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Abstract

Epithelial–mesenchymal cell interactions and factors that control
normal lung development are key players in lung injury, repair, and
fibrosis. A number of studies have investigated the roles and sources
of epithelial progenitors during lung regeneration; such information,
however, is limited in lung fibroblasts. Thus, understanding the
origin, phenotype, and roles of fibroblast progenitors in lung
development, repair, and regeneration helps address these
limitations. Using a combination of platelet-derived growth
factor receptor a–green fluorescent protein (PDGFRa-GFP)
reporter mice, microarray, real-time polymerase chain reaction, flow
cytometry, and immunofluorescence, we characterized two distinct
interstitial resident fibroblasts, myo- and matrix fibroblasts, and
identified a role for PDGFRa kinase activity in regulating their
activationduring lung regeneration. Transcriptional profiling of the
two populations revealed a myo- and matrix fibroblast gene
signature. Differences in proliferation, smooth muscle actin
induction, and lipid content in the two subpopulations of PDGFRa-
expressing fibroblasts during alveolar regeneration were observed.
Although CD140a1CD291 cells behaved as myofibroblasts,
CD140a1CD341 appeared as matrix and/or lipofibroblasts. Gain
or loss of PDGFRa kinase activity using the inhibitor nilotinib and a
dominant-active PDGFRa-D842V mutation revealed that
PDGFRa was important for matrix fibroblast differentiation. We
demonstrated that PDGFRa signaling promotes alveolar septation
by regulating fibroblast activation and matrix fibroblast
differentiation, whereas myofibroblast differentiation was largely

PDGFRa independent. These studies provide evidence for the
phenotypic and functional diversity as well as the extent of
specificity of interstitial resident fibroblasts differentiation during
regeneration after partial pneumonectomy.
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Clinical Relevance

Although tremendous progress has been made in
understanding the roles and sources of epithelial progenitors in
tissue repair and fibrotic mechanisms, little is known about the
origin, nature of interaction, and gene regulatory programs of
lung fibroblast progenitors. Despite evidence that fibroblasts
from different stromal sites may be composed of distinct
differentiated cell types, neither the diversity of these cells nor the
nature of specificity in their differentiation has been examined
systematically, because these cells have no cell lineage markers.
Our study provides evidence for the existence of two
phenotypically dynamic and functionally diverse sets of interstitial
fibroblasts and for their role in regeneration and realveolarization
after pneumonectomy. We describe, we believe for the first
time, distinct mRNA signatures for myo- and matrix fibroblasts
and identify a combination of cell surface markers to distinguish
interstitial alveolar matrix and myofibroblasts.

In the lung parenchyma, the alveoli form
epithelial–mesenchymal trophic units
consisting of apposing layers of epithelial
and mesenchymal cells, separated by a
basement membrane and the capillary

network (1, 2). During lung development,
epithelial–mesenchymal cell interactions
are essential for branching morphogenesis
and cell differentiation (3, 4). Many of
the same factors that control normal

development are also key players in alveolar
lung injury, repair, and fibrosis (5, 6).
Regeneration and repair in the adult lung
are mediated by differentiation of
endogenous lung progenitor cells and
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proliferation of the remaining undamaged
resident cells. After epithelial injury,
fibroblasts become activated and induce
many developmental pathways that are
important for proliferation, extracellular
matrix (ECM) deposition, and chemokine
and cytokine secretions. Activation of
fibroblasts in response to injury mediates the
reparative response of the epithelium (3, 7–11),
and the role of fibroblasts in compensatory
lung growth and realveolarization after
partial pneumonectomy (PNX) has been
noted in several species (12–18). The
current availability of transgenic mice
provides the tools for extensive
characterization of the cellular and
molecular mechanisms responsible for
compensatory lung regrowth after PNX.

Although tremendous progress has
been made in understanding the roles and
sources of epithelial progenitors in tissue
repair and the fibrotic mechanisms with
which fibroblasts are major players, little
is known about the origin, nature of
interaction, and gene regulatory programs
of lung fibroblast progenitors. As such,
lineage relationship and functional studies
among lung fibroblasts have been identified
only recently (19–23). For instance,
fibroblast growth factor (FGF)
10-expressing cells of the distal lung are
reported to give rise to multiple
mesodermal components in the adult,
including airway smooth muscle and
alveolar lipofibroblasts (24). Recent lineage
tracing studies also identified Gli1-
expressing cells as progenitors of multiple
lung fibroblasts, including alveolar
myofibroblasts and other mesoderm-
derived fibroblasts (25). Despite the
evidence that fibroblasts from different
stromal sites may be composed of distinct
cell types, neither the diversity of these cells
nor the nature of specificity in their
differentiation has been examined
systematically because these cells have
no cell lineage markers. On the other
hand, understanding the phenotypic
characteristics and the roles of
mesodermally derived lung fibroblasts in
postnatal alveolarization and post-PNX
realveolarization is profoundly important.

Previous reports have indicated that
platelet-derived growth factor receptor a
(PDGFRa)-expressing lung fibroblasts are
resident fibroblasts located in the epithelial-
mesenchymal tropic unit of the alveolus
and play a role in alveolarization and
realveolarization (26–30). In addition,

PDGFA knockout mice have shown
impaired interstitial fibroblast function and
reduced elastin deposition in the alveoli
(31). We have also shown previously that
a subpopulation of interstitial resident
fibroblasts (iReFs) changed dynamically to
myofibroblasts and are important in the
formation of new alveolar septa after partial
PNX (30), highlighting a dual role for the
interstitial lung fibroblasts in lung wound
repair and regeneration. However, the
transcriptional signature, phenotypic
identity, and biological dynamic activities
of these fibroblasts are understudied.

We report the phenotypic and
functional diversity of interstitial lung
fibroblasts in mice by characterizing two
platelet-derived growth factor receptor a
green fluorescent protein (PDGFRa1GFP)
(dim and bright) subpopulations.
PDGFRa1GFPbright, neutral lipid, and
CD34-expressing cells are identified as
matrix-associated fibroblasts, whereas
PDGFRa1GFPdim, a smooth muscle actin
(SMA), and CD290-expressing cells are
regarded as myofibroblasts. This study also
revealed that PDGFRa kinase activity was
important for matrix fibroblast differentiation,
whereas the myofibroblast differentiation
pathway was largely independent of this
pathway. Our study provides evidence for
the existence of two phenotypically dynamic
and functionally diverse sets of iReFs during
the course of lung regeneration and
realveolarization after PNX.

Materials and Methods

Additional detail on the methods is
provided in the online supplement.

Transgenic Mice

d B6.129S4-Pdgfratm11(EGFP)Sor/J are
referred to as PDGFRa-GFP (32). The
endogenous Pdgfra promoter drives
expression of the H2B-eGFP fusion gene.

d B6N.Cg-Tg(Pdgfra-cre/ERT)467Dbe/J,
herein designated PDGFRaCreERT (33),
and Ap2CreERT mice (34), are both
transgenic mice that express CreERT
under the PDGFRa or AP2 promoter.

d B6.129S4-Pdgfratm12Sor/J is herein
designated PDGFRa-D842V (35). The
PDGFRa(S)K conditional knockin allele has
the endogenous PDGFRa sequences
replaced with a loxP-flanked PGK-neo
(lox-stop-lox) cassette upstream of the

constitutively active PDGFRaK mutant
isoform.

d SFTPC -rtTA/tetOdnFGFR-Hfc are
referred to as dominant-negative (dn)
FGF receptor (FGFR) mutant mice. The
dnFGFR transgene expression inhibits FGF
signaling in the lungs of double-transgenic
mice during antibiotic exposure.

Flow Cytometry Details
Lungs were inflated and digested with
dispase and DNase and filtered through
a 20-mm filter. Cells were washed and
resuspended in phosphate-buffered saline/1
mM EDTA/25 mM HEPES/2% fetal bovine
serum. Cells were blocked with antimouse
CD16/CD32, stained with a cocktail of
antibodies, and incubated on ice for 30
minutes. Fluorescence minus one controls
and fluorescent beads were used to set the
positive gates and for compensation of the
overlap of fluorescence emission spectra.
Doublets were excluded using side scatter
pulse-width and forwards scatter pulse-
height and forwards scatter pulse-width
and side scatter pulse-height; dead cells
were excluded using the viability dye.
Immune cells (CD451), endothelial cells
(CD311, Pecam), and epithelial cells
(CD3261, EpCAM) were excluded to
isolate the stromal cell fraction. Stromal
cells were then analyzed for their nuclear
PDGFRa-GFP and membrane PDGFRa
protein (CD140a) expression.

Cell Enrichment/ RNA Preparation
and Amplification
PDGFRa1 iReF and epithelial cells were
enriched by magnetic cell separation using
Miltenyi Biotec MACS technology: MACS
(Miltenyl Biotec, Gladbach, Germany)
anti-mouse CD45 MicroBeads (for negative
selection), anti-Mouse CD140a Biotin
(PDGFRa) (Miltenyl Biotec, Auburn, CA),
anti-Mouse CD326 Biotin (EpCAM)
(eBioscience, San Diego, CA), and anti-Biotin
MicroBeads (No. 130-090-485; MACS).

RNA was isolated from MACS-
separated PDGFRa1 (CD140a) and
EpCAM1 (CD326) cells using RNeasy Mini
Kit (No. 74104) and Micro Kit (No. 74004)
(QIAGEN, Germantown, MD). RNA was
transcribed into complementary DNA
using the Verso complementary DNA
synthesis kit (AB-1453; LifeTechnologies,
Carlsbad, CA). Expression of selected genes
was quantified by real-time polymerase
chain reaction (PCR) using the 7300 Real
Time PCR system from Applied Biosystems
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and TaqMan Gene Expression Assays
(Waltham, MA).

RT2 Array: Epidermal growth factor
(EGF)/PDGF pathway-focused gene
expression analysis was performed using
RT2Profile PCR arrays from QIAGEN.
Arrays were performed according to the
manufacturer’s instructions and were
analyzed with complimentary online tools.

In Vitro Culturing of PDGFRa-GFP
Bright and Dim iReFs
PDGFRa1-GFPbright or -GFPdim iReFs
were isolated after 3 days of sham-operated
or PNX mice and were sorted using a
fluorescence-activated cell sorter, and then
cultured for 24 and 72 hours with or
without transforming growth factor (TGF)-b1.
After this, the proliferation, activation, and
differentiation status (Ki671, CD34, CD29,
and a-SMA) were analyzed using a
fluorescence-activated cell sorter.

Results

Expression Profiling Reveals Two
Distinct PDGFRa1 Fibroblast
Populations
Using a transgenic mouse with a nuclear
GFP reporter gene knocked into the
Pdgfra locus (PDGFRa-GFP [32]), we
characterized two PDGFRa-GFP–
expressing iReF populations. On the
basis of the level of GFP expression,
PDGFRa1GFP1 cells were sorted into
GFPdim or GFPbright populations
(Figure 1A) (30). The gene expression
profile and principal component analysis
demonstrated that PDGFRa1GFPdim and
PDGFRa1GFPbright cells define two distinct
fibroblast populations with 875 genes that
were fourfold or more differentially
expressed (Figure 1B and see Figure E1A in
the online supplement). Gene ontology
analysis of 613 genes overexpressed in
PDGFRa1GFPbright cells identified a matrix
fibroblast gene signature with the ECM as
the dominant cellular component; cell
adhesion, matrix organization, and
proliferation as dominant biological
processes; and metallopeptidase activity as
the main molecular functions; 263 genes
overexpressed in PDGFRa1GFPdim cells
identified a myofibroblast gene signature,
with the plasma membrane and cell
junctions as the dominant cellular
components; tube development and
locomotion as dominant biological processes;

and actin binding as the main molecular
function (Figures 1C, E1A, and E1B).

On the basis of their gene
expression signature, we refer to the
PDGFRa1GFPbright cells as interstitial
resident matrix fibroblasts (matrix-iReFs)
and PDGFRa1GFPdim cells as interstitial
resident myofibroblasts (myo-iReFs).
Because matrix- and myo-iReFs shared the
gene ontology term ECM, we examined
differentially expressed collagen and elastic
fiber organizing genes in the two iReF
populations. Matrix-iReFs showed
increased expression of fibrillar collagens
(Col III and Col V) that form extracellular
fibrils, and Fibulin1, Fibulin2, and Fibrilin2.
Matrix- iReFs also showed increased
Lysyl oxidase-like (Loxl) 2 and 4, which
crosslink elastin and collagen fibers, as well
as matrix metalloproteinase (MMP) 3, 17
and 23 expression, which degrade ECM
and process bioactive molecules. On the
other hand, myo-iReFs overexpressed full-
length transmembrane collagens (CollXIII,
XVII, XVIII, and XXIII), integrin, and
vinculin (Figure 1C). Although matrix-
iReFs expressed more matricellular proteins,
such as thrombospondin, osteonectin, and
periostin, which are nonstructural ECM
proteins that modulate cell–matrix
interactions and cell regulatory functions,
myo-iReFs expressed tenascin-C (Figure 1C).
In addition, differential expression of genes
from the Wnt signaling pathway was
observed between the matrix- and myo-iReFs.
Thirty-two Wnt pathway genes were
differentially up-regulated in the matrix-
iReFs, whereas 14 genes were differentially
up-regulated in the myo-iReFs (Figure E1B).

PDGFRa-expressing fibroblasts
are reported to localize to the alveolar
entry ring and have characteristics of
myofibroblasts during pulmonary alveolar
septal formation (28). In adult lungs, GFP-
expressing iReFs are located in the alveolar
interstitium, where a-SMA and elastic fibers
accumulate during reseptation (Figure 1D).

Phenotypic Characterization of
PDGFRa (CD140a) Fibroblasts
Single-cell suspensions of Lin⁻

(CD45⁻[hematopoietic], CD326⁻[epithelial],
and CD31⁻[endothelial]) cells were gated
for CD140a, GFP, Ki-67, and a-SMA
(Figure E2A). Flow cytometry identified
that not all PDGFRa-GFP–expressing cells
coexpressed CD140a and that not all
CD140a-expressing cells are GFP positive.
Proliferation, a-SMA induction, and

expression of cell surface markers after
partial PNX in these PDGFRa-GFP/
CD140a cell populations was analyzed
(Figures E2, E3, and E4). Proliferation and
a-SMA induction during the course of
alveolar regeneration after partial PNX
were significant in CD140a1

fibroblast
populations, which are responsive to
PDGFRa gain and loss of function.
CD140a⁻

fibroblast populations did not
induce proliferation or a-SMA after PNX
(Figure 3A). Because the changes in surface
marker expression between PDGFRa-
GFP– and PDGFRa-expressing cells were
not significant, we focused on PDGFRa
(CD140a)-expressing cells in all
subsequent experiments. Because various
cell surface markers including Sca-1, CD34,
CD29, Thy-1 (CD90), CD44, CD49, and
CD40 have been associated previously with
mesenchymal stem cells and lung
fibroblast populations (22, 23, 36–38), we
further characterized iReFs. Lin⁻

(CD45⁻CD326⁻CD31⁻) single cells were
gated for CD140a positive (green) and
negative (red) subpopulations. The levels
of Sca-1, CD29, and CD34 expression were
significantly high in CD140a1 iReFs, but
expressions of Thy-1, CD44, CD49, and
CD40 were negligible (Figures 2A–2E).

Phenotype and Activation of
PDGFRa1 Cells after PNX
PDGFRa-expressing iReFs are implicated
as playing a major role in alveolarization
and alveolar regeneration (26, 27, 29, 30).
Six days after partial PNX, 74% of all
newly forming alveolar septae are
present (39); inhibition of FGF signaling
during alveolar regeneration impaired
myofibroblast differentiation of interstitial
PDGFRa-expressing cells 5 days after
PNX and subsequent alveolar reseptation
(30). We therefore examined the activation,
proliferation, and differentiation status of
PDGFRa1 and PDGFRa2

fibroblasts after
partial PNX. Compared with PDGFRa2

cells, PDGFRa1 iReFs showed increased
proliferation and a-SMA induction
(Figure 3A, upper panel) but reduced
Sca-1 and CD34 expression (Figure 3A,
lower panel) after partial PNX, which was
restored by nilotinib, a PDGFRa tyrosine
kinase inhibitor. Neutral lipid content
and CD29 expression did not change
significantly in PDGFRa1 iReFs at
3 days after surgery (Figure 3A). We
further characterized the activation,
proliferation, and differentiation status
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Figure 1. Platelet-derived growth factor receptor a–green fluorescent protein (PDGFRa1-GFP) mice reveal two distinct fibroblast phenotypes. (A) Single
cells isolated from adult mouse lungs were sorted into Lin⁻ (CD45⁻, CD31⁻, CD326⁻) and PDGFRa1GFPdim or GFPbright cells. (B) RNA was subjected
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of PDGFRa1 iReFs between 3 and 5 days
after PNX. Analysis of the PDGFRa1

subpopulations CD140a1CD34⁻CD29⁻,
CD140a1CD341CD29⁻, CD140a1CD34⁻

CD291, and CD140a1CD341CD291

revealed a trend of a marked increase
in CD29 and a reduction in CD34
expression between 3 to 5 days after
surgery (Figure 3B). Proliferation among
the four subpopulations of PDGFRa1

iReFs was highest for CD291, followed
by CD341CD291 at 3 days, which was
reduced after 5 days of surgery
(Figure 3B). Furthermore, the CD291

cells were the highest in a-SMA expression,
followed by CD341CD291 iReFs
at 3 days, and the trend was further
increased at 5 days after PNX (Figure 3B).

Neutral lipid content was not different
among subpopulations except for
CD341 iReFs after 5 days of PNX
(Figure 3B). The results suggest that
PDGFRa1 iReFs expressing CD34 are
transitional lipofibroblasts differentiating
into CD29-expressing myofibroblasts during
the course of lung repair and regeneration.

PDGFRa Kinase Gain or Loss of
Function during Lung Regeneration
To investigate the role of PDGFRa kinase
activity in iReF phenotypes, we treated mice
with nilotinib (PDGFRa inhibitor) or used
knockin mice harboring an activating
kinase mutation (D842V) of PDGFRa.
Nilotinib treatment inhibited cell
proliferation and delayed myofibroblast

differentiation in PDGFRa1 subpopulations
3 days after partial PNX (Figure 3A).
However, 5 days after PNX, proliferation
was not inhibited by nilotinib; it was even
higher for CD291 iReF subpopulations
(Figure 3C). This suggests that proliferation
per se may be regulated by alternate
pathways independent of PDGFRa kinase
during later phases of lung repair and
regeneration. In addition, proliferation was
comparable between wild-type and the
constitutively active (D842V) mutant iReFs,
suggesting that increased kinase activity
did not activate proliferation. On the other
hand, a-SMA expression in all CD341,
CD291, and CD341CD291 subpopulations
was increased in nilotinib-treated animals
(Figure 3C), suggesting that basal kinase
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activity is not a sole regulator of a-SMA
induction 5 days after partial PNX.
However, the dominant active D842V
mutation markedly increased CD29
expression and a-SMA induction
irrespective of PNX. The D842V-
mediated a-SMA expression was minimal
in CD34-expressing iReFs and its
up-regulation was dependent on CD29
expression (Figure 3C), suggesting that
activation of PDGFRa kinase regulates
CD29 expression and subsequent a-SMA
induction.

Because a-SMA expression was not
affected by PDGFRa inhibition at later
stages of lung regeneration, we thought
other signaling mechanisms could be
involved in myogenic differentiation. We
have reported previously that inhibition
of FGFR signaling blocked myogenic
differentiation after partial PNX (30), and
previous published data also suggested that

PDGFRa1
fibroblasts can differentiate

into elastin and ECM-producing cells (31).
To investigate whether FGF signaling
regulates matrix-iReF differentiation to
a-SMA–expressing myo-iReFs, we
analyzed elastin deposition in the lungs
of wild-type and soluble dnFGFR-
expressing transgenic mice (30). In both
sham and wild-type operated lungs,
elastin bundles were located at the tip of
the septum, the “alveolar entry ring,”
which prevents collapse of the alveolus
(Figures 4A and 4B). In the alveolar walls
of soluble dnFGFR-expressing mice,
ectopic elastin bundles were found
(Figure 4C), which were suppressed by
nilotinib treatment (Figure 4D). These
data suggest that FGFR2 signaling is
important for myo-iReF but not matrix-
iReF differentiation, whereas PDGFRa
signaling is necessary for activation of
matrix-iReFs.

Proportion of PDGFRa-GFPbright Cells
Shifts to PDGFRa-GFPdim CD29 and
a-SMA–Expressing Fibroblasts
In Vivo and In Vitro
Three days after sham and PNX surgery, the
proportions of PDGFRa-GFPbright and
-GFPdim cells were similar. However, 5 days
after surgery, the ratio of GFPdim to
GFPbright increased by more than fourfold
(Figure E5). To further clarify whether
the PDGFRa-GFPbright and -GFPdim cells
were derived from the same precursor and
were at different stages of differentiation,
GFPbright and GFPdim cells were cytometry
sorted and were cultured separately in the
presence of TGF-b1 or vehicle. The
intensity of GFP expression diminished
over 24 hours of in vitro culture in all
PDGFRa-GFP populations. In GFPbright

cells, isolated after partial PNX, in vitro
culture increased a-SMA (fourfold) and
CD29 (threefold) expression in the first
24 hours of culturing, and declined
thereafter. TGF-b1 treatment in these
PNX-GFPbright cells did not further increase
a-SMA and CD29 expression. However in
GFPbright cells isolated from sham-operated
mice, TGF-b1 treatment increased
a-SMA (threefold) and CD29 (twofold)
expression. In GFPdim cells isolated from
sham-operated mice, TGF-b1 treatment
did not affect a-SMA or CD29 expression
(Figures 5A and 5B). GFPbright cells
increased proliferation for the first 24 hours
and declined for the next 72 hours,
suggesting that active proliferating cells are
undergoing differentiation (Figure E6).
These data suggest that in vitro GFPbright

matrix-iReFs are differentiating to GFPdim

CD29 and a-SMA–expressing myo-iReFs,
either with TGF-b1 treatment or when
isolated after partial PNX.

PDGFRa Kinase Regulates Matrix-
Associated Gene Expression
To further investigate transcriptional profile
changes during alveolar regeneration in the
presence or absence of nilotinib or

Figure 3. (Continued). analyzed for proliferation (Ki671), lipid content, and a-SMA expression 3 and 5 days after PNX. Proportion, proliferation (Ki67),
a-SMA expression, and neutral lipid contents were analyzed in fibroblast populations and compared between sham (white) and PNX (PNX D3: black; and
PNX D5: gray). (C) Freshly isolated PDGFRa1 iReFs were stained for CD29 and CD34 to separate PDGFRa1 iReFs into four subpopulations and were
analyzed for proliferation, and a-SMA expression in the presence or absence of the PDGFR kinase inhibitor nilotinib and the dominant active PDGFRa-
D842V mutation were compared between sham (white), PNX after 5 days (PNX: black), PNX with nilotinib treatment (PNX1 nilotinib: dark gray) and PNX in
PDGFRa-D842V mutant mice (PNX1D842V: gray, SHAM1D842V: light gray). *Significant changes compared with sham. Data are expressed as mean6
SEM. Comparisons among groups were made by analysis of variance, with P, 0.05 considered significant. Each group represents three or more animals.
Neg, negative; pos, positive.

Figure 4. Nilotinib-inhibited elastin deposition in fibroblast growth factor receptor (FGFR) 2
mutant mice in vivo. Weigert’s elastin stain was performed on a 5-mm paraffin section of
(A) sham, (B) PNX, (C) PNX in dominant-negative FGFR (dnFGFR) 2 mutant lungs (PNX1
dnFGFR), and (D) nilotinib-treated dominant negative FGFR2 mutant lungs 21 days after PNX
surgery. Elastin bundles (dark purple staining) are localized in the tips of alveolar septae (A, B, and
D). (C) Ectopic elastin bundles (arrowheads) are found in the alveolar wall of dnFGFR2 mutant
lungs 21 days after surgery. Scale bar, 20 mm; figures are representative of n. 3. AER, alveolar
entry ring.
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PDGFRa-D842V mutation, we performed
RT2-EGF/PDGF signaling PCR array
analysis of RNA isolated from PDGFRa1

iReFs 3 or 5 days after PNX. Threefold
up- or down-regulation in the presence of
nilotinib or D842V mutation compared
with untreated wild-type fibroblasts after
PNX was considered significant. Nilotinib
treatment reduced Trp53, Gab1, and Pdgfra
but increased Grb2 and Fasl messenger
RNA (mRNA) expression. Although the
D842V mutation increased Trp53, it
reduced Grb2, Gab1, PDGFRa, Fasl, and
MMP7 mRNA expression (Figure 6A).
Genes regulated by nilotinib or the
dominant active PDGFRa-D842V mutant
(Trp53, Grb2, Gab1, Pdgfra, Fasl, and
MMP7) were used as gene training sets for
the previously determined myo- and matrix
gene profiles to build a gene network using
ToppCluster and Cytoscape (Figure E8)
(40, 41). Our data demonstrate that
nilotinib inhibited ectopic elastin
deposition (Figure 4D), further supporting
the matrix modulating association via
PDGFRa and GRB2 (Figure 6A). On the
basis of our microarray expression profiles
(Figure 1), we selectively interrogated
representative mRNA expression levels
of myo- and matrix signature genes.
Increased but transient expression levels of
Ccdn2, Fabp4, Pdgfra, and Acta2 (after 5 d)
were observed between 3 and 5 days after
PNX, signifying proliferation and matrix/
lipo- or myofibroblast differentiation. With
the exception of Fabp4, the three other genes
were also up-regulated by D842V mutation
independent of PNX (Figure 6B).

PNX-induced tenascin-C and periostin
expression were attenuated when nilotinib
treated and in D842V mutant mice after
5 days of surgery (Figure 6C), suggesting
a significant reduction in the intermediate
adhesions, which promote cell migration
and wound healing (42). In addition,
tropoelastin and clusterin expression were
inhibited by nilotinib but increased by
PDGFRa-D842V (Figure 6D). These data
suggest a direct activity of PDGFRa kinase
in regulating these matrix-iReF signature
genes. Vimentin and decorin were

markedly induced in D842V mice
regardless of PNX; treatment of mice with
nilotinib did not inhibit surgery-induced
expression of these genes (Figure 6E). The
expression levels of Vinculin and Lox were
not affected by nilotinib treatment and
surgery but were markedly augmented
in D842V mutant mice independent of PNX
(Figure 6F). Gene expression of osteonectin
and Coll23A, myo-iReF signature genes,
ECM-associated genes, were significantly
induced in PDGFRa-D842V sham operated
mice, but reduced 3 days after surgery
(Figure 6F), suggesting that early phases of
lung regeneration promotes matrix
fibroblasts, which may later be differentiated
to myofibroblasts.

Because the PDGF, FGF, insulin
growth factor (IGF), and WNT signaling
pathways are implicated in proliferation,
growth, development, and fibroblast
differentiations, we also assessed the impact
of PDGFRa kinase activity on these gene
expression levels. Although Fgfr4 expression
was reduced slightly in nilotinib-treated or
D842V mutant mice but not after PNX, Igfr1
induction was observed only in D842V
mutant mice (Figure 6G), suggesting that
Fgfr4 expression is influenced by both gain
and loss of PDGFRa function but Igfr1
expression only during activated PDGFRa
kinase activity. Wnt2 and Wnt5a are
differentially expressed in matrix- and myo-
iReFs. The expression levels of Wnt2 and
Wnt5a were increased by both PNX and
constitutively active D842V mutation
(Figure 6G), suggesting that wnt2 and wnt5a
expression may be regulated by PDGFRa
during lung repair and regeneration.

Discussion

PDGFRa-expressing cells have been shown
to localize in the alveolar entry ring,
exhibiting the characteristics of
myofibroblasts and supporting alveolar
septal formation (27–30, 43). Previously, we
reported that realveolarization after partial
PNX requires alveolar septae formation and
elastogenesis by a-SMA–expressing

interstitial myofibroblasts that are derived
from a population of interstitial
PDGFRa1

fibroblasts. We have shown
previously that repression of FGFR2
inhibits differentiation of the
a-SMA–expressing interstitial
myofibroblasts (31). Despite these insights,
little is understood about the identity or
phenotypic, functional, signaling, or
transcriptional pathways of PDGFRa1

fibroblasts that are involved in the alveolar
septal regeneration that occurs after PNX.

Using a transgenic mouse with a
nuclear GFP reporter gene knocked into the
Pdgfra locus (PDGFRa-GFP) (31, 37), we
identified two dynamically, phenotypically,
and functionally diversified interstitial
lung fibroblasts (PDGFRa1GFPbright

and GFPdim) with distinct differential
transcriptional signatures. Using genetically
engineered mice with a combination of
flow cytometry, microarray analysis,
immunofluorescence, and in vitro culturing,
we further characterized GFPbright fibroblasts
as matrix-iReFs and PDGFRa1GFPdim cells
as myofibroblast-like resident fibroblasts
(myo-iReFs).

The gene expression profiles and the
principal component analysis showed
a clear segregation of the fibroblast
phenotypes with more than 800
differentially expressed genes. In addition,
immunophenotyping, flow cytometry,
and in vitro culturing identified
myofibroblasts as PDGFRa1CD291 cells,
whereas transitioning lipo/matrix
fibroblasts could be identified by positive
staining for PDGFRa1CD341 or
PDGFRa1CD341CD291 cells. Moreover,
loss of PDGFRa function using the
pharmacological inhibitor nilotinib or its
gain of function using mice engineered with
constitutively active PDGFRa-D842V
revealed that PDGFRa kinase activity was
important for matrix fibroblast
differentiation, whereas myofibroblast
differentiation was largely independent
of this pathway. This study reports the
existence of the two phenotypically
dynamic and functionally diverse
interstitial fibroblasts during the course of

Figure 5. PDGFRa1GFPbright cells differentiate to CD29 and a-SMA–expressing interstitial resident myofibroblast cells in vitro. PDGFRa1GFP cells
were isolated from mice 3 days after surgery and sorted into GFPbright and GFPdim, and then separately cultured for 0, 24, and 72 hours in the presence
or absence of TGF-b1. Proliferation (Figure E6), (A) CD29 expression (upper panel, GFPdim, and lower panel, GFPbright) and (B) a-SMA expression
(upper panel, GFPdim, and lower panel, GFPbright) were analyzed. SSC, side scatter pulse; TGF-b1, transforming growth factor-b1.
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Figure 6. Transcription of p53 and major components of the ERK/MAPK pathway are regulated by nilotinib and the PDGFRa-D842V mutation.
(A) PDGFRa1 iReFs were purified by magnetic beads from lungs of mice after 3 or 5 days of sham or PNX (white), PNX with nilotinib
treatment (black), and PNX in PDGFRa-D842V mutants (gray). The RNA was extracted and complementary DNA prepared; then RT2-EGF/PDGF
pathway arrays were performed in triplicates. Gene expression levels in the experimental groups were normalized to sham- and PNX-operated
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lung regeneration and realveolarization
after partial PNX.

Thematrix-iReF gene signature revealed
increased expression of fibrillar collagens,
fibril-associated collagens with interrupted
triple helices collagens,matricellular proteins,
fibulin1, fibulin2, Loxl2 and 4, CDK2, as well
as MMP. In line with this report, fibrillar
collagen is reported to increase MMP
production and activation. Fibulins and
fibrilins are also indicated to be essential for
both elastic matrix fiber assembly and
function, and Loxl2 is shown to crosslink
elastin and collagen fibers and to generate a
more robust ECM (44–46). In vitro, fibrillar
collagen is also reported to reduce
CDK2-mediated cell proliferation and
to attenuate TGF-b–induced
differentiation of parenchymal fibroblasts
into myofibroblasts (47). These data
are consistent with our findings that
matrix-iRefs express fibrillar collagen that
could promote activation, proliferation,
and SMA expression in quiescent iReFs.
These data are supported by our in vitro
data that demonstrate that TGF-b activates
a-SMA and CD29 in quiescent (not PNX-
activated) GFPbright/matrix iReFs but not
GFP-dim/myo-iReFs. Therefore,
controlling the balance between matrix
synthesis and matrix degradation by
metalloproteinase in matrix-iReF is one of
the key mechanisms that may allow proper
repair without fibrosis.

Expression of the constitutively active
PDGFRa-D842V mutation significantly
increased ColXXIII, Vinculin and Tenascin-
C, and Integrin a8. It also induced Pdgfra,
Igfr1, and osteonectin expression, but down-
regulated Fgfr4 and delayed SMA
expression. These data suggest that PDGFR
and FGFR signaling are antagonistic to
a-SMA induction in myofibroblasts,
whereas PDGFR and IGFR could act
synergistically toward matrix synthesis in
matrix fibroblasts. In contrast, tenascin-C,
in myo-iReFs, supports a state of
intermediate adhesion, characterized by
disruption of focal adhesions and a
reorganization of actin stress fibers.

PDGFRa-D842V mutation–suppressed
PNX induced periostin and tenascin-C
expression. These data suggest that
PDGFRa signaling via the ERK1/2 pathway
is important for periostin and tenascin
activation and that increased phospholipase
C g (PLCg) activity in D842V may suppress
their gene expression. We have reported
previously that expression of a dnFGFR2
mutation induces Wnt2 expression in lung
fibroblasts (30). Our microarray analysis
associated increased Wnt2 expression with
myofibroblasts and Wnt5a with matrix
fibroblasts. In PDGFRa-D842V mutants,
Wnt2 and Wnt5a expression is increased.

In our experiments, 50% of all
PDGFRa1 iReFs expressed high levels of
stem cell antigen-1 (SCA-1), and
McQualter and colleagues used SCA-1 in
combination with negative selection for
hematopoietic (CD45), endothelial
(PECAM; CD31), and epithelial (EpCAM;
CD326) cells to isolate lung fibroblasts
that are critical to support self-renewal (22).
Our data suggest that the majority
of PDGFRa1CD341 iReFs are
lipofibroblasts and that reduction in this
PDGFRa1CD341 population 5 days after
surgery is indicative of a transition from
lipofibroblasts to myofibroblasts. Freshly
isolated adipose-derived mesenchymal stem
cells are reported to express CD34 (48). In
the lung, these cells express CD140a,
CD34, and CD29 and could differentiate
into CD29- and a-SMA–expressing
myofibroblasts after PNX in vivo or after
24-hour TGF-b1 stimulation in vitro (22,
38). Dominant active kinase (D842V)
delayed myofibroblast differentiation in the
PDGFRa1CD341 iReFs and induced
expression of the matrix-related genes
Col23A1, osteonectin, Lox, and
tropoelastin. These data suggest that the
PDGFRa1CD341–positive population
differentiated from lipo iReFs to matrix
iReFs. This is consistent with previously
published data suggesting that PDGFRa
activation predicts proliferation but inhibits
myofibroblast differentiation and
promotes fibrosis (28, 35). After PNX,

CD1401CD291 iReFs proliferated and
differentiated into myofibroblasts. Neither
gain nor loss of PDGFRa kinase activity
changed myofibroblast differentiation in the
CD140a1CD291 iReFs. These data suggest
that CD29-expressing iReFs could be
activated for a-SMA induction and
myofibroblast differentiation independent of
PDGFRa expression, which is consistent with
our previous findings, demonstrating that
FGF signaling but not PDGFRa played an
important role in myo-iReFs differentiation
(29, 30). In addition, up-regulation of
transmembrane collagens, organization of the
actin cytoskeleton, modulation of the ECM,
and reduction of cell adhesion observed in
myo-iReFs are hallmarks of activated
fibroblasts during developmental
differentiation and wound healing.

Conclusions
Questions remain about the precise
molecular mechanisms and driving
forces required for myofibroblast
differentiation to occur during post-PNX
realveolarization, and the paracrine and the
environmental niche of these cells. It
is likely that PDGFR1 iReF may expand
and differentiate early after PNX and
contribute important paracrine signals
that promote type II alveolar epithelial
cells (AECII) proliferation and
differentiation during regeneration.
These studies, however, provide
compelling evidence for the phenotypic
and functional diversity, as well as the
dynamics in time and the extent of
specificity, of iReF differentiation in
wound repair and regeneration after
partial PNX. n
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Figure 6. (Continued). animals. PDGFRa1 iReFs were purified from lungs after 3 or 5 days of sham or PNX of wild-type, nilotinib-treated,
or PDGFRa-D842V mutant mice. (B) Messenger RNA expression for PDGFRa, Ccnd2 (proliferation), acta2 (myo phenotype), Fabp4 (lipo
phenotype). (C) Tenascin and periostin, (D) tropoelastin and clusterin, (E) vimentin and decorin, (F) Vinculin, Lox, Col23A, and osteonectin, and
(G) FGFR4, IGFR1, Wnt2, and Wnt5a expressed in myo- and matrix-iRefs (n = 3–5). Data are expressed as mean6 SEM, and comparisons
among groups were made by Student’s t test or analysis of variance, with P , 0.05 considered significant. IGFR, insulin growth factor
receptor.
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