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Pericytes are a heterogeneous population of mesenchymal cells located on the
abluminal surface of microvessels, where they provide structural and biochemical
support. Pericytes have been implicated in numerous lung diseases including
pulmonary arterial hypertension (PAH) and allergic asthma due to their ability to
differentiate into scar-forming myofibroblasts, leading to collagen deposition and
matrix remodelling and thus driving tissue fibrosis. Pericyte-extracellular matrix
interactions as well as other biochemical cues play crucial roles in these processes.
In this review, we give an overview of lung pericytes, the key pro-fibrotic mediators
they interact with, and detail recent advances in preclinical studies on how
pericytes are disrupted and contribute to lung diseases including PAH, allergic
asthma, and chronic obstructive pulmonary disease (COPD). Several recent
studies using mouse models of PAH have demonstrated that pericytes
contribute to these pathological events; efforts are currently underway to
mitigate pericyte dysfunction in PAH by targeting the TGF-p, CXCR7, and
CXCR4 signalling pathways. In allergic asthma, the dissociation of pericytes
from the endothelium of blood vessels and their migration towards inflamed
areas of the airway contribute to the characteristic airway remodelling observed in
allergic asthma. Although several factors have been suggested to influence this
migration such as TGF-p, IL-4, IL-13, and periostin, recent evidence points to the
CXCL12/CXCR4 pathway as a potential therapeutic target. Pericytes might also
play an essential role in lung dysfunction in response to ageing, as they are
responsive to environmental risk factors such as cigarette smoke and air
pollutants, which are the main drivers of COPD. However, there is currently no
direct evidence delineating the contribution of pericytes to COPD pathology.
Although there is a lack of human clinical data, the recent available evidence
derived from in vitro and animal-based models shows that pericytes play
important roles in the initiation and maintenance of chronic lung diseases and
are amenable to pharmacological interventions. Therefore, further studies in this
field are required to elucidate if targeting pericytes can treat lung diseases.
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1 Introduction

The lung is a crucial organ that consists of dozens of different
cell populations involved in physiological processes such as gas
exchange, immunity and inflammation, detoxification, and tissue
repair. These cell types include epithelial cells, nerve cells,
endothelial cells, immune cells, and several types of mesenchymal
cells. The lung has a significant capacity for regeneration as a result
of the proliferation and differentiation of progenitor cell types in
response to injury (Kotton and Morrisey, 2014). One such cell type is
the poorly understood and often forgotten pericyte.

Pericytes are a heterogeneous population of mesenchymal cells
found within the abluminal surface of blood vessels in several tissues
including the lung (Armulik et al., 2011; Shammout and Johnson,
2019). They are embedded within the basement membrane and
associate closely with endothelial cells by three types of intercellular
junctions: peg-socket type, gap junctions, and adhesion plaques
(Caruso et al., 2009; Zhang et al., 2020).

Pericytes are emerging as an increasingly attractive cell type due
to their essential roles in vascular homeostasis and remodelling, as
well as in tissue injury, disease, and repair (Hung et al.,, 2019).
Studies have shown that pericytes are essential to life, as the absence
of pericytes in mice results in vascular leakage and embryonic
lethality (Hellstrom et al., 2001). As well as preventing vascular
leakage, pericytes provide structural support to capillaries and
regulate contraction and vessel diameter to mediate blood
pressure (pericytes expressing the contractile myofilaments a-
smooth muscle actin (a-SMA) and SM22) (Bergers and Song,
2005; Hamilton et al., 2010; Barron et al., 2016; Shammout and
Johnson, 2019). In addition, pericytes regulate processes such as
angiogenesis, endothelial cell regulation, and immune surveillance
(Hamilton et al., 2010). Therefore, it is inevitable that dysregulation
of this cell type can contribute to lung diseases where pericyte-
endothelial cell interactions are disrupted.

2 Lung pericytes

In the lung, pericytes are fundamental to maintaining the health
and function of the pulmonary vasculature and thus are critical to
optimal gas exchange. Depending on their location in the vascular
tree (artery, capillary, or vein), pericytes control vascular tone,
(ECM) components, regulate
leukocyte extravasation, and produce mediators that maintain

secrete  extracellular matrix
vascular homeostasis and angiogenesis (Shammout and Johnson,
2019). However,

inflammation, pericytes can also contribute to pulmonary

under conditions of acute or sustained
pathology, as they are exquisitely sensitive to pro-inflammatory
and pro-fibrotic mediators. This aberrant tissue microenvironment
has been shown to induce pericyte uncoupling from the vessels,
followed by their
remodelling of the ECM, thereby contributing to tissue fibrosis
(Johnson et al., 2015; Bignold et al., 2022).

Due to their heterogeneous nature, it has proven a difficult task

differentiation into myofibroblasts and

to characterize pericytes with definite markers owing to the difficulty
in establishing robust isolation methods. This is due to differences in
cell morphology as well as molecular diversity. Therefore, when
isolating pericytes, it is essential to carefully choose markers to
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exclude similar cell types. The conventional methods used to assess
the phenotype of pericytes and distinguish them from vascular
smooth muscle cells (vSMC), fibroblasts, or other mesenchymal
cells include flow cytometry (FACS) and immunohistochemistry
(Khan et al, 2021; West et al., 2021). Reverse transcription
polymerase chain reaction (RT-PCR) has also been used to
compare levels of expression of gene markers, with some
studies comparing pericytes markers to those of bone marrow-
derived mesenchymal stem cells (MSCs) (Bagley et al., 2006; Wilson
etal,, 2018; Bordenave et al., 2020b; Li et al., 2021; Meng et al., 2021).

2.1 Lung pericyte markers

In the human lung, the most common markers used to

characterize pericytes are positive markers platelet-derived
growth factor receptor- (PDGFRp) and proteoglycan neural glial
antigen-2 (NG2 or chondroitin sulphate proteoglycan 4, CSPG4),
and negative markers CD31 and CD45 (Cho et al,, 2003; Yuan et al.,
2015; Wilson et al., 2018). Other markers used to identify pericytes
from various sources and species include regulator of G-protein
signalling 5 (RGS5), 3G5, CD146, CD90/thymus cell antigen 1,
calponin, and intermediate filaments such as desmin and vimentin
(Cho et al., 2003; Yuan et al,, 2015; Hung et al., 2019).

Within the lung, other resident mesenchymal cells such as
fibroblasts share a similar morphology and also express markers
associated with pericytes including CD73, CD90, CD44, PDGFRa,
and endoglin/CD105 (Barron et al, 2016; Hung et al, 2019).
Pulmonary pericytes have also been found to highly express
markers which are also expressed by MSCs such as the integrins
CD29 and CD49a, and also express CD47, CD105, CD266 and Ly-
51, and lysosomal degranulation markers CD107a and CD107b
(Bignold et al, 2022). Fibroblasts are particularly difficult to
differentiate from pericytes as there is a universal lack of specific
markers isolating mural cells from fibroblasts, which complicates
cell discrimination and in situ expression analysis (Muhl et al,
2020). Recent efforts to distinguish pericytes from other cell types
have involved the single-cell RNA sequencing (scRNA-seq) analysis
of fibroblasts, smooth muscle cells (SMCs), and pericytes. These
studies have built foundations in the form of gene marker databases
for molecular signatures of pericytes in different organs. These
studies confirm a greater heterogeneity within pericytes
compared to SMCs and considerable organotypicity (Muhl et al.,
2020).

The markers used to characterise pericytes vary depending on
the location of the cell-in terms of organotypicity, there are clear
differences between brain pericytes and lung pericytes
(Vanlandewijck et al., 2018). Pericytes are also specific on the
vascular level and are affected by biological processes such as
angiogenesis and vascular remodelling, developmental and
disease states, as well as in vitro cell culture conditions
(Armulik et al, 2011). For example, depending on their
location, pericytes contain different cytoskeletal features.
Pericytes that wrap around the capillary vessels of the
mesentery are negative for a-SMA; however, pericytes attached
to small venules are positive for a-SMA (Kapanci et al., 1992;
Johnson et al., 2015). Therefore, in this respect, they may be
difficult to initially distinguish from myofibroblasts. In the lung
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understanding of pericytes is limited as there are gaps in the research on pericyte physiology and pathophysiology. Finally, there is a lack of
standardisation of isolation, characterisation, and cell culture conditions for pericytes which is ultimately driven by a lack of pericyte-specific markers
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and gut, RGS5 expression is also more specific to visceral smooth
muscle where it overlaps with NG2 expression, but not PDGFRB
expression (Bondjers et al., 2003). Thus, pericyte subtypes add
more ambiguity to marker selection.

Using these markers, lung pericytes have been isolated
primarily from humans and mice. A limited number of studies
have shown that pericytes can be isolated from human lung
samples using antibodies against PDGFRp (Wilson et al., 2018),
the ganglioside 3G5 (Ricard et al., 2014; Yuan et al., 2020), NG2
(Bagley et al., 2006), CD73/CD90 (Bichsel et al., 2015), or CD146
(Meng et al., 2021) via FACS (Bichsel et al., 2015), magnetic bead
sorting (Bagley et al., 2006; Yuan et al., 2015; Wilson et al., 2018;
Bordenave et al., 2020b; Li et al., 2021), magnetic beads sorting
coupled with FACS (Meng et al., 2021), or cell-selective culture
conditions (Yamaguchi et al., 2020). However, isolation of
pericytes from lung tissue is difficult due to its fibrous nature,
which results in low yields (Dore-Duffy and Esen, 2018). Thus,
there is currently no gold standard for the isolation of pericytes
from human lung tissue and the standardisation of protocols is
required.

Therefore, the heterogeneity, organotypicity, molecular diversity,
and the lack of a gold standard for the isolation and characterisation of
pericytes limits pericyte-related research (Figure 1). By identifying cell
markers, researchers can isolate purer pericyte populations and better
understand changes in different pericyte marker expression. This is
useful to compare between healthy and disease states and generate
biomarkers in the future (Sweeney et al., 2020; Wang et al., 2022). There
is increasing awareness in the field that using scRNA seq, multipanel
staining, and robust comparisons between methods will help overcome
current limitations and drive research in this area.
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3 Pericyte responses to the
microenvironment

Many studies have investigated the MSC-like qualities of
pericytes, such as multilineage differentiation (Crisan et al., 2008;
Chen et al., 2009), phenotype (pericytes are positive for the MSC
markers CD105, CD73, and CD90), and plastic adherence
(Dominici et al., 2006). Recent genetic lineage tracing points to
pericytes being MSC progenitor cells (Yianni and Sharpe, 2019).
Thus, they have the ability to differentiate into mesenchymal cells
including the hypermobile myofibroblast. It has been hypothesised
that this differentiation aids the motility of the pericytes and their
migration during fibrosis (Humphreys et al., 2010; Yamaguchi et al.,
2020). This is supported by time course microscopy and kinetic
modelling methods, suggesting that pericytes are a major source of
myofibroblasts in fibrosis (Lin et al., 2008). A number of recent
studies have investigated the responsiveness of pericytes to pro-
TGF-B, PDGF-B, VEGF,
angiopoietins, and Notch ligands. However, most of these studies

fibrotic mediators, in particular
are not lung-specific and thus the exact mechanisms that affect
pericyte function in the lung remain unknown. Research in this area
is incipient.

3.1 Transforming growth factor (TGF)-$
signalling
Transforming growth factor (TGF)-p is an important growth

factor necessary for many critical processes including lung
organogenesis and homeostasis, and epithelial-mesenchymal
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interactions. TGF-P is also involved in regulating important
responses such as tissue regeneration and immune response
(Saito et al., 2018). TGF-B has long been associated with
fibrotic conditions, as both the canonical and non-canonical
signalling pathways have been highlighted as key mediators of
fibrosis.

Induced overexpression of TGF-B in animal models has
resulted in severe localised fibrosis characterised by increased
ECM deposition and an increase in myofibroblast-like cells (Sime
et al., 1997; Bellaye et al., 2018). TGF-p has also been thought to
directly interact with pericytes during fibrosis due to the receptor
for TGF-f, TGF Receptor-B (TGFR-f) being present on the cell
surface (Butsabong et al., 2021). Thus, TGF-B stimulation
triggers the differentiation of pericytes into scar-forming
myofibroblasts in a process referred to as pericyte-to-
myofibroblast transition (PMT) which is essential to wound
healing. However, excess PMT is believed to be a significant
contributor to fibrosis (Wu et al., 2013; Yamaguchi et al., 2020;
Zhao et al.,, 2022). Multiple studies have explored the effect of
TGF-B on the differentiation of pericytes into myofibroblasts,
thusly gaining a more motile phenotype and contributing to the
increased population of myofibroblasts at the site of
inflammation (Johnson et al., 2015). TGF-B-induced subretinal
PMT has been shown to act in Smad2/3 and Akt/mTOR pathways
(Wu et al,, 2013; Zhao et al., 2022). Thus, TGF-f signalling is
important to pericyte function but may be dysregulated and
contribute to lung fibrosis.

3.2 PDGF-B/PDGFRp signalling

The most highly characterized signalling pathway that affects
pericytes is the PDGF-B/PDGFRp signalling axis, also referred to
as the pericyte-endothelial signalling axis, which is essential to
embryonic and organ development. PDGF-B is a growth factor
secreted at high levels by angiogenic endothelial cells and at a
lower level by quiescent endothelial cells and binds to PDGFR
expressed on the surface of developing pericytes (Armulik et al.,
2011). PDGFRP knockout embryos lack pericytes and vSMCs and
thus PDGFRP expression is not specific to pericytes
(Noskovicova et al., 2014). PDGFRs are activated by the
binding of ligands which triggers consequent cell signalling
that
migration, mural cell coating, and survival (Thijssen et al,
2018; Del Gaudio et al., 2022).

The PDGF-B/PDGFRp signalling axis serves as a paracrine
endothelium-to-mural cells signalling loop which is initiated in
the endothelium where the PDGF ligand is produced and
secreted and receptor activation drives the differentiation of

cascades regulate cell proliferation, differentiation,

mesenchymal progenitor cells to mural cells and promotes mural
cell coating of the blood vessels (Gaengel et al., 2009; Del Gaudio
et al., 2022). PDGF-B/PDGFR signalling mediates the recruitment
of pericytes to the endothelial cells of new vessels thus providing
support and secreting additional cytokines to aid in angiogenesis
(Thijssen et al., 2018). Thus, PDGFRs are linked to disease
pathology, and overexpression is associated with multiple diseases
including lung disease (Noskovicova et al., 2014; Johnson et al.,
2015).
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3.3 Vascular endothelial growth factor
(VEGF) signalling

While the PDGF-B/PDGFRp signalling axis and TGEF-p
signalling are believed to modulate processes such as pericyte
recruitment, proliferation and differentiation, vascular
endothelial growth factor (VEGF) is another growth factor of
interest with important properties. The VEGF family is
composed of five distinct ligands that bind to VEGF receptors
(VEGFRs): VEGEF-A, -B, -C, -D, and placental growth factor
[PIGF] (Uemura et al., 2021). VEGF is crucial for embryonic
vasculogenesis and angiogenesis and is considered a survival
factor for cell types including endothelial cells as loss of even
a single allele of the VEGF gene causes embryonic mortality
(Ferrara, 1999). VEGFRs are primarily located on endothelial
cells but also on other vascular cell types including pericytes
(Takagi et al., 1996).

VEGEFRI1 is located on both vascular endothelial cells and
pericytes, and VEGF-A acts directly on pericytes through
VEGEFRI signalling. Pericyte-derived VEGFRI1 has been shown to
have a crucial role in cerebrovascular formation and maintenance by
stabilising brain vascular integrity and promoting pericyte coverage.
Through paracrine VEGFRI1 signalling, pericytes regulate brain
endothelial tube formation, and intracellular VEGFRI-mediated
signalling is required for pericyte migration and regulated Akt
signalling in pericytes (Gong et al., 2022). An in vivo model of
cancer-associated retinopathy as well as an in vitro co-culture model
of the blood brain barrier found that VEGFRI1 induces pericyte
ablation causing increased retinal vascular permeability (Cao et al.,
20105 Salmeri et al., 2013). VEGF-A is a key modifier of endothelial
cell sprouting and proliferation and is mediated in a pericyte-
dependent fashion through VEGFR1 (Eilken et al.,, 2017). Studies
have shown that VEGF regulates contraction and relaxation in
isolated microvascular rat pericytes (Donoghue et al, 2006).
Thus, VEGF-A is an important mediator of pericyte and
endothelial cell function, however, the main role of VEGF-A and
VEGFRI on pericytes in the lung awaits further investigation.

3.4 Angiopoietin signalling

In contrast to the PDGF-B/PDGFRp signalling axis, the
Angiopoietin/Tie (Ang/Tie) signalling mainly represents a
signalling loop from mural cells to the endothelium and acts
as a key regulator of adult vascular homeostasis (Augustin et al.,
2009; Gaengel et al., 2009). Tie receptors are receptor tyrosine
kinases activated by Ang ligands. Functional Tie2 receptors are
expressed in low levels on various human and murine pericyte
subtypes including lung pericytes. Tie receptors are stimulated in
a paracrine fashion by Angl which is secreted by pericytes and
other cells and are modulated by Ang2 which is mainly secreted
by endothelial cells (Teichert et al., 2017). Therefore, in
combination with the PDGF-B/PDGFRp signalling between
pericytes and endothelial cells, Tie2 on endothelial cells can
bind to Angl produced by pericytes which results in a
reduction of gaps between endothelial cells and therefore
reduced vascular leakage (Baffert et al., 2006; Fuxe et al,
2011). Via this mechanism, pericytes can influence the influx

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

Garrison et al.

of materials in and out of the bloodstream and contribute to
vascular maturation.

Tie2 signalling has also been linked to angiogenesis and
survival signals through Calpain, phosphoinositide 3-kinase
(PI3K)-Akt and FOXO3A (Augustin et al, 2009; Teichert
et al, 2017). In sprouting angiogenesis, pericyte-produced
Angl stabilizes stalk cells via Tie receptor complexes which
promotes cell survival, matrix interactions, and endothelial
barrier function (Jeltsch et al., 2013). Conversely, endothelial
cell-secreted Ang2 has paracrine effects on pericytes, and may
compete with Angl to contribute to vascular destabilization
(Teichert et al., 2017). Ng2-Cre-driven deletion of pericyte-
expressed Tie2 delays developmental angiogenesis and vessel
maturation in mice, and Tie2 deletion in pericytes results in a
pro-angiogenic tumour vasculature with enhanced tumour
growth. Furthermore, silencing Tie2 expression significantly
increases brain pericyte motility (Teichert et al., 2017). Ang
signalling may also affect pericytes in a Tie2-independent
fashion. For example, in a study on diabetic mouse retinas,
Ang2 increase induced p53-dependent pericyte apoptosis via
integrin signalling (Park et al., 2014). Therefore, lineage
tracing using Tie2 as a driver also labels pericytes which can
be used to inform experimental design in future.

3.5 Notch signalling

Notch signalling is essential for early stage pericyte development
in zebrafish (Ando et al., 2019). Studies have shown that Notch
signalling regulates mural cell differentiation and function and that
pericytes predominately express Notch3, but also express Notchl,
and low levels of Notch2 and Notch4 (Vanlandewijck et al., 2018;
Nadeem et al., 2020; Bignold et al., 2022). In studies using retinal
pericytes, it was proposed that Notch signalling is crucial to pericyte
they highly Notch/RBPJK
(recombination J-kappa)
downstream targets and activation of Notch signalling reduced
light-induced cell death (Arboleda-Velasquez et al., 2014). The
mechanism behind Notch-mediated pericyte survival was
determined to be regulation of PDGFRp levels (Nadeem et al,
2020). However, there is conflicting evidence surrounding how

survival as express canonical

signal-binding protein one for

Notch3 function affects pericytes depending on the model
investigated—Notch3”’ mice (Henshall et al, 2015), diabetic
Notch3™" mice (Liu et al., 2018), zebrafish (Wang et al., 2014),
or in patients with cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)
(Dziewulska and Lewandowska, 2012; Del Gaudio et al., 2022).
Therefore, further investigations into how Notch signalling affects
pericytes is needed.

4 Pericyte-matrix interactions

As described above, pericytes interact with endothelial cells
and can differentiate into scar-forming myofibroblasts, leading to
collagen deposition and matrix remodelling and thus driving
tissue fibrosis. Depending on the context and disease, these
fibrotic processes are driven at different sites. For example, in
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asthma, fibrosis arises in the subepithelium, while in pulmonary
hypertension (PH), the fibrosis occurs in the pulmonary arteries
(Hamid, 2003; 2019). Pericyte-ECM
interactions as well as other biochemical cues such as growth

Simonneau et al.,

factors and cytokines play crucial roles in these processes. The
with  their
microenvironment is complex, however, it is evident that

way in which cells interact surrounding
changes in the ECM affect cellular responses (Cox and Erler,
2011). The mechanical features and mechanobiology of pericytes
have been gaining important traction in recent years (reviewed
recently by (Dessalles et al., 2021)). Due to the role of pericytes in
the formation and maintenance of the vasculature, various forces
including contractile and mechanical forces are critical aspects
that affect pericyte function. The various subtypes of pericytes
have different morphology, localization, as well as mechanics and
thus these factors, alongside the physiology of the local
microenvironment, should be considered when creating 2D
and 3D in vitro models incorporating pericytes (Dessalles
et al., 2021). Further insights into pericyte-ECM interactions
are needed to advance our understanding of the biophysical and
biochemical cues which affect pericyte behaviour and function
and, conversely, how pericytes affect the ECM, for example, in

terms of stiffness.

4.1 Disruption to pericyte signalling in
disease

Pericyte migration occurs in healthy tissue as a way for
recruited pericytes to move towards newly formed blood
vessels and endothelial sprouts in order to maintain coverage.
During this process, pericytes can be observed migrating linearly
along the existing blood vessels whilst maintaining contact with
the endothelial cell layer suggesting that this migration is mainly
controlled by endothelial cell interactions (Payne et al., 2021).
This is in stark contrast to the migration observed in inflamed
tissue, as this is associated with the uncoupling of pericytes from
endothelial cells as a primary event and therefore is likely to be
influenced by separate factors.

Disruption of pericyte-endothelial interactions by drugs or
by cytokine changes occurring in inflammation can cause the
dissociation of pericytes from the vasculature. This can lead to
weakened blood vessel structures, resulting in hyperdilation and
low blood pressure (Abramsson et al., 2003). It can also cause
vascular leakage, which can exacerbate inflammation as well as
leave the tissue vulnerable to bloodborne pathogens such as the
Dengue virus (Cheung et al., 2020). Once detached from the
blood vessels, pericytes may continue to affect the surrounding
tissue in specific ways. Within inflamed lung tissue, it has been
observed that pericytes migrate chemotactically into inflamed
areas, i.e., the large conducting airways in asthma and inflamed
pulmonary arteries in pulmonary arterial hypertension (PAH)
(Johnson et al., 2015; Bordenave et al., 2020a). Understanding
the factors causing the directed migration of pericytes under
these conditions is an area of active research. Moreover,
modifying the specific factors that contribute to the pericyte
migration observed in inflammatory/fibrotic conditions is a
viable pharmacological strategy to alleviate the migration of
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pericytes and therefore reduce their contribution to organ
fibrosis. Despite this, it is not yet clear which factors have the
greatest impact on pericyte migration and therefore it is yet to be
elucidated which would be the best targets for therapeutic
action.

5 Pulmonary hypertension (PH)—
Symptoms, disease course, and
pathological mechanisms

PH manifests with symptoms including dyspnoea, fatigue,
dizziness, angina, irregular heartbeat, and oedema and is
clinically defined as abnormally high pressure in the pulmonary
artery and right ventricle of the heart, i.e., above 25 mmHg at rest
according to current guidelines (Simonneau et al., 2019). A number
of pathologies can lead to PH, with five types of PH defined by the
World Health Organization: pulmonary arterial disease, left heart
disease, lung disease, chronic thromboembolic disease, and unclear
or multifactorial mechanisms (Wu X. H. et al., 2022). Of these, Type
1 (PAH) results from endothelial cell dysfunction, leading to
inflammation, occlusive remodelling of the small pulmonary
arteries, accumulation of vascular smooth muscle cells, and
fibrosis; these processes ultimately lead to the formation of
plexiform lesions in the pulmonary arteries and right ventricular
failure (Liu et al., 2022). The 3-year mortality rate for PAH patients
is currently 21% (Chang et al., 2022).

Inflammation of the pulmonary vasculature is currently
understood to be a common characteristic of several types of PH,
predominantly observed in the pulmonary adventitia (Savai et al.,
2012). In the lungs of PAH patients, this inflammatory response is
characterized by the infiltration of macrophages, mast cells,
dendritic cells, and CD8" cytotoxic T cells (Savai et al, 2012).
Immune cell infiltration into the vessel wall subsequently initiates
a dysregulated wound healing process, leading to excess ECM
production and vessel wall calcification. The loss of pulmonary
artery compliance as a consequence of these structural changes to
the vessel wall increases right ventricular afterload and has been
shown to be a sensitive predictor of mortality in PAH (Papolos et al.,
2021).

The role of pericytes/vSMCs in driving PAH pathology is an area
of active investigation. A recent study by Crnkovic et al. (2022) using
scRNA-seq of healthy and PAH human lungs demonstrated the very
high transcriptional similarity between pericytes and SMCs
(Crnkovic et al., 2022). Overall, this study demonstrated a broad
range of functional and phenotypic changes in pericytes and vSMCs
in PAH. In particular, these authors showed that PAH lung pericytes
represent a contractile, a-SMA expressing cell type, indicating the
capacity of pericytes to differentiate into myofibroblasts and thereby
contribute to vascular wall thickening and reduced vascular lumen
diameter in the PAH lung. Further analysis of the data revealed an
increased capacity for oxygen sensing in pericytes obtained from
remodelled PAH vessels, with a notable increase in NDUFA4L2
which is a mitochondrial electron chain protein that has been
associated with hypoxia-induced PH (Liu et al., 2021).

Understanding the cellular source of ECM proteins (collagens I,
IV, and XIV, fibronectin, tenascin-C) in PAH has long been an area
of intensive research (Botney et al, 1993; Thida-Stansbury et al,
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2006; Wei et al., 2012; Hoffmann et al., 2015). Moreover, extensive
analysis of clinical samples has demonstrated increased proliferation
and accumulation of vSMCs in remodelled pulmonary arteries
(Sakao et al, 2010; Mura et al, 2019). Although sophisticated
in vitro vessel-on-chip constructs have been designed and
implemented to interrogate the mechanisms of these processes
(Ainscough et al.,, 2022), a full mechanistic evaluation of crosstalk
between multiple structural and immune cell types and the factors
driving vSMC proliferation and ECM deposition still requires the
use of animal models of PAH in order to identify promising new
therapeutic targets.

5.1 Preclinical models of pulmonary arterial
hypertension (PAH)

A number of animal models of PH have been developed in an
effort to recapitulate the mechanistic origins and pathophysiology of
clinical PH. These animal models (predominantly established in rats
and mice) can be defined according to the method of model
induction: non-invasive, invasive, and genetically modified
models (Wu H. et al, 2022). However, as the molecular
mechanisms of clinical PH are not fully understood, particularly
in the case of idiopathic PAH, these models cannot be relied upon to
explain early events in PH induction and progression. Despite this,
the pathophysiological outcomes of many of these models closely
recapitulate human disease, suggesting that the knowledge gained
from these models may be useful in the pursuit of novel therapeutic
targets.

Non-invasive models of PH in rodents are primarily driven by
chronic hypoxia (CH), treatment with the VEGFR-2 antagonist
Sugen 5,416 (SU5416; semaxanib), or exposure to the macrocyclic
pyrrolizidine alkaloid monocrotaline (Wu H. et al., 2022). In CH-
induced PH rats, exposure to 10% oxygen for a period of 3-4 weeks
results in pulmonary arterial remodelling and endothelial cell
dysfunction (Wu et al., 2020); similar CH exposure in mice
results in a milder phenotype (West and Hemnes, 2011). These
changes are reversible once the animal is returned to a normoxic
environment, so these models best recapitulate milder PH
phenotypes such as those associated with lung diseases such as
chronic obstructive pulmonary disease (COPD) and interstitial lung
disease (ILD) (Nathan et al., 2019). In SU5416-driven models of
PAH, with concomitant CH, both mice and rats demonstrate
vigorous pulmonary endothelial cell proliferation, vascular
remodelling with plexiform lesions, and PH, even after the
animal has been returned to normoxia (Abe et al, 2010).
Important considerations should be taken into account when
using these models regarding animal strain (Lewis rats are only
minimally responsive whereas Sprague-Dawley rats manifest with
severe disease) (Jiang et al., 2016) and gender (female sex hormones
may protect against the initiation of disease) (Chaudhary et al,
2021). Despite the fact that the inflammatory component of PH
pathology may not be fully recapitulated, SU5416/CH models have
been used for over 20 years in preclinical investigations into PAH
therapeutics. Conversely, the monocrotaline (MCT) model of PH
has a strong inflammatory component, having first been shown in
the 1960s to induce vascular endothelial cell damage and pulmonary

arteritis in rats, ultimately leading to pulmonary vascular
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remodelling and right ventricle hypertrophy (Kay et al., 1967). Since
then, this model has been refined and adapted to study neonatal and
obesity-associated PH, as well as the impact of the gut microbiome
on PH (Kazama et al., 2014; Hong et al., 2021; Lesage et al.,, 2021).
Importantly, the degree of cytotoxicity induced by MCT in organs
other than the lung cannot be ignored, as this does not reflect the
situation in clinical PH.

Invasive surgical models of PAH are rarely used due to their
technical complexity and high mortality rate; however, these models
can be useful to dissect the mechanisms of right ventricular overload
and failure. These invasive methods can include pneumonectomy,
the insertion of a pulmonary shunt, or pulmonary artery binding,
which increase blood flow and pressure in the pulmonary arteries, a
key characteristic of PH. Combining surgical methods (usually
removal of the left lung) with non-invasive means of inducing
PH (e.g., SU5416 or MCT) induces a phenotype closer to that
seen in human PAH, with both increased blood pressure in the
remaining right lung along with endothelial damage induced by
post-surgery MCT or SU5416 treatment (Katz et al.,, 2019). Despite
the high degree of accuracy in reproducing human disease
characteristics, the high degree of surgical skill required has
limited the widespread adoption of these combined models.

The advent of gene editing technology has led to the broad
proliferation of PH models based on genetically manipulating the
inflammatory and biochemical mechanisms thought to initiate the
development of PH. A number of genes found to predispose humans
to the development of PH, i.e., BMPR2, KCNK3, and SMAD9, as well
as inflammatory genes associated with endothelial dysfunction (IL-
6 and hypoxia-inducible factor) have been targeted to establish these
models, with varying levels of success in inducing vascular
inflammation, remodelling, and dysfunction (reviewed in detail
by Dignam et al, (2022)). However, as most of these models are
induced in mice, a species that does not readily develop the full range
of pathology observed in humans, a second stimulus (e.g., hypoxia
(Hilton et al., 2022) or cigarette smoke exposure (Heydarian et al.,
2022)) is usually needed to establish a severe disease phenotype.
Crucially, without a deeper understanding of the initiating factors
driving PAH in humans, these mouse models will remain only an
approximation of the clinical form of the disease; this may have
important implications in the delineation of potential therapeutic
targets.

5.2 Recent developments on the role of
pericytes in PAH pathology

Several recent studies using preclinical models of PAH have
demonstrated that lung pericytes are major contributors to PAH
pathology, with major insights provided by women working in this
field of research.

In an elegant study employing primary human lung pericytes
and a SU5416/CH-driven model of PAH in transgenic mice bearing
GFP-labelled pericytes, Bordenaeve et al. (2020b) demonstrated the
acquisition of functional and phenotypic aberrations in pericytes
under disease conditions. These investigators further demonstrated
that the increase in migratory capacity observed in PAH pericytes
CXCR7/CXCR4-CXCL12  pathway.
Conversely, the acquisition of a myofibroblast phenotype by

was mediated by the
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pericytes was dependent on increased TGF-p signalling via the
upregulation of TGFPRII. Promisingly, further investigations
showed that neutralizing the activity of the chemokine CXCLI2
(also known as SDF1) using the naturally occurring neutraligand
chalcone 4 was able to suppress early pericyte accumulation at the
pulmonary arterioles of mice, suggesting that the CXCL12 pathway
may be a viable target for the treatment of PAH. Similarly, using
lineage tracing for pericytes in a CH-driven PAH model, Yuan et al.
(2020) showed that pericytes under diseased conditions become
more responsive to CXCL12 and contribute to the muscularization
of small pulmonary arterioles. Intriguingly, the genetic ablation of
CXCLI12 specifically in NG2-positive pericytes resulted in
significantly reduced vascular pathology following exposure to
hypoxia compared with wild-type mice, which showed increased
right ventricular systolic pressure, right ventricular hypertrophy,
and vascular muscularization. Similar results were seen following the
pharmacological blockade of CXCL12 activity using the
CXCR4 antagonist AMD3100, again highlighting the importance
of CXCR4 activity in controlling the migratory capabilities of
pericytes.

In another study, Yuan et al. (2020) were also able to show that,
beyond the muscularization of pulmonary arterioles, pericyte
dysfunction may also contribute to the loss of microvessels in the
lung following exposure to CH. In these experiments, the authors
demonstrated that the PAH-associated loss of Wnt5a in endothelial
cells prevented pericyte recruitment and angiogenesis, which not
only impaired vascular regeneration after a period of hypoxia but
may have also freed up pericytes to subsequently transform into
myofibroblasts and contribute to large vessel muscularization. It will
be interesting to determine if altered Wnt5a expression and
aberrations in the planar cell polarity pathway play important
roles in the repair of the pulmonary vasculature after injury and
in other diseases where altered endothelial cell/pericyte interactions
are an underlying pathology.

In a similar vein, the research group of Karin Tran-Lundmark
have demonstrated that altered PDGF-B signalling in the lung can
protect against the development of vascular muscularization in
response to hypoxia (Tannenberg et al, 2018). In these
experiments, considering that homozygous knockout of PDGF-B
or its cognate receptor PDGFR is embryonically lethal, Pdgfb™/™
mice were used to downregulate PDGF-B activity-loss of the
retention motif on the C-terminus of PDGF-B allows this growth
factor to freely diffuse throughout the tissue rather than being
retained in the vascular basement membrane where it exerts its
activity of recruiting pericytes to endothelial cells. In the context of
reduced PDGF-B activity, hypoxia-induced pulmonary vessel
muscularization was highly disorganized and less severe than in
wild type hypoxic mice, resulting in the normalization of
hemodynamic parameters and reduced disease severity. Although
the pharmacological blockade of PDGFRp is possible using
compounds such as imatinib, the promiscuous nature of receptor
tyrosine kinases and their widespread expression are associated with
detrimental side effects, suggesting that more targeted strategies are
necessary to pursue PDGF-B as a therapeutic target in PAH (Hoeper
et al.,, 2013).

Additional insight into the critical importance of pericyte-
endothelial cell interactions in PAH was provided in a study by
Wang et al., showing that the loss of prolyl hydroxylase domain
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protein 2 (PHD2) in endothelial cells increased pericyte
recruitment to vessels and led to PAH in the absence of any
additional insult (Wang et al., 2016). Endothelial cell-specific
knockdown of PHD2, which has the function of degrading
hypoxia inducible factor-a (HIF-a), increased the expression
of TGF-B in pulmonary pericytes and promoted perivascular
fibrosis, right ventricular hypertrophy, and pulmonary vessel
dysfunction. Mechanistically, these changes were mediated by
Angl1/Notch3 PHD2-deficient
endothelial cells produced higher levels of Angl, thereby

aberrant signalling, as
increasing the expression of Notch3 and promoting pericyte
proliferation and excessive pericyte coverage of pulmonary
vessels.

Considering the fact that Yuan et al. (2020) showed that
pericytes obtained from the lungs of PAH patients expressed
significantly higher levels of CXCL12 compared to healthy lung
pericytes, attenuation of the CXCL12/CXCR4 pathway holds
considerable promise. Indeed, Bordenave et al. (2020a) have
shown that the daily treatment of rats with established PAH
(induced either by MCT injection or SU5416-CH) with
compounds that suppress CXCR4 activity was able to reduce
PAH disease severity, attenuate right ventricular hypertrophy,
prevent remodelling of the pulmonary vasculature, and decrease
pericyte coverage of arterioles. Interestingly, the use of
neutraligands against the chemokine CXCL12 (chalcone 4 or
the more bioavailable LIT-927) was more effective than the
pharmacological blockade of the receptor CXCR4 with
AMD3100. It is anticipated that further refinements to
CXCLI12 neutraligands may be beneficial in the treatment of
PAH, not only in terms of preventing vascular remodelling but
also by attenuating the infiltration of CXCR4+ macrophages,
which may provide an additional clinical benefit.

Beyond these studies performed in mouse models of PAH,
recent work has provided novel insight into the genetic basis of
pericyte dysfunction in PAH (Pienkos et al, 2021). By
performing whole genome sequencing on PAH patients with a
family history of the disease, these authors revealed deficits in
TNIP2 and TRAF2, which encode proteins that regulate the
activity of NF-kB, previously associated with inflammation
and vascular remodelling in PAH. Indeed, knockdown of these
two transcripts in human pericytes led to a substantial increase in
pericyte proliferation. It is anticipated that additional genomic
studies of PAH patients will reveal other pathways that alter
pericyte homeostasis in this disease.

6 Allergic asthma—Symptoms, disease
course, and pathological mechanisms

Asthma is an incredibly common lung disease currently
affecting around one in 12 people in the UK (British Lung
Foundation, 2023) and has been the subject of an abundance
of research in previous years. Despite this, the extent to which
pericytes contribute to the characteristic airway remodelling seen
in allergic asthma, as well as the disease as a whole is still debated.
The pathology of allergic asthma is initiated by the inhalation of
an allergen which commences a cascade of cytokines and
physiological changes resulting in the remodelling of the
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airway. This remodelling includes; epithelial loss, mucus gland
hyperplasia, subepithelial fibrosis, inflammatory cell infiltration,
bronchial smooth muscle hypertrophy and vascular changes
(Hamid, 2003). These all result in a hyperresponsive airway
and airway obstruction causing the coughs and wheezes
synonymous with asthma. Pericytes have been long thought to
contribute to the pathophysiology of asthma, although the extent
to which they contribute is highly contested. However, pericytes
have been shown to affect every element of airway remodelling
both directly and indirectly making their importance in allergic
asthma undeniable. The plasticity of pericytes combined with
their penchant for both producing and responding to cytokines
increases their scope of effect and makes them a highly favourable
element in future drug discovery.

6.1 Preclinical models of asthma

Unlike humans, mice do not naturally develop allergic
asthma, but under controlled conditions can develop Th2- or
Th17-polarized airway inflammation in response to respiratory
allergen exposure (recently reviewed in detail (Rydell-T6rménen
and Johnson, 2019)). The principal considerations in the design
of animal models of human disease are the aetiology and the
presentation of the model, i.e., the method of disease induction
and how the disease develops over time (Mullane and Williams,
2014; Williams and Roman, 2016). Ideally, the features of human
disease should be found in a physiologically relevant mouse
model; in the case of allergic asthma, these include respiratory
allergen exposure, a complex immune response coordinated in
the bronchopulmonary lymph nodes, inflammation and
remodelling  of the large airways, and airway
hyperresponsiveness (wheezing) (Holgate et al., 2015). Since
early mouse models of asthma using the surrogate protein
ovalbumin (OVA) failed to recapitulate these features
(Alessandrini et al., 2020), this field of research has moved
on to using mouse models of allergic asthma driven by
respiratory environmental allergen exposure. These novel
models more closely replicate the route of allergen exposure,
the site and the

physiological consequences of chronic allergic asthma as seen

of disease induction, structural and
in the clinic.

The most commonly used allergen-driven model employs
house dust mite (HDM), which has inherent allergenic properties
and induces severe asthma-like airway inflammation, prominent
airway wall remodelling, and airway hyperresponsiveness
(Johnson et al, 2004; Bignold et al., 2022). Other models
employ additional clinically important environmental
allergens, such as cockroaches, Alternaria, and pollens, either
singly or in combination (Arizmendi et al., 2011; Wimmer et al.,
2015; Yee et al., 2018; Lewis et al., 2022). These models were
developed to be clinically relevant, and the immunological
responses to these allergens are relatively similar to what is
seen in asthmatics (Rydell-Térmédnen and Johnson, 2019).
However, there are important  physiological and
pharmacological differences between mice and humans that
need to be taken into consideration when attempting to

translate the results of mouse studies into clinical trials.
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The involvement of pericytes in the airway remodelling observed in asthmatic lungs. Pericytes modulate immune infiltration, detach from the blood
vessel and migrate towards the site of inflammation where they increase deposition of extracellular matrix components, and also contribute to vascular

leakage (Created with BioRender.com).

6.2 Pericytes and the regulation of immune
cell infiltration

A key step to the progression of asthma as a disease is
increased immune cell infiltration. Asthma is often thought of
as a Th2 inflammatory condition with the majority of asthmatics
having an increased Th2 response to airway allergens (Leén and
Ballesteros-Tato, 2021). Many current treatments for asthma
this inhaled
corticosteroids, omalizumab, and several inhibitory antibodies
targeting Th2 cytokines such as IL-4, IL-5 and IL-13 (Bleecker
et al., 2016; Hossny et al., 2016; Kawakami and Blank, 2016;
Castro et al., 2018). Many cases of asthma are also eosinophilic,

attempt to modulate response, including

often with the extent of the eosinophilia determining disease
severity (Bakakos et al., 2019). The Th2 cytokines IL-5, IL-4 and
IL-13 have all been linked to eosinophil trafficking or the
activation of adjacent signalling pathways such as the IgE
cascade responsible for Th2 lymphocyte production thus
encouraging further migration of eosinophils (Fulkerson and
Rothenberg, 2013; Pelaia et al., 2022). In addition to increases
in eosinophils, many other immune cells are also upregulated
within inflamed airways including dendritic cells, basophils and
mast cells which may also have antigen-presenting roles
alongside their effector roles (Kim et al., 2010).

Pericytes play a critical role in controlling the infiltration of
immune cells from the bloodstream towards the site of
inflammation. It has been observed that when pericytes
site  of

migrate away from blood vessels towards the

inflammation, they leave gaps which can result in vascular
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leakage and unregulated immune cell infiltration (Figure 2)
(Ferland-McCollough et al., 2017). There is also increasing
evidence that pericytes play an active role in the recruitment
of immune cells via the secretion of cytokines such as CXCL1 and
CXCL8 as well as the induction of vasodilation which would
increase the rate of infiltration (Navarro et al., 2016). This
highlights the importance of pericytes in both the initiation
and the progression of inflammation.

6.3 Contribution of pericytes to subepithelial
fibrosis in allergic asthma

Subepithelial fibrosis is probably the most apparent structural
change that occurs during asthma. Many studies have shown that
asthmatic airways contain remodelled basement membranes which
alter the properties of the airways. One of the changes in the
subepithelium is the increase in ECM proteins. This is likely
caused by aberrant myofibroblasts and can include a range of
proteins including several types of collagen and adhesion
proteins such as fibronectin (Ito et al, 2019). The increase in
these proteins would encourage cross-linking, leading to a stiffer,
overly responsive membrane (Jamieson et al., 2021). Within the
asthmatic subepithelium, there is also an alteration to the SMC
population. Hyperplasia and hypertrophy of airway SMCs is often
found within asthmatic airways. Hypertrophy of SMCs increases
their
hyperresponsiveness. It has also been suggested that hypertrophic

contractility and therefore contributes to airway

smooth muscle may have a protective effect on neighbouring
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myofibroblasts by modulating apoptosis (Chetty and Nielsen, 2021).
The increased number of SMCs also increases the contraction of
airways as well as the responsiveness of the cells to stimuli (Khan,
2013). SMCs can also contribute to the increased ECM deposition
previously explained, thus increasing their contribution to airway
stiffness (Cheng et al., 2016). Similar to SMC hyperplasia, there is
also an increase in the myofibroblast population around asthmatic
airways (Boser et al., 2017). Myofibroblasts contribute to a large
amount of ECM deposition as well as contractile forces, thus
exacerbating airway stiffness and hyperresponsiveness (Darby
et al., 2014).

Our research group has demonstrated that pericytes largely
contribute to subepithelial fibrosis in allergic asthma due to their
ability to differentiate into myofibroblasts. Due to their contractile
ability, when pericytes migrate towards the airway wall during
inflammation, they contribute to the increased contractile forces
produced by SMCs (Johnson et al., 2015). In addition, since they
express similar markers (a-SMA, SM22), pericytes may actually be
included in the increased cell counts observed in smooth muscle
hyperplasia (Smyth et al., 2018). It has also been suggested that the
differentiation of pericytes into myofibroblasts contributes to much
of the increased myofibroblast population in inflamed airways
(Johnson et al., 2015). Therefore, pericytes can contribute both to
increased airway constriction and aberrant ECM deposition within
fibrotic airways.

6.4 Therapeutic strategies targeting
pericytes in allergic asthma—CXCL12

CXCL12 is aligand which binds to the receptor CXCR4 that is
found on pericytes. It has long been associated with the bone
marrow and the retention of hematopoietic stem cells within the
stem cell niche (Kim and Broxmeyer, 1998). As similarities
between pericytes and these progenitor cells have been
observed, as well as the presence of the receptor on the
pericyte surface, CXCL12 has also been linked to the
migration of pericytes (Xu et al., 2020). The overproduction of
CXCLI12 is currently associated with a variety of fibrotic lung
diseases including idiopathic pulmonary fibrosis, COPD and
asthma (Negrete-Garcia et al, 2010; Jaffar et al, 2020;
Kothapalli et al., 2021). Negrete-Garcia et al. suggested that
CXCL12 was significantly elevated within the bronchoalveolar
lavage samples from asthmatic patients (Negrete-Garcia et al,,
2010). As CXCL12/CXCR4 interactions also mediate pericyte-
endothelial association, the of
CXCL12 at the site of inflammation may act as an attractant,

increased concentration
facilitating the migration of pericytes towards the inflamed
airway (Takabatake et al., 2009).

The inhibition of the CXCL12/CXCR4 gradient has been
explored several times in the context of combating fibrosis as
well as in the field of oncology (Guo et al, 2016). One of the
most common inhibitors explored is AMD3100, a potent
CXCR4 antagonist first developed to combat HIV (De Clercq,
2015). Studies have shown that using AMD3100 to disrupt the
CXCL12/CXCR4 gradient can lead to a reduction of migration of
mesenchymal cells and therefore a reduction of cells contributing to
fibrosis within the lung (Lukacs et al., 2002; De Clercq, 2015; Li et al.,
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2020). However, it has also been seen that inhibiting CXCR4 may
have unwanted effects within the bone marrow. Yang et al. observed
that treatment of renal fibrosis with AMD3100 caused an infiltration
of T cells from the bone marrow towards the site of fibrosis and
caused increased tissue damage (Yang et al, 2016). Kumar and
Ponnazhagan (2012) have similarly suggested that AMD3100 can
cause the mobilisation of MSCs which, in the case of lung fibrosis,
would contribute to the pool of dysregulated pericytes exacerbating
the fibrosis. For this reason, we have previously explored the use of a
CXCL12 inhibitor to disrupt the gradient by alternate means. LIT-
927 is a neutraligand which binds to CXCL12 and prevents it from
interacting with CXCR4 (Regenass et al., 2018). We have shown that
treatment with LIT-927 reduces airway remodelling in a mouse
model of asthma by reducing the migration of pericytes (Bignold
et al,, 2022). This highlights both CXCL12 and CXCR4 as druggable
targets for future experimentation.

6.5 Therapeutic strategies targeting
pericytes in allergic asthma—Periostin

Periostin is a small matricellular protein which has several roles
within the ECM. It has long been linked to allergic asthma as serum
periostin is often used as a biomarker for disease severity (Izuhara
et al,, 2016). Elevated expression of periostin has also been linked to
a variety of lung diseases including idiopathic pulmonary fibrosis,
interstitial pneumonia and non-small cell lung cancer (Okamoto
etal., 2011; Naik et al., 2012; Okazaki et al., 2018). It has been seen to
encourage migration through the upregulation of TGF-f and
differentiation to a myofibroblast phenotype (Uchida et al,
2012). It can activate several key signalling pathways such as NF-
kB, PI3K/Akt and FAK highlighting the widespread impact of
periostin (Conway et al., 2014). This may pose the problem of
off-target effects when directly inhibiting periostin with a
therapeutic.

Despite this, several studies have been completed showing
that periostin-null mice have significantly less fibrosis than the
wild type and therefore indicate the merit in inhibiting periostin
therapeutically (Uchida et al., 2012; Hwang et al., 2017). OC-20 is
an antibody which has been used to directly inhibit periostin via
the FAS1-2 domain of the protein (Orecchia et al., 2011). It has
been shown to reduce airway hyperresponsiveness, cell
proliferation and collagen deposition within fibrotic lung
diseases (Naik et al., 2012; Bentley et al., 2014; Yamato et al,,
2021). Lebrikizumab is another antibody inhibitor of periostin,
although instead of directly binding to periostin, it instead binds
to IL-13 and prevents the formation of the IL-13Ra/IL-4Ra dimer
which induces periostin production (Guttman-Yassky et al.,
2020). In clinical trials, lebrikizumab reduced the rate of
asthma exacerbations as well as increased lung function in
moderate-to-severe asthmatics (Hanania et al., 2015). In in
vivo studies, it has also decreased airway hyperresponsiveness
as well as reduced the amount of immune cells and pro-
inflammatory mediators present in the lung (Hacha et al,
2012). Another indirect way of inhibiting periostin is using
cinnamaldehyde, a compound that gives cinnamon its flavour
and odour, which is shown to interact with periostin through the
modulation of the Nrf2 pathway (Mitamura et al., 2018). Some
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TABLE 1 Summary of the contribution of pericytes to pulmonary diseases as well as the key compounds involved.

Disease Contribution of pericytes Mediators involved
Pulmonary hypertension - Changes to pericyte-endothelial interactions - TGF-f
- Migration of pericytes - CXCR7
- Accumulation of pericytes on blood vessels - CXCR4
Asthma - Migration of pericytes - TGF-f
- Airway remodelling -1L-4
- Vascular leakage - IL-13
- CXCL12
- Periostin
Chronic obstructive pulmonary disease - Dysfunctional vasculature - Ang 1/2
- Loss of pericytes - HIF-2a
- Impaired pericyte coverage of capillaries - HGF
- IL-1p
- TNF-a

studies have suggested that, in vivo, cinnamaldehyde can reduce
both IL-13-dependent and TGF-B-dependent
expression (Mitamura et al., 2018). It has also been shown

periostin

that cinnamaldehyde mitigates increased pericyte migration
caused by periostin as well as reducing IL-13-induced
production of periostin by pericytes (Bignold and Johnson,
2021). This shows that important investigation into the use of
periostin as a target for pharmacological intervention is
underway and may yield useful drugs to treat fibrotic lung
diseases in the future.

7 Chronic obstructive pulmonary
disease (COPD)—Symptoms, disease
course, and pathological mechanisms

COPD
characterized by progressive and incompletely reversible

is a complex and heterogenous syndrome

airway obstruction, in some patients associated with
emphysema, caused by abnormalities of the airways
(bronchitis, bronchiolitis) and/or alveoli (emphysema)

(Olajuyin et al., 2019; Vasilescu et al.,, 2019). The growing
number of COPD cases in recent years is due to the pandemic
of tobacco smoking, environmental pollution, and ageing of the
global population (Jamieson et al., 2020; Rao et al, 2020;

Hiemstra et al, 2021). Though the pathobiological
mechanisms of COPD remain incompletely understood,
various contributors such as the protease-antiprotease
imbalance, the oxidant-antioxidant imbalance, cellular
senescence, autoimmunity, chronic inflammation, and

defective lung growth and development are suggested to play
essential roles in COPD pathogenesis (Katayama et al., 1988; Rao
et al., 2020).

COPD patients typically complain of dyspnoea, activity
limitation and/or cough with or without sputum production and
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may experience acute respiratory events characterized by increased
respiratory symptoms called exacerbations that require specific
(GOLD, 2023). The
therapeutic intervention with the greatest impact on COPD is

preventive and therapeutic measures

smoking cessation. Inhaled corticosteroids (ICS) and long-acting
bronchodilators, including long-acting -agonists (LABA) and long-
acting muscarinic antagonists (LAMA) are mainly used as
pharmacological therapies to prevent acute exacerbations of
COPD, reduce symptoms, and minimize the rate of lung
function decline. As current therapies do not modify the course
of the disease, developing new therapeutic strategies aiming to
regenerate tissue is necessary (Wu et al., 2022).

7.1 Pericytes in COPD

Pericytes have a critical role in blood vessel wall stabilization,
vessel dilation, and vascular perfusion within the microcirculation.
Endothelial cells form tubes as well as complex vascular networks
and facilitate pericyte recruitment simultaneously (Payne et al,
2019). While the pericyte regulates the capillary permeability, the
defective pericyte distorts the pericyte-endothelial cell interaction
resulting in a chaotic, poorly organized and dysfunctional
vasculature (Pinto-Plata et al, 2007; Kato et al, 2018; Meng
2021). indicates that pericyte
dysfunction in COPD pathology, which
characterized by airway remodelling, bronchitis (inflammation),

et al, Increasing evidence

is involved is
and emphysema (alveolar destruction). Various risk factors lead
to COPD, including tobacco smoking, air pollution, genetic
susceptibility, and abnormal early life events (Hiemstra et al,
2021). directly

investigating the role of pulmonary pericytes in COPD with

However, there are only a few studies
limited molecular mechanisms.
It has been shown that tobacco smoke decreases pulmonary

HIF-2a (hypoxia-inducible factor-2a) expression, which results in
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an emphysematous pathology. Based on this observation, Pasupneti
et al. established an emphysematous model using endothelial Hif-
2a-knockout mice, where they observed a reduction of hepatocyte
growth factor (HGF) expression, which resulted from the loss of
endothelial cells and pericytes (Pasupneti et al., 2020). In another
study, Pakhomova et al. established a combined murine emphysema
and metabolic impairment model induced by cigarette smoke
extract (CSE) and sodium glutamate, where they observed a
reduction of pericytes (CD31-/CD34-/CD146+) (Pakhomova
et al., 2020).

Kress et al. evaluated the impact of benzo [a]pyrene diol epoxide
(BPDE), a major genotoxic component in cigarette smoke and air
pollution, on primary human endothelial cells (HUVECs), primary
human SMCs and primary human pericytes (Kress et al., 2019),
respectively. Both the HUVECs and human pericytes showed less
cell viability and enhanced apoptosis as well as necrosis in response
to BPDE. Compared with primary HUVECs, human pericytes
showed only weak induction of premature senescence and much
lower levels of DNA damage.

Additionally, advanced age is also a major risk factor for
developing COPD. The ageing lung is characterized by increased
cell adhesion and stress responses, with reduced mitochondria and
cellular replication (Chow et al., 2021; Schneider et al., 2021). In a
transcriptomic study using deconvolution analysis, the proportions
of alveolar epithelial type 2 cells decrease with age whereas pericytes
increase with age (Chow et al., 2021). However, how age-associated
molecular alterations contribute to COPD pathogenesis remains
largely unknown in pericytes. Blervaque et al. discovered an
impaired pericyte coverage of muscle capillaries in patients of
mild-to-moderate COPD (Blervaque et al, 2020); this pericyte
impairment may be due to inflammation, as both IL-1f and
TNF-a levels are increased in the serum of COPD patients
(Pinto-Plata et al., 2007; Zou et al., 2017). Furthermore, Gouzi
et al. showed a higher plasma Ang2/Angl ratio in COPD
patients and found that this ratio was inversely correlated with
the pericyte coverage index (Gouzi et al., 2022).

8 Conclusion

Pericytes are an underappreciated cell type with important
roles in lung health and disease. Based on the available evidence,
pericytes play important roles in the initiation and maintenance
of chronic lung diseases (Table 1). Given their location at the
interface between the airways and the vasculature, pericytes are
not only exquisitely sensitive to their surrounding environment

References

Abe, K., Toba, M., Alzoubi, A., Ito, M., Fagan, K. A., Cool, C. D, et al. (2010).
Formation of plexiform lesions in experimental severe pulmonary arterial hypertension.
Circulation 121, 2747-2754. doi:10.1161/CIRCULATIONAHA.109.927681

Abramsson, A., Lindblom, P., and Betsholtz, C. (2003). Endothelial and nonendothelial
sources of PDGF-B regulate pericyte recruitment and influence vascular pattern formation in
tumors. J. Clin. Invest. 112, 1142-1151. doi:10.1172/JCI18549

Ainscough, A. ., Smith, T. J., Haensel, M., Rhodes, C. J., Fellows, A., Whitwell, H. J., et al.
(2022). An organ-on-chip model of pulmonary arterial hypertension identifies a BMPR2-
SOX17-prostacyclin signalling axis. Commun. Biol. 5, 1192. doi:10.1038/s42003-022-04169-z

Frontiers in Physiology

12

10.3389/fphys.2023.1150028

but also amenable to pharmacological interventions. Further
research is required to further understand the mechanisms of
pericytes in various lung diseases and efforts to create standards
for lung pericyte isolation, characterisation, and cell culture are
needed.

Author contributions

AG: co-ordination of manuscript, writing, editing. RB: writing,
generation of figures. XW: writing. JJ: conceptualization, writing,
and editing.

Funding

This work was supported by the Biotechnology and Biological
Sciences Research Council (BBSRC) and Aston University funded
Midlands Integrative Biosciences Training Partnership (MIBTP)
(BB/T00746X/1). The authors also gratefully acknowledge
funding support from the UK Medical Research Council (MR/
K011375/1) and Lung Foundation Netherlands (4.1.19.2021).

Acknowledgments

Thank you to Dr Emma Shepherd and Jaspreet Bansal at Aston
University for facilitating discussions about the review. The authors
were also grateful for the technical assistance provided by Prof.
Andrew Devitt (Biorender.com).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Alessandrini, F., Musiol, S., Schneider, E., Blanco-Pérez, F., and Albrecht, M. (2020).
Mimicking antigen-driven asthma in rodent models-how close can we get? Front.
Immunol. 11, 575936. doi:10.3389/fimmu.2020.575936

Ando, K., Wang, W., Peng, D., Chiba, A., Lagendijk, A. K., Barske, L., et al. (2019).
Peri-arterial specification of vascular mural cells from naive mesenchyme requires
Notch signaling. Development 146, dev165589. doi:10.1242/dev.165589

Arboleda-Velasquez, J. F., Primo, V., Graham, M., James, A., Manent, J., and
D’Amore, P. A. (2014). Notch signaling functions in retinal pericyte survival. Invest.
Ophthalmol. Vis. Sci. 55, 5191-5199. doi:10.1167/iovs.14-14046

frontiersin.org


Biorender.com
https://doi.org/10.1161/CIRCULATIONAHA.109.927681
https://doi.org/10.1172/JCI18549
https://doi.org/10.1038/s42003-022-04169-z
https://doi.org/10.3389/fimmu.2020.575936
https://doi.org/10.1242/dev.165589
https://doi.org/10.1167/iovs.14-14046
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

Garrison et al.

Arizmendi, N. G., Abel, M., Puttagunta, L., Asaduzzaman, M., Davidson, C., Karimi,
K., et al. (2011). Mucosal exposure to cockroach extract induces allergic sensitization
and allergic airway inflammation. Allergy Asthma Clin. Immunol. 7, 22. doi:10.1186/
1710-1492-7-22

Armulik, A., Genové, G., and Betsholtz, C. (2011). Pericytes: Developmental,
physiological, and pathological perspectives, problems, and promises. Dev. Cell. 21,
193-215. doi:10.1016/j.devcel.2011.07.001

Augustin, H. G., Young Koh, G., Thurston, G., and Alitalo, K. (2009). Control of
vascular morphogenesis and homeostasis through the angiopoietin-Tie system. Nat.
Rev. Mol. Cell. Biol. 10, 165-177. d0i:10.1038/nrm2639

Baffert, F., Le, T,, Thurston, G., and Mcdonald, D. M. (2006). Angiopoietin-1
decreases plasma leakage by reducing number and size of endothelial gaps in
venules. Am. J. Physiol. Heart Circ. Physiol. 290, H107-H118. doi:10.1152/ajpheart.
00542.2005

Bagley, R. G., Rouleau, C., Morgenbesser, S. D., Weber, W., Cook, B. P., Shankara, S.,
etal. (2006). Pericytes from human non-small cell lung carcinomas: An attractive target
for anti-angiogenic therapy. Microvasc. Res. 71, 163-174. doi:10.1016/j.mvr.2006.03.002

Bakakos, A., Loukides, S., and Bakakos, P. (2019). Severe eosinophilic asthma. J. Clin.
Med. 8, 1375. doi:10.3390/jcm8091375

Barron, L., Gharib, S. A., and Duffield, J. S. (2016). Lung pericytes and resident
fibroblasts: Busy multitaskers. Am. J. Pathol. 186, 2519-2531. doi:10.1016/j.ajpath.2016.
07.004

Bellaye, P. S., Shimbori, C., Upagupta, C., Sato, S., Shi, W., Gauldie, J., et al. (2018).
Lysyl oxidase-like 1 protein deficiency protects mice from adenoviral transforming
growth factor-Bl-induced pulmonary fibrosis. Am. J. Respir. Cell. Mol. Biol. 58,
461-470. doi:10.1165/rcmb.2017-02520C

Bentley, J. K., Chen, Q., Hong, J. Y., Popova, A. P., Lei, J., Moore, B. B,, et al. (2014).
Periostin is required for maximal airways inflammation and hyperresponsiveness in
mice. J. Allergy Clin. Immunol. 134, 1433-1442. doi:10.1016/j.jaci.2014.05.029

Bergers, G., and Song, S. (2005). The role of pericytes in blood-vessel formation and
maintenance. Neuro Oncol. 7, 452-464. doi:10.1215/S1152851705000232

Bichsel, C. A., Hall, S. R. R, Schmid, R. A., Guenat, O. T., and Geiser, T. (2015).
Primary human lung pericytes support and stabilize in vitro perfusable microvessels.
Tissue Eng. Part A 21, 2166-2176. doi:10.1089/ten. TEA.2014.0545

Bignold, R. E., and Johnson, J. R. (2021). Matricellular protein periostin promotes
pericyte migration in fibrotic airways. Front. Allergy 2, 786034. doi:10.3389/falgy.2021.
786034

Bignold, R., Shammout, B., Rowley, J. E., Repici, M., Simms, J., and Johnson, J. R.
(2022). Chemokine CXCL12 drives pericyte accumulation and airway remodeling in
allergic airway disease. Respir. Res. 23, 183. doi:10.1186/s12931-022-02108-4

Bleecker, E. R,, Fitzgerald, J. M., Chanez, P., Papi, A., Weinstein, S. F., Barker, P., et al.
(2016). Efficacy and safety of benralizumab for patients with severe asthma uncontrolled
with high-dosage inhaled corticosteroids and long-acting B(2)-agonists (SIROCCO): A
randomised, multicentre, placebo-controlled phase 3 trial. Lancet 388, 2115-2127.
doi:10.1016/S0140-6736(16)31324-1

Blervaque, L., Pomigs, P., Rossi, E., Catteau, M., Blandiniéres, A., Passerieux, E., et al.
(2020). COPD is deleterious for pericytes: Implications during training-induced
angiogenesis in skeletal muscle. Am. J. Physiol. Heart Circ. Physiol. 319,
H1142-h1151. doi:10.1152/ajpheart.00306.2020

Bondjers, C., Kalén, M., Hellstrém, M., Scheidl, S.J., Abramsson, A., Renner, O., et al.
(2003). Transcription profiling of platelet-derived growth factor-B-deficient mouse
embryos identifies RGS5 as a novel marker for pericytes and vascular smooth muscle
cells. Am. J. Pathol. 162, 721-729. doi:10.1016/S0002-9440(10)63868-0

Bordenave, J., Thuillet, R., Tu, L., Phan, C., Cumont, A., Marsol, C., et al. (2020a).
Neutralization of CXCLI2 attenuates established pulmonary hypertension in rats.
Cardiovasc Res. 116, 686-697. doi:10.1093/cvr/cvz153

Bordenave, J., Tu, L., Berrebeh, N., Thuillet, R., Cumont, A., Le Vely, B., et al. (2020b).
Lineage tracing reveals the dynamic contribution of pericytes to the blood vessel
remodeling in pulmonary hypertension. Arteriosclerosis, Thrombosis, Vasc. Biol. 40,
766-782. doi:10.1161/ATVBAHA.119.313715

Boser, S. R., Mauad, T., Aratjo-Paulino, B. B., Mitchell, I, Shrestha, G., Chiu, A., et al.
(2017). Myofibroblasts are increased in the lung parenchyma in asthma. PLoS One 12,
€0182378. doi:10.1371/journal.pone.0182378

Botney, M. D,, Liptay, M. ], Kaiser, L. R, Cooper, J. D., Parks, W. C., and Mecham, R.
P. (1993). Active collagen synthesis by pulmonary arteries in human primary
pulmonary hypertension. Am. J. Pathol. 143, 121-129.

British Lung Foundation (2023). Asthma statistics. Available: https://statistics.blf.org.
uk/asthma.

Butsabong, T., Felippe, M., Campagnolo, P., and Maringer, K. (2021). The emerging
role of perivascular cells (pericytes) in viral pathogenesis. J. Gen. Virol. 102, 001634.
doi:10.1099/jgv.0.001634

Cao, R, Xue, Y., Hedlund, E. M., Zhong, Z., Tritsaris, K., Tondelli, B., et al. (2010).
VEGFR1-mediated pericyte ablation links VEGF and PIGF to cancer-associated
retinopathy. Proc. Natl. Acad. Sci. U. S. A. 107, 856-861. doi:10.1073/pnas.0911661107

Frontiers in Physiology

13

10.3389/fphys.2023.1150028

Caruso, R. A, Fedele, F., Finocchiaro, G., Pizzi, G., Nunnari, M., Gitto, G., et al.
(2009). Ultrastructural descriptions of pericyte/endothelium peg-socket interdigitations
in the microvasculature of human gastric carcinomas. Anticancer Res. 29, 449-453.

Castro, M., Corren, J., Pavord, I. D., Maspero, J., Wenzel, S., Rabe, K. F,, et al. (2018).
Dupilumab efficacy and safety in moderate-to-severe uncontrolled asthma. N. Engl.
J. Med. 378, 2486-2496. doi:10.1056/NEJMo0a1804092

Chang, K. Y., Duval, S., Badesch, D. B., Bull, T. M., Chakinala, M. M., De Marco, T.,
et al. (2022). Mortality in pulmonary arterial hypertension in the modern era: Early
insights from the pulmonary hypertension association registry. J. Am. Heart Assoc. 11,
€024969. doi:10.1161/JAHA.121.024969

Chaudhary, K. R., Deng, Y., Yang, A, Cober, N. D, and Stewart, D. J. (2021).
Penetrance of severe pulmonary arterial hypertension in response to vascular
endothelial growth factor receptor 2 blockade in a genetically prone rat model is
reduced by female sex. J. Am. Heart Assoc. 10, e019488. doi:10.1161/JAHA.120.
019488

Chen, C. W., Montelatici, E., Crisan, M., Corselli, M., Huard, J., Lazzari, L., et al.
(2009). Perivascular multi-lineage progenitor cells in human organs: Regenerative units,
cytokine sources or both? Cytokine & Growth Factor Rev. 20, 429-434. doi:10.1016/j.
cytogfr.2009.10.014

Cheng, W, Yan, K,, Xie, L. Y., Chen, F.,, Yu, H. C,, Huang, Y. X,, et al. (2016). MiR-
143-3p controls TGF-f1-induced cell proliferation and extracellular matrix production
in airway smooth muscle via negative regulation of the nuclear factor of activated T cells
1. Mol. Immunol. 78, 133-139. doi:10.1016/j.molimm.2016.09.004

Chetty, A., and Nielsen, H. C. (2021). Targeting airway smooth muscle hypertrophy
in asthma: An approach whose time has come. J. Asthma Allergy 14, 539-556. doi:10.
2147/JAA.S280247

Cheung, Y. P., Mastrullo, V., Maselli, D., Butsabong, T., Madeddu, P., Maringer, K.,
et al. (2020). A critical role for perivascular cells in amplifying vascular leakage induced
by Dengue virus nonstructural protein 1. mSphere 5, 002588-€320. doi:10.1128/
mSphere.00258-20

Cho, H., Kozasa, T., Bondjers, C., Betsholtz, C., and Kehrl, J. H. (2003). Pericyte-
specific expression of Rgs5: Implications for PDGF and EDG receptor signaling during
vascular maturation. Faseb J. 17, 440-442. doi:10.1096/f].02-0340fje

Chow, R. D., Majety, M., and Chen, S. (2021). The aging transcriptome and cellular
landscape of the human lung in relation to SARS-CoV-2. Nat. Commun. 12, 4. doi:10.
1038/541467-020-20323-9

Conway, S. ., Izuhara, K., Kudo, Y., Litvin, J., Markwald, R., Ouyang, G., et al. (2014).
The role of periostin in tissue remodeling across health and disease. Cell. Mol. Life Sci.
71, 1279-1288. doi:10.1007/s00018-013-1494-y

Cox, T. R, and Erler, J. T. (2011). Remodeling and homeostasis of the extracellular
matrix: Implications for fibrotic diseases and cancer. Dis. Model. Mech. 4, 165-178.
doi:10.1242/dmm.004077

Crisan, M., Yap, S., Casteilla, L., Chen, C. W., Corselli, M., Park, T. S., et al. (2008). A
perivascular origin for mesenchymal stem cells in multiple human organs. Cell. Stem
Cell. 3, 301-313. doi:10.1016/j.stem.2008.07.003

Crnkovic, S., Valzano, F., FlieBER, E., Gindlhuber, J., Thekkekara Puthenparampil,
H., Basil, M., et al. (2022). Single-cell transcriptomics reveals skewed cellular
communication and phenotypic shift in pulmonary artery remodeling. JCI Insight 7,
e153471. doi:10.1172/jci.insight.153471

Darby, I. A,, Laverdet, B., Bonté, F., and Desmouli¢re, A. (2014). Fibroblasts and
myofibroblasts in wound healing. Clin. Cosmet. Investig. Dermatol 7, 301-311. doi:10.
2147/CCID.S50046

De Clercg, E. (2015). AMD3100/CXCR4 inhibitor. Front. Immunol. 6, 276. doi:10.
3389/fimmu.2015.00276

Del Gaudio, F., Liu, D., and Lendahl, U. (2022). Notch signalling in healthy and
diseased vasculature. Open Biol. 12, 220004. doi:10.1098/rsob.220004

Dessalles, C. A., Babataheri, A., and Barakat, A. I. (2021). Pericyte mechanics and
mechanobiology. J. Cell. Sci. 134, jcs240226. doi:10.1242/jcs.240226

Dignam, J. P, Scott, T. E., Kemp-Harper, B. K., and Hobbs, A. J. (2022). Animal
models of pulmonary hypertension: Getting to the heart of the problem. Br.
J. Pharmacol. 179, 811-837. doi:10.1111/bph.15444

Dominici, M., Le Blanc, K., Mueller, L, Slaper-Cortenbach, I., Marini, F. C., Krause, D.
S., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement. Cytotherapy 8,
315-317. doi:10.1080/14653240600855905

Donoghue, L., Tyburski, J. G., Steffes, C. P., and Wilson, R. F. (2006). Vascular
endothelial growth factor modulates contractile response in microvascular lung
pericytes. Am. J. Surg. 191, 349-352. doi:10.1016/j.amjsurg.2005.10.034

Dore-Duffy, P., and Esen, N. (2018). “The microvascular pericyte: Approaches to
isolation, characterization, and cultivation,” in Pericyte biology - novel concepts. Editor
A. Birbrair (Cham: Springer International Publishing).

Dziewulska, D., and Lewandowska, E. (2012). Pericytes as a new target for
pathological processes in CADASIL. Neuropathology 32, 515-521. doi:10.1111/j.
1440-1789.2011.01290.x

frontiersin.org


https://doi.org/10.1186/1710-1492-7-22
https://doi.org/10.1186/1710-1492-7-22
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1038/nrm2639
https://doi.org/10.1152/ajpheart.00542.2005
https://doi.org/10.1152/ajpheart.00542.2005
https://doi.org/10.1016/j.mvr.2006.03.002
https://doi.org/10.3390/jcm8091375
https://doi.org/10.1016/j.ajpath.2016.07.004
https://doi.org/10.1016/j.ajpath.2016.07.004
https://doi.org/10.1165/rcmb.2017-0252OC
https://doi.org/10.1016/j.jaci.2014.05.029
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1089/ten.TEA.2014.0545
https://doi.org/10.3389/falgy.2021.786034
https://doi.org/10.3389/falgy.2021.786034
https://doi.org/10.1186/s12931-022-02108-4
https://doi.org/10.1016/S0140-6736(16)31324-1
https://doi.org/10.1152/ajpheart.00306.2020
https://doi.org/10.1016/S0002-9440(10)63868-0
https://doi.org/10.1093/cvr/cvz153
https://doi.org/10.1161/ATVBAHA.119.313715
https://doi.org/10.1371/journal.pone.0182378
https://statistics.blf.org.uk/asthma
https://statistics.blf.org.uk/asthma
https://doi.org/10.1099/jgv.0.001634
https://doi.org/10.1073/pnas.0911661107
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1161/JAHA.121.024969
https://doi.org/10.1161/JAHA.120.019488
https://doi.org/10.1161/JAHA.120.019488
https://doi.org/10.1016/j.cytogfr.2009.10.014
https://doi.org/10.1016/j.cytogfr.2009.10.014
https://doi.org/10.1016/j.molimm.2016.09.004
https://doi.org/10.2147/JAA.S280247
https://doi.org/10.2147/JAA.S280247
https://doi.org/10.1128/mSphere.00258-20
https://doi.org/10.1128/mSphere.00258-20
https://doi.org/10.1096/fj.02-0340fje
https://doi.org/10.1038/s41467-020-20323-9
https://doi.org/10.1038/s41467-020-20323-9
https://doi.org/10.1007/s00018-013-1494-y
https://doi.org/10.1242/dmm.004077
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1172/jci.insight.153471
https://doi.org/10.2147/CCID.S50046
https://doi.org/10.2147/CCID.S50046
https://doi.org/10.3389/fimmu.2015.00276
https://doi.org/10.3389/fimmu.2015.00276
https://doi.org/10.1098/rsob.220004
https://doi.org/10.1242/jcs.240226
https://doi.org/10.1111/bph.15444
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.amjsurg.2005.10.034
https://doi.org/10.1111/j.1440-1789.2011.01290.x
https://doi.org/10.1111/j.1440-1789.2011.01290.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

Garrison et al.

Eilken, H. M., Diéguez-Hurtado, R., Schmidt, I, Nakayama, M., Jeong, H. W, Arf, H.,
et al. (2017). Pericytes regulate VEGF-induced endothelial sprouting through VEGFRI1.
Nat. Commun. 8, 1574. do0i:10.1038/s41467-017-01738-3

Ferland-Mccollough, D., Slater, S., Richard, J., Reni, C., and Mangialardi, G. (2017).
Pericytes, an overlooked player in vascular pathobiology. Pharmacol. Ther. 171, 30-42.
doi:10.1016/j.pharmthera.2016.11.008

Ferrara, N. (1999). Molecular and biological properties of vascular endothelial growth
factor. J. Mol. Med. 77, 527-543. doi:10.1007/s001099900019

Fulkerson, P. C., and Rothenberg, M. E. (2013). Targeting eosinophils in allergy,
inflammation and beyond. Nat. Rev. Drug Discov. 12, 117-129. doi:10.1038/
nrd3838

Fuxe, J., Tabruyn, S., Colton, K., Zaid, H., Adams, A., Baluk, P., et al. (2011). Pericyte
requirement for anti-leak action of angiopoietin-1 and vascular remodeling in sustained
inflammation. Am. J. Pathol. 178, 2897-2909. doi:10.1016/j.ajpath.2011.02.008

Gaengel, K., Genové, G., Armulik, A., and Betsholtz, C. (2009). Endothelial-mural cell
signaling in vascular development and angiogenesis. Arteriosclerosis, Thrombosis, Vasc.
Biol. 29, 630-638. doi:10.1161/ATVBAHA.107.161521

GOLD (2023). Global strategy for prevention, diagnosis and management of COPD:
2023 report. Report.

Gong, C. X,, Zhang, Q., Xiong, X. Y., Yuan, J. ], Yang, G. Q., Huang, J. C,, et al. (2022).
Pericytes regulate cerebral perfusion through VEGFRI in ischemic stroke. Cell. Mol.
Neurobiol. 42, 1897-1908. doi:10.1007/s10571-021-01071-w

Gouzi, F., Philippe, A., Blervaque, L., Giinther, S., Virsolvy, A., Gruest, M., et al.
(2022). Plasma ratio of angiopoietin-2 to angiopoietin-1 is a biomarker of vascular
impairment in chronic obstructive pulmonary disease patients. Angiogenesis 25,
275-277. doi:10.1007/s10456-021-09826-1

Guo, F.,, Wang, Y., Liu, J., Mok, S. C,, Xue, F., and Zhang, W. (2016). CXCL12/CXCR4:
A symbiotic bridge linking cancer cells and their stromal neighbors in oncogenic
communication networks. Oncogene 35, 816-826. doi:10.1038/0nc.2015.139

Guttman-Yassky, E., Blauvelt, A, Eichenfield, L. F,, Paller, A. S., Armstrong, A. W.,
Drew, J., et al. (2020). Efficacy and safety of lebrikizumab, a high-affinity interleukin
13 inhibitor, in adults with moderate to severe atopic dermatitis: A phase 2b randomized
clinical trial. JAMA Dermatol 156, 411-420. doi:10.1001/jamadermatol.2020.0079

Hacha, J., Tomlinson, K., Maertens, L., Paulissen, G., Rocks, N., Foidart, . M., et al. (2012).
Nebulized anti-IL-13 monoclonal antibody Fab’ fragment reduces allergen-induced asthma.
Am. ]. Respir. Cell. Mol. Biol. 47, 709-717. doi:10.1165/rcmb.2012-00310C

Hamid, Q. (2003). Gross pathology and histopathology of asthma. J. Allergy Clin.
Immunol. 111, 431-432. doi:10.1067/mai.2003.147

Hamilton, N., Attwell, D., and Hall, C. (2010). Pericyte-mediated regulation of
capillary diameter: A component of neurovascular coupling in health and disease.
Front. Neuroenergetics 2, 5. doi:10.3389/fnene.2010.00005

Hanania, N. A., Noonan, M., Corren, J., Korenblat, P., Zheng, Y., Fischer, S. K., et al.
(2015). Lebrikizumab in moderate-to-severe asthma: Pooled data from two randomised
placebo-controlled studies. Thorax 70, 748-756. doi:10.1136/thoraxjnl-2014-206719

Hellstrém, M., Gerhardt, H., Kalén, M., Li, X,, Eriksson, U., Wolburg, H., et al. (2001).
Lack of pericytes leads to endothelial hyperplasia and abnormal vascular
morphogenesis. J. Cell. Biol. 153, 543-553. d0i:10.1083/jcb.153.3.543

Henshall, T. L., Keller, A., He, L., Johansson, B. R., Wallgard, E., Raschperger, E., et al.
(2015). Notch3 is necessary for blood vessel integrity in the central nervous system.
Arterioscler. Thromb. Vasc. Biol. 35, 409-420. doi:10.1161/ATVBAHA.114.304849

Heydarian, M., Oak, P., Zhang, X., Kamgari, N., Kindt, A., Koschlig, M., et al. (2022).
Relationship between impaired BMP signalling and clinical risk factors at early-stage
vascular injury in the preterm infant. Thorax 77, 1176-1186. doi:10.1136/thoraxjnl-
2021-218083

Hiemstra, P. S., Wu, X., Khedoe, P. P. S.]., and Gosens, R. (2021). “The role of altered
stem cell function in airway and alveolar repair and remodelling in COPD,” in Lung
stem cells in development, health and disease. Lausanne: European Respiratory Society.

Hilton, L. R,, Ritsep, M. T., Vandenbroek, M. M., Jafri, S., Laverty, K. J., Mitchell, M.,
et al. (2022). Impaired interleukin-15 signaling via BMPR2 loss drives natural killer cell
deficiency and pulmonary hypertension. Hypertension 79, 2493-2504. doi:10.1161/
HYPERTENSIONAHA.122.19178

Hoeper, M. M., Barst, R. ]., Bourge, R. C., Feldman, J., Frost, A. E., Galié, N, et al.
(2013). Imatinib mesylate as add-on therapy for pulmonary arterial hypertension:
Results of the randomized IMPRES study. Circulation 127, 1128-1138. doi:10.1161/
CIRCULATIONAHA.112.000765

Hoffmann, J., Marsh, L. M., Pieper, M., Stacher, E., Ghanim, B., Kovacs, G., et al.
(2015). Compartment-specific expression of collagens and their processing enzymes in
intrapulmonary arteries of IPAH patients. Am. J. Physiol. Lung Cell. Mol. Physiol. 308,
L1002-L1013. doi:10.1152/ajplung.00383.2014

Holgate, S. T., Wenzel, S., Postma, D. S., Weiss, S. T., Renz, H., and Sly, P. D. (2015).
Asthma. Nat. Rev. Dis. Prim. 1, 15025. doi:10.1038/nrdp.2015.25

Hong, W., Mo, Q., Wang, L., Peng, F., Zhou, Y., Zou, W, et al. (2021). Changes in the
gut microbiome and metabolome in a rat model of pulmonary arterial hypertension.
Bioengineered 12, 5173-5183. doi:10.1080/21655979.2021.1952365

Frontiers in Physiology

14

10.3389/fphys.2023.1150028

Hossny, E., Rosario, N., Lee, B. W., Singh, M., El-Ghoneimy, D., Soh, J. Y., et al.
(2016). The use of inhaled corticosteroids in pediatric asthma: Update. World Allergy
Organ J. 9, 26. doi:10.1186/s40413-016-0117-0

Humpbhreys, B. D,, Lin, S. L., Kobayashi, A., Hudson, T. E., Nowlin, B. T., Bonventre,
J. V., et al. (2010). Fate tracing reveals the pericyte and not epithelial origin of
myofibroblasts in kidney fibrosis. Am. J. Pathol. 176, 85-97. doi:10.2353/ajpath.
2010.090517

Hung, C. F., Wilson, C. L., and Schnapp, L. M. (2019). “Pericytes in the lung,” in
Pericyte biology in different organs. Editor A. BIRBRAIR (Cham: Springer International
Publishing).

Hwang, J. H,, Yang, S. H,, Kim, Y. C,, Kim, J. H,, An, J. N,, Moon, K. C, et al. (2017).
Experimental inhibition of periostin attenuates kidney fibrosis. Am. J. Nephrol. 46,
501-517. doi:10.1159/000485325

Thida-Stansbury, K., Mckean, D. M., Lane, K. B., Loyd, J. E., Wheeler, L. A., Morrell, N.
W., et al. (2006). Tenascin-C is induced by mutated BMP type II receptors in familial
forms of pulmonary arterial hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 291,
L694-L702. doi:10.1152/ajplung.00119.2006

Ito, J. T., Lourengo, J. D., Righetti, R. F., Tibério, I, Prado, C. M., and Lopes, F. (2019).
Extracellular matrix component remodeling in respiratory diseases: What has been
found in clinical and experimental studies? Cells 8, 342. doi:10.3390/cells8040342

Izuhara, K., Ohta, S., and Ono, J. (2016). Using periostin as a biomarker in the
treatment of asthma. Allergy Asthma Immunol. Res. 8,491-498. doi:10.4168/aair.2016.8.
6.491

Jaffar, J., Griffiths, K., Oveissi, S., Duan, M., Foley, M., Glaspole, I., et al. (2020).
CXCR4(+) cells are increased in lung tissue of patients with idiopathic pulmonary
fibrosis. Respir. Res. 21, 221. doi:10.1186/s12931-020-01467-0

Jamieson, E., Korologou»Linden, R., Wootton, R. E., Guyatt, A. L., Battram, T.,
Burrows, K., et al. (2020). Smoking, DNA methylation, and lung function: A mendelian
randomization analysis to investigate causal pathways. Am. . Hum. Genet. 106,
315-326. doi:10.1016/j.ajhg.2020.01.015

Jamieson, R. R, Stasiak, S. E., Polio, S. R., Augspurg, R. D., Mccormick, C. A., Ruberti,
J. W, et al. (2021). Stiffening of the extracellular matrix is a sufficient condition for
airway hyperreactivity. J. Appl. Physiol. (1985) 130, 1635-1645. doi:10.1152/
japplphysiol.00554.2020

Jeltsch, M., Leppénen, V. M., Saharinen, P., and Alitalo, K. (2013). Receptor tyrosine
kinase-mediated angiogenesis. Cold Spring Harb. Perspect. Biol. 5,2009183. doi:10.1101/
cshperspect.a009183

Jiang, B., Deng, Y., Suen, C., Taha, M., Chaudhary, K. R., Courtman, D. W, et al.
(2016). Marked strain-specific differences in the SU5416 rat model of severe pulmonary
arterial hypertension. Am. J. Respir. Cell. Mol. Biol. 54, 461-468. doi:10.1165/rcmb.
2014-04880C

Johnson, J. R,, Folestad, E., Rowley, J. E., Noll, E. M., Walker, S. A., Lloyd, C. M, et al.
(2015). Pericytes contribute to airway remodeling in a mouse model of chronic allergic
asthma. Am. J. Physiol. Lung Cell. Mol. Physiol. 308, L658-L671. doi:10.1152/ajplung.
00286.2014

Johnson, J. R,, Wiley, R. E,, Fattouh, R., Swirski, F. K., Gajewska, B. U., Coyle, A. J.,
et al. (2004). Continuous exposure to house dust mite elicits chronic airway
inflammation and structural remodeling. Am. ]. Respir. Crit. Care Med. 169,
378-385. doi:10.1164/rccm.200308-10940C

Kapanci, Y., Ribaux, C., Chaponnier, C., and Gabbiani, G. (1992). Cytoskeletal
features of alveolar myofibroblasts and pericytes in normal human and rat lung.
J. Histochem Cytochem 40, 1955-1963. doi:10.1177/40.12.1333502

Katayama, Y., Shinpo, H., Okabe, M., Yada, I, Yuasa, H., and Kusagawa, M. (1988). A
surgical case of ventricular septal defect (Kirklin type IV) associated with mitral
regurgitation. Nihon Kyobu Geka Gakkai Zasshi 36, 2473-2477.

Kato, K., Diéguez-Hurtado, R, Park, D. Y., Hong, S. P., Kato-Azuma, S., Adams, S.,
et al. (2018). Pulmonary pericytes regulate lung morphogenesis. Nat. Commun. 9, 2448.
doi:10.1038/s41467-018-04913-2

Katz, M. G., Fargnoli, A. S., Gubara, S. M., Bisserier, M., Sassi, Y., Bridges, C. R.,
et al. (2019). The left pneumonectomy combined with monocrotaline or sugen
as amodel of pulmonary hypertension in rats. J. Vis. Exp. 8, 145. d0i:10.3791/59050

Kawakami, T., and Blank, U. (2016). From IgE to omalizumab. J. Immunol. 197,
4187-4192. doi:10.4049/jimmunol.1601476

Kay, J. M., Harris, P., and Heath, D. (1967). Pulmonary hypertension produced in rats
by ingestion of Crotalaria spectabilis seeds. Thorax 22, 176-179. doi:10.1136/thx.22.
2.176

Kazama, K., Okada, M., and Yamawaki, H. (2014). A novel adipocytokine,
omentin, inhibits monocrotaline-induced pulmonary arterial hypertension in
rats. Biochem. Biophys. Res. Commun. 452, 142-146. doi:10.1016/j.bbrc.2014.
08.070

Khan, M. A. (2013). Inflammation signals airway smooth muscle cell proliferation in
asthma pathogenesis. Multidiscip. Respir. Med. 8, 11. doi:10.1186/2049-6958-8-11

Khan, N. S., West, C. C,, Rossi, F., and Crisan, M. (2021). Assessment of pericyte phenotype
by flow cytometry. Methods Mol. Biol. 2235, 27-35. doi:10.1007/978-1-0716-1056-5_3

frontiersin.org


https://doi.org/10.1038/s41467-017-01738-3
https://doi.org/10.1016/j.pharmthera.2016.11.008
https://doi.org/10.1007/s001099900019
https://doi.org/10.1038/nrd3838
https://doi.org/10.1038/nrd3838
https://doi.org/10.1016/j.ajpath.2011.02.008
https://doi.org/10.1161/ATVBAHA.107.161521
https://doi.org/10.1007/s10571-021-01071-w
https://doi.org/10.1007/s10456-021-09826-1
https://doi.org/10.1038/onc.2015.139
https://doi.org/10.1001/jamadermatol.2020.0079
https://doi.org/10.1165/rcmb.2012-0031OC
https://doi.org/10.1067/mai.2003.147
https://doi.org/10.3389/fnene.2010.00005
https://doi.org/10.1136/thoraxjnl-2014-206719
https://doi.org/10.1083/jcb.153.3.543
https://doi.org/10.1161/ATVBAHA.114.304849
https://doi.org/10.1136/thoraxjnl-2021-218083
https://doi.org/10.1136/thoraxjnl-2021-218083
https://doi.org/10.1161/HYPERTENSIONAHA.122.19178
https://doi.org/10.1161/HYPERTENSIONAHA.122.19178
https://doi.org/10.1161/CIRCULATIONAHA.112.000765
https://doi.org/10.1161/CIRCULATIONAHA.112.000765
https://doi.org/10.1152/ajplung.00383.2014
https://doi.org/10.1038/nrdp.2015.25
https://doi.org/10.1080/21655979.2021.1952365
https://doi.org/10.1186/s40413-016-0117-0
https://doi.org/10.2353/ajpath.2010.090517
https://doi.org/10.2353/ajpath.2010.090517
https://doi.org/10.1159/000485325
https://doi.org/10.1152/ajplung.00119.2006
https://doi.org/10.3390/cells8040342
https://doi.org/10.4168/aair.2016.8.6.491
https://doi.org/10.4168/aair.2016.8.6.491
https://doi.org/10.1186/s12931-020-01467-0
https://doi.org/10.1016/j.ajhg.2020.01.015
https://doi.org/10.1152/japplphysiol.00554.2020
https://doi.org/10.1152/japplphysiol.00554.2020
https://doi.org/10.1101/cshperspect.a009183
https://doi.org/10.1101/cshperspect.a009183
https://doi.org/10.1165/rcmb.2014-0488OC
https://doi.org/10.1165/rcmb.2014-0488OC
https://doi.org/10.1152/ajplung.00286.2014
https://doi.org/10.1152/ajplung.00286.2014
https://doi.org/10.1164/rccm.200308-1094OC
https://doi.org/10.1177/40.12.1333502
https://doi.org/10.1038/s41467-018-04913-2
https://doi.org/10.3791/59050
https://doi.org/10.4049/jimmunol.1601476
https://doi.org/10.1136/thx.22.2.176
https://doi.org/10.1136/thx.22.2.176
https://doi.org/10.1016/j.bbrc.2014.08.070
https://doi.org/10.1016/j.bbrc.2014.08.070
https://doi.org/10.1186/2049-6958-8-11
https://doi.org/10.1007/978-1-0716-1056-5_3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

Garrison et al.

Kim, C. H., and Broxmeyer, H. E. (1998). In vitro behavior of hematopoietic
progenitor cells under the influence of chemoattractants: Stromal cell-derived
factor-1, steel factor, and the bone marrow environment. Blood 91, 100-110. doi:10.
1182/blood.v91.1.100.100_100_110

Kim, H. Y., Dekruyff, R. H., and Umetsu, D. T. (2010). The many paths to asthma:
Phenotype shaped by innate and adaptive immunity. Nat. Immunol. 11, 577-584.
doi:10.1038/ni.1892

Kothapalli, N., Mcdonough, J. E., Raredon, M. S. B., Adams, T. S., Schupp, J. C,,
Niklason, L. E., et al. (2021). Aberrant endothelial CXCL signaling in COPD. Eur.
Respir. J. 58, PA3623. doi:10.1183/13993003.congress-2021.PA3623

Kotton, D. N,, and Morrisey, E. E. (2014). Lung regeneration: Mechanisms,
applications and emerging stem cell populations. Nat. Med. 20, 822-832. doi:10.
1038/nm.3642

Kress, J. M., Dio, L. D., Heck, L., Pulliero, A., Izzotti, A., Laarmann, K., et al. (2019).
Human primary endothelial cells are impaired in nucleotide excision repair and
sensitive to benzo[a]pyrene compared with smooth muscle cells and pericytes. Sci.
Rep. 9, 13800. doi:10.1038/541598-019-49953-w

Kumar, S., and Ponnazhagan, S. (2012). Mobilization of bone marrow mesenchymal
stem cells in vivo augments bone healing in a mouse model of segmental bone defect.
Bone 50, 1012-8.

Leon, B., and Ballesteros-Tato, A. (2021). Modulating Th2 cell immunity for the
treatment of asthma Front. Immunol. 12, 637948. doi:10.3389/fimmu.2021.637948

Lesage, F., Deng, Y., Renesme, L., Sauvestre, F., Ben Fadel, N., Zhong, S., et al. (2021).
Characterization of a new monocrotaline rat model to study chronic neonatal
pulmonary hypertension. Am. J. Respir. Cell. Mol. Biol. 65, 331-334. doi:10.1165/
rcmb.2021-0039LE

Lewis, B. W., Ford, M. L., Khan, A. Q., Walum, J., and Britt, R. D. (2022). Chronic
allergen challenge induces corticosteroid insensitivity with persistent airway
remodeling and type 2 inflammation. Front. Pharmacol. 13, 855247. doi:10.
3389/fphar.2022.855247

Li, F, Xu, X,, Geng, J, Wan, X,, and Dai, H. (2020). The autocrine CXCR4/
CXCLI2 axis contributes to lung fibrosis through modulation of lung fibroblast
activity. Exp. Ther. Med. 19, 1844-1854. doi:10.3892/etm.2020.8433

Li, P,, Wu, Y., Goodwin, A. J., Halushka, P. V., Wilson, C. L., Schnapp, L. M., et al.
(2021). Generation of a new immortalized human lung pericyte cell line: A promising
tool for human lung pericyte studies. Lab. Invest. 101, 625-635. doi:10.1038/s41374-
020-00524-y

Lin, S. L., Kisseleva, T., Brenner, D. A., and Duffield, J. S. (2008). Pericytes and
perivascular fibroblasts are the primary source of collagen-producing cells in obstructive
fibrosis of the kidney. Am. J. Pathol. 173, 1617-1627. doi:10.2353/ajpath.2008.080433

Liu, H., Zhang, W., and Lilly, B. (2018). Evaluation of Notch3 deficiency in diabetes-
induced pericyte loss in the retina. J. Vasc. Res. 55, 308-318. doi:10.1159/000493151

Liu, S. F., Nambiar Veetil, N., Li, Q., Kucherenko, M. M., Knosalla, C., and Kuebler,
W. M. (2022). Pulmonary hypertension: Linking inflammation and pulmonary arterial
stiffening. Front. Immunol. 13, 959209. doi:10.3389/fimmu.2022.959209

Liu, Y., Nie, X,, Zhu, J., Wang, T,, Li, Y., Wang, Q., et al. (2021). NDUFA4L2 in
smooth muscle promotes vascular remodeling in hypoxic pulmonary arterial
hypertension. J. Cell. Mol. Med. 25, 1221-1237. doi:10.1111/jcmm.16193

Lukacs, N. W, Berlin, A., Schols, D., Skerlj, R. T, and Bridger, G. J. (2002). AMD3100,
a CxCR4 antagonist, attenuates allergic lung inflammation and airway hyperreactivity.
Am. ]. Pathol. 160, 1353-1360. doi:10.1016/S0002-9440(10)62562-X

Meng, Y. M, Jiang, X., Zhao, X., Meng, Q., Wu, S., Chen, Y., et al. (2021). Hexokinase
2-driven glycolysis in pericytes activates their contractility leading to tumor blood vessel
abnormalities. Nat. Commun. 12, 6011. doi:10.1038/s41467-021-26259-y

Mitamura, Y., Murai, M., Mitoma, C., and Furue, M. (2018). NRF2 activation inhibits
both TGF-B1- and IL-13-mediated periostin expression in fibroblasts: Benefit of
cinnamaldehyde for antifibrotic treatment. Oxid. Med. Cell. Longev. 2018, 2475047.
doi:10.1155/2018/2475047

Muhl, L., Genové, G., Leptidis, S., Liu, J., He, L., Mocci, G., et al. (2020). Single-cell
analysis uncovers fibroblast heterogeneity and criteria for fibroblast and mural cell
identification and discrimination. Nat. Commun. 11, 3953. doi:10.1038/s41467-020-
17740-1

Mullane, K., and Williams, M. (2014). Animal models of asthma: Reprise or reboot?
Biochem. Pharmacol. 87, 131-139. doi:10.1016/j.bcp.2013.06.026

Mura, M., Cecchini, M. J., Joseph, M., and Granton, J. T. (2019). Osteopontin lung
gene expression is a marker of disease severity in pulmonary arterial hypertension.
Respirology 24, 1104-1110. doi:10.1111/resp.13557

Nadeem, T., Bogue, W., Bigit, B., and Cuervo, H. (2020). Deficiency of Notch
signaling in pericytes results in arteriovenous malformations. JCI Insight 5, €125940.
doi:10.1172/jci.insight.125940

Naik, P. K., Bozyk, P. D, Bentley, J. K., Popova, A. P., Birch, C. M., Wilke, C. A,, et al.
(2012). Periostin promotes fibrosis and predicts progression in patients with idiopathic

pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 303, L1046-L1056. doi:10.
1152/ajplung.00139.2012

Frontiers in Physiology

15

10.3389/fphys.2023.1150028

Nathan, S. D., Barbera, J. A., Gaine, S. P., Harari, S., Martinez, F. J., Olschewski, H.,
et al. (2019). Pulmonary hypertension in chronic lung disease and hypoxia. Eur. Respir.
J. 53, 1801914. doi:10.1183/13993003.01914-2018

Navarro, R., Compte, M., Alvarez-Vallina, L., and Sanz, L. (2016). Inmune regulation
by pericytes: Modulating innate and adaptive immunity. Front. Immunol. 7, 480. doi:10.
3389/fimmu.2016.00480

Negrete-Garcia, M. C,, Velazquez, J. R., Popoca-Coyotl, A., Montes-Vizuet, A. R,,
Juarez-Carvajal, E., and Teran, L. M. (2010). Chemokine (C-X-C motif) ligand 12/
stromal cell-derived factor-1 is associated with leukocyte recruitment in asthma. Chest
138, 100-106. doi:10.1378/chest.09-2104

Noskovi¢ovd, N., Petiek, M., Eickelberg, O., and Heinzelmann, K. (2014). Platelet-
derived growth factor signaling in the lung. From lung development and disease to
clinical studies. Am. J. Respir. Cell. Mol. Biol. 52, 263-284. doi:10.1165/rcmb.2014-
0294tr

Okamoto, M., Hoshino, T., Kitasato, Y., Sakazaki, Y., Kawayama, T., Fujimoto, K.,
et al. (2011). Periostin, a matrix protein, is a novel biomarker for idiopathic interstitial
pneumonias. Eur. Respir. ]. 37, 1119-1127. doi:10.1183/09031936.00059810

Okazaki, T., Tamai, K., Shibuya, R., Nakamura, M., Mochizuki, M., Yamaguchi, K.,
et al. (2018). Periostin is a negative prognostic factor and promotes cancer cell
proliferation in non-small cell lung cancer. Oncotarget 9, 31187-31199. doi:10.
18632/oncotarget.25435

Olajuyin, A. M., Zhang, X, and Ji, H. L. (2019). Alveolar type 2 progenitor cells for
lung injury repair. Cell. Death Discov. 5, 63. doi:10.1038/s41420-019-0147-9

Orecchia, P., Conte, R., Balza, E., Castellani, P., Borsi, L., Zardi, L., et al. (2011).
Identification of a novel cell binding site of periostin involved in tumour growth. Eur.
J. Cancer 47, 2221-2229. doi:10.1016/j.ejca.2011.04.026

Pakhomova, A. V., Pershina, O. V., Ermakova, N. N, Krupin, V. A, Pan, E. S.,
Putrova, O. D., et al. (2020). Pericytes and smooth muscle cells circulating in the
blood as markers of impaired angiogenesis during combined metabolic
impairments and lung emphysema. Bull. Exp. Biol. Med. 168, 334-340. doi:10.
1007/s10517-020-04703-1

Papolos, A., Tison, G. H., Mayfield, J., Vasti, E, and Demarco, T. (2021).
Echocardiographic assessment of pulmonary arterial capacitance predicts mortality
in pulmonary hypertension. J. Cardiol. 77, 279-284. doi:10.1016/j.jjcc.2020.10.006

Park, S. W., Yun, J. H, Kim, J. H., Kim, K. W., Cho, C. H., and Kim, J. H. (2014).
Angiopoietin 2 induces pericyte apoptosis via a3f1 integrin signaling in diabetic
retinopathy. Diabetes 63, 3057-3068. doi:10.2337/db13-1942

Pasupneti, S., Tian, W., Tu, A. B., Dahms, P., Granucci, E., Gandjeva, A., et al. (2020).
Endothelial HIF-2a as a key endogenous mediator preventing emphysema. Am.
J. Respir. Crit. Care Med. 202, 983-995. doi:10.1164/rccm.202001-00780C

Payne, L. B,, Darden, J., Suarez-Martinez, A. D., Zhao, H., Hendricks, A., Hartland, C.,
etal. (2021). Pericyte migration and proliferation are tightly synchronized to endothelial
cell sprouting dynamics. Integr. Biol. 13, 31-43. doi:10.1093/intbio/zyaa027

Payne, L. B., Zhao, H., James, C. C,, Darden, J., Mcguire, D., Taylor, S., et al. (2019).
The pericyte microenvironment during vascular development. Microcirculation 26,
e12554. doi:10.1111/micc.12554

Pelaia, C., Heffler, E., Crimi, C., Maglio, A., Vatrella, A., Pelaia, G., et al. (2022).
Interleukins 4 and 13 in asthma: Key pathophysiologic cytokines and druggable
molecular targets. Front. Pharmacol. 13, 851940. doi:10.3389/fphar.2022.851940

Pienkos, S., Gallego, N., Condon, D. F., Cruz-Utrilla, A., Ochoa, N., Nevado, J., et al.
(2021). Novel TNIP2 and TRAF2 variants are implicated in the pathogenesis of
pulmonary arterial hypertension. Front. Med. (Lausanne) 8, 625763. doi:10.3389/
fmed.2021.625763

Pinto-Plata, V., Toso, J., Lee, K., Park, D., Bilello, J., Mullerova, H., et al. (2007).
Profiling serum biomarkers in patients with COPD: Associations with clinical
parameters. Thorax 62, 595-601. doi:10.1136/thx.2006.064428

Rao, W.,, Wang, S., Duleba, M., Niroula, S., Goller, K., Xie, J., et al. (2020).
Regenerative metaplastic clones in COPD lung drive inflammation and fibrosis. Cell.
181, 848-864.18. doi:10.1016/j.cell.2020.03.047

Regenass, P., Abboud, D., Daubeuf, F., Lehalle, C., Gizzi, P., Riché, S., et al. (2018).
Discovery of a locally and orally active CXCLI12 neutraligand (LIT-927) with anti-
inflammatory effect in a murine model of allergic airway hypereosinophilia. J. Med.
Chem. 61, 7671-7686. doi:10.1021/acs.jmedchem.8b00657

Ricard, N., Tu, L., Le Hiress, M., Huertas, A., Phan, C., Thuillet, R., et al. (2014).
Increased pericyte coverage mediated by endothelial-derived fibroblast growth factor-2
and interleukin-6 is a source of smooth muscle-like cells in pulmonary hypertension.
Circulation 129, 1586-1597. doi:10.1161/CIRCULATIONAHA.113.007469

Rydell-Términen, K., and Johnson, J. R. (2019). The applicability of mouse models to
the study of human disease. Methods Mol. Biol. 2019, 3-22.

Saito, A., Horie, M., and Nagase, T. (2018). TGF-B signaling in lung health and
disease. Int. J. Mol. Sci. 19, 2460. doi:10.3390/ijms19082460

Sakao, S., Tatsumi, K., and Voelkel, N. F. (2010). Reversible or irreversible remodeling
in pulmonary arterial hypertension. Am. J. Respir. Cell. Mol. Biol. 43, 629-634. doi:10.
1165/rcmb.2009-0389TR

frontiersin.org


https://doi.org/10.1182/blood.v91.1.100.100_100_110
https://doi.org/10.1182/blood.v91.1.100.100_100_110
https://doi.org/10.1038/ni.1892
https://doi.org/10.1183/13993003.congress-2021.PA3623
https://doi.org/10.1038/nm.3642
https://doi.org/10.1038/nm.3642
https://doi.org/10.1038/s41598-019-49953-w
https://doi.org/10.3389/fimmu.2021.637948
https://doi.org/10.1165/rcmb.2021-0039LE
https://doi.org/10.1165/rcmb.2021-0039LE
https://doi.org/10.3389/fphar.2022.855247
https://doi.org/10.3389/fphar.2022.855247
https://doi.org/10.3892/etm.2020.8433
https://doi.org/10.1038/s41374-020-00524-y
https://doi.org/10.1038/s41374-020-00524-y
https://doi.org/10.2353/ajpath.2008.080433
https://doi.org/10.1159/000493151
https://doi.org/10.3389/fimmu.2022.959209
https://doi.org/10.1111/jcmm.16193
https://doi.org/10.1016/S0002-9440(10)62562-X
https://doi.org/10.1038/s41467-021-26259-y
https://doi.org/10.1155/2018/2475047
https://doi.org/10.1038/s41467-020-17740-1
https://doi.org/10.1038/s41467-020-17740-1
https://doi.org/10.1016/j.bcp.2013.06.026
https://doi.org/10.1111/resp.13557
https://doi.org/10.1172/jci.insight.125940
https://doi.org/10.1152/ajplung.00139.2012
https://doi.org/10.1152/ajplung.00139.2012
https://doi.org/10.1183/13993003.01914-2018
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.1378/chest.09-2104
https://doi.org/10.1165/rcmb.2014-0294tr
https://doi.org/10.1165/rcmb.2014-0294tr
https://doi.org/10.1183/09031936.00059810
https://doi.org/10.18632/oncotarget.25435
https://doi.org/10.18632/oncotarget.25435
https://doi.org/10.1038/s41420-019-0147-9
https://doi.org/10.1016/j.ejca.2011.04.026
https://doi.org/10.1007/s10517-020-04703-1
https://doi.org/10.1007/s10517-020-04703-1
https://doi.org/10.1016/j.jjcc.2020.10.006
https://doi.org/10.2337/db13-1942
https://doi.org/10.1164/rccm.202001-0078OC
https://doi.org/10.1093/intbio/zyaa027
https://doi.org/10.1111/micc.12554
https://doi.org/10.3389/fphar.2022.851940
https://doi.org/10.3389/fmed.2021.625763
https://doi.org/10.3389/fmed.2021.625763
https://doi.org/10.1136/thx.2006.064428
https://doi.org/10.1016/j.cell.2020.03.047
https://doi.org/10.1021/acs.jmedchem.8b00657
https://doi.org/10.1161/CIRCULATIONAHA.113.007469
https://doi.org/10.3390/ijms19082460
https://doi.org/10.1165/rcmb.2009-0389TR
https://doi.org/10.1165/rcmb.2009-0389TR
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

Garrison et al.

Salmeri, M., Motta, C., Anfuso, C. D., Amodeo, A., Scalia, M., Toscano, M. A., et al.
(2013). VEGEF receptor-1 involvement in pericyte loss induced by Escherichia coli in an
in vitro model of blood brain barrier. Cell. Microbiol. 15, 1367-1384. doi:10.1111/cmi.
12121

Savai, R., Pullamsetti, S. S., Kolbe, ]., Bieniek, E., Voswinckel, R., Fink, L., et al. (2012).
Immune and inflammatory cell involvement in the pathology of idiopathic pulmonary
arterial hypertension. Am. J. Respir. Crit. Care Med. 186, 897-908. doi:10.1164/rccm.
201202-03350C

Schneider, J. L., Rowe, J. H., Garcia-De-Alba, C., Kim, C. F,, Sharpe, A. H., and Haigis,
M. C. (2021). The aging lung: Physiology, disease, and immunity. Cell. 184, 1990-2019.
doi:10.1016/j.cell.2021.03.005

Shammout, B., and Johnson, J. R. (2019). Pericytes in chronic lung disease. Adv.
Exp. Med. Biol. 1147, 299-317. d0i:10.1007/978-3-030-16908-4_14

Sime, P. J., Xing, Z., Graham, F. L., Csaky, K. G., and Gauldie, J. (1997). Adenovector-
mediated gene transfer of active transforming growth factor-betal induces prolonged
severe fibrosis in rat lung. J. Clin. Invest. 100, 768-776. doi:10.1172/JCI119590

Simonneau, G., Montani, D., Celermajer, D. S, Denton, C. P., Gatzoulis, M. A,
Krowka, M., et al. (2019). Haemodynamic definitions and updated clinical classification
of pulmonary hypertension. Eur. Respir. J. 53, 1801913. doi:10.1183/13993003.01913-
2018

Smyth, L. C. D., Rustenhoven, J., Scotter, E. L., Schweder, P., Faull, R. L. M., Park, T. L.
H., et al. (2018). Markers for human brain pericytes and smooth muscle cells. J. Chem.
Neuroanat. 92, 48-60. doi:10.1016/j.jchemneu.2018.06.001

Sweeney, M. D,, Sagare, A. P., Pachicano, M., Harrington, M. G., Joe, E., Chui, H. C,,
et al. (2020). A novel sensitive assay for detection of a biomarker of pericyte injury in
cerebrospinal fluid. Alzheimers Dement. 16, 821-830. doi:10.1002/alz.12061

Takabatake, Y., Sugiyama, T., Kohara, H., Matsusaka, T., Kurihara, H., Koni, P.
A., etal. (2009). The CXCL12 (SDF-1)/CXCR4 axis is essential for the development
of renal vasculature. J. Am. Soc. Nephrol. 20, 1714-1723. doi:10.1681/ASN.
2008060640

Takagi, H., King, G. L., and Aiello, L. P. (1996). Identification and characterization of
vascular endothelial growth factor receptor (flt) in bovine retinal pericytes. Diabetes 45,
1016-1023. doi:10.2337/diab.45.8.1016

Tannenberg, P., Chang, Y. T., Muhl, L., Lavifia, B., Gladh, H., Genové, G., et al. (2018).
Extracellular retention of PDGF-B directs vascular remodeling in mouse hypoxia-
induced pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 314,
L593-1605. doi:10.1152/ajplung.00054.2017

Teichert, M., Milde, L., Holm, A., Stanicek, L., Gengenbacher, N., Savant, S., et al.
(2017). Pericyte-expressed Tie2 controls angiogenesis and vessel maturation. Nat.
Commun. 8, 16106. doi:10.1038/ncomms16106

Thijssen, V. L., Paulis, Y. W., Nowak-Sliwinska, P., Deumelandt, K. L., Hosaka, K.,
Soetekouw, P. M., et al. (2018). Targeting PDGF-mediated recruitment of pericytes
blocks vascular mimicry and tumor growth. J. Pathol. 246, 447-458. doi:10.1002/path.
5152

Uchida, M., Shiraishi, H., Ohta, S., Arima, K., Taniguchi, K., Suzuki, S., et al. (2012).
Periostin, a matricellular protein, plays a role in the induction of chemokines in
pulmonary fibrosis. Am. J. Respir. Cell. Mol. Biol. 46, 677-686. doi:10.1165/rcmb.
2011-01150C

Uemura, A., Fruttiger, M., D’Amore, P. A, De Falco, S., Joussen, A. M., Sennlaub, F.,
et al. (2021). VEGFRI signaling in retinal angiogenesis and microinflammation. Prog.
Retin Eye Res. 84, 100954. doi:10.1016/j.preteyeres.2021.100954

Vanlandewijck, M., He, L., Mde, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al.
(2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature 554,
475-480. doi:10.1038/nature25739

Vasilescu, D. M., Martinez, F. J., Marchetti, N., Galbdn, C. ., Hatt, C., Meldrum, C. A.,
et al. (2019). Noninvasive imaging biomarker identifies small airway damage in severe
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 200, 575-581.
doi:10.1164/rccm.201811-20830C

Wang, J. D., Khafagy El, S., Khanafer, K., Takayama, S., and Elsayed, M. E. (2016).
Organization of endothelial cells, pericytes, and astrocytes into a 3D microfluidic
in vitro model of the blood-brain barrier. Mol. Pharm. 13, 895-906. doi:10.1021/acs.
molpharmaceut.5b00805

Wang, J., Fan, D. Y,, Li, H. Y., He, C. Y., Shen, Y. Y,, Zeng, G. H,, et al. (2022).
Dynamic changes of CSF sSPDGFRp during ageing and AD progression and associations
with CSF ATN biomarkers. Mol. Neurodegener. 17, 9. doi:10.1186/s13024-021-00512-w

Wang, Y., Pan, L., Moens, C. B,, and Appel, B. (2014). Notch3 establishes brain
vascular integrity by regulating pericyte number. Development 141, 307-317. doi:10.
1242/dev.096107

Frontiers in Physiology

16

10.3389/fphys.2023.1150028

Wei, L., Warburton, R. R,, Preston, I. R., Roberts, K. E., Combhair, S. A., Erzurum, S. C.,
et al. (2012). Serotonylated fibronectin is elevated in pulmonary hypertension. Am.
J. Physiol. Lung Cell. Mol. Physiol. 302, L1273-L1279. doi:10.1152/ajplung.00082.2012

West, C. C,, Khan, N. S, and Crisan, M. (2021). Characterization of human pericyte
phenotype by immunohistochemistry. Methods Mol. Biol. 2235, 37-45. doi:10.1007/
978-1-0716-1056-5_4

West, J., and Hemnes, A. (2011). Experimental and transgenic models of pulmonary
hypertension. Compr. Physiol. 1, 769-782. doi:10.1002/cphy.c100003

Williams, K., and Roman, J. (2016). Studying human respiratory disease in animals--role of
induced and naturally occurring models. J. Pathol. 238, 220-232. doi:10.1002/path.4658

Wilson, C. L., Stephenson, S. E., Higuero, J. P., Feghali-Bostwick, C., Hung, C. F., and
Schnapp, L. M. (2018). Characterization of human PDGFR-B-positive pericytes from
IPF and non-IPF lungs. Am. J. Physiol. Lung Cell. Mol. Physiol. 315, 1.991-11002. doi:10.
1152/ajplung.00289.2018

‘Wimmer, M., Alessandrini, F., Gilles, S., Frank, U., Oeder, S., Hauser, M., et al. (2015).
Pollen-derived adenosine is a necessary cofactor for ragweed allergy. Allergy 70,
944-954. doi:10.1111/all.12642

Wu, C. F,, Chiang, W. C,, Lai, C. F., Chang, F. C,, Chen, Y. T., Chou, Y. H,, et al.
(2013). Transforming growth factor -1 stimulates profibrotic epithelial signaling to
activate pericyte-myofibroblast transition in obstructive kidney fibrosis. Am. J. Pathol.
182, 118-131. doi:10.1016/j.ajpath.2012.09.009

Wu, X, Bos, 1. S. T., Conlon, T. M., Ansari, M., Verschut, V., Van Der Koog, L., et al.
(2022a). A transcriptomics-guided drug target discovery strategy identifies receptor
ligands for lung regeneration. Sci. Adv. 8, eabj9949. doi:10.1126/sciadv.abj9949

Wu, X. H, Ma, J. L, Ding, D, Ma, Y. J, Wei, Y. P, and Jing, Z. C. (2022b).
Experimental animal models of pulmonary hypertension: Development and challenges.
Anim. Model. Exp. Med. 5, 207-216. doi:10.1002/ame2.12220

Wu, X,, Lu, W., He, M., Chen, H., Chen, Y., Duan, X,, et al. (2020). Structural and
functional definition of the pulmonary vein system in a chronic hypoxia-induced
pulmonary hypertension rat model. Am. J. Physiol. Cell. Physiol. 318, C555-¢569. doi:10.
1152/ajpcell.00289.2019

Xu, ], Li, D., Hsu, C. Y., Tian, Y., Zhang, L., Wang, Y., et al. (2020). Comparison of
skeletal and soft tissue pericytes identifies CXCR4(+) bone forming mural cells in
human tissues. Bone Res. 8, 22. doi:10.1038/s41413-020-0097-0

Yamaguchi, M., Hirai, S., Tanaka, Y., Sumi, T., Tada, M., Takahashi, H., et al. (2020).
Pericyte-myofibroblast transition in the human lung. Biochem. Biophysical Res.
Commun. 528, 269-275. doi:10.1016/j.bbrc.2020.05.091

Yamato, H., Kimura, K., Fukui, E., Kanou, T., Ose, N., Funaki, S., et al. (2021).
Periostin secreted by activated fibroblasts in idiopathic pulmonary fibrosis promotes
tumorigenesis of non-small cell lung cancer. Sci. Rep. 11, 21114. doi:10.1038/s41598-
021-00717-5

Yang, J., Zhu, F,, Wang, X, Yao, W., Wang, M., Pei, G., et al. (2016). Continuous
AMD?3100 treatment worsens renal fibrosis through regulation of bone marrow derived
pro-angiogenic cells homing and T-cell-related inflammation. PLoS One 11, €0149926.
doi:10.1371/journal.pone.0149926

Yee, M. C,, Nichols, H. L., Polley, D., Saifeddine, M., Pal, K., Lee, K., et al. (2018).
Protease-activated receptor-2 signaling through p-arrestin-2 mediates Alternaria
alkaline serine protease-induced airway inflammation. Am. J. Physiol. Lung Cell.
Mol. Physiol. 315, 1L1042-11057. doi:10.1152/ajplung.00196.2018

Yianni, V., and Sharpe, P. T. (2019). Perivascular-derived mesenchymal stem cells.
J. Dent. Res. 98, 1066-1072. doi:10.1177/0022034519862258

Yuan, K, Liu, Y., Zhang, Y., Nathan, A, Tian, W., Yu, J,, et al. (2020). Mural cell
SDF1 signaling is associated with the pathogenesis of pulmonary arterial hypertension.
Am. ]. Respir. Cell. Mol. Biol. 62, 747-759. doi:10.1165/rcmb.2019-04010C

Yuan, K., Orcholski, M. E., Panaroni, C., Shuffle, E. M., Huang, N. F,, Jiang, X,, et al.
(2015). Activation of the wnt/planar cell polarity pathway is required for pericyte
recruitment during pulmonary angiogenesis. Am. J. Pathology 185, 69-84. doi:10.1016/j.
ajpath.2014.09.013

Zhang, Z.S., Zhou, H. N, He, S. S., Xue, M. Y., Li, T., and Liu, L. M. (2020). Research
advances in pericyte function and their roles in diseases. Chin. J. Traumatol. 23, 89-95.
doi:10.1016/j.cjtee.2020.02.006

Zhao, Z., Zhang, Y., Zhang, C., Zhang, ., Luo, X,, Qiu, Q,, et al. (2022). TGF-p promotes
pericyte-myofibroblast transition in subretinal fibrosis through the Smad2/3 and Akt/mTOR
pathways. Exp. Mol. Med. 54, 673-684. doi:10.1038/s12276-022-00778-0

Zou, Y., Chen, X,, Liu, J., Zhou, D. B, Kuang, X., Xiao, J., et al. (2017). Serum IL-1§
and IL-17 levels in patients with COPD: Associations with clinical parameters. Int.
J. Chron. Obstruct Pulmon Dis. 12, 1247-1254. doi:10.2147/COPD.S131877

frontiersin.org


https://doi.org/10.1111/cmi.12121
https://doi.org/10.1111/cmi.12121
https://doi.org/10.1164/rccm.201202-0335OC
https://doi.org/10.1164/rccm.201202-0335OC
https://doi.org/10.1016/j.cell.2021.03.005
https://doi.org/10.1007/978-3-030-16908-4_14
https://doi.org/10.1172/JCI119590
https://doi.org/10.1183/13993003.01913-2018
https://doi.org/10.1183/13993003.01913-2018
https://doi.org/10.1016/j.jchemneu.2018.06.001
https://doi.org/10.1002/alz.12061
https://doi.org/10.1681/ASN.2008060640
https://doi.org/10.1681/ASN.2008060640
https://doi.org/10.2337/diab.45.8.1016
https://doi.org/10.1152/ajplung.00054.2017
https://doi.org/10.1038/ncomms16106
https://doi.org/10.1002/path.5152
https://doi.org/10.1002/path.5152
https://doi.org/10.1165/rcmb.2011-0115OC
https://doi.org/10.1165/rcmb.2011-0115OC
https://doi.org/10.1016/j.preteyeres.2021.100954
https://doi.org/10.1038/nature25739
https://doi.org/10.1164/rccm.201811-2083OC
https://doi.org/10.1021/acs.molpharmaceut.5b00805
https://doi.org/10.1021/acs.molpharmaceut.5b00805
https://doi.org/10.1186/s13024-021-00512-w
https://doi.org/10.1242/dev.096107
https://doi.org/10.1242/dev.096107
https://doi.org/10.1152/ajplung.00082.2012
https://doi.org/10.1007/978-1-0716-1056-5_4
https://doi.org/10.1007/978-1-0716-1056-5_4
https://doi.org/10.1002/cphy.c100003
https://doi.org/10.1002/path.4658
https://doi.org/10.1152/ajplung.00289.2018
https://doi.org/10.1152/ajplung.00289.2018
https://doi.org/10.1111/all.12642
https://doi.org/10.1016/j.ajpath.2012.09.009
https://doi.org/10.1126/sciadv.abj9949
https://doi.org/10.1002/ame2.12220
https://doi.org/10.1152/ajpcell.00289.2019
https://doi.org/10.1152/ajpcell.00289.2019
https://doi.org/10.1038/s41413-020-0097-0
https://doi.org/10.1016/j.bbrc.2020.05.091
https://doi.org/10.1038/s41598-021-00717-5
https://doi.org/10.1038/s41598-021-00717-5
https://doi.org/10.1371/journal.pone.0149926
https://doi.org/10.1152/ajplung.00196.2018
https://doi.org/10.1177/0022034519862258
https://doi.org/10.1165/rcmb.2019-0401OC
https://doi.org/10.1016/j.ajpath.2014.09.013
https://doi.org/10.1016/j.ajpath.2014.09.013
https://doi.org/10.1016/j.cjtee.2020.02.006
https://doi.org/10.1038/s12276-022-00778-0
https://doi.org/10.2147/COPD.S131877
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1150028

	Pericytes: The lung-forgotten cell type
	1 Introduction
	2 Lung pericytes
	2.1 Lung pericyte markers

	3 Pericyte responses to the microenvironment
	3.1 Transforming growth factor (TGF)-β signalling
	3.2 PDGF-B/PDGFRβ signalling
	3.3 Vascular endothelial growth factor (VEGF) signalling
	3.4 Angiopoietin signalling
	3.5 Notch signalling

	4 Pericyte-matrix interactions
	4.1 Disruption to pericyte signalling in disease

	5 Pulmonary hypertension (PH)—Symptoms, disease course, and pathological mechanisms
	5.1 Preclinical models of pulmonary arterial hypertension (PAH)
	5.2 Recent developments on the role of pericytes in PAH pathology

	6 Allergic asthma—Symptoms, disease course, and pathological mechanisms
	6.1 Preclinical models of asthma
	6.2 Pericytes and the regulation of immune cell infiltration
	6.3 Contribution of pericytes to subepithelial fibrosis in allergic asthma
	6.4 Therapeutic strategies targeting pericytes in allergic asthma—CXCL12
	6.5 Therapeutic strategies targeting pericytes in allergic asthma—Periostin

	7 Chronic obstructive pulmonary disease (COPD)—Symptoms, disease course, and pathological mechanisms
	7.1 Pericytes in COPD

	8 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


