Kevin C. Wilson, M.D.

Department of Medicine

Boston University School of Medicine
Boston, Massachusetts

References

1. Hatabu H, Hunninghake GM, Richeldi L, Brown KK, Wells AU,
Remy-Jardin M, et al. Interstitial lung abnormalities detected incidentally
on CT: a position paper from the Fleischner Society. Lancet Respir Med
2020;8:726-737.

2. Jin GY, Lynch D, Chawla A, Garg K, Tammemagi MC, Sahin H, et al.
Interstitial lung abnormalities in a CT lung cancer screening population:
prevalence and progression rate. Radiology 2013;268:563-571.

3. Hata A, Schiebler ML, Lynch DA, Hatabu H. Interstitial lung abnormalities:
state of the art. Radiology 2021;301:19-34.

4. Hunninghake GM, Goldin JG, Kadoch MA, Kropski JA, Rosas 10, Wells AU,
et al.; ILA Study Group. Detection and early referral of patients with
interstitial lung abnormalities: an expert survey initiative. Chest 2022;161:
470-482.

5. Grant-Orser A, Min B, ElImrayed S, Podolanczuk AJ, Johannson KA.
Prevalence, risk factors, and outcomes of adult interstitial lung
abnormalities: a systematic review and meta-analysis. Am J Respir
Crit Care Med 2023;208:695—-708.

‘ '.) Check for updates

6. Raghu G, Remy-Jardin M, Richeldi L, Thomson CC, Inoue Y, Johkoh T,
et al. ldiopathic pulmonary fibrosis (an update) and progressive
pulmonary fibrosis in adults: an official ATS/ERS/JRS/ALAT Clinical
Practice Guideline. Am J Respir Crit Care Med 2022;205:e18—e47.

7. Cosgrove GP, Bianchi P, Danese S, Lederer DJ. Barriers to timely
diagnosis of interstitial lung disease in the real world: the INTENSITY
survey. BMC Pulm Med 2018;18:9.

8. Spagnolo P, Ryerson CJ, Putman R, Oldham J, Salisbury M, Sverzellati N,
et al. Early diagnosis of fibrotic interstitial lung disease: challenges and
opportunities. Lancet Respir Med 2021;9:1065-1076.

9. Salisbury ML, Hewlett JC, Ding G, Markin CR, Douglas K, Mason W, et al.
Development and progression of radiologic abnormalities in individuals
at risk for familial interstitial lung disease. Am J Respir Crit Care Med
2020;201:1230—-1239.

10. Putman RK, Gudmundsson G, Axelsson GT, Hida T, Honda O, Araki T,
et al. Imaging patterns are associated with interstitial lung abnormality
progression and mortality. Am J Respir Crit Care Med 2019;200:
175-183.

11. Hida T, Nishino M, Hino T, Lu J, Putman RK, Gudmundsson EF, et al.
Traction bronchiectasis/bronchiolectasis is associated with interstitial
lung abnormality mortality. Eur J Radiol 2020;129:109073.

12. Zhang Y, Wan H, Richeldi L, Zhu M, Huang Y, Xiong X, et al. Reticulation
is a risk factor of progressive subpleural nonfibrotic interstitial lung
abnormalities. Am J Respir Crit Care Med 2022;206:178-185.

Copyright © 2023 by the American Thoracic Society

3 When Development of the Alveolar Gas Exchange Unit Fails
Universal Single-Cell Lessons from Rare Monogenic Disorders

Alveolar capillary dysplasia with misalignment of the pulmonary
veins (ACDMPYV) is a lethal lung developmental disorder in which
most affected infants die within the first few hours or days of life (1).
Histologically, ACDMPYV is characterized by thickened alveolar septae
with enlarged pulmonary capillaries that are reduced in number and
do not directly contact the alveolar epithelium. Often, pulmonary
veins are mispositioned in proximity to the bronchovascular bundle
(1, 2). ACDMPV is caused, in most cases, by de novo mutations in the
FOXF1 gene locus, and FoxfI haploinsufficient mice display most
features of human ACDMPYV (3, 4). However, how exactly the loss or
decreased expression of FOXFI affects the cells of the developing
human lung was largely unknown.

In this issue of the Journal, Guo and colleagues (pp. 709-725)
analyzed lung tissues from infants who died of ACDMPYV within 2 to
5 weeks of birth (severe phenotypes) and from subjects who survived
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to lung transplant at 3.5 years and 9 months of age (less severe
phenotypes) (5). Using single-nucleus RNA sequencing and single-
nucleus chromatin accessibility analysis, the researchers identified

35 distinct cell types in ACDMPYV, including major epithelial,
endothelial, mesenchymal, and immune cell types. Single-cell RNA
sequencing is a powerful technology that allowed generation of cell
atlases of various lung diseases (6) and led to the identification of two
previously unknown microvascular endothelial cell types in mice and
humans, termed “aerocytes” and “general alveolar capillaries cells” (or
“gCap”) (7-9). Of note, FOXFI is most strongly expressed in aerocytes
and general capillaries and to a much lesser degree in other endothelial
subpopulations or fibroblasts (9). In ACDMPYV, Guo and colleagues
observed a severity-associated loss of aerocytes and reduced expression
of the FOXF1 gene in gCap, indicating a disruption in the formation
of the pulmonary microvasculature in a dose-dependent manner. In
contrast, ACDMPV was characterized by an expansion of COL15A1-
positive systemic venous endothelial cells, previously described in the
subpleural und peribronchial spaces in the healthy lung and in the
fibrotic areas of lungs with idiopathic pulmonary fibrosis (9, 10).
Whether the expansion of COLI15A I-positive endothelial cells reflects
a compensatory systemic circulation caused by the lack of pulmonary
capillary perfusion, as the authors suggest, or a change in endothelial
phenotype in an altered extracellular matrix in the thickened alveolar
septa of ACDMPV remains to be shown in the future.

In the mesenchyme, pericyte frequencies were significantly
reduced in ACDMPYV lungs, whereas one fibroblast population was
increased (labeled alveolar fibroblast 1 = “AF1”), the other (“AF2”)
being decreased. Here, we suggest an alternative interpretation.
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In accordance with previous publications, AF1 had been identified
as alveolar fibroblasts with TCF21 as an important transcription
factor (11, 12). However, the marker gene MFAPS5 of the “alveolar”
fibroblast AF2 suggests an alternative identity, namely that of
adventitial fibroblasts (11, 12). Although FOXF1I is expressed at
extremely low levels in both fibroblast populations, at least in adults,
FOXF1 is more highly expressed in adventitial fibroblasts than in
alveolar fibroblasts, potentially suggestive of a FOXFI transcription
factor insufficiency as well (9). Alternatively, the relative increase
of true alveolar fibroblasts could imply a missing aerocyte- or
AT1-derived proliferation-inhibitory factor.

Although FOXFI was not expressed in the epithelium,
differentiation of alveolar epithelial cells was dramatically impaired
in ACDMPYV lungs as well, with a loss of mature AT1 cells and an
increase in AT1/AT2 transitional cells. Cell-cell communication
analysis offered a potential clue to this observation: In the healthy
lung, and as previously reported, the AT1 to capillary signaling
dominates the alveolar intercellular communication, especially
through the VEGFA-KDR axis (7, 13). In ACDMPV lungs, signaling
from both capillary populations was largely disrupted, with COL15A1-
positive cells becoming the new signaling hub of the endothelium.
Together with the extremely close physical proximity of aerocytes and
AT1 cells, this finding highlights the absolute interdependency of the
two cell types in forming the alveolar gas exchange unit. Just as
important as what has changed is what has not changed: AT2 cells
were profiled at similar frequencies, suggesting that their development
is not dependent on major cues from the microvasculature.

This study highlights the critical role of FOXFI in the
development of the lung in general, of the pulmonary
microvasculature specifically, and of the alveolar epithelium
consecutively. It identifies disrupted signaling patterns among
alveolar cell types in ACDMPYV, affecting normal cell interactions
and pathways involved in alveolar development. It also represents a
new and exciting phase in the research of rare human monogenic
disorders. Not so long ago, investigators were excited to discover
mutations that explained a rare congenital syndrome, allowing early
detection and better diagnoses. Then, through the careful use of
genetically modified cell and animal models, they were able to infer
the role of the protein encoded by the mutated gene, and even, in
some limited cases, develop therapies. In this study, the authors use
the powerful technology of single-cell profiling to elucidate the
impact of a single mutation, limited mostly to endothelial cells, on
multiple cells and their interactions in the affected organ, moving
us forward toward elucidating the design principles of the developing
alveolus. Thus, the direct impact of the atlas of cellular abnormalities
in ACDMPYV is that it serves as a basis for further research to identify
prenatal biomarkers that will allow prenatal gene therapy to detect
and cure this terrible disease even in utero. But the ACDMPYV atlas
is also important because it provides insights into how FOXFI,
in endothelial cells, regulates the alveolar cellular unit, a topic of
relevance to far more common conditions in which the alveolar gas
exchange unit fails, such as chronic obstructive pulmonary disease
and idiopathic pulmonary fibrosis, and where improving endothelial
cell function may enhance repair. Indeed, it was recently suggested
that FOXF1I in lung endothelial cells may regulate fibrosis (14). Thus,
beyond its relevance to ACDMPYV, this study provides a blueprint
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for using rare monogenetic diseases to identify the general design
principles of the human lung that will potentially be useful to develop
better therapies also for other diseases in which the lung fails.

An impressive feat indeed. M
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