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Abstract

Lung alveologenesis, formation of the alveolar region, allows sufficient gas exchange surface to be 

packed inside the chest cavity yet with orderly connection to the trachea. The real-life alveolar 

region, however, bears little resemblance to idealized cartoons owing to its three-dimensional 

nature, non-uniform shape, and mostly air-filled void. This morphological complexity is matched 

by its cellular complexity – comprised of intermixed and often tangled cells of the epithelial, 

mesenchymal, endothelial, and immune lineages. Modern imaging, genetics, and genomics are 

shedding light on and updating traditional views of alveologenesis. Accordingly, this review 

describes a cell-centric 3-phase definition of alveologenesis and discusses its failure in diseases 

and possible reactivation during regeneration.
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Introduction

Situated distally to ramifying airway tubes, the alveolar region of the mammalian lung is 

packed with ducts and sacs to maximize the gas exchange interface between the air and the 

blood. These seemingly simple shapes and the vast tissueless airspace belie an engineering 

feat that allows air and blood to reach millions of termini along orderly and shortest routes. 

The developmental process that forms this alveolar region – alveologenesis – must be timed 

with the beginning of extrauterine life, but is interrupted by premature birth and further 

impeded by mechanical ventilation and oxygen therapy that are often necessary to sustain 

life in preterm infants, but at times lead to chronic lung diseases.1 The importance of 

understanding alveologenesis is reinforced by the possibility that the same developmental 

mechanisms may still be required during homeostasis – but disrupted in emphysematous 

lungs – and reused during alveolar repair and regeneration.

It is important to recognize that biological structures including the lung alveolar region are 

composed of and can be distilled to individual cell types and their coordinated behaviors. 
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Such cellular basis of the traditional morphological description of alveologenesis has been 

unveiling in recent years. Accordingly, this review presents a cell-centric view of 

alveologenesis, covering distinct cell types in each of the epithelial, mesenchymal, 

endothelial, and immune lineages.

Section I: Traditional and updated definitions of alveologenesis

The traditional morphological definition of alveologenesis – formation of alveoli

In the traditional 5-stage model of lung development, alveologenesis is preceded by the 

embryonic, pseudoglandular, canalicular, and saccular stages (Fig. 1A).2 Following its 

specification from the ventral foregut in the embryonic stage, the lung adopts a 

pseudoglandular appearance as a result of branching morphogenesis with species-

characteristic complexity, ranging from absence of branching in frogs to tens of branch 

generations in mice and humans.3 The canalicular stage begins when a subset of 

pseudoglandular tubes elongate, forming canals or alveolar ducts – which are a continuation 

of the conducting airways but are bordered by epithelial cells of the alveolar fate. Further 

distally and later in development, the termini of the branching network expand, forming 

saccules and thus marking the saccular stage. The separations between these initial alveolar 

sacs are primary septa – different from secondary septa, which form subsequently during the 

alveolar stage and subdivide the expanding walls of the initial alveolar sacs into individual 

alveoli. Taken together, alveologenesis is traditionally defined as formation of alveoli, 

largely on morphological grounds and prior to availability of significant molecular and 

cellular insights.

This definition, although intuitive conceptually, is challenging to apply practically for the 

following reasons. (1) An alveolus is not a discrete entity with qualifying dimensions. 

Although cartooned as uniform semi-spheres, alveoli are tissue outpocketings whose depth 

and openness are continua even in the mature lung, making it difficult to distinguish an 

alveolus from a rough sector of the alveolar sac wall. (2) Inferring a process from snapshots 

– alveologenesis in this case and developmental biology in general – requires comparing 

“comparables”. On one hand, lung development is spatially asynchronous: proximal regions 

mature before their distal counterparts. For example, during the canalicular stage when the 

proximal alveolar ducts are forming, the distal edge is still undergoing branching 

morphogenesis to form additional generations of future alveolar ducts (Fig. 1B–D).3–5 It is 

also worth noting that since branches can grow internally, topologically distal regions can be 

in the center of the lung. On the other hand, the alveolar region is made of non-uniform and 

non-ideal tubes, sacs, and outpocketings so that two-dimensional (2D) sections of the same 

object, even if thick, would be different when taken at different angles. Thus, understanding 

alveologenesis requires comparing three-dimensional (3D) complete views of the alveolar 

regions at the same position along the proximal-distal axis over developmental time.

An updated cellular definition of alveologenesis – formation of alveolar surface

Recognizing this morphological ambiguity between alveoli and alveolar sacs, and the 

technical difficulty in obtaining accurate morphological information in 3D, we propose a 

cellular definition of alveologenesis – formation of alveolar surface. Unlike the 3D alveoli, 
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the alveolar surface is a readily measurable 2D object and has a precise cellular correlate – 

an epithelium made of alveolar, not airway, cells. More specifically, ultrathin and expansive 

alveolar type 1 (AT1) cells constitute nearly the entire alveolar surface, notwithstanding a 

minor contribution from surfactant-secreting alveolar type 2 (AT2) cells. Furthermore, AT1 

cells are unique to the lung and allow gas diffusion – whether as part of alveolar ducts, sacs, 

or alveoli – making the canalicular, saccular, and alveolar stages all part of the process of 

forming the gas exchange surface. Therefore, we propose that alveologenesis begins with the 

differentiation of AT1 cells at the canalicular stage and continues as long as the alveolar 

surface increases; a second cellular feature – the presence of alveolar myofibroblasts – 

divides alveologenesis into 3 phases, as detailed below (Fig. 1A).

Initial alveologenesis: increase in alveolar surface in the absence of alveolar 
myofibroblasts (E16.5-P2 in mice)—This phase corresponds to the canalicular and 

saccular stages that result from alveolar surface expansion, first along the proximal ducts 

and then at the termini, respectively. This reflects AT1 cell flattening which is characterized 

by a reduction in lateral aspects and an increase in surface area.6 We consider these changes 

alveologenesis because, other than their different geometric shapes, alveolar ducts and sacs 

are made of the same AT1 cells as those of alveoli, and are sufficient to support gas 

exchange as newborn mice live without alveoli. It is noteworthy that based on counting 

branch tips and conducting airway termini, all the tubes of the future airway tree have 

formed by embryonic day (E) 14.5, so that cells subsequently “left behind” by the SRY-box 

9 (SOX9)-expressing progenitors will differentiate into alveolar cells; such differentiation, 

including AT1 cell flattening, begins around E16.5 immediately distal to the conducting 

airways.4,5 Thus, initial alveologenesis matches the fate switch of epithelial progenitors 

from airway differentiation to alveolar differentiation.5

Classical alveologenesis: increase in alveolar surface in the presence of 
alveolar myofibroblasts (P3-P14 in mice)—This is the most studied phase of 

alveologenesis and is marked by alveolar myofibroblasts – fibroblasts expressing contractile 

proteins including smooth muscle actin (SMA) in the alveolar region.7 These myofibroblasts 

form arcs within the aforementioned secondary septa, conceivably restraining the 

outpocketing of the alveolar surface and thus helping to shape the alveoli, but disappear 

when the rate of alveolar surface expansion decreases. Similar to the delay between 

deposition of SOX9 progeny in alveolar ducts and their flattening into AT1 cells, alveolar 

myofibroblasts may exist as SMA-negative precursors within the secondary septa, or migrate 

from a more proximal region as proposed.8 It is also important to note that alveolar 

outpocketing is additionally restrained by capillaries, as detailed in the next section.

Continued alveologenesis: increase in alveolar surface in the absence of 
alveolar myofibroblasts (P15-adult in mice)—In this phase, the alveolar surface 

continues to increase, partly due to simple volume expansion concomitant with growth of 

the lung and the chest cavity, as supported by an average increase in the size of individual 

outpocketings or alveoli.2,9 However, the number of alveoli continues to increase, suggesting 

that despite the absence of alveolar myofibroblasts, outpocketing in this phase is still 

restrained and subdivided into new alveoli, possibly by capillaries. Such opposing actions of 
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volume expansion and subdivision give rise to alveoli of variable depth and openness, 

causing the aforementioned challenge of defining alveoli by morphological criteria alone. 

Disappearance of alveolar myofibroblasts provides an operational distinction between 

classical and continued alveologenesis, which are also called phase I and phase II, 

respectively, in the literature.10

Section II: Cellular components of alveologenesis

As most mammalian organs, the lung is composed of 4 cell lineages – epithelial, 

mesenchymal, endothelial, and immune – that are generally considered non-interconvertible 

but interact via physical and chemical signals. Practically, the epithelial lineage is marked by 

surface markers Cadherin 1 (CDH1) or Epithelial cell adhesion molecule (EPCAM); the 

endothelial lineage by Cadherin 5 (CDH5), Platelet and endothelial cell adhesion molecule 1 

(PECAM-1, also known as CD31), or Intercellular adhesion molecule 2 (ICAM2); the 

immune lineage by Protein tyrosine phosphatase receptor type C (PTPRC, also known as 

CD45); and the mesenchymal lineage is negative for markers of the other 3 lineages. Below, 

we will describe the structural and signaling contributions of representative cell types in 

each lineage to alveologenesis.

Epithelial lineage

The alveolar epithelium forms a barrier around the airspace and is made of the 

aforementioned AT1 and AT2 cells. In our cellular definition, alveologenesis is inherently 

the differentiation of AT1 and, to a lesser extent, AT2 cells from their SOX9 progenitors.5,11 

SOX9 progenitors emerge from the embryonic foregut and always occupy the distal tips of 

the growing respiratory tree while undergoing branching morphogenesis.5 Early in 

development, SOX9 progenitors give rise to SOX2+ airway cells including club, ciliated, 

neuroendocrine, and basal cells, but retain the potential to give rise to alveolar cells, and 

hence are multipotent; later in development, these SOX9 progenitors give rise to only AT1 

and AT2 cells and hence are bipotent.4,5,11,12 As late SOX9 progenitors exit branch tips and 

become committed AT1 or AT2 precursors/progenitors in the distal tubules of the canalicular 

stage lung, they upregulate AT1 and AT2 cell markers and hence are efficiently labeled by 

the corresponding genetic drivers.13,14

Alveolar type 1 cell

Individual AT1 cells can be >10,000 um2 in surface area and collectively constitute ~95% of 

the alveolar surface, but measure ~0.1 um in thickness to allow passive gas diffusion.6,15 

This highly specialized morphology is achieved developmentally via a 2-step process: cell 

flattening and folding.6 During flattening, columnar progenitors shorten lateral adherence 

junctions while maintaining apical tight junctions. During folding, flattened AT1 cells 

expand while being constrained by an irregular mesh of myofibroblasts and capillaries, 

forming outpocketings, or alveoli, of variable sizes (Fig. 2A–C). In addition to growing the 

alveoli, AT1 cell expansion provides the epithelial surface that is required for alveolar duct 

elongation and terminal saccule inflation during the canalicular and saccular stages, 

respectively. Thus, AT1 cell flattening and folding both fuel and shape most of the alveolar 

growth with limited contribution from cell proliferation and AT2 cells. Nevertheless, AT1 
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cell expansion occurs within an intact epithelial sheet, different from the invasive front 

during collective cell migration, and thus does not necessarily provide an active mechanical 

force for alveologenesis – which instead could be generated from luminal fluid pressure in 

embryonic lungs, as supported by a recent study,16 and air pressure in postnatal lungs.

Blockage of AT1 cell flattening and folding is expected to deprive the building blocks of 

alveologenesis. An extreme example is seen in the AT1-cell-specific deletion of the lung 

lineage transcription factor NK2 homeobox 1 (NKX2-1), which is required for 3 defining 

features of AT1 cells – cell markers, morphology, and quiescence.17 Indeed, classical 

alveologenesis fails in this mutant, manifesting as dilated airspace with few alveoli. Since 

NKX2-1 is also required to maintain AT1 cell morphology,17 it will be interesting to delete 

Nkx2-1 later in development and examine the consequences on continued alveologenesis, as 

well as maintenance of alveoli formed during classical alveologenesis. On the other end, the 

contribution of AT1 cells to initial alveologenesis – formation of alveolar ducts and sacs – 

may be examined by deleting Nkx2-1 in AT1 cell precursors without disrupting its known 

role in AT2 cells, using genetic drivers that confer AT1-cell-specificity embryonically.13,14 

Alternatively, the requirement of Yes-associated protein 1 (YAP) and Transcriptional 

coactivator with PDZ-binding motif (TAZ) in AT1 cells, but not AT2 cells,18 may be 

exploited to specifically target AT1 cells; however, their known role in SOX9 progenitors 

which are still undergoing branching at the distal edge during initial alveologenesis (Fig. 1D, 

G), might be a confounding factor.

Besides their structural role, AT1 cells are the dominant source of a number of key signaling 

molecules of alveologenesis, such as Vascular endothelial growth factor A (VEGFA), 

Platelet derived growth factor A (PDGFA), and Sonic hedgehog (SHH), as supported by 

publications and public databases.19,20 The implied and demonstrated signaling roles of AT1 

cells in alveologenesis will be discussed later.

Alveolar type 2 cell

Like AT1 cells, AT2 cells arise from SOX9-expressing progenitors but distinguish 

themselves by their lamellar bodies – lysosome-related organelles that process and store 

surfactants.21 Unlike the columnar morphology adopted by packed progenitors, most AT2 

cells contact flattened AT1 cells via apical tight junctions, while their untethered basal-

lateral portion becomes cuboidal and is embedded in the interstitium. Such abluminal 

protrusion has been followed in real time and suggested to shield AT2 cells from the 

mechanical stretching experienced by AT1 cells.16 In spite of outnumbering AT1 cells and 

remaining proliferative during alveologenesis, AT2 cells contribute little structurally.6 

Nevertheless, their surfactants reduce surface tension and mechanically enable expansion of 

the alveolar space. Indeed, loss of ATP binding cassette subfamily A member 3 (ABCA3), a 

surfactant processing protein specifically expressed by AT2 cells, leads to hypercellularity 

before birth and atelectasis after birth – failure in initial alveologenesis, possibly in 

association with smaller, incompletely flattened AT1 cells.22,23

Besides producing surfactants, AT2 cells function as facultative stem cells, self-renewing 

and differentiating into AT1 cells during injury-repair in the adult lung.11,24 Conceptually 

possible and traditionally believed, AT2 cells could also give rise to AT1 cells during 
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development and in turn contribute to the alveolar surface.25 However, better distinction of 

SOX9 progenitors and bona fide AT2 cells, neonatal lineage tracing, and AT1 cell number 

quantification indicate that the majority of AT1 cells do not come from AT2 cells.6,11,13,14,26 

Interestingly, loss of Beta-catenin (CTNNB1), the co-transcription factor of canonical Wnt 

signaling, allows AT2-to-AT1 transition in the neonatal lung, similar to its adult counterpart, 

although any effect on classical and continued alveologenesis is presumably limited due to 

the small number of Wnt-responsive AT2 cells – which also do not differ sufficiently from 

bulk AT2 cells to form a distinct population in scRNA-seq.27–30

Mesenchymal lineage

There is no consensus on a marker of the mesenchymal lineage, which herein refers to 

fibroblasts that are negative for aforementioned markers of the other 3 lineages. No more 

consensus has been reached regarding the cell types within the mesenchymal lineage due to 

paucity of robust markers and possible plasticity in cell fate. This review will focus on the 

better established players in alveologenesis: alveolar myofibroblasts and pericytes. The 

remaining major fibroblast population in the alveolar region, often named alveolar 

lipofibroblasts, is yet to be defined since a commonly used marker Adipose differentiation-

related protein (ADRP, also known as PLIN2) is widely and non-specifically expressed 

based on transcriptomic and genetic analyses.20,31

Alveolar myofibroblast

As indicated by the name, alveolar myofibroblasts are contractile fibroblasts in the alveolar 

region and herein refer to normally occurring cells during lung development, instead of 

pathological myofibroblasts in fibrotic lungs.32 They are found within secondary septa and 

also called secondary crest myofibroblasts, although practically secondary septa incur the 

same morphological ambiguity as alveoli, where there is no clear distinction between 

secondary septation and folding of the alveolar epithelium, and secondary septa persist after 

alveolar myofibroblasts are developmentally cleared, as described below. A more practical 

definition relies on molecular markers, in particular Platelet derived growth factor receptor 

alpha (PDGFRA) and SMA, because of their functional roles in cell specification and 

contractility, respectively.7,33 It is worth pointing out that SMA is also expressed by vascular 

smooth muscle cells that surround arterioles and venules and extend well into the alveolar 

region, and that SMA staining do not reliably mark the nucleus to allow cell number 

quantification. In addition, a slow-turnover Green fluorescent protein (GFP) reporter of 

PDGFRA marks cells of varying fluorescence intensities, reflecting the net outcome of 

active transcription and passive dilution from cell division.7,34 These caveats exemplify 

current challenges in studying alveolar myofibroblasts in particular – and lung mesenchymal 

cells in general – highlighting the importance of a clear and consistent definition of alveolar 

myofibroblasts in pinpointing their origin and delineating normal and abnormal 

alveologenesis.

This PDGFRA/SMA dual positivity marks the classical alveologenesis phase, but 

intriguingly disappears during continued alveologenesis and in the adult lung. A recent 

lineage tracing study using Fgf18CreER suggested that the majority of alveolar 
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myofibroblasts are cleared, instead of transdifferentiating into other cell types.35 

Nevertheless, ~10% of Fgf18CreER lineage cells persist, possibly due to incomplete 

developmental clearance or labeling of non-alveolar myofibroblasts, echoing the 

aforementioned importance and challenge of defining alveolar myofibroblasts, which is also 

necessary to interpret other lineage tracing studies using Gli1CreER, PdgfrartTA, Fgf10CreER, 

Plin2CreER, and Tcf21CreER.31,32,36–38 It will be interesting to examine if the PDGFA/

PDGFRA-mediated specification of alveolar myofibroblasts is suppressed during their 

clearance or reactivated during fibrosis.7,8,32,34

The role of alveolar myofibroblasts in alveologenesis is tested using PdgfrartTA-mediated 

cell ablation and deletion of a key contractility gene Myosin light chain kinase (Mlck). Both 

genetic alterations lead to failed classical alveologenesis, whereas continued alveologenesis 

is unaffected at least in the Mlck mutant, as predicted by the developmental clearance of 

alveolar myofibroblasts.32,39 Intriguingly, Mlck deletion throughout the lung mesenchyme 

does not affect homeostasis but impairs regrowth post pneumonectomy.39 Although these 

data are consistent with the idea that alveolar myofibroblasts mechanically constrain 

epithelial outpocketing during development and regrowth, independent genetic drivers are 

needed to substantiate the findings given the known low and high expression of PDGFRA34 

and likely targeting of non-alveolar myofibroblasts as well as non-lung cells by PdgfrartTA.

Pericyte

Compared to alveolar myofibroblasts, pericytes are easier to define spatially and 

molecularly. Pericytes wrap around capillaries albeit at a lower density than their proximal 

counterpart – vascular smooth muscle cells, which surround the macrovasculature. They are 

marked by Chondroitin sulfate proteoglycan 4 (CSPG4, also known as NG2) and Platelet 

derived growth factor receptor beta (PDGFRB), the latter of which responds to endothelium-

derived Platelet derived growth factor B (PDGFB).40 By virtue of association with 

capillaries, pericytes are within secondary septa and can physically limit outpocketing.

A more direct role of pericytes in alveologenesis is demonstrated by pericyte-specific loss of 

YAP/TAZ, which leads to failed classical alveologenesis despite a normal number of 

pericytes and normal differentiation of alveolar myofibroblasts.41 Instead, these YAP/TAZ 

deficient pericytes have diminished expression of Hepatocyte growth factor (HGF) and 

Angiopoietin 1 (ANGPT1) – secreted ligands that can signal to epithelial and endothelial 

cells via MET and TEK receptors, respectively.41 Despite other local sources of ANGPT1, 

pericyte-specific deletion of Angpt1 is sufficient to impair classical alveologenesis.41 Future 

experiments tailoring the timing of gene deletion will test the role of pericytes in initial and 

continued alveologenesis.

Endothelial lineage

Whereas epithelial tubes are hierarchical and blind-ended to match directional airflow, 

endothelial tubes in the alveolar region form a mesh to ensure areal coverage by blood flow, 

and are more numerous yet smaller, making it challenging to visualize the topology of 

individual endothelial cells relative to the tubes. This gives rise to two enigmas in lung 

endothelial biology: intussusceptive angiogenesis and capillary maturation. Recent 3D 
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visualization and identification of endothelial cell heterogeneity in the lung microvasculature 

shed light on both.

Car4 endothelial cell

As other organs, the lung has macrovasculature – arteries, arterioles, veins, and venules – 

and microvasculature – capillaries.42 Apart from this, the lung vasculature has been 

considered homogeneous and practically used as a convenient source of primary endothelial 

cells. Prompted by the observation that a subset of capillaries are more sensitive to loss of 

AT1-cell-secreted VEGFA, we used single cell RNA-sequencing (scRNA-seq) to profile 

freshly purified lung endothelial cells and indeed found two populations of capillary 

endothelial cells – Car4 endothelial cells (~15%) and Plvap endothelial cells (~85%), named 

after their respective marker gene Carbonic anhydrase 4 and Plasmalemma vesicle 

associated protein – as well as arterial and venous macrovascular endothelial cells marked 

by Von Willebrand factor (VWF), and lymphatic endothelial cells marked by Prospero 

homeobox 1 (PROX1).43

Car4 endothelial cells have a unique location, morphology, ontogeny, and function in 

alveologenesis.43 They preferentially occupy secondary septa, but not primary septa, and are 

closer to the epithelium without intervening pericytes (Fig. 3A, B). Individual Car4 

endothelial cells have elaborate extensions, contributing to 5–10 vessel segments, although 

the same tube can also have smaller Plvap endothelial cells (Fig. 3C). Car4 endothelial cells 

emerge when initial alveologenesis starts and AT1 cells begin to flatten and express VEGFA. 

Remarkably, without epithelial VEGFA, Car4 endothelial cells, but not Plvap endothelial 

cells, are completely missing and classical alveologenesis is compromised as evidenced by 

dilated airspace and less prominent alveolar outpocketing – despite the normal appearance of 

alveolar myofibroblasts.43 Interestingly, initial alveologenesis in the Vegfa mutant is largely 

unaffected even though Car4 endothelial cells would be present in this phase, perhaps 

because the airspace expansion is limited then so that the epithelium has not come into 

immediate contact with the endothelium. Similarly, the involvement of Car4 endothelial 

cells in continued alveologenesis and injury-repair is unclear, although they are present in 

the adult lung.44

Implication for intussusceptive angiogenesis and capillary maturation

Different from outward spreading led by tip endothelial cells in sprouting angiogenesis, the 

capillary mesh in the lung needs to amplify itself “internally” to maintain its coverage 

density over the expanding epithelial surface during alveologenesis. This is proposed to be 

achieved via intussusceptive angiogenesis, where small trans-vessel holes or “pillars” form 

and then expand to split existing vessels into two, although little cellular and molecular 

information is available.45,46 Intriguingly, Car4 endothelial cells reside where 

intussusceptive angiogenesis is expected to occur, and their extended morphology 

contributing to multiple vessels might be the result of intussusceptive angiogenesis (Fig. 

3D). It is tempting to speculate that Car4 endothelial cells are the tip cell equivalent in the 

lung because both are VEGFA dependent and share a subset of tip cell genes such as Apelin 
(Apln).43 Future research is needed to dissect the divergent signaling events downstream of 

VEGFA that generate organ specific endothelial cell specialization.
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Another intriguing idea about the lung vasculature is capillary maturation where double-

layered capillary tubes fuse and become single-layered, which has been suggested to mark 

the end of alveologenesis and thus the maturation of alveoli.45,47 This idea is based on the 

arguments that (1) conceptually, secondary septation could fold a vessel into a hair-pin, 

forming a double-layered structure10 and (2) as the lung matures, more single-layered 

vessels and fewer double-layered vessels are observed. However, available data can be 

explained without invoking vessel folding and fusion (Fig. 2D). For the first argument, as 

two epithelial surfaces covered with a vascular mesh are brought into close proximity owing 

to airspace expansion, double-layered capillaries are expected. However, such juxtaposition 

occurs within primary septa, but not necessarily within secondary septa whose width fits a 

single vessel. Additionally, vessels run parallel to the septa, like a river carving a canyon, 

instead of perpendicularly being bent by the septa. Therefore, double-layered vessels occur 

within primary septa and single-layered vessels occur within secondary septa. For the 

second argument, as more secondary septa form during alveologenesis and even without a 

change in primary septa – specifically vessel fusion, there will appear to be fewer double-

layered vessels due to a simple dilution effect. Indeed, intussusceptive angiogenesis, 

possibly involving Car4 endothelial cells, is expected to amplify the existing vascular mesh 

– all single-layered, which then becomes part of the secondary septa and constrains 

outpocketing.

Immune lineage

Resident and circulating immune cells in the lung are seeded overtime as a result of 

hematopoiesis in the yolk sac, fetal liver, and adult bone marrow. They include lymphoid 

cells, such as B cells, T cells, and NK cells, and myeloid cells, such as alveolar 

macrophages, interstitial macrophages, dendritic cells, neutrophils, and monocytes. Immune 

cells abound in the lung in part due to the mere necessity of oxygenation that requires all the 

blood carrying the circulating immune cells to passively transit through the lung – without 

signaling interactions. Meanwhile, exposed to environmental elements including pathogens 

and allergens, the lung needs to be under constant surveillance by immune cells that 

extravasate and reside in the interstitial and air spaces. The initial exposure to the 

environment at the first breath and the associated maturation of specific resident immune 

cells occur during alveologenesis. This review will focus on alveolar macrophages and 

platelets, whose roles in alveologenesis are better understood.

Alveolar macrophage

Macrophages are phagocytic and often adopt tissue-specific identities, as exemplified by 

microglia in the brain, Langerhans cells in the skin, Kupffer cells in the liver, and alveolar 

macrophages in the lung. Unlike infiltrating macrophages that respond to inflammation, 

tissue resident macrophages are not maintained by circulating adult monocytes, but arise 

from fetal monocytes and self-maintain via proliferation.48 Accordingly, alveolar 

macrophages arrive at the lung interstitium embryonically and relocate to the airspace within 

days after birth – a maturation process that depends on Granulocyte-macrophage colony-

stimulating factor (GM-CSF) and Transforming growth factor beta (TGF-beta).49–54
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Although alveolar macrophage deficient lungs develop pulmonary alveolar proteinosis – 

excessive accumulation of surfactant due to its failed catabolism by alveolar macrophages, 

no alveologenesis phenotype has been reported.53–55 Nevertheless, clodronate depletion of 

phagocytic cells – including alveolar macrophages – rescues defects in alveologenesis 

caused by genetic perturbations of airway or alveolar cell development or high 

environmental oxygen.56–58 Conceivably, in response to tissue damage, infiltrating and 

altered resident macrophages could release inflammatory molecules that interfere with 

normal alveologenesis directly or recruit other immune cells to do so. Careful lineage and 

single-cell transcriptomic analyses of diverse and dynamic clodronate-sensitive macrophages 

are necessary to unravel the seemingly non-specific phenotypic rescues.

Platelet

Anucleate fragments shed by circulating megakaryocytes, platelets are best known for their 

roles in hemostasis and thrombosis, but they also contain signaling molecules.59 

Intriguingly, activation of C-type lectin domain family 1 member B (CLEC1B, also known 

as CLEC-2) on platelets by Podoplanin (PDPN, also known as T1alpha or Gp38) on 

lymphatic cells is necessary for initial alveologenesis, as the corresponding mutant lungs 

have limited alveolar duct and sac spaces and fail to inflate upon birth.60 The same 

CLEC1B-PDPN signaling interaction is required for the separation of lymphatics from 

veins, whereas loss of lymphatics leads to a similar defect in airspace expansion possibly 

due to inability to drain the luminal fluid of the embryonic lung near birth.61,62 Besides this 

mechanical role in lymphatics-mediated fluid-handling, platelets have also been suggested to 

signal to endothelial cells via C-X-C motif chemokine ligand 12 (CXCL12, also known as 

SDF-1) during pneumonectomy-induced alveologenesis; however, additional work is needed 

to address how the otherwise fast-transiting platelets would accumulate CXCL12 locally in a 

sufficient amount for signaling.63

Extracellular matrix

Besides individual cell types of the 4 lineages, evidence abounds for the roles of 

extracellular matrix components in alveologenesis, as partly expected from the mechanical 

forces necessary to support the largely air-filled alveolar region and to sustain the incessant 

breathing motion.64 Nevertheless, the extracellular matrix still has a cellular basis – secreted 

by cells and modified by enzymes of cells. Accordingly, cell-type-specific analysis of 

individual extracellular matrix components is needed to pinpoint their cellular sources and 

potentially distinct regulation of embedded cells. Compared to the epithelial and endothelial 

basement membranes and interstitial collagen lattices, the elastin network and its assembly 

are more specific to the lung and will be discussed here.

Elastin

Similar to its role in accommodating pulsatile blood flow in large vessels, the elastin 

network supports and constrains alveolar tissue expansion during breathing. Elastin fibers 

are assembled when secreted soluble tropoelastin monomers are incorporated into a 

microfibrillar scaffold, and crosslinked to become an insoluble polymer.65 Notwithstanding 

redundancy, misregulation of any components of this assembly process will impact the 
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alveolar region: loss of tropoelastin (ELN) itself represents the extreme disruption. Notably, 

the Eln mutant manifests airspace dilation upon birth – presumably due to mechanical 

failure from the first breath – before classical alveologenesis takes place and alveolar 

myofibroblasts appear, suggesting that the elastin network can function independent of 

alveolar myofibroblasts.66 Even during classical alveologenesis, without cell-type-specific 

deletion, it is unclear which components of the elastogenesis pathway are functionally 

expressed by alveolar myofibroblasts. Moreover, the normally localized elastin bundles67 

have often been described as diffuse, discontinuous, or disorganized in alveologenesis 

mutants; however, this aberrant appearance could merely reflect elastin bundles coursing 

through tortuous alveolar tissue that is now of variable thickness and borders dilated 

airspaces. Therefore, the temporal dissociation between elastin functions and alveolar 

myofibroblasts, the lack of precise genetic analyses, and the technical challenge in 

quantifying elastin bundling leave open the possibility that the elastin’s elasticity and 

alveolar myofibroblast’s contractility represent distinct mechanisms controlling 

alveologenesis. Intriguingly, the Hox5 triple mutant lungs have reduced elastin without 

affecting other extracellular matrix components, as well as reduced adhesion of alveolar 

myofibroblasts to fibronectin in culture, although it is unclear whether these two defects are 

related and which is primary.68

After assembly, the elastin network in the mature lung is actively guarded against 

inflammatory destruction, such as degradation by neutrophil elastase. This is evidenced by 

progressive emphysema in alpha-1 antitrypsin deficient humans and mouse mutants for the 5 

corresponding paralogs, although it is unclear – as in studies of proteases and their inhibitors 

in general – if other proteases and extracellular matrix components are also affected.69,70

Section III: Alveologenesis in diseases and after injury

The myriad cell types involved, their intricate intercellular signaling, and the resulting 

delicate tissue structure, render alveologenesis sensitive to perturbations – most notably 

premature birth and the associated necessary interventions. In addition, the alveolar surface 

is at constant risk of injury by being exposed to several liters of air per minute and, when 

damaged, needs to be repaired in situ or to form de novo elsewhere to compensate for the 

loss (Fig. 4).

Bronchopulmonary dysplasia (BPD)

Forced transition to extrauterine life due to premature birth disrupts alveologenesis by 

exposing otherwise fluid-submerged epithelium to inhaled air or supplemental oxygen and 

by switching haphazard fetal breathing movements to on-demand, sometimes ventilator-

driven, constant respirations. Such life-supporting oxygenation and ventilation used to be so 

aggressive that the lung often developed marked fibrosis with extensive inflammation – key 

features of “old” BPD.71 Medical advances including surfactant supplementation and 

antenatal glucocorticoids have reduced the incidence of old BPD and allowed survival of 

much younger infants – born around 23 weeks of gestational age – who instead often 

develop “new” BPD, characterized by alveolar simplification and dysmorphic vasculature 

and clinically diagnosed by a dependency on supplemental oxygen at corrected 36 weeks of 
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gestational age.72,73 These new BPD individuals are born at the canalicular and saccular 

stages – during the initial alveologenesis phase when AT1 cells start to flatten, distal 

epithelial progenitors could still be branching and forming alveolar ducts, and alveolar 

macrophages are maturing (Fig. 1).

Unlike genetic diseases or infections by specific pathogens, BPD is triggered by aberrant 

developmental timing and generic environmental factors, thereby affecting multiple cell 

types. Accordingly and perhaps unsurprisingly, numerous causes and interventions of BPD 

have been put forward1; however, besides independent validation, it is important to pinpoint 

the responsible cell types or environmental factors, such as oxidative damage.

Catch-up growth in BPD is incomplete such that in adulthood, affected individuals still have 

lower pulmonary functions and higher susceptibility to pulmonary diseases and infections74 

– consistent with a developmental origin of adult diseases as in the Barker hypothesis.75 It is 

unclear if the catch-up growth occurs during continued alveologenesis, and potentially 

beyond this phase, and how it stops. More work is needed to define the persistent changes in 

the alveolar structure and cell types to discern whether the adulthood pulmonary deficiencies 

are due to a non-specific, lower functional reserve versus specific, aberrant gas diffusion or 

responses to perturbations – such as exaggerated inflammation or limited stem cell renewal.
75–77

In situ repair versus de novo growth

Despite having limited cell turnover at baseline at least in laboratory settings, the adult lung 

efficiently recovers from injuries by mobilizing regional progenitor/stem cells – most 

notably AT2 cells and basal cells for the epithelium.78,79 At one extreme, a decellularized 

lung that has been artificially stripped of its cells and only retains its extracellular matrix can 

be repopulated by exogenous epithelial and endothelial cells and briefly support gas 

exchange.80 At the other extreme, removal of the left lung lobe stimulates expansion and 

new alveoli formation in the uninjured right lobes.81 More commonly, chemical or 

pathogen-induced injuries could trigger both recellularization of damaged existing alveolar 

surface and de novo construction of alveoli, perhaps near expandable termini of the 

respiratory tree and in response to extra mechanical stretching.82 The associated cellular and 

molecular mechanisms are potentially distinct: the in situ repair of the alveolar epithelium 

could involve competition among differentiating AT2 cells, expanding AT1 cells, and 

atypical basal cells that form dysplastic “Krt5+ pods”78; whereas the compensatory de novo 

growth could recapitulate the signaling and morphogenetic events of developmental 

alveologenesis albeit without bona fide developmental progenitors (Fig. 4). Therefore, it is 

important to recognize repair versus growth as distinct forms of alveolar regeneration. 

Notably, recent studies have identified intermediate cell states as progenitor/stem cells 

transition to AT1 cells and failure in such a transition can lead to pulmonary fibrosis.83–87

Summary

This review (1) highlights the difficulty in defining alveoli of variable sizes and shapes; (2) 

proposes a 3-phase definition of alveologenesis – initial, classical, and continued phases – 

that includes alveolar ducts and sacs and is based on measurable changes in AT1 cells and 
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alveolar myofibroblasts; (3) challenges the capillary maturation model as prompted by 

recent 3D imaging and single-cell analyses; and (4) discusses developmental and cell 

biology concepts in alveologenesis, alveolar regeneration and diseases.
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Key Findings

• We propose a cell-centric 3-phase definition of lung alveologenesis to account 

for the morphological ambiguity of alveoli.

• The initial alveologenesis phase begins with alveolar type 1 cell flattening and 

forms alveolar ducts and alveolar sacs.

• The classical alveologenesis phase is marked by alveolar myofibroblasts.

• The continued alveologenesis phase increases alveolar surface and 

outpocketing in the absence of alveolar myofibroblasts.

• A distinct Car4 endothelial cell population demarcates and is required for 

alveolar outpocketing, and may underlie intussusceptive angiogenesis but 

does not support the model of double- to single-layered capillary conversion.
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Figure 1: Tubes from branching morphogenesis transform into alveolar ducts, sacs, and alveoli 
in mice.
(A) A model depicting the 3 phases of alveologenesis. The initial alveologenesis phase 

corresponds to the traditional canalicular and saccular stages and is marked by 

differentiation of AT1 and AT2 cells. Progenitors continue to branch in this phase to form 

additional alveolar ducts (3 generations shown), but eventually differentiate to form alveolar 

sacs. The classical alveologenesis phase, corresponding to alveologenesis phase I, is marked 

by presence of alveolar myofibroblasts. New alveoli or outpocketings continue to form 

without alveolar myofibroblasts in the continued alveologenesis phase, corresponding to 

alveologenesis phase II. An alveolar island refers to an alveolar sac and associated alveoli 

(or outpocketings). The developmental ages of the different phases in mice (E, embryonic 

day; P, postnatal day) are approximations because the proximal and distal regions develop 

asynchronously.

(B) Optical project tomography (OPT) images of immunostained mouse lungs at embryonic 

day (E) 17 when bronchoalveolar duct junctions (BADJ; airway termini marked by SOX2; 
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open arrowhead) form and the non-SOX2 distal region including SOX9 branch tips becomes 

the future alveolar region (box). Adapted from4.

(C) OPT images of immunostained developing alveolar regions, comparable to the boxed 

region in (B), showing SOX9 branch tips (arrowheads) continue to branch as alveolar ducts 

form. See also (D). The epithelium is marked by an epithelial junction protein E-Cadherin 

(ECAD). Adapted from3.

(D) En face view of confocal images of immunostained alveolar regions, comparable to the 

boxed region in (B), showing SOX9 progenitors (arrowhead) and morphogenesis of alveolar 

ducts (ad) and alveolar sacs (as). Differentiating AT1 cells express HOPX. P, postnatal day. 

Adapted from5.

Scale: B, C 250 um; D 10 um.
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Figure 2: AT1 cells flatten and fold giving rise to the alveolar surface.
(A) En face view of confocal images of an immunostained alveolar region at the edge of the 

lung at the saccular stage, showing expanded alveolar ducts in association with flattening of 

AT1 cells, as outlined by ECAD and marked by HOPX – in contrast to cuboidal AT2 cells 

(asterisk). Remaining SOX9 progenitors at the distal tips (arrowhead) have not differentiated 

into AT1 or AT2 cells. Branches growing vertically out of the imaging plane differentiate 

earlier and have formed alveolar islands, which are made of an alveolar sac and its 

outpocketings. See also (B).

(B) En face view of confocal images of immunostained alveolar regions with AT1 cells 

sparsely, genetically labeled with GFP, showing that individual AT1 cells grow in size and 

fold at secondary septa (open arrow). The alveolar surface is marked by an AT1 membrane 

protein RAGE. Asterisk, AT2 cell.

(C) Left: A single AT1 cell sparsely labeled with a RosatdT reporter that accumulates in the 

nucleus (n) and imaged as in (B). Right: A single AT1 cell labeled and imaged as in (B) 

extends from an alveolar sac and covers multiple alveoli (numbered 1 through 5 and marked 

by an AT1 membrane protein AQP5) that are demarcated by vessels (ICAM2), as supported 

by optical sections at different levels (first 3 panels) and the en face view (last panel). (A-C) 

are adapted from6.

Scale: A-C 10 um.
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Figure 3: Car4 endothelial cells (ECs) cover alveolar islands and a model that links alveolar 
outpocketing to intussusceptive angiogenesis with implications for single-versus double-layered 
capillaries.
(A) En face view of confocal images of an immunostained alveolar region (AQP5) showing 

grooves with (filled arrowhead) or without (open arrowhead) alveolar myofibroblasts 

(marked by SMA), but invariably associated with vessels (ICAM2; also traced for the 

indicated alveolar island in the last panel). Car4 endothelial cells (CAR4) are specifically 

located over the alveolar island.

(B) En face view of confocal images of an immunostained alveolar region showing Car4 

ECs specifically cover alveolar islands, but do not surround them as Plvap ECs do. Double 

line: double-layered capillaries are between alveolar islands, whereas vessels on alveolar 

islands are single-layered.

(C) En face view of confocal images of an immunostained alveolar region with individual 

endothelial cells (n, nucleus) sparsely, genetically labeled with a RosatdT reporter. The Car4 
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EC, as identified by costaining in the original publication,43 has cellular extensions 

contributing to 5–10 vessel segments, which are marked by Cadherin 5 (CDH5). Asterisks: 

alveolar outpocketings. Non-Car4 ECs have limited projections. (A-C) are adapted from43.

(D) A model depicting 2 alveolar islands with associated vessels and alveoli (outpocketings). 

The alveolar island on the right is shown to form 2 new alveoli, possibly coinciding with 

intussusception (arrowhead). Depending on whether intussusception occurs in the middle or 

at the cell junction of a Car4 EC (darker patch: nucleus), the resulting Car4 EC forms an 

auto-cellular loop or cellular extensions, respectively. Such a model of alveologenesis does 

not involve bending capillaries into a hairpin conformation so that single-layered capillaries 

on alveolar islands remain single-layered but increase in number as a result of 

intussusception, which dilutes the double-layered capillaries between alveolar islands over 

time.

Scale: 10 um.
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Figure 4: In situ repair versus de novo growth as distinct modes of lung regeneration.
Two extreme modes of lung regeneration. Left: epithelial cell loss without affecting the 

extracellular matrix can be replaced in situ via AT2 cell proliferation and their differentiation 

into AT1 cells, as well as possible AT1 cell expansion. Not depicted is the contribution of 

airway-derived cells, such as p63-expressing atypical basal cells forming dysplastic clusters. 

Right: In pneumonectomy, where the left lobe is removed, the uninjured lobe grows to 

compensate for the loss in gas exchange capacity. This growth in tissue volume, surface 

area, and cell number occurs de novo in the available empty space, possibly due to the 

reactivation of developmental programs. Cellular changes are color-coded as in the left 

schematic. Chemical or pathogen-induced lung injury likely activates both modes of lung 

regeneration.
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