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Pericytes, resident fibroblasts, and mesenchymal stem cells are poorly described cell populations. They
have recently been characterized in much greater detail in rodent lungs and have been shown to play
important roles in development, homeostasis, response to injury and pathogens, as well as recovery from
damage. These closely related mesenchymal cell populations form extensive connections to the lung’s
internal structure, as well as its internal and external surfaces. They generate and remodel extracellular
matrix, coregulate the vasculature, help maintain and restore the epithelium, and act as sentries for the
immune system. In this review, we revisit these functions in light of significant advances in characterizing
and tracking lung fibroblast populations in rodents. Lineage tracing experiments have mapped the
heritage, identified functions that discriminate lung pericytes from resident fibroblasts, identified a
subset of mesenchymal stem cells, and shown these populations to be the predominant progenitors of
pathological fibroblasts and myofibroblasts in lung diseases. These findings point to the importance of
resident lung mesenchymal populations as therapeutic targets in acute lung injury as well as fibrotic and
degenerative diseases. Far from being passive and quiescent, pericytes and resident fibroblasts are busily
sensing and responding, through diverse mechanisms, to changes in lung health and function.
(Am J Pathol 2016, 186: 2519e2531; http://dx.doi.org/10.1016/j.ajpath.2016.07.004)
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The architecture of the lungs juxtaposes a large external
surface area with an extensive vascular bed for efficient gas
exchange. In between these epithelial and endothelial layers
lies an elastic matrix, lymphatics, smooth muscle, resident
and migratory leukocytes, as well as a poorly characterized
population of mesenchymal stromal cells.1 Many of these
cells have been described to contribute to normal lung
function, as well as loss of function, in disease states. This
review focuses on the pleiotropic roles played by two
distinct lung mesenchymal populations, known as pericytes
and resident fibroblasts, that until now have been chal-
lenging to identify. We will describe their roles during
development, homeostasis, and fibrotic diseases. New dis-
coveries made by lineage tracing, conditional ablation, and
targeted gene deletion of mesenchymal cell subpopulations,
in rodents, have expanded on and reinforced the conclusion
that mesenchymal fibroblasts are crucial for forming and
stigative Pathology. Published by Elsevier Inc
maintaining vascular networks, sensing damage, recruiting
inflammatory cells, and remodeling the extracellular matrix
of the lung and other organs. These actions are beneficial
when maintaining or returning a tissue to homeostasis, but
can become pathological when prolonged, excessive, or
recurrent. Injuries, infections, and cellular damage provoke
differentiation of resident mesenchymal cells into activated
or pathological fibroblasts that drive inflammation, deposit
new extracellular matrix, and withdraw their support from
endothelial cells. When pathological fibroblasts additionally
express the contractile protein a-smooth muscle actin
. All rights reserved.
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(a-SMA) they are known as myofibroblasts. Persistent
myofibroblast activation can cumulate in fibrosis with pro-
gressive scarring, loss of lung function, morbidity, and
mortality.
Characteristics of Lung Pericytes and Resident
Fibroblasts

Pericytes are mesenchymal cells closely related to vascular
smooth muscle cells (VSMCs) that underlie and envelop
capillaries, forming focal contacts with adjacent endothe-
lial cells. Pericytes may be strictly defined anatomically by
the presence of processes within capillary basement
membrane (Figure 1). They may also be distinguished by
molecular criteria, including the lack of leukocyte, endo-
thelial, and parenchymal hallmarks, and the presence of
markers, including platelet-derived growth factor (PDGF)
receptors, and, often, proteoglycan neural/glial antigen 2
(NG2; alias chondroitin sulfate proteoglycan-4).2e5 Peri-
cytes embed themselves within the capillary basement
membrane and may extend peg-socket contacts with the
2520
endothelium ending in adherence, gap, and tight junctions
between each pericyte and one or more endothelial
cells.2e6 The extent of pericyte vascular coverage varies
by organ and anatomy and is relatively high in the lung,
correlating with a stronger barrier and lower turnover of
endothelial cells.3

The lung also contains a second resident mesenchymal
population with similar morphology and shared expression
of key markers. These resident fibroblasts descend from
different precursors and position themselves beneath
epithelial cells or are scattered through the interstitium be-
tween the epithelial and endothelial layers, but without
directly contacting the vasculature.7e11 Together, pericytes
and other fibroblasts constitute 10% to 20% of all lung cells,
and both populations differentiate into matrix-generating
activated myofibroblasts.9,10 However, they are also het-
erogeneous and plastic populations, which has complicated
their study and contributed to contrasting interpretations of
their role in fibrotic lung diseases.2,3,6,9,10,12e16 Such broad
adaptability is proposed to enable pericytes and resident
fibroblasts to repeatedly adjust to support growing, injured,
or regenerating vascular or airway structures.2,6,13
Figure 1 Tissue architecture and mesenchymal
lineages in the lung. A: Electron microscopy pho-
tomicrographs of normal mouse lung showing
fibroblast processes abutting epithelium and per-
icyte processes attached to endothelium and
within a loose capillary basement membrane.
Fluorescence images of inflated lung (B) and
scheme (C) showing FoxD1 lineage pericytes (red)
and cells producing collagen (Col) 1 (green). Note
extensive mesenchymal cell populations in normal
lung. In disease, both pericyte-derived cells and
Col1þ, platelet-derived growth factor receptor-aþ

resident fibroblastederived cells contribute to
Col1 production in the foci of fibrosis. Scale bars: 1
mm (A); 50 mm (B and C). a, alveolus; c, capillary;
cbm, capillary basement membrane; ec, endothe-
lial cell; epi, epithelial cell; f, fibroblast; p, peri-
cyte; rbc, red blood corpuscle.
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Lung Pericytes and Resident Fibroblasts
Extensive investigation into the origins of pathogenic
myofibroblasts identified three other candidates, hemato-
poietic fibrocytes and reprogrammed epithelial or endothe-
lial cells.2,13 Although these types of cells can assume a
myofibroblast identity, key lineage-tracing experiments
demonstrate that the pericytes and resident fibroblasts are
the predominant source of myofibroblasts in the lung during
development, in its mature healthy state, and after
injury.2,9,10,13

Pericytes and resident lung fibroblasts can be identified
independently of their location, with appropriate criteria
for excluding other cell types, by their expression of
markers, including PDGF receptor (PDGFR) b and a,
CD146, NG2, a-SMA, collagen I(a)1 (Col1), vimentin, and
desmin (Table 1).2,3,9,10,17

However, the fidelity of these markers varies by context.
They differ between species and organs; can be present on
other cell types; are altered by stage of organ development,
activation signals, or injury; and can undergo either rapid or
gradual change during cell culture.2,3,9,10 The most durable
marker of pericytes in healthy lung is PDGFR-b.
Tracing the Origins and Subsets of Lung
Pericytes and Resident Fibroblasts

Fate mapping studies in transgenic mice have made crucial
advances toward identifying the ontogenies and identities of
pericytes, resident fibroblasts, and disease-associated fibro-
blasts and myofibroblasts (Figure 2 and Table 2).

Mesenchymal Progenitors Traced from Development

Gli1þ Wnt2þ Isl1þ progenitors from the developing heart
produce the lung’s mesodermal lineages, including its
developing vascular and airway muscle, proximal vessel
endothelium, pericytes, and fibroblasts.37 In the mature
lung, as well as kidney, liver, and heart, Gli1 expression is
sustained within a small mesenchymal stem cell (MSC)
subset of PDGFR-bþ perivascular and subepithelial cells
that could differentiate into a-SMAþ myofibroblasts after
lung injury.20 Lineage tracing showed that these Gli1þ

MSCs do not express NG2 in healthy tissue nor do
Table 1 Expression Patterns of Markers for Pericytes and Resident Fib

Marker Pericytes Resident fibroblasts

PDGFR-b þ �
PDGFR-a þ þ
NG2 þ/� �
a-SMA þ/� �
Col1 �/þ þ
S100a4 � �
Vimentin þ þ
Desmin � þ
Col, collagen; NG, neural/glial antigen; PDGFR, platelet-derived growth factor
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fibroblasts derived from them in the injured lung, yet >60%
of pericytes in healthy lung express NG2.10,20

Separate studies identified mesenchymal progenitors
expressing the transcription factor FoxD1 transiently in
posterior lung buds during early development. Lineage
tracing of these FoxD1 progenitors, combined with a Col1
reporter system, identified four distinct mesenchymal pop-
ulations in the healthy adult lung (Figure 2 and Table 2):
FoxD1 progenitor-derived Col1�, FoxD1 progenitor-
derived Col1þ, FoxD1-independent Col1þ, and VSMC
(referred to as FoxD1þ/Col1�, FoxD1þ/Col1þ, FoxD1�/
Col1þ, and VSMC).10,38 These mesenchymal cell types
accounted for approximately 20% of all lung cells. FoxD1
expression was only detected between days 11 and 13 of
embryogenesis in the lung buds, and the descendants of the
transiently FoxD1-expressing population are crucial for the
developing lung to mature. Targeted deletion of the enzyme
Dicer1 in FoxD1þ cells, which disrupts normal cell func-
tion, was neonatally lethal because of severe alveolar
branching and septation defects.39

A subset of FoxD1þ progenitors differentiates into a-
SMAþ VSMCs sheathing arterioles, reflecting a common
mesenchymal origin and late divergence in ontogeny with
pericytes.2,3,18 VSMCs excluded, approximately 80% of the
FoxD1-traced cells did not express Col1 or a-SMA but fit the
definition of pericytes: stellate shaped with long cell pro-
cesses, attached to endothelial cells, separated from the air-
ways, exclusively PDGFR-bþ, 60% NG2þ, and composing
5% to 15% of lung’s cells. The similarly abundant FoxD1�/
Col1þ cells were not pericytes in adults. Instead, they
frequently underlay the epithelium, their cell bodies abutting
type II airway epithelial cells. They lacked a-SMA, PDGFR-
b, and NG2, but expressed PDGFR-a, and are likely the
equivalent of lipofibroblasts described below.21,40 The
smallest, FoxD1þ/Col1þ, population made up 2% to 5% of
the lung and were also a-SMA� perivascular cells that co-
expressed PDGFR-a and PDGFR-b and expressed NG2þ.
On the basis of this study, normal mature lung contains two
types of pericytes with close ancestry, distinguished in adults
by collagen I and PDGFR-a/b, and derived from FoxD1
progenitors. It also contains a more distantly related resident
fibroblast population that exclusively expresses PDGFR-a
(Figure 2 and Table 2).10
roblasts in Normal Adult Lung Tissue (Mainly from Rodent Studies)

Other cell types References

Vascular smooth muscle 2,3,5,9,10,18e20

Vascular, bronchiolar smooth muscle 9e11,21,22

Macrophages 2,3,5,9,10,17,20,23

Vascular, bronchiolar smooth muscle 5,9,10,19,22,24

Fibrocytes 3,10,24e30

Leukocytes 9,31,32

Macrophages 3,9,33

Vascular, bronchiolar smooth muscle 3,9,34

receptor; a-SMA, a-smooth muscle actin; þ, present; e, absent.
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Figure 2 Model of mesenchymal lineages in
development of the lung. Solid lines show the
relationships between cell types identified by
lineage tracing studies in the embryonic, healthy
adult, and injured lung (Table 2). Dashed lines
indicate additional hypotheses for the origins of
a-smooth muscle actin (a-SMA)� pathogenic fi-
broblasts in injured lung. The earliest embryonic
expression of genes used for tracing are depicted
on the left. Note that the timing of inducible
tracing also determines which populations will be
marked. Col, collagen; E, embryonic day; NG,
neural/glial antigen; PDGFR, platelet-derived
growth factor receptor.
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Observations based on FoxD1 lineage connect well with
an inducible progenitor tracing system using a lung-specific
enhancer of Tbx4, a T-box transcription factor expressed at
all stages of lung development by various mesenchymal cell
types (Table 2).8,35 Among the populations traced by Tbx4,
by either labeling throughout embryogenesis or only after
embryonic day 15.5, were NG2þ a-SMA� pericytes and
NG2� a-SMAþ perialveolar adipophilin-stained lip-
ofibroblasts. Thus, embryonic Tbx4 enhancer activity and
adult Col1 transcription appear to match in spatially sepa-
rated mesenchymal populations with the features of pericytes
and resident fibroblasts.8,10,21 The pattern of PDGFR-a
expression also matches this connection. A large population
of PDGFR-aþ, a-SMAþ myofibroblasts position themselves
adjacent to PDGF-Aþ epithelial cells and play a crucial role
in generating the septae between alveoli before embryonic
day 18.5.11 As this process is completed, the epithelium
ceases to produce PDGF-A, and PDGFR-a expression shifts
to cells scattered between the epithelium and endothelium or
in blood vessel walls. Moreover, in adult lung PDGFR-a,
lineage marking included lipid-bearing lipofibroblasts able to
support the growth and differentiation of type II airway
epithelial cells.21,40 Thus, both Tbx4� and PDGFR-a tracing
correspond with the identification of PDGFR-aþ Col1þ

interstitial fibroblasts and pericytes in adult lung.10
2522
Mesenchymal Cells Traced in Adult Lung

An earlier study of adult lung cell lineages reached notably
similar conclusions (Table 2).9 A PDGFR-bþ NG2þ a-
SMA� perivascular population arose from NG2-traced cells.
FoxJ1-expressing progenitors also labeled NG2þ a-SMA�

pericytes. But, PDGFR-a tracing found three groups of
descendants. Like the FoxD1�/Col1þ subset, one of these
PDGFR-aþ populations did not express PDGFR-b, NG2, or
a-SMA and was likewise widely distributed through the
lung interstitium, with some cells lying beneath the epithe-
lium but not endothelium. The other two PDGFR-aetraced
populations co-expressed PDGFR-b, stained variably for a-
SMA but not NG2, and were found in either perivascular or
peribronchiolar locations.

Mesenchymal Stem Cells

A population of resident MSCs in contact with both
endothelium and epithelium also resides in adult human
and mouse lung and has been distinguished from pericytes
and resident fibroblasts by its expression of the ABCG2
transporter.3,5,17,20,36,41 ABCG2-expressing, or lineage-
marked, NG2� MSCs express mostly the same genes at
similar levels as NG2þ cells, but lower levels of
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Phenotypes of Lineage-Traced Lung Pericytes, Resident Fibroblasts, and Precursors in Rodent Models

Lineage

Locations Phenotypic markers

Negative markers ReferencesPerivascular Interstitial Subepithelial PDGFR-b PDGFR-a NG2 a-SMA Col1

Embryonic
Tbx4enh þ þ � þ � CD31, cytokeratin 8,35

� � þ � CD31, cytokeratin
Healthy adult
Gli1 þ � þ þ þ � � CD31, CD45 20

Tbx4enh þ � þ � � CD31, T1a 8

PDGFR-a þ � þ þ þ � � CD31 9

� þ þ � þ � � CD31
FoxD1
(negative)

� þ þ � þ � � þ CD31, CD34,
CD45, EpCAM,
aquaporin V

FoxD1 þ � � þ þ þ � þ CD31, CD34,
CD45, EpCAM,
aquaporin V

10

þ � � þ � þ � � CD31, CD34,
CD45, EpCAM,
aquaporin V

FoxJ1 þ � � þ � 9

NG2 þ � � þ þ � CD31
ABCG2 þ � þ þ � � � CD31, CD45,

CD133, CD144,
CD146

17,36

Bleomycin-injured adult
Gli1 Fibrotic foci þ þ � þ CD31, CD45 20

FoxD1þ þ þ 10

FoxJ1 þ � 9

NG2 þ þ � CD31
ABCG2 þ � � þ CD31, CD45,

CD133, CD144,
CD146

17,36

Col, collagen; NG, neural/glial antigen; PDGFR, platelet-derived growth factor receptor; a-SMA, a-smooth muscle actin; þ, present; e, absent.

Lung Pericytes and Resident Fibroblasts
extracellular matrix components and their interacting re-
ceptors than the remaining ABCG2� NG2� lung mesen-
chymal fibroblasts (Table 2). In vitro ABCG2þ cells can
acquire the phenotype of pericytes, myofibroblasts, or
endothelial cells. But, in healthy adult lung, ABCG2-traced
descendants were barely detectable in any of these pop-
ulations within 3 weeks, suggesting that once differenti-
ated, these populations either replenish only themselves or
turn over slowly in normal tissue.36 Nonetheless, ABCG2-
marked cells either directly or indirectly differentiated into
myofibroblasts at fibrotic foci after lung injury.17 Whether
these MSCs are the same as Gli1þ MSCs remains to be
established.

Mesothelial Cells

Finally, after covering the developing mesenchymal sur-
face, several studies have shown that mesothelial cells
potentially produce multiple lung mesenchymal lineages,
including fibroblasts. Both Tbx4� and Wt1-based experi-
mental systems traced the progeny of mesothelial cells to
The American Journal of Pathology - ajp.amjpathol.org
smooth muscle and endothelial populations, as well as fi-
broblasts identified by desmin and/or the absence of other
lineage markers.34,35,42 These results also indicate that
mesothelium is not the main source of pericytes or fibro-
blasts in the adult lung, but may instead contribute to rare
fibroblast subgroups whose distinguishing features and
ancestry remain ambiguous.

Together, these largely concordant findings demon-
strate both the close relationships between pericytes and
resident fibroblasts and the heterogeneity among these
populations (Figure 2 and Table 2). Col1 expression in
healthy lung tissue insightfully divided their phenotypes
(Figure 3).10 The predominant features of Col1þ cells,
both inherently and by comparison to FoxD1þ/Col1�

pericytes, were pathways associated with extracellular
matrix synthesis and remodeling, adhesion, and lung
development (Figure 3). These pathways represent the
most widely acknowledged functions of fibroblasts, yet
the Col1� express higher levels of immune sensing and
response genes as well as a range of chemokines, sug-
gesting they are poised to recognize and rapidly respond
2523
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Figure 3 Collagen (Col) 1 expression distinguishes between immune and
matrix-oriented lung fibroblasts. Hung et al10 characterized the most enriched
Kyoto Encyclopaedia of Genes and Genomes gene ontology pathways (www.
genome.jp/kegg, last accessed June 2016) in the three FoxD1/Col1 fibroblast
subsets in healthy lung. Immune and chemotaxis pathways are more enriched
in FoxD1þ/Col1� cells, whereas matrix, adhesion, and developmental pathways
are more strongly engaged in Col1þ cells. Top differentially expressed genes
playing important roles in inflammation, tissue remodeling, and lung genesis,
or degeneration were selected from the complete data set10 for discussion.

Barron et al
to injury or infection and may also enable surveillance
of the lung by migrating leukocytes. A similar study
dividing cells by ABCG2 and NG2 expression instead
associated immune functions with NG2� fibroblasts but
2524
presumably combined Col1� and Col1þ pericytes as a
single, NG2þ group.36
Pericytes and Endothelial Cells Maintain the
Vascular System

Pericytes and endothelial cells regulate one another during
embryonic development, adult homeostasis, and in response to
injury. The PDGF, angiopoietin, transforming growth factor
(TGF)-b, notch, epidermal growth factor, hedgehog, ephrin,
S1P, and stromal derived factor-1 pathways all engage peri-
cytes with endothelial cells and pattern the vasculature during
development by controlling their numbers (proliferation),
differentiation, position, and stabilization.1e3,5,18,19,43e47

Pericytes and endothelial cells cooperatively deposit and
assemble vascular basement membrane, and pericyte
detachment from the endothelium and differentiation into
myofibroblasts contributes to loss of vascular homeosta-
sis.2,3,5,10,18,19,43,44,46,48 For example, pericytes have been
reported to down-regulate tissue inhibitor of metal-
loproteinases-3 and up-regulate the ADAM metalloproteinase
with thombospondin motifs-1 (ADAMTS1) when differenti-
ating into myofibroblasts, tissue inhibitor of metal-
loproteinases-3 inhibits proteolysis by ADAMTS1, and
ADAMTS1 destabilizes capillary networks in vitro.45 But,
compared to the well-established general models for pericyte-
endothelial coordination during embryogenesis, far less is
understood of how lung pericytes act on the vasculature during
homeostasis, degeneration, or regeneration.5,6,18

The receptor, PDGFR-b, marks pericytes and establishes
their interactions with endothelial cells. Endothelial cells
produce its ligand PDGF-B when sprouting, to which the
pericytes respond by proliferating and migrating to attach to
and cover the growing vessel. The primary consequence of
PDGF pathway defects is vascular dysfunction, with endo-
thelial hyperplasia, poor vessel integrity, microcapillary an-
eurysms, and loss of pericyte coverage in the lung and other
organs.2,3,5,19,44 Furthermore, the endothelial-pericyte depen-
dence on PDGF-B to prevent vascular leakage increases dur-
ing sustained lung inflammation and is required for
angiopoietin-1 (Ang-1) to help stabilize the endothelium.49

Paracrine signaling by Ang-1 from pericytes through its
receptor Tie-2 on endothelial cells generates a reciprocal
interaction to the PDGF pathway. Ang-1 matures and sta-
bilizes the endothelium, increasing its integrity, and also
enables new blood vessels to sprout and grow without
leaking.3,5,18,46 Unlike the PDGF pathway, disconnecting
Ang-1 from Tie-2 does not interfere with pericyte posi-
tioning or reduce their vascular coverage, although it does
alter the number and proportions of vessels during embry-
onic development.3,5,43 Instead, targeted Ang-1 deficiency
exacerbated fibrosis in response to physical damage or
vascular stress, implying that the Ang-1/Tie2 connection
between pericytes and endothelial cells regulates their co-
ordinated response to injury.3,43
ajp.amjpathol.org - The American Journal of Pathology
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Lung Pericytes and Resident Fibroblasts
TGF-b plays complicated and interdependent important
roles for pericytes, endothelial cells, and their precursors
beginning early in development.3,5,18,50e52 Both partners
produce TGF-b and its receptors, and TGF-b pathway de-
ficiencies cause vascular defects, including loss of pericyte
coverage. However, the TGF-b pathway is so broadly
engaged in development and pathogenesis in all organs,
including its potential to stimulate opposing effects in
angiogenesis, that without data from inducible, cell typee
specific inhibition experiments, it remains problematic to
assign discrete, TGF-bedependent roles to lung pericytes in
vascular biology.3,5,18,53

Pericytes sense vasoactivemolecules and neurotransmitters,
and one of their first proposed functions was to control blood
flow by regulating the diameter of capillary vessels.3 Ang-1
overexpression did increase capillary diameter, although
whether periyctes could exert sufficient mechanical force to
squeeze or stretch a capillary structure has been debated.3,5,46

In the brain and kidney, pericytes directly regulate blood flow
in vivo and cause vasoconstriction after ischemic brain
injury.54,55 Moreover, in sophisticated in vitro microfluidics
experiments, primary human lung pericytes also caused
vasoconstriction.56 It is therefore likely that pericytes directly
constrict or relax a subset of blood vessels as well as more
broadly coregulating the lung vascular system.
Pericytes Act as the Immune System’s Sentries

Leukocytes maintain immune surveillance of the lung’s
enormous mucosal surface by migrating through the tis-
sue.57,58 However, the lung’s microvascular architecture,
including capillaries narrower than rounded leukocytes, fluid
dynamics, and expression pattern of adhesion molecules do
not conform to the classic tether-roll-adhere-transmigrate
paradigm of migration across the endothelium.59 Instead,
neutrophils mobilized into the lung at sites of dynamic
vascular leakage and migrated in a pattern suggesting rapid
chemotaxis up highly localized and short-lived chemokine
gradients.60,61 Pericytes can be crucial for recruiting neu-
trophils into nonlymphoid organs. After passing between
endothelial cells, neutrophils were observed adhering to and
crawling along pericytes, then migrating through the gaps
between pericytes into the underlying tissue.62 Furthermore,
locally administering either tumor necrosis factor-a or IL-1b
caused pericytes to change shape, transiently increasing the
spacing between themselves, and with coincident timing, for
neutrophils to migrate across the pericyte vascular sheath.
Another investigation found that factors from NG2þ peri-
cytes attracted monocytes as well as neutrophils, and also
altered the subsequent migration and responsiveness of these
passing inflammatory leukocytes after they moved into the
interstitial tissue.23

Expression profiling revealed that the chemotaxis
pathway was more active in FoxD1þ/Col1� pericytes than
in other lung fibroblasts, including higher levels of Ccl4
The American Journal of Pathology - ajp.amjpathol.org
(macrophage inflammatory protein-1b), Cxcl2 (macrophage
inflammatory protein-2), Ccl21 (secondary lymphoid-tissue
chemokine), and Ccl5 (regulated on activation normal T cell
expressed and secreted), which combined could attract
neutrophils, monocytes, macrophages, dendritic cells, NK
cells, and other classes of innate lymphocytes, and T cells
(Figure 3).10,63 The Col1� pericyte subset also preferentially
expressed a variety of immune sensing and response genes.
Activation of the NLRP3 inflammasome to produce IL-1b is
one of the strongest defenses against infections, but can also
severely damage tissue and plays a highly pathogenic role in
lung fibrosis.53,64 Toll-like receptor-2 and Clec7a (Dectin-1)
detect microbial molecular signatures, but also may react to
host-derived ligands generated by cellular damage.65

Oncostatin-M (OSM), an IL-6 family cytokine, has been
strongly implicated in allergic and fibrotic lung diseases and
stimulates endothelial, smooth muscle, fibroblast, leukocyte,
and epithelial cells from the lung in synergy with other in-
flammatory cytokines.66 S100A9 is a pleiotropic intracel-
lular and extracellular factor for immune activation, playing
roles in signal transduction, oxidation, cytoskeletal and
extracellular matrix structure, and as an alarmin.67

Pericytes expressing immune surveillance and effector
genes may therefore function in roles traditionally envi-
sioned for macrophages.6,53,58,64,68 Indeed, most of the
immunological genes and functions identified in pericytes
were long since recognized and still most commonly studied
in monocytes and macrophages.10,23,53,58,62 Distinctions
between resident tissue macrophages and macrophages
differentiating from immigrating monocytes have recently
become far better appreciated. Resident tissue macrophages
have unexpectedly but commonly been found to react with
low sensitivity to signals from microbes or damage, and to
respond without producing high levels of proinflammatory
and profibrotic cytokines.53,57,58,68,69 One potential expla-
nation is that because alveolar macrophages and similar
resident cells are highly exposed to and must cope with
foreign stimuli they are tuned to low reactivity, and there-
fore cannot be deployed as sentries. By contrast, positioning
cells with immune sensory and response capabilities beneath
endothelial and epithelial layers might better enable a sen-
sitive reaction to distress, invasion, or breach of these
barriers.

Unfortunately, no means of selectively identifying,
tracing, or targeting the subepithelial population of lung
fibroblasts independently of their positioning has yet been
discovered to test this possibility (Table 2). Moreover, the
failed PANTHER idiopathic pulmonary fibrosis (IPF) trial
testing immunosuppression by prednisone, azathioprine,
and N-acetylcysteine was designed to inhibit adaptive
immunity; these drugs do not effectively block innate
immune pathways.70 The growing understanding of how
pericyte-endothelial interactions control the integrity and
reactivity of the vasculature prompts the important ques-
tion of whether epithelial cells and subepithelial fibro-
blasts likewise cooperatively control the airway barrier,
2525
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initiate immune responses, and guide inflammatory
leukocytes.
Homeostatic Lung Remodeling by Interstitial
and Perivascular Fibroblasts

Although extracellular matrix structures can be extremely
stable in vivo, even in normal adult lung, homeostatic turn-
over of collagens is estimated to proceed at approximately
5% of the total tissue content each week.27 Extensive cross-
linking reduces susceptibility to digestion, so it is believed
that segregated pools of collagens are replaced at different
rates with stability proportional to the extent collagens
become deeply embedded within the lung extracellular ma-
trix.27,47 The low frequency of pericytes producing collagen
suggests that there is little replacement of the extracellular
matrix supporting small vascular structures in the normal
mature lung.9,10,47 Because approximately 80% of the
collagen-producing cells are separated from the vasculature,
either positioned in the lung interstium or underlying the
epithelium,10 most collagens that are homeostatically broken
down and replaced may be anatomically as well as bio-
chemically compartmentalized to the vicinity of these cells.

The Col1þ homeostatic lung populations selectively
transcribed a diverse suite of extracellular matrix component
genes, including collagens type I, III, and VI, elastin, decorin,
and biglycan (Figure 3). They were also a major source of
factors that cross-link or degrade matrix proteins for
remodeling, including Lxl1 and most differentially expressed
metallopeptidases. One exception, matrix metalloproteinase-
9 (Mmp9), is predominantly expressed by FoxD1þ/Col1�

pericytes, but it is functionally associated with immune
pathways and activated macrophages.53,64 Genes involved in
adhesion, particularly between cells and matrix, are likewise
overrepresented in Col1þ cells. FoxD1þ/Col1� pericytes
transcribe type IV, V, and VIII collagens but at 5- to 20-fold
lower levels and likewise express only approximately 5% of
the genes in the Kyoto Encyclopaedia of Genes and Genomes
(KEGG) extracellular membrane pathway at>50% the levels
detected in FoxD1�/Col1þ counterparts (data not shown).

Expression profiling suggests that many genes important
in lung development are also functioning homeostatically in
Col1þ cells (Figure 2). An active Wingless/INT-1 (WNT)
pathway is a prominent feature of both FoxD1-derived and
FoxD1-independent Col1þ cells. Lung morphogenesis de-
pends on both canonical and noncanonical WNT signaling,
including Wnt5a, which, in turn, regulates fibroblast growth
factor-10 (Fgf10) and adjusts the proliferation, patterning,
and interactions between epithelial and mesenchymal
cells.1,71e75 Col1þ cells express higher levels of T-box-4
(Tbx4) as well, which is engaged in the early stages of lung
formation by transcribing Fgf10.76 Insulin-like growth fac-
tor-1 (Igf1), a crucial stimulus for lung development, is
likewise still relatively highly expressed by Col1þ cells.
Moreover, IGF binding proteins and connective tissue
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growth factor are important modulators of key pathways for
lung development, including WNT, PDGF, and TGF-
b.12,30,77 Thus, the gene expression profiles imply that in the
mature organ these Col1þ populations are still operating
much of the developmental program used to generate the
lung, most plausibly in maintenance and repair.
Myofibroblasts in Lung Fibrosis and
Degeneration

Infection, injury, cellular distress, and inflammation elicit a
wound healing process that ideally restores the affected
tissue to its functional state and then ceases. Persistent or
repeated insults drive excessive production of growth and
angiogenic factors, and inflammatory and fibrogenic cyto-
kines. Such dysregulated and nonresolving wound healing
responses cause fibrosis, the pathological loss of organ
function as scarring replaces normal tissue.15,53,64 Fibrotic
lung diseases are a growing and serious cause of morbidity
and mortality with scant therapeutic options.13,78,79

Pollutants, such as tobacco smoke or asbestos, autoimmune
diseases, and inflammatory disorders, directly cause lung
fibrosis. When injured, lung epithelial cells release a diverse
and potent assortment of factors that can activate fibroblasts,
including TGF-b, connective tissue growth factor, prosta-
glandin E2 (PGE2), sonic hedgehog (SHH), WNT1 inducible
signaling pathway protein 1 (WISP1), and IL-1a.15,80 For
idiopathic lungfibrosis, association studies identified the genes
for surfactant proteins C and A2, the lipid transporter ABCA3,
telomerase components, and immune response genes.81 The
functions of these genes and the effects of their risk-associated
polymorphisms have drawn attention to the endoplasmic re-
ticulum stress response, resilience, survival, and replenishment
of lung epithelial cells.15,75 Moreover, these connections be-
tween epithelial cell death and lung fibrosis help justify the
continued and widespread use of lung epithelial injury by
bleomcyin to cause fibrosis, despite this model’s acknowl-
edged flaws.82 A strengthening hypothesis to generally explain
fibrotic lung diseases is that injury or infection overcomes an
already stressed epithelium’s capacity for recuperation and
engages innate immune pathways that may circumstantially
promote or protect from harm.13,15,53,64,75,78,81

Myofibroblasts are the key effector cell type in fibrotic
disease because they are dominant builders and remodelers
of extracellular matrix that also exert strong force on their
surroundings.9,10,12e14,27,30,38,53,64,78,83 Myofibroblasts may
be distinguished by expressing a-SMA and similar proteins
in common with muscle, forming stress fibers, and by
contractility.14 Because these cells are rare in healthy or-
gans, abundant in actively scarring lesions, and the primary
therapeutic target for fibrotic diseases, the origin of myofi-
broblasts has been intensely studied.
Cultured cells with these features can be generated from

pericytes, interstitial a-SMA�
fibroblasts, epithelial cells,

endothelial cells, or hematopoietic fibrocytes.13,14,53 The
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interpretations of whether each of these cell types become a
significant part of the myofibroblast populations in animal
models or human fibrotic lung disease have conflicted, due in
large part to markers open to multiple interpretations and
differences between the fidelities of the lineage tracing meth-
ods.9,10,25,29,32,84e88 In two independent experiments, a sub-
stantial population of myofibroblasts reported transgenic
expression from an incomplete section of the human surfactant
protein C promoter after lung injury.32,86 Because transcription
of endogenous surfactant protein C is specific for type II
airway epithelial cells, these results support the epithelial-to-
mesenchymal transition hypothesis that pathogenic myofi-
broblasts originate from dedifferentiated epithelial cells.79

However, a different reporter system inserted into the
endogenous mouse Sftpc locus found epithelial cells did not
becomemyofibroblasts in the bleomycin lung injurymodel.9 In
the same study, lineage tracing by either NG2 or FoxJ1 showed
that activated lung pericytes proliferated in fibrotic regions,
although these cells did not have highly up-regulated a-SMA.
FoxD1 lineage tracing found a stronger connection between
pericytes and myofibroblasts, with at least half the a-SMAþ

and Col1þ cells derived from FoxD1þ precursors, and FoxD1-
independent PDGFR-aþ interstitial fibroblasts proposed to
account for the others.10 Perivascular Gli1þ orABCG2þMSCs
also differentiate into myofibroblasts, although they might
transition to become pericytes first.17,20,41 Caveats apply to
these data. Lineage tracing systems are limited by specificity,
efficiency, and sensitivity. The source of myofibroblasts
may proportionately vary between etiologies of fibrotic dis-
eases (eg, by epithelial versus vascular injury or dependence on
inflammation and the involvement of leukocytes). Neverthe-
less, these findings best support the conclusion that the lung
myofibroblast population originates from pericytes, interstitial
fibroblasts, and MSCs, but without a major contribution from
epithelial, endothelial, or hematopoietic cells.13,53

Most potential therapeutic agents, including the first two
approved to treat IPF, have targets important to myofibro-
blasts.64,89,90 The most direct approach for drug develop-
ment has been to inhibit key growth and developmental
factors or their receptors, later joined by strategies focused
on extracellular matrix structure, stress, and metabolism.
Immunosuppression might be considered an indirect
approach and potential risk, especially in diseases where
leukocytes do not seem a primary concern.13,70 However,
because evidence is building to support the importance of
active immunological pathways in epithelial cells and
fibroblasts, leads developed for autoimmune diseases, in-
flammatory pathologies, and the stromal aspects of immuno-
oncology may also affect myofibroblasts.53,89
Pericytes and Interstitial Fibroblasts in Lung
Regeneration

One proposed etiology for IPF is that lung developmental
programs aberrantly restart.79 But, the pathogenesis of
The American Journal of Pathology - ajp.amjpathol.org
fibrotic and degenerative lung diseases may also be
considered developmental programs that fail to stop within
the limits of homeostasis.53,64,75 The programing to regen-
erate lung tissue clearly can operate as demonstrated (eg, by
the similar pathways and epithelial-fibroblast communica-
tion activated to septate the alveoli during development and
reactivated to recreate alveoli after pneumectomy).1,22,75

The scientific and therapeutic challenges are to stimulate
or limit these processes for beneficial changes.

Pericytes include a subpopulation of MSCs that may aid
reconstructing damaged lung tissue.3,17,20,36,41 In support of
this prospect, bleomycin lung injury reduces the number of
ABCG2þ MSCs, transferring exogenous MSCs ameliorates
fibrosis, disabling the antioxidative functions of MSCs in-
creases vulnerability to hypoxic stress, and fewer ABCG2þ

cells were detected in IPF than control samples from human
donors.17,36,41 However, MSCs also generate myofibroblasts
and, although not tested in the lung, depletion of Gli1þ

MSCs reduces kidney and heart fibrosis.20 Therefore,
delivering or expanding MSCs may not be beneficial, or
even detrimental, unless the signals stimulating their dif-
ferentiation into myofibroblasts are first inhibited.79

The intimate relationship between pericytes and endo-
thelial cells controls both vessel integrity and angiogenesis,
enabling successful vascular regeneration. Similar in-
teractions potentially governing airway-oriented mainte-
nance and regeneration have likewise been discovered
between lung epithelial cells and their underlying fibro-
blasts. For example, soluble factors from lipid-containing
PDGFR-aþ lung fibroblasts permit type II airway epithelial
cells to proliferate, differentiate, and form alveolospheres in
co-culture.21 TGF-b, connective tissue growth factor,
ANGII, SHH, WISP1, and reactive oxygen species all
mediate interactions between lung epithelium and fibro-
blasts, but these have been predominantly investigated as
excessively induced drivers of fibrosis.13,15,16,53,78 Howev-
er, these factors are also part of beneficial and self-limited
wound healing, and epithelial restoration after injury is
widely proposed to be the key difference between main-
taining or losing lung function.13,75,78,82

PGE2 is a notable exception because it seems deficient in
disease. Airway epithelial cells are capable of high PGE2

output; PGE2 suppresses fibroblast migration, proliferation,
and myofibroblast differentiation; and PGE2 levels are lower
in IPF patients.15,24,91,92 However, fibroblasts from both
bleomycin-injured and IPF lung become less responsive to
this feedback from epithelial cells because promoter
hypermethylation reduces expression of a key PGE2 re-
ceptor, EP2.26,28,93 In addition, myofibroblasts are a major
source of plasminogen activator inhibitor 1; plasminogen
activator inhibitor 1 inhibits the conversion of plasminogen
to plasmin, and plasmin stimulates PGE2 synthesis by lung
epithelial cells.15,94,95 Thus, the PGE2-dependent negative
feedback loop may serve as an informative example of how
regeneration occurs from a self-limited wound healing
response, whereas an imbalance in feedback inhibition
2527
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between epithelial cells and fibroblasts leads, instead, to
fibrosis.

Fibroblasts as Therapeutic Targets

Although pericytes and resident fibroblasts perform many
important functions in regeneration and homeostasis, the
pathological fibroblasts and myofibroblasts that derive from
them are strongly implicated in chronic disease progression.
Novel therapies to push pathological cells back to their state
in health are likely to benefit patients. Nintedanib, a recently
approved therapy for pulmonary fibrosis, is a multikinase
inhibitor, known to inhibit PDGFR-a/b, fibroblast growth
factor receptor, and VEGFR2.64,90,96,97 Pericytes and fi-
broblasts predominantly express the PDGFRs and may be
the primary target for this inhibitor. PDGFR signaling is
known to be involved in MSC and pathological fibroblast
expansion, as well as matrix accumulation.11,19,20,22,44

Although ample evidence has accrued to strongly suggest
that idiopathic pulmonary fibrosis originates with epithelial
dysfunction, the pathological fibroblast from IPF patients
has undergone durable reprogramming in the form of
epigenetic modifications, as exemplified by the capacity of
adoptively transplanted human IPF pathological fibroblasts
to recapitulate lung disease in immunodeficient mice.98 It is
imperative that future studies focus on the epigenetic
changes that could be modified to reduce myofibroblast
differentiation and overactivated cell survival pathways.

Recent clinical trials in IPF have attempted to block
the fibroblast-specific collagen cross-linking enzyme,
LOXL2.64,90,97 The trial did not show efficacy
(NCT01769196). It is possible that the trial failed because
other LOXLs are active, including LOXL1 (Figure 3),
leading to redundancy or because the drug failed to pene-
trate dense and robust collagen matrix.

Studies are underway to block active TGF-b formation at
the interface between alveolar epithelium and the patho-
logical fibroblast using antibodies against the integrin
avb6.64,90,97 TGF-b is reported to be a driver of patholog-
ical fibroblast persistence, and this approach may be a safer
and more tractable way than targeting TGF-b itself to reduce
fibroblast activation.

Given the potential role of pericytes in the pathogenesis
of acute lung injury, future studies to block innate immune
pathways, including Toll-like receptor signaling in peri-
cytes, and enhance ANG1/TIE2 signaling between pericytes
and endothelium may prove to be beneficial in the short-
term management of lung injury.2,18,43,46,49

Conclusions and Future Directions

Pericytes and lung fibroblasts are necessary for patterning
and cellular differentiation of lung during development.
They actively maintain homeostasis in the adult. They
contribute to pathological inflammation and tissue
2528
remodeling in response to injury or infection, but may also
be capable of regenerating its architecture and restoring its
function if pathogenic stimuli resolve or are blocked. These
populations are heterogeneous and dynamic, but these
diverse features, which have tremendously complicated their
study, may be the consequence of a high requirement for
plasticity to perform their diverse functions.
Advances in the identification and classification of peri-

cytes and lung fibroblasts have begun to resolve long-
standing debates over their origins, subsets, and roles in
disease. Although all precursors of myofibroblasts are not
yet exhaustively accounted for, it is now possible to inter-
rogate the importance of leading candidate genes in lung
homeostasis and pathogenesis with much improved speci-
ficity and selectivity. Deeper study of tissue recuperation is
particularly needed, where questions include how the peri-
cyte, resident fibroblast, and myofibroblast populations are
maintained and replenished after injury, and whether and by
what means the damaged lung can regain its functions. Once
devised, experiments to ascertain the importance of the
fibroblasts underlying the lung epithelium to airway barrier
function, immunity, and airway inflammation are also of
high priority.
The study of lung pericytes is in its infancy currently, but

as cells that regulate vascular permeability and sense tissue
injury or pathogens, pericytes may be important cellular
targets for management of both acute lung injury and
chronic lung degeneration. Blockade of injury responses in
pericytes may ameliorate vascular leak and lung inflam-
mation in response to injury. The apparent switch from
pericyte to fibroblast functions suggests a subpopulation of
pathological lung fibroblasts may be returned to their
beneficial phenotype. The fact that a subpopulation of per-
icytes also has true MSC potential supports the notion that
pushing MSCs toward a pericyte fate as opposed to differ-
entiation into pathological fibroblasts may actively stimulate
regeneration in the adult lung.
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