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Abstract
In European countries, nearly 10% of all hospital admissions are related to respiratory diseases, mainly chronic life-threaten-
ing diseases such as COPD, pulmonary hypertension, IPF or lung cancer. The contribution of blood vessels and angiogenesis 
to lung regeneration, remodeling and disease progression has been increasingly appreciated. The vascular supply of the lung 
shows the peculiarity of dual perfusion of the pulmonary circulation (vasa publica), which maintains a functional blood-gas 
barrier, and the bronchial circulation (vasa privata), which reveals a profiled capacity for angiogenesis (namely intussuscep-
tive and sprouting angiogenesis) and alveolar-vascular remodeling by the recruitment of endothelial precursor cells. The 
aim of this review is to outline the importance of vascular remodeling and angiogenesis in a variety of non-neoplastic and 
neoplastic acute and chronic respiratory diseases such as lung infection, COPD, lung fibrosis, pulmonary hypertension and 
lung cancer.
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Introduction

According to the WHO, lung diseases are the second lead-
ing cause of death worldwide. These include in particular 
destructive chronic lung diseases such as chronic obstruc-
tive pulmonary disease (COPD), lung cancer or pulmonary 
fibrosis [1]. The pathogenesis of all these diseases is shared 
by the occurrence of significant regenerative remodeling pro-
cesses or compensatory lung growth, in particular of the pul-
monary vascularity which spans a capillary network of more 
than 3000 km and makes up to more than 40% of all lungs 
cells [2]. While compensatory lung growth was observed in 
numerous animals after pneumonectomy [3, 4] recent clinical 
evidence suggests that compensatory lung growth and neoal-
veolarization continues throughout childhood and adolescence 
in humans [5]. Although the impact of stem cell lineages on 
this lung growth and regeneration has been intensively studied, 
there is limited understanding about the pulmonary vascularity 
during these compartment-specific regenerative processes [6, 
7]. Thereby, the preservation of an intact vascular architecture 
is considered crucial to maintain the functional pulmonary 
blood-gas-barrier. The development and remodeling of the 
pulmonary vasculature is a complex morphogenetic process 
that requires not only the formation of new vessels, but also the 
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 Angiogenesis

successful matching of ventilation and perfusion. Although the 
pulmonary vasculature shares unique characteristics of dual 
sources of perfusion, namely pulmonary and bronchial circu-
lation, bronchial vessels are considered as the main conductor 
for lung remodeling or tumor angiogenesis ([8–10]. Bronchial 
vessels originating from the aorta primarily supply the vessels 
of the submucosa of the bronchus and the bronchial walls. 
Morphological evidence showed the presence of numerous 
arteriovenous anastomoses ([11, 12] and “Sperrarterien” 
[12] between pulmonary and bronchial circulation which are 
involved in the regulation of intrapulmonary arteriovenous 
shunting. The “Sperrarterien” are found in the subpleural 
tissue, mainly at the septal margin of secondary pulmonary 
lobules as well as on the mediastinal pulmonary surface. The 
pulmonary circulation accounts for 97% of total circulation 
in the lung and the bronchial circulation for 3% under physi-
ological conditions [13] where the intrapulmonary perfusion 
by bronchial vessels, bronchopulmonary anastomoses and 
“Sperrarterien” dramatically increased in severe hypoxic lung 
conditions as e.g. in pulmonary hypertension [14], asthma [15] 
or COVID-19 [10, 16].

However, not only does the blood supply by pulmonary 
and bronchial circulation show different patterns, but there 
also differences in the dynamics and plasticity of pulmonary 
endothelial cells. In this regard, pulmonary endothelial cells 
are distinct from the systemic vascular bed: while they are 
exposed to the highest oxygen tension and a low-pressure 
blood flow [17] this, however, facilitates inflammation, 
coagulation, and the interaction with blood-borne cells. In 
general, pulmonary-venous lung capillaries are continuous, 
non-fenestrated vessels with a lacking expression of Weibel-
Palade bodies, endothelial storage granules containing von 
Willebrand factor and p-selectin, on the alveolar capillary 
level [18, 19], whereas systemically perfused vessels of 
bronchi and the pleural spaces are characterized by a fenes-
trated endothelium with Weibel-Palade bodies and by the 
evidence for distinct pro-angiogenic remodeling and per-
meability [20, 21]. Thereby, lung remodeling and growth is 
predominantly characterized by the recruitment and migra-
tion of blood-borne monocytes, CD34 + -circulating angio-
genic progenitor cells, ATII cells, and resident and migratory 
myofibroblasts [22–24] and epithelial- or mesothelial-mes-
enchymal-transition in the subpleural or interlobular regions 
which are mainly supplied by the bronchial circulation [10].

Mechanisms of angiogenesis

The formation and the remodeling of new blood vessels 
from existing vessels—a process known as angiogenesis 
(Fig. 1)—occurs in normal lung development as well as in 
pathological conditions involving inflammatory diseases, 
pulmonary fibrosis or lung carcinoma. This blood vessel 

expansion can come either by sprouting or by non-sprouting, 
intussusceptive angiogenesis [4, 25, 26]. Whereas sprout-
ing angiogenesis tends to follow the gradient of released 
proangiogenic growth factors (e.g. VEGF, FGF or PDGF), 
the latter has been described as a well-characterized mor-
phogenetic process which can be observed during growth 
and remodeling of pre-existing networks by spanning the 
vascular lumen by a intussusceptive pillar with a diameter of 
1–5 µm. Similarly, endothelial colony-forming cells (ECFC) 
and monocytes have been described to integrate into the ves-
sel wall [25, 27]. These circulating progenitors primarily 
express endothelial antigens such as CD34, CD11b, Tie2, 
CD133, and VEGFR-2 and show phenotypic similarities 
to mature endothelial cells [27]). Although the number of 
circulating endothelial progenitor cells in a healthy organ-
ism is extremely low at 0.002% of all mononuclear cells 
[28], this cell fraction can increase massively, especially 
during ischemia and tumor growth. There is evidence that 
changes in shear stress and micromechanical forces on the 
endothelial cells are involved in triggering the recruitment 
of blood-borne progenitor cells by the release of attracting 
factors (e.g. SDF1, CXCR4, CCL12) [29, 30]. In contrast 
to sprouting angiogenesis, the formation of new vessel seg-
ments by intussusception occurs without active cell prolifer-
ation, increased vascular permeability, or cell invasion [31]. 
Thus, the process of intussusceptive angiogenesis (Fig. 1) 
represents a highly dynamic intravascular morphological 
process that can remarkably alter and adapt the structure of 
the microcirculation within a very short time to maintain the 
metabolic demands as observed in development [32], regen-
eration [33], inflammatory processes [34, 35], or tumors [36, 
37]. Intussusceptive expansion of the vasculature occurs 
predominantly in the venous limb or in the capillary bed. 
However, it can also be observed to a lesser extent in arteri-
oles and smaller arteries [25]. The occurrence of sprouting 
angiogenesis is accompanied by the differentiation of tip 
cells and stalk cells [38, 39] in endothelial cells with a high 
expression of VEGFR2 in tip cells and upregulated levels 
of DLL4 in stalk cells [40]. After the sprouting initiation, 
endothelial cell proliferation and a directional migration by 
the degradation of the surrounding extracellular matrix have 
been shown to fulfill the stabilization of the newly formed 
vessel sprouts [41].

Impact of endothelial precursors 
for pulmonary angiogenesis

In recent decades, interest in the role of endothelial progeni-
tor cells in angiogenesis has grown rapidly due to their enor-
mous therapeutic potential in cardiovascular medicine and 
as biomarkers of vascular senescence [42–45]. Since the ini-
tial description of "endothelial progenitor cells (EPCs)" by 
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Asahara and coworkers in 1997 [46], who isolated CD34 + /
VEGFR2 + endothelial cells from human peripheral blood 
that formed sprouting angiogenic cell clusters, the ambig-
uous origin of endothelial progenitor cells remains to be 
elucidated. Several years later, Yoder and coworkers were 
able to identify endothelial colony-forming cells (ECFCs), 
widely accepted as "true EPCs", which represent a vascular 
resident endothelial cell type with high intrinsic proangio-
genic potency [47].

Basically, there is a fundamental distinction between 
endothelial colony-forming cells (ECFCs) and myeloid 
angiogenic cells (MACs), both cell populations possessing 
proangiogenic activities compared to circulating endothelial 

cells (CECs), which are detached mature endothelial cells 
with limited proangiogenic capacity [44]. The derivation 
of endothelial colony-forming cells (ECFCs) from non-
hematopoietic sources [47] is thought to be highly prolifera-
tive cells that form tube-like structures or sprouts, whereas 
myeloid angiogenic cells (MACs) are characterized as bone 
marrow-derived cells that are non-proliferative, non-sprout-
ing cells that support angiogenesis by intussusception or by 
paracrine effects [48]. Several factors have been shown to 
stimulate the functional activity of ECFCs: e.g. SDF1 [49], 
VEGF-A [50], TGFβ1 [51], thrombin receptor PAR1 [52], 
nestin [53] or osteoprotegerin [54]. In principle, ECFCs can 
be used therapeutically to improve vascularization in chronic 

Fig. 1  A Schematic of pulmo-
nary angiogenesis by sprouting 
and intussusceptive angio-
genesis. B Illustrations and 
microvascular corrosion casting 
depict the morphogenetic pro-
cesses during the intussuscep-
tive expansion
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lung diseases. On the other hand, they also offer the pos-
sibility to monitor the course and progression of many lung 
diseases such as COPD [55] (or pulmonary fibrosis [56, 57]. 
While there is no clinical evidence of a potential therapeutic 
benefit of treating chronic respiratory diseases with ECFCs, 
the diagnostic value of ECFCs as a biomarker for chronic 
respiratory diseases has been elucidated [58, 59].

Chronic obstructive pulmonary disease (COPD) and idi-
opathic pulmonary fibrosis (IPF) are two severe chronic lung 
diseases characterized by distinct clinical and pathological 
features. In COPD, pulmonary emphysema is characterized 
by loss of alveolar structure and endothelial cells. Pascha-
laki and coworkers demonstrated accelerated senescence in 
smokers and patients with COPD compared to non-smokers 
[60]. Furthermore, it is now well recognized that patients 
with COPD have heterogeneous skeletal muscle responses 
to exercise due to defective pericyte coverage and dysfunc-
tional capillaries [61]. In pulmonary fibrosis, Smadja and 
colleagues investigated the impact of ECFCs as a fluid bio-
marker in patients with idiopathic pulmonary fibrosis (IPF). 
They observed increased senescence and a higher frequency 
of apoptosis of ECFCs isolated from IPF patients compared 
to age-matched healthy controls [62], with the number of 
ECFCs being significantly higher in patients with impaired 
diffusing capacity (DLCO). In addition, they provide evi-
dence that microparticles released from ECFCs isolated 
from IPF patients could stimulate fibroblast migration and 
activation through increased levels of plasminogen and 
interleukin 8 ([57, 62]. Compared to stable disease, ECFC 
proliferation was increased in patients with exacerbations of 
IPF [56] or reduced lung function in systemic sclerosis-inter-
stitial lung disease (SSc-ILD) [63]. Clinical data suggest a 
crosstalk between ECFC proliferation and fibrocytes through 
activation of the SDF-1/CXCR4 pathway [49]. Furthermore, 
ECFC proliferation is associated with angioproliferative pro-
cesses in pulmonary arterial hypertension (PAH), which is 
characterized by progressive pulmonary vascular remod-
eling and precapillary pulmonary hypertension [64]. There 
is compelling evidence that ECFC from pulmonary arterial 
hypertension patients with BMPR2 mutations exhibit a vas-
culoproliferative phenotype without the formation of stable 
vascular networks, highlighting the importance of ECFC in 
the pathogenesis of PAH [64, 65]. In pediatric patients with 
PAH treated with treprostinil, a prostacyclin vasodilator. 
ECFC proliferation was stimulated by treprostinil-mediated 
release of VEGF-A by mesenchymal stem cells [66]. It 
might be expected moreover that ECFC will be further be 
studied as a surrogate marker for pulmonary angiogenesis in 
chronic lung diseases. Thereby, larger patient cohorts should 
elucidate the mechanisms of disease progression in COPD, 
lung fibrosis or pulmonary hypertension.

Bacterial and viral respiratory diseases

Infectious airway diseases, especially lower respiratory 
tract infections are still a prevalent disease and a leading 
cause of death, particularly in children and the elderly with 
a high incidence of ~ 6.000 per 100.000 and a mortality 
rate of 34.3 per 100.000 placing them in the top five of 
causes of death [67, 68]. Clinical symptoms range from 
mild bronchitis (e.g. common cold), pneumonia with fever 
and respiratory distress to severe acute respiratory dis-
tress syndrome (ARDS), sepsis and multi-organ failure. 
Causative agents are primarily pneumotropic bacteria (e.g. 
staphylococcus pneumonia), viruses (e.g.influenza viruses, 
respiratory syncytial viruses, adenoviruses and corona-
viruses) and to a lesser degree fungi (e.g. pneumocystis 
jiroveci, aspergillus species). As most infectious pathogens 
are airborne, the respiratory epithelium often is the pri-
mary site of host-reaction and inflammation to the infec-
tious agent and has been studied extensively [69]. More 
recently, notably due to recent viral pandemics of H5N1 
influenza A virus, SARS-CoV-1, MERS and especially 
SARS-CoV-2, the vascular system and endothelial cells as 
one of the most abundant cell types in the lung, as well as 
extrapulmonary effects of pulmonary infectious diseases 
became a focus of interest.

Several bacteria responsible for manifest pneumonia 
can modulate the inflammatory state of endothelial cells, 
disrupt the endothelial barrier and cause direct endothe-
lial cell damage affecting leukocyte adhesion, cytokine-
secretion and thus manipulating leukocyte and especially 
neutrophil migration (e.g. pneumolysin of Streptococ-
cus pneumonia, shiga toxin 2 of e.coli or ExoU of Pseu-
domonas aeruginosa). Further, the bacterial toxins can 
cause direct damage to vascular smooth muscle cells (e.g. 
lethal toxin of bacillus antracis) and cause indirect vas-
cular leakage through neutrophil-activation (e.g. phenol-
soluble modulin a4 of S: aureus) [70]. These mechanisms 
lead to a disruption of lung endothelial homoeostatic 
mechanisms propagating lung parenchymal inflammation 
and thus increasing disease severity [17, 71]. Despite these 
vascular alterations, bacterial infections of the lung are 
mostly characterized by direct parenchymal and especially 
epithelial injury with edema, a classic pro-inflammatory 
cytokine milieu and pathogen driven adaptive immune 
response. They usually resolve in a restitution ad integrum 
with rarely chronic residues, e.g. in form of interstitial 
lung disease often in form of organizing pneumonia [72], 
often not easily differentiated from ventilator associated 
lung injury and interstitial fibrosis after ARDS, independ-
ent of the causative agent [73]. Circulating endothelial 
progenitor cells, a sign of pulmonary repair (see below), 
are increased in patients with pneumonia, but interestingly 
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tend to be lower in cases of persistent fibrotic changes 
hinting at impaired repair mechanisms [74] also discussed 
for other fibrotic interstitial lung diseases [75] with neo-
vascularization and repopulation with endothelial cells 
being important components of repair and wound healing 
(see below). However, recruitment of local and circulating 
endothelial progenitor cells seems to be a general pattern 
in ARDS not limited to bacterial infection and with a ben-
eficial clinical course often displaying higher number of 
circulating endothelial progenitor cells than non-survivors. 
These findings are corroborated by several animal studies 
of acute lung injury [76]. In a parabiosis model, significant 
recruitment and incorporation of peripherally circulating 
CD34 + endothelial progenitor cells was demonstrated dur-
ing compensatory lung growth [77].). A possible cause of 
this strong cell activation and migration could be the dra-
matic vascular expansion by intussusceptive angiogenesis 
[25, 77]. In rodents and humans, it has been shown that 
there is a residual population of endothelial progenitor 
cells in the lung that can differentiate de novo into blood or 
lymphatic endothelial cells [78]. These residual endothe-
lial progenitor cells are thought to play a pivotal role in 
the healing process of acute lung failure or ARDS (Rafat 
et al., 2013). A similar increase in circulating progenitor 
cells has also been described in patients recovering from 
bacterial pneumonia [74].

While the effect on the vascular system and endothelial 
cells in bacterial infections is mostly of indirect nature and 
rather an effect of the induced pro-inflammatory response, 
several viral agents – especially SARS-CoV-2, tend to 
induce a more vasculocentric pathomechanism. However, 
with the highly pathogenic avian influenza strain H5N1 
being an exception, influenza virus have not shown direct 
infection of endothelial cells [79, 80], the IL-6 dominated 
inflammatory milieu leads not only to endothelial perme-
ability and barrier dysfunction with concomitant pulmo-
nary edema and exudation, but, through activation of tis-
sue factor, leads to a pro-thrombotic milieu and, dependent 
on various factors either activation of the innate immune 
system and decreased viral replication through protease-
activated receptor 2 or increased inflammation and virus 
replication via protease-activated receptor 1 [81]. Consist-
ently, viral-associated thrombotic microangiopathies have 
been described in numerous inflammatory cardiorespiratory 
diseases including influenza [35, 82]. Interestingly, influ-
enza infection increases Pattern Recognition Receptors with 
resultant endothelial leak and apoptosis following exposure 
to Staphylococcus aureus-derived PAMPs in vitro explaining 
the often observed clinical worsening and threat of bacterial 
superinfection in influenza pneumonia [83].

This shift to a more endothelial and thus vascular driven 
infection becomes even more apparent in the instance of 
COVID-19 (Fig. 2), a genuine multi-organ vascular disease 

rather than a respiratory infection alone. Compared to 
influenza and other causes of ARDS, COVID-19 lungs at 
autopsy of patients succumbing to their disease are signifi-
cantly lighter, hinting at less edema and frequently show 
parenchymal and intraluminal blood clots, a sign of hyper-
coagulability [84] or immunothrombosis by the formation 
of dysregulated neutrophil extracellular traps (NETs) [85]. 
These findings explain the often observed, so called, “silent 
hypoxia” [86] in COVID-19 compared to influenza with the 
latter commonly displaying shortness of breath and elevated 
work of breathing [87]. Mechanistically, COVID-19, in con-
trast to influenza and other conventional viral inflammatory 
reactions, is characterized by an angiocentric and especially 
CD4 + T-helper cell dominated inflammation with prominent 
endothelialitis, in part due to direct infection of endothe-
lial cells by SARS-CoV-2 [88]. These lead to swelling and 
disruption of the endothelial cell barriers, an anomalous 
microvascular architecture (Fig. 2), and an endothelial dys-
function [89, 90]. The result is a ~ nine fold increase in cap-
illary microthrombi and a ~ 30-fold increase in intraluminal 
pillars and split blood vessels on vascular corrosion casting, 
a hallmark of a special form of angiogenesis termed intus-
susception [84].

The consequence is not only ineffective gas exchange, but 
also tissue ischemia. Localized tissue ischemia within the 
lung is normally compensated by the bronchial circulation 
a network branching off the descending aorta to perfuse the 
proximal airways as well as the fibrous septa of a distinct, 
rather vascular, than airway defined, anatomical structure 
called the secondary lobule [91]. The bronchial circula-
tion is sought to prevent local tissue ischemia. Knowledge 
gained from observations in lung transplantation and airway 
reconstructive surgery where the bronchial circulation is dis-
rupted indicates that if concurrent pulmonary artery embo-
lism occurs, this leads to hemorrhagic pulmonary infarctions 
[92]. Recently, through high resolution Synchrotron radia-
tion based hierarchial phase-contrast tomography (HiP-CT) 
we could demonstrate a mosaic-like consolidation of indi-
vidual secondary pulmonary lobules based on microvascular 
occlusion and secondary lobular microischemia [93], poten-
tially explaining the described increased alveolar dead space 
[16]. Furthermore, in severe COVID-19, we could observe 
an increase of intrapulmonary left–right-shunts, the so called 
“Sperrarterien”, leading to expansion and dilatation of the 
bronchial plexus [10].

Thus, the long-term, post-acute sequelae of a COVID-
19, defined as post-acute COVID-19 syndrome (PACS) 
beyond the 4 weeks of acute infection, are characterized by 
a persistent systemic thromboinflammation with comple-
ment dysregulation [94] and a pulmonary microischemia-
induced fibrotic remodelling to COVID-19. Although 
similarities between the histologic presentation and genetic 
background of PACS-associated pulmonary fibrosis and 
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UIP have been reported [95], own data [96] show that gene 
expression, plasma protein expression, and disease course in 
COVID-19 are distinct from the common forms of intersti-
tial lung diseases, including, e.g. key genes related to matri-
cellular markers (GDF15, CD163), angiogenesis (CXCR4, 
CXCL12), and fibrosis (MMP1, COL3A1) which may 
underline the unique vascular etiology of COVID-19 [97]. 
There is recent clinical evidence of increased serum levels 
of VEGF-A, von Willebrand factor (vWF) [98], calprotectin 
[99], fibrin monomers [100] among others, in PACS patients 
as a relevant predictive biomarker for impaired lung function 
and radiologically assessed lung consolidation [101]. The 

markedly elevated levels of angiopoetin-1 (ANG1) in PACS 
patients may underline a long-term, wound-repairing angio-
genic response due to the SARS-CoV2-associated endothe-
lial injury [102], whereas increased angiopoietin-2 (ANG2) 
levels were associated to the fatal trajectory of COVID-19 
reflecting the systemic microangiopathy by vascular disrup-
tion and remodeling in hospitalized COVID-19 patients ([96, 
103].

Taken together, severe COVID-19 is characterized by 
an angiocentric system and organ-spanning inflammation, 
prompting pulmonary and vascular compensation and repair 
mechanisms (intussusceptive angiogenesis, expansion of 

Fig. 2  Multi-resolution imag-
ing of a COVID-19 autopsy 
lung, using hierarchical phase 
contrast tomography (HiP-CT) 
illustrates the vascular remode-
ling of the bronchial circulation 
COVID-19 patients. Microvas-
cular changes in COVID-19 
lungs: a Volume rendering of 
a representative hierarchical 
phase-contrast tomography 
(HiP-CT) slice shows the spatial 
heterogeneities of microis-
chemia and fibrotic remodelling 
of the airways. Micro-CT-based 
3D reconstruction of subseg-
mental pulmonary arteries (red) 
and airways (blue) showed 
(sub-)total arterial occlusion 
in COVID-19 lungs of early 
and late hospitalized patients 
compared to uninfected controls 
c Three-dimensional evalua-
tion of microvascular corrosion 
casts by synchrotron radiation 
tomography microscopy illus-
trating the altered and increased 
alveolar vascularity in COVID-
19 lungs
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bronchial circulation and activation of left-to-right shunting) 
to such a degree and expanded time-span that it ultimately 
results in a downward-spiral increasing local (pulmonary) 
tissue and systemic hypoxia thus worsening the cause of 
disease and further bringing the lung at risk of consecutive 
irreversible fibrotic remodeling [96].

Chronic obstructive lungs diseases (COPD)

COPD is the most common chronic respiratory disease and 
the third leading cause of mortality according to the WHO. 
It is characterized by destruction of the lung parenchyma, 
small airway obliteration and loss. Mild to moderate pulmo-
nary hypertension is a common morbidity in COPD patients, 
although a small fraction of the patients develop severe pul-
monary hypertension. This led to the definition of a pulmo-
nary vascular phenotype of COPD [104], which is relatively 
rare and is characterized with severe pulmonary hyperten-
sion (PH) and low diffusing capacity of the lung for carbon 
monoxide, but only mild-to-moderate airway obstruction. 
Typically, these patients show medial hypertrophy and inti-
mal thickening, with the degree of remodeling depending on 
disease severity. Endothelial dysfunction/loss is believed to 
be an early event in COPD pathogenesis (Fig. 3). Indeed, in 
mild COPD intimal thickening, especially in smaller arter-
ies can already be observed [105]. A reduction in capillary 
length and density was also found in COPD patients relative 
to controls [106]. Therefore, (micro)vascular dysfunction 
and remodeling are typically associated with emphysema, 
and the decrease of the capillary bed surface area is thought 
to be linked to dysregulated angiogenesis and endothelial 
apoptosis [107]. In-vivo imaging confirms that decreased 
lung perfusion, increased vessel tapering, and altered large 
vessel and cardiac structure are evident even at early stages 
of COPD [108, 109]. Transcriptomic analysis of COPD lung 
tissue demonstrates a direct relationship between the loss of 
expression of several endothelial markers (e.g.VEGFR2 and 
VEGFA) and lung function reduction and increased radio-
graphic evidence of emphysema [110]. A recent single cell 
sequencing study demonstrated no differences in proportions 
of endothelial cells between end-stage COPD patients and 
controls, although an increased gene expression signature 
was found for cytokine signaling and response to cytokines 
and stress in the endothelium of COPD patients, where the 
capillary endothelial cell was believed to be a major contrib-
utor to alveolar inflammation [111]. Proof of concept data 
of the importance of the vascularity in COPD is provided 
by intravenous delivery of healthy lung endothelial cells in 
a elastase injury model of emphysema which showed com-
plete rescue of alveolar destruction. Interestingly, emphy-
sema is characterized by a loss of alveolar microvessels due 
to the loss of vascular homeostasis. The capillary length 

and length density were significantly decreased to about of 
68% control values in a sterological autopsy study by Wiebe 
and coworkers [106]. There are also several reports that link 
the vascularity directly to the typical small airway remod-
eling as seen in COPD via VEGF [112]. The first histologic 
description of vascular pathology in COPD by Liebow [113] 
dates 60 years back. Since then more light could be shed on 
hypoxia-induced vessel remodeling [114], the presence of 
endothelial cell apoptosis [115] and endothelial cell dys-
function [105, 116] as well, more recently, the existence of 
hypoxia activated macrophages inducing pulmonary arte-
riolar smooth-muscle-cell growth via FIZZ1 [117, 118]. 
Despite these accomplishments, our understanding of how 
immune cells and their cytokines shape pulmonary vascular 
remodeling is still in its infancy [119, 120].

Pulmonary hypertension

Pulmonary hypertension (PH) includes a group of fatal clini-
cal entities such as pulmonary arterial hypertension (PAH) 
and chronic thromboembolic PH (CTEPH) characterized 
by dysfunctional angiogenesis leading to pulmonary vascu-
lar obliteration in distal-muscular type arteries and conse-
quently to hypertrophy and remodeling of the right ventricle 
[121]. The histopathology of iPAH includes marked medial, 
intimal, and adventitial arterial thickening. These remodeled 
arteries end up as plexiform lesions, consisting of vascular 
channels lined by a continuously proliferating endothelium 
and backed by a uniform myogenic interstitium which may 
arise from anastomoses between the bronchial and pulmo-
nary circulation [122]. Recently, Westoo and colleagues 
proposed to subdivide the plexiform lesions in 4 distinct 
classes, either localized within or derived from monopodial 
branches or localized between pulmonary arteries and larger 
airways or as spherical structures at unexpected ends of dis-
tal pulmonary arteries; or as occluded pulmonary arteries 
with recanalization [123]. Although iPAH is primarily a 
disease of the pulmonary circulation, the bronchial circula-
tion could also be involved as individuals with PAH often 
show evidence of bronchial artery hypertrophy and promi-
nent vasa vasorum in the pulmonary artery [124], while 
recently also further histological evidence was provided for 
the role of the bronchial circulation in PAH remodeling and 
plexiform lesion formation [14]. Pulmonary veno-occlusive 
disease (PVOD) is also categorized as a type I PH disease, 
although in a different subclass (1'). This is because PVOD 
and PAH share a similar clinical presentation, with features 
of severe precapillary PH. It is however important to differ-
entiate these two conditions as PVOD carries a worse prog-
nosis and PVOD is preferentially involving the pulmonary 
venous system, although also the capillaries and arteries are 
affected [125]. In PVOD, intimal remodeling of veins and 
venules may range from loose fibrous tissue with variable 
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cellularity to dense, paucicellular, sclerotic lesions. Of 
note complex plexiform lesions are absent in PVOD lungs. 
Whether pulmonary capillary haemangiomatosis (PCH) is 
a distinct entity from PVOD remains controversial. There is 
typical abnormal capillary proliferation within the alveolar 
interstitium, but there are many overlapping features with 
PVOD including overlapping mechanisms [126, 127]. Our 
own recent findings in PVOD suggest that venous occlu-
sions in PVOD increase shear stress and micromechanical 
forces leading to an expansion of intussusceptive angiogen-
esis [127]. Chronic thrombo-embolic pulmonary hyperten-
sion (CTEPH) is the most prominent disease in type IV PH. 
In CTEPH, blood clots extend within the artery, cling to 

the artery wall and resembles scar tissue, usually starting in 
large or middle-sized pulmonary arteries. This increases pul-
monary pressure, reduces blood flow into the lungs and can 
trigger narrowing of other blood vessels throughout the lung. 
Small-vessel disease can concomitantly occur in obstructed 
areas, possibly triggered by unresolved thrombotic mate-
rial, and downstream from occlusions, possibly because of 
excessive collateral blood supply from high-pressure bron-
chial and systemic arteries [128]. Plexiform lesions can 
also be observed in CTEPH [129] (Fig. 3). Anastomoses 
between bronchial artery branches and precapillary pulmo-
nary arterioles appear during evolution of the disease. Other 
acquired vascular connections between bronchial arteries 

Fig. 3  Scanning electron 
micrographs of microvascular 
corrosion casting of an elastase-
induced emphysema model in 
mice (left) and chronic smoke 
exposition (right) in a murine 
smoke chamber model depict 
the capillary loss in emphysema 
and a peribronchial vascular 
remodeling. In pulmonary 
hypertension, anti-CD31 posi-
tive vessels depicts a microvas-
cular outgrowth which is a 
morphological characteristic 
of plexiform lesions (SEM in 
blue box). A schematic illustra-
tion shows the expansion of 
vascular plexus in pulmonary 
hypertension. Scanning electron 
micrographs of microvascular 
corrosion casting of a PH lungs 
shows a plexiform budding with 
a loss of vascular hierarchy
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and pulmonary veins may also trigger venous remodeling 
[130].

Interstitial lung diseases (ILD)

Interstitial lung diseases encompasses nowadays diverse 
and complex group of over 300 non‐neoplastic pulmonary 
diseases with distinct morphological and molecular motifs 
[131]. Currently, several interstitial injury patterns are 
indicative, but not pathognomonic for any given ILD entity 
among these variable morphologies [131]. The spatial and 
temporal heterogeneity of various pulmonary remodeling 

results in an overlap of injury patterns among the most 
common: usual interstitial pneumonia (UIP), non‐specific 
interstitial pneumonia (NSIP), organizing pneumonia (OP) 
and alveolar fibroelastosis (AFE) [75] (Fig. 4). The charac-
teristic feature of the UIP pattern is spatially and temporally 
heterogeneous interstitial fibrosis driven by aggregates of 
myofibroblasts, so-called fibroblast foci, with secondary 
honeycomb alterations, smooth muscle metaplasia and 
proliferation. In those UIP-lungs, we observed a higher 
density of the upstream vascularity and perifocally blind-
ending vessels with a loss of hierarchy. Another relatively 
common injury pattern that has only recently been identi-
fied and defined is AFE, also known as pleuroparenchymal 

Fig. 4  A Schematic illustrates 
the fibrovascular interface in 
fibrotic lung diseases. B Scan-
ning electron micrographs of 
microvascular corrosion casts 
illustrate the substantial archi-
tectural differences between 
the different injury patterns. 
Healthy control lung vasculature 
is characterized by thin-walled 
alveolar capillary plexuses 
aligned along the alveolar duct; 
UIP lungs demonstrate an 
aberrant vasculature with blunt, 
sinusoid-like vessels, without 
a clear vessel hierarchy, but 
instead high variability of ves-
sel diameters and small vessel 
sprouts; NSIP lungs present 
with dense, tortuous dilated 
tufts of vessel formations in 
the alveolar septa and frequent 
intussusceptive pillars; AFE 
lungs resemble the appear-
ance of the NSIP lungs with 
pronounced vascular alterations 
in the alveolar septa. Schematic 
illustration of morphomolecular 
motifs in histopathological sub-
types of interstitial lung injury 
models



 Angiogenesis

fibroelastosis (PPFE) in certain clinical situations. Histo-
logically, AFE shows intra-alveolar collagenous obliteration 
with discrete accompanying inflammation and dominant 
elastosis in the adjacent former alveolar walls [75]. Cur-
rently, it has been hypothesized whether angiogenesis could 
be considered as an initial trigger in the the pathogenesis and 
the progression of pulmonary fibrosis [75, 132, 133].

In particular, the alveolar–capillary permeability is abnor-
mally increased in patients with pulmonary fibrosis by the 
release of pro-inflammatory and pro-angiogenic mediators 
[134] which is accompanied by microvascular injury, tur-
bulent flow, microthrombi and an alveolar-vascular remod-
eling [135]. The microvascular injury is mainly specified by 
an alteration of vascular homeostasis and loss of endothe-
lial markers as platelet endothelial cell adhesion molecule 
(PECAM)-1 and vascular endothelial cadherin (VE-cad-
herin) [136] leading to higher transmural shear stress and 
a flow-induced release of nitric oxide by the stimulation of 
endothelial nitric oxide synthase (eNOS) [137] or higher 
expression of stromal cell-derived factor-1 (SDF-1) by acti-
vating calcium-dependent transient receptor potential (TRP) 
in endothelial cells [138–140]. Thereby, the stimulation of 
the haematopoetic-vascular niche results in the angiocrine 
recruitment of monocytes (CD11b/TIE2+) and circulating 
proangiogenic cells  (CD31+/CD34+/CD133+) [27, 30, 141] 
or the activation of perivascular macrophages  (VEGFR1+) 
or perivascular fibroblasts  (Jag1+) [142]. Thus, perivas-
cular macrophages, monocytes and circulating progenitor 
cells are key regulators of angiogenesis in the fibrovascular 
interface (Fig. 4) in health and disease and are involved in 

different stages of fibrovascular remodeling, leading to dif-
ferent vascular architectures in health and in ILD [75, 143, 
144] (Table 1).

In human ILD samples, alveolar-vascular remodeling is 
mainly characterized by the occurrence of intussusceptive 
and sprouting angiogenesis as morphological hallmarks 
of the respective interstitial injury [75]. NSIP lungs were 
dominated by higher frequencies of pillar formations in 
comparison to UIP and AFE lungs, whereas sprout forma-
tion was 10 times more frequently in UIP lungs compared to 
NSIP and AFE lungs. Recent observations [21, 145] could 
identify a dramatic increase in a  COL15A1+-endothelial cell 
population and a replacement of alveolar capillaries with 
 COL15A1+ blood vessels in human NSIP lungs in which 
a high frequency of intussusceptive angiogenesis was pre-
dominantly observed in the expanded interlobular septa and 
in the subpleural spaces [75].  COL15A1+ blood vessels were 
localized in systemic-venous endothelial cells in the bron-
chial circulation or in the visceral pleura [21]. It appears 
remarkable that the cellular expansion of ectopic peribron-
chial endothelial cells is predominantly involved in the fibro-
vascular remodeling in IPF patients [146]. The pivotal role 
of bronchial circulation in lung fibrosis has been already 
hypothesized by Turner Warwick in 1963 who observed 
an increased perfusion by intrapulmonary bronchopulmo-
nary anastomoses in patients with fibrosing interstitial lung 
diseases [147].Given the significance of angiogenesis and 
vascular remodeling in repair processes, it could be con-
troversially discussed whether angiogenesis [148, 149] acts 
as double-edged sword, on the one hand in restoring the 

Table 1  Histologic features 
of lung diseases relevant to 
intussusceptive angiogenesis

a Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, Vanstapel A, Werlein C, Stark 
H, Tzankov A, Li WW, Li VW, Mentzer SJ, Jonigk D. Pulmonary Vascular Endothelialitis, Thrombosis, 
and Angiogenesis in Covid-19. N Engl J Med. 2020 Jul 9;383(2):120–128
b Ackermann M, Stark H, Neubert L, et  al. Morphomolecular motifs of pulmonary neoangiogenesis in 
interstitial lung diseases. Eur Respir J 2020;55
c Ackermann M, Gaumann A, Mentzer SJ, et al. Plexiform vasculopathy in chronic thromboembolic pulmo-
nary hypertension. Am J Respir Crit Care Med 2017;196:48–51
d Neubert L, Borchert P, Shin HO, Linz F, Wagner WL, Warnecke G, Laenger F, Haverich A, Stark H, Hoe-
per MM, Kuehnel M, Ackermann M, Jonigk D. Comprehensive three-dimensional morphology of neoan-
giogenesis in pulmonary veno-occlusive disease and pulmonary capillary hemangiomatosis. J Pathol Clin 
Res. 2019 Apr;5(2):108–114. doi: 10.1002/cjp2.125. Epub 2019 Feb 27

Fatal hypoxia Lymphocytes Endothelialitis Microthrombi Intussuscep-
tive Angio-
genesis

Influenza  Aa Yes Yes – –  ↔ 
Endstage  NSIPa Yes Yes – – ↑↑
AFEa Yes Yes – – ↑↑
UIPa Yes – – –  ↔ 
CTEPHc Yes – Yes Yes ↑
PCHd Yes – Yes Yes ↑
PVODd Yes – Yes Yes ↑
COVID-19a Yes Yes Yes Yes ↑↑↑
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microcirculation and the passage of lymphocytic cells and 
progenitor cells, on the other as triggering factor of disease 
progress by aberrant, dysfunctional bundles of blood vessels 
which could be transformed to myofibroblasts by endothe-
lial-mesenchymal transition (EndoMT) [150]. This crucial 
question can only be addressed by spatial dependence and 
temporal heterogeneities observed in the morphology of 
interstitial lung diseases with a heterogenous distribution 
or UIP/NSIP overlap [131]. So far, nintedanib is the only 
clinically approved tyrosine kinase inhibitor for idiopathic 
pulmonary fibrosis (IPF), progressive pulmonary fibrosis or 
systemic sclerosis–associated interstitial lung disease (SSc-
ILD) which significantly reduced the decline in lung func-
tion and the disease progression [151–153]. In addition to 
the anti-inflammatory and anti-fibrotic effects, nintedanib 
inhibits the proliferation of numerous pulmonary vascular 
cell types [152] and leads to restoration and ‘normaliza-
tion’ of the altered vascular architecture [154], a remark-
able structural finding observed in anti-angiogenic therapy 
in tumors [36, 155]. Taken together, the close interaction 
of pulmonary neoangiogenesis with fibrogenesis suggests 
that the fibrovascular interface is a decisive factor for the 
progression and aggravation of pulmonary fibrosis.

Lung cancer and angiogenesis

The strict relationship between tumor progression and vas-
cularization was postulated as early as 1971 by Judah Folk-
man in his hypothesis of the "angiogenic switch" in the New 
England Journal of Medicine [156]: A solid tumor with a 
volume greater than of more than 1–2  mm3 is absolutely 
dependent on the formation of new blood vessels. The tumor 
tissue switches to a "proangiogenic phenotype" and releases 
proangiogenic growth factors, which promote further vas-
cularisation of the advancing tumor [157]. All organs and 
tissues have a very specific vascular architecture that reflects 
the needs of the organ and its metabolism. Ultimately, the 
design principle applies: "form follows function". In many 
tumors, however, this organ- and tissue-specific vascular 
architecture is not preserved. In the newly formed tumor 
vessels, the clear autochthonous vascular hierarchy of arte-
rioles, capillaries and venules is largely abolished [158]. The 
vascular architecture shows a chaotic arrangement of various 
blind ending vessels with a predominantly aberrant, tortu-
ous course [36] (Fig. 5 A,B). Sinusoidal tumor vessels often 
form a “rete mirabilis” in which not only venous drainage 
but also capillary elongations with vessel breaks are found, 
which can increase the vessel density many times. How-
ever, this abnormal vascular network makes little functional 
contribution to nutritive blood flow, which explains the low 
intratumoral oxygen partial. The permeability in these ves-
sels is also increased due to endothelial fenestration. In the 
newly formed tumor vasculature, this results in gaps in the 

endothelial cell population of approximately 200 nm–2 µm 
[159]. These ultrastructural changes lead to a fluid shift into 
the tumor interstitium, which can increase the interstitial 
pressure by 20–50 mmHg [160]. The consequence of this 
increased interstitial pressure in the tumor is that the poor, 
heterogeneous perfusion of the tumor significantly impedes 
the absorption of chemotherapeutic agents. It also increases 
lymphatic drainage in the tumor, which increases the likeli-
hood of lymphogenic metastasis [161]. It should be noted 
that the characteristic phenomena of tumor vessels may 
occur to a lesser extent in precancerous lesions even before 
malignant progression [162]. Nevertheless, studies of pul-
monary angiogenesis and its role in lung neoplasia appear 
to have lagged behind those in other organs perhaps given 
the complexity of the lung with its two different circulatory 
beds as discussed previously [163]. Although numerous anti-
angiogenic treatments including anti-VEGF antibodies (e.g. 
bevacizumab), anti-VEGFR-2 antibodies (e.g. ramucirumab) 
or multi-kinase inhibitors targeting VEGF, PDGFR, FGFR 
or MET (e.g. nintedanib, vandetanib, sunitinib) [164] have 
been clinically evaluated, the survival outcome of these 
therapies are relatively limited and modest either by intrin-
sic or acquired resistance [165] or as monotherapy. These 
findings apply in particular to the treatment of NSCLC with 
a poor mean 5 year survival rate of less than 20% (REF). 
Patients with advanced or metastatic non-small cell lung 
cancer (NSCLC) without a treatable driver mutation who 
develop resistance to first-line checkpoint inhibitor (CPI) 
immunotherapy urgently need new second-line treatment 
options. Currently, only two anti-angiogenic compounds 
(nintedanib and ramucirumab) have been approved by 
the FDA and EMA for use in metastatic NSCLC without 
oncogenic driver mutations in combination with docetaxel 
after progression on chemotherapy [166, 167]. To this end, 
several combination strategies, including the combina-
tion of CPIs with anti-angiogenic tyrosine kinase inhibi-
tors (VEGFR TKIs), are being tested in clinical trials (e.g. 
ramucirumab plus pembrolizumab) with promising pre-
liminary results (REF). It has been hypothesized that anti-
angiogenic treatment results in a vascular normalization. In 
principle, vessel normalization leads to a more homogene-
ous vessel density and thus to a more uniform perfusion of 
the flow bed [155] (Fig. 5). Morphologically, this effect is 
explained by a more stable connection of the endothelial 
cell assemblies, whose permeability is reduced by a uniform 
coverage with pericytes [168]. Under normal physiological 
conditions in the lung, a fragile balance of angiogenic and 
angiostatic factors regulates vascular homeostasis [169]. A 
causal explanation for vascular normalization in antiangio-
genic therapy is seen in the blockade of the growth factor 
VEGF. This upregulates the molecule angiopoietin-1, which 
actively promotes the recruitment of additional pericytes 
and thus stabilizes the vessel wall in a supportive manner 
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[170]. The normalization process of the tumor vasculature 
opens therapeutic opportunities to improve neoadjuvant 
chemotherapy and immunotherapy. The angio-immunogenic 
switch results in an improved perfusion and penetration of 
tumors by especially cytotoxic T lymphocytes (CTLs), effec-
tor T-cells, tumor-specific T-cell function, impaired T-cell 
memory, and a reduced immunosuppressive tumor microen-
vironment (TME). Compelling preclinical [171] and clini-
cal [172, 173] evidence shows that targeting the VEGF and 
ANG2-Tie2-pathways seems to extend the transient window 
of vascular normalization and stimulates the intrinsically 
immunosuppressive tumor microenvironment (TME) in 
NSCLC and other solids tumors. Although the promising 

clinical evidence of an angio-immunogenic switch by com-
binational efficacy of anti-angiogenic agents and immune 
checkpoint inhibitors, it seems controversial that anti-angio-
genic approaches in eligible patients with advanced NSCLC 
without oncogenic driver mutations are subject of debates 
despite the fundamental clinical breakthrough of immuno-
oncology in the treatment of NSCLC (Fig. 5). This could be 
partly due to intrinsic and acquired resistance to anti-angio-
genic treatments which have been particularly described in 
the clinical NSCLC trials as observed in the patient cohort 
of advanced, metastatic, EGFR-T790M-mutated patients 
[174]. Non-angiogenic mechanisms in lung cancer include 
vessel co-option (VC) [175, 176] and vasculogenic mimicry 

Fig. 5  A Scanning electron 
micrograph shows the cross-
section of a human pulmonary 
adenocarcinoma. B Microvascu-
lar corrosion casting depicts the 
vascular architectural alterations 
in the before-mentioned pulmo-
nary adenocarcinoma charac-
terized by abnormal, tortuous 
blood vessels with a missing 
hierarchy. C Scanning electron 
micrograph of the microvas-
cular corrosion casting in 
A549-NSCLC-xenografts shows 
an abnormal tumor vascularity 
with blind-ending vessels and 
elongations. D In bevacizumab-
treated A549-NSCLC- xeno-
grafts, the tumor vascularity 
is restored to a “normalized” 
architecture. E The transient 
normalization window results in 
a higher vulnerability of cancer 
cells to cytotoxic agents and an 
improved perfusion of immune 
checkpoint inhibitors. F Effects 
of anti-angiogenic treatments on 
vascular morphology and angio-
immunlogic switch
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(VM) [177], both mechanisms making use (“hijacking”) of 
the preexisting vascularity. In specimens from early stage 
lung cancer, predominantly non-angiogenic mechanisms 
comprised 16% of all cases [178]. Moreover, in the mouse 
model extended sunitinib therapy is associated with VC as 
the predominant vascularization mechanism and ultimately 
treatment failure [176] (Table 2).

In many tumors, intussusceptive vascular growth is an 
escape mechanism that leads to resistance to many thera-
peutic regimens [179]. Especially after anti-angiogenic ther-
apy or radiotherapy, there is often a switch from sprouting 
angiogenesis to intussusceptive expansion of tumor vessels 
[180]. While sprouting angiogenesis depends on the integ-
rity of the VEGF signaling cascade, intussusceptive tumor 
angiogenesis usually follows several different stimuli such 
as intraluminal shear forces and perfusion differences within 
the tumor stromal area. In addition, an increase in the growth 
factor FGF-2 is observed, which allows the therapy-resistant 
tumor cells to continue to receive sufficient nutritive oxygen. 
Circulating endothelial progenitor cells have been postu-
lated to be a critical component of tumor angiogenesis [25]. 
However, recruitment and incorporation of bone marrow-
derived endothelial progenitor cells has been described in 
only about 5% of human tumor vessels [181]. However, in 
different mouse models, the proportion of incorporated pro-
genitor cells varies considerably depending on the tumor 
entity.Similarly, circulating endothelial progenitor cells are 
thought to not only play a fundamental role in vascular dif-
ferentiation, but also contribute in a paracrine manner to 
further vascular growth in tumor tissue through the release 
of proangiogenic growth factors. For example, the number of 

circulating endothelial progenitor cells positively correlates 
with tumor angiogenesis [182]. However, therapy with anti-
angiogenic agents also significantly decreased the number of 
peripherally circulating endothelial progenitor cells [183]. 
Taken together, the combination of anti-angiogenic therapy 
with checkpoint inhibitors may potentiate the cancer immu-
nity by normalizing the vascular architecture.
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Table 2  Overview on mechanistic features of tumor angiogenesis

Sprouting angiogenesis Intussusceptive angio-
genesis

Vessel mimicry Vessel Co-option

Mechanism Sprouting of endothelial cells 
from pre-existing vessels by 
proliferation and migration 
of endothelial cells

Existing blood vessels split 
into two new vessels by 
tissue pillars growing 
into the vessel lumen 
(vessel splitting)

Formation of vessel-like 
structures without true 
endothelial cells for the 
transport of blood

Hijacking of existing blood ves-
sels by cancer cells or other 
cells to supply their growth. 
It does not involve the forma-
tion of new vessels or vessel 
remodeling

Key Molecules Vascular Endothelial Growth 
Factor (VEGF), Fibroblast 
Growth Factor (FGF), 
Notch signaling

Angiopoietins, transform-
ing growth factor-beta 
(TGF-beta), and extracel-
lular matrix components

Matrix metalloproteinases 
(MMPs), VEGF and 
FGF, VE-Cadherin, 
EphA2, Nodal and 
HIF-1 α

Chemotactic signals, integrins, 
and extracellular matrix inter-
actions are key components 
of vessel co-option

Characteristics New vessels with tip cells 
guiding the sprout and stalk 
cells forming the main body 
of the new vessel

Division of existing 
vessels. It is important 
for vascular network 
remodeling

This process is often asso-
ciated with aggressive 
tumors and contributes 
to their vascular supply

Rather than creating new ves-
sels, cells use existing ones, 
often seen in non-angiogenic 
tumor growth
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