
this term for the mouse (Fig. 6), including
immunofluorescence-confocal (IF), lipidomics, proteo-
mics, scRNA-seq, and RNA-seq data types. Likewise, a
search for more general cell types, such as endothelial
cell, returns a results page with links to four different
data types for isolated mouse cells and two for isolated
human cells (Fig. 7a). Selecting “Proteomics” for “Homo
sapiens” returns a list of proteins found in isolated hu-
man lung endothelial cells (Fig. 7b). Thus, the applica-
tion of these comparative ontologies for annotation
purposes facilitates the direct linkage and display of hu-
man and mouse data at the website using common,
analogous, or unique terms for the two species.

Image annotation
Currently, this ontology is used to annotate anatomic fea-
tures and cells on a variety of images, including 1) histo-
logic features on images stained with hematoxylin and
eosin, 2) gene expression patterns on digoxigenin-stained
in situ hybridization images, 3) cell-specific expression
patterns of proteins on immunofluorescence images cap-
tured by confocal microscopy, and 4) illuminated metabo-
lites imaged using nano-DESI mass spectrometry. Images
posted to the LungMAP website are annotated in two
ways: 1) a nascent effort at machine annotation by algo-
rithms based on training sets and 2) a manual image an-
notation tool designed for this purpose (https://www.
lungmap.net/resources/annotation/) [21, 22]. Each anno-
tated image has an Image Details panel (Fig. 8) that pro-
vides basic information about the image, including image
ID, magnification, notes and links to the original image file
and detailed experimental methods for download. Sample
information (species, age, tissue), as well as antibody, tar-
get protein and cell-specific marker information are also
found here. Links are provided to 1) additional antibody
and target protein information, 2) term details for the cell
types associated with cell-specific markers, and 3)
BREATH data sets annotated with these terms. The Fea-
tures panel includes annotation information for the tissues
and cells found in the image. Manual annotation of tissues

and cells found in each image is achieved by searching for
the desired ontology term and then applying it to the
image using one of the available symbols (Fig. 9). This
generates a list of terms that correspond to the highlighted
or labeled structures (called “features”) seen on the image.
Image annotation requires familiarity with the lung and is
performed currently by knowledgeable annotators and cu-
rators within the LungMAP consortium. Through the an-
notated images, visitors to the website can learn quickly
about anatomic and histologic structures, cell-specific
markers, and protein and/or gene expression patterns in
the developing and/or mature mouse and human lung.

Molecular anatomy of tissues and cells
Due to the complexity of the developing lung, current
ontologies are not always sufficient to describe gene
and/or protein expression patterns at high resolution
with respect to localization in specific anatomic com-
partments, tissues, and cells. To address this gap, we
constructed a comprehensive anatomic ontology focused
to the molecular analysis of tissues and cells during
alveolarization. A unique feature of this ontology is the
inclusion of general, specific, and isolated cell types. This
feature supports the annotation of scRNA-seq data de-
rived from isolated cells, as well as the identification and
localization of newly defined cell types based on molecu-
lar profiling [73, 74, 92–95]. For example, it has been
suggested that there is a common alveolar progenitor
cell for type I and type II pneumocytes in the fetal lung,
which co-expresses cell-specific markers for these two
cell types [74, 96–98]. These cell-specific markers in-
clude surfactant protein C (SFTPC) for type II pneumo-
cytes and Hop Homeobox (HOPX), Advanced
Glycosylation End Product-Specific Receptor (AGER)
and Podoplanin (PDNP) for type I pneumocytes. Ana-
lysis of scRNA-seq data for cells isolated at E16.5 and
E18.5 demonstrated subpopulations of alveolar epithelial
cells expressing both SFTPC and HOPX [98]. Co-
expression of HOPX and SFTPC was observed by im-
munofluorescence in a subset of epithelial cells as early
as E15.5 [98] and at E16.5 (Fig. 10). These dual-positive
cells were located in a transition zone connecting the
proximal (HOPX only) and distal (SFTPC only) acinar
tubules (Fig. 10). In the anatomic ontology, these cells
are described as intermediate pneumocytes (syn: bipotent
pneumocyte) that are defined as epithelial cells with
characteristics of both type I and type II precursor cells
as determined by co-expression of HOPX and SFTPC,

(See figure on previous page.)
Fig. 6 Utility of ontology terms for data retrieval and linkage. A keyword search using the term, “type II pneumocyte” returns a summary page
that displays term details, as well as links to datasets for five different datatypes annotated with this term in the mouse: immunofluorescence-
confocal, lipidomics, proteomics, scRNA-seq, RNA-seq. The search can be narrowed by data type, sample type, and age of sample. Shown is a
partial list of imaging experiments for the postnatal mouse lung
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respectively. Immunolocalization of these cell-specific
markers identified a unique anatomic and cellular loca-
tion for these HOPX/SFTPC dual-positive cells, as well
as a distinct molecular sub-compartment that was not
readily visible at the histologic level without the use of
these markers and immunofluorescence confocal mi-
croscopy (Fig. 10).

Increased resolution
The development of these ontologies, which were built
on existing anatomic ontologies, adds increased reso-
lution to the terminology available for the human and
mouse lung when compared to other ontologies for the
lung. As described above, 56% (mouse) and 63% (hu-
man) of the terms in our combined ontologies were
drawn from existing ontologies in the NCBO Bioportal,
while 44% (mouse) and 37% human) additional terms

were drawn from the scientific literature. These add-
itional terms represent:

� Tissues found in compartments and locations
specific for the lung, such as the alveolar capillary
bed, alveolar septal crest, pulmonary arteriole, and
bronchial vein tunica adventitia.

� Cells specific for the lung, such as the alveolar
interstitial cell and lipofibroblast.

� Various landmarks, transition points, or anatomic
spaces specific for the lung, such as the right lower
lobe hilum, bronchoalveolar duct junction, and
alveolar lumen.

This increased resolution enriches and expands exist-
ing human and mouse anatomic ontologies in multiple
ways by 1) incorporating existing terms from non-

(See figure on previous page.)
Fig. 7 Utility of ontology terms for retrieval of datasets comparing isolated human and mouse cells. a A search for “endothelial cell” returns a
results page with links to two different data types for isolated human endothelial cells and five for isolated mouse endothelial cells. b Selecting
“Proteomics” for “Homo sapiens” returns a list of proteins found in isolated human lung cells, including endothelial, epithelial, immune, and
mesenchymal cells. Shown are protein expression levels for the ATP-binding cassette C4 (ABCC4) transmembrane protein, also known as
multidrug resistance-associated protein 4, which is highly expressed in endothelial cells compared to other cell types

Fig. 8 Image Details box for annotated immunofluorescence confocal images. Each immunofluorescence image has an Image Details box with
basic information about the image (image ID, sample information, magnification), immunoassay details (antibodies, labeled proteins, cell-specific
marker information, detection method) and interpretation (image notes) with links (highlighted in blue) to datasets in the BREATH database
annotated with these terms
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anatomic ontologies into a well-defined anatomic ontol-
ogy with hierarchical organizations and relationships
and 2) incorporating additional terms that describe ana-
tomic structures, tissues, and cells for specific regions
and locations in the lung. The increased resolution of
these ontologies enables precise mapping of molecular
data to specific anatomic locations, tissue structures, and
cells in the lung.

Expansion of existing ontologies
These ontologies are the only anatomic and cell ontol-
ogies dedicated to descriptions of the developing and
adult lung. Although these were constructed, in part, by
adopting terms from existing ontologies, such as
UBERON, CL, EMAP and MA, additional terms were
drawn from the literature and incorporated into these
ontologies, supplementing the terminology in current
anatomic ontologies for mouse and human (Additional
file 3). These ontologies expand current anatomic ontol-
ogies by the inclusion of terms specific for developmen-
tal structures in the lung. Additional terms are stage-
specific and are organized into discrete developmental
time periods, or age_range(s), which correlate with previ-
ously described stages of lung development, not cur-
rently represented in existing ontologies. Increased
granularity, critical for the localization of new cell
markers (i.e., RNA and proteins), is accomplished by the
incorporation of specific cell types into their correspond-
ing tissue compartments. Although tissue compartments
and cells are not typically included in classic anatomic
ontologies, these additions support the research goal of
the LungMAP, i.e., to create a molecular, temporal-
spatial map of the developing lung.

Fig. 9 Annotated immunofluorescence confocal image demonstrating use of ontology terms. This is a triple-labeled image of a P28 (alveolar
stage) postnatal mouse lung stained with antibodies to alpha-smooth muscle actin, ACTA2 (white), a club cell marker, SCGB1A1 (red), and an
alveolar type II pneumocyte marker, SFTPC (green). Nuclei are labeled with DAPI. Annotation terms (right panel) are drawn from the ontology.
Original magnification, 60X. Original image provided by J. A. Kitzmiller and J. A. Whitsett and can be found at the CCHMC LGEA web portal,
https://research.cchmc.org/lungimage/ [92, 93]

Fig. 10 Immunofluorescence analysis of SFTPC and HOPX
expression in the E16.5 mouse lung. Triple-labeled section of an
E16.5, C57BL/6, fetal mouse lung stained for HOPX (red), SFTPC
(green), ACTA2 (white), and counterstained with DAPI (blue) to
visualize the nuclei. HOPX (intense bright red/magenta cytoplasmic
staining) is expressed in epithelial cells of the proximal acinar
tubules (yellow arrows), while SFTPC (multiple bright green punctate
staining) is expressed in epithelial cells of the distal acinar tubules/
buds (green arrows). Between the proximal and distal regions of the
acinar tubules, there is a transition zone (white arrowheads) with
less intense HOPX staining and fewer SFTPC puncta in the
cytoplasm of the epithelial cells. Original magnification = 60X.
Original image provided by J. A. Kitzmiller and J. A. Whitsett and can
be found at the CCHMC LGEA web portal, https://research.cchmc.
org/lungimage/ [92, 93]
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Future development
These human and mouse anatomic lung ontologies will be
maintained and updated on the LungMAP website as
needed. Since construction is open-ended, these ontol-
ogies can be enhanced by incorporation of additional clas-
ses, terms, synonyms, annotation properties, and relations
as required by future experimental data sets. Earlier devel-
opmental time points for the human lung (<GA36) will be
added and harmonized with the mouse ontology as more
donor tissues are acquired by the LungMAP’s human tis-
sue core (https://www.lungmap.net/about/lungmap-team/
human-tissue-core/). Newly defined and/or molecularly
distinct cell types can be incorporated as needed, provid-
ing additional opportunities for the integration of ana-
tomic and molecular data critical for the determination of
cell fate and lineage relationships, cell-cell interactions
and cell functions in the lung.
Currently, these ontologies are limited to qualitative

features of the developing lung. They do not take into
consideration quantitative traits, such as the number
and geometric properties of the branching airways, the
number of alveoli, or alveolar surface area critical for
physiological function. Studies using computed tomog-
raphy and 3-D imaging of the mouse and human lung
are underway, however, which will require the addition
of terms to support these studies. Anatomic landmarks
and features (points, borders, surfaces and spaces), as
well as spatial relationships relevant to both 2-D and 3-
D images, will be added as lung whole mount and
micro-CT images are acquired. At that time, a limited
numbering system may be developed for the branching
airways and for distinct pulmonary acini, visible by 3-D
imaging. Finally, development of ontology applications
may be required for new web-based tools designed for
comparative visualization and analysis of human and
mouse datasets at the LungMAP/BREATH website.

Conclusion
Here we describe detailed ontologies that incorporate
terms for anatomic structures, tissues, and cells involved
in alveolar development and maturation within the
mouse and human lung. These terms represent both
commonly used and more specific terms for fetal and
postnatal lung structures, tissues, and cells, which are in-
corporated into an interactive, searchable, web-based
atlas, providing a common vocabulary for the annotation
and integration of experimental datasets posted to the
LungMAP’s BREATH database. These ontologies sup-
plement and significantly expand current ontologies,
which lack structural and cellular specificity, as well as
the species divergence required for comparative anatomy
of the lung. Synchronous development of these
ontologies eliminates redundant and inconsistent ter-
minology, enabling differentiation of true anatomic

variations between the mouse and human lung. Identifi-
cation and harmonization of common, analogous, and
unique terminology for human and mouse lung enables
comparative data linkage and molecular analyses be-
tween the two species, serving as a unique resource for
the LungMAP and the broader research community.
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