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Very Late Antigen-5 Facilitates Stromal Progenitor
Cell Differentiation Into Myofibroblast
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ABSTRACT

Fibrotic disease is associated with abrogated stromal cell proliferation and activity. The precise iden-
tity of the cells that drive fibrosis remains obscure, in part because of a lack of information on their
lineage development. To investigate the role of an early stromal progenitor cell (SPC) on the fibrotic
process, we selected for, and monitored the stages of, fibroblast development from a previously
reported free-floating anchorage-independent cell (AIC) progenitor population. Our findings demon-
strate that organotypic pulmonary, cardiac, and renal fibroblast commitment follows a two-step pro-
cess of attachment and remodeling in culture. Cell differentiation was confirmed by the inability of
SPCs to revert to the free-floating state and functional mesenchymal stem/stromal cell (MSC) differ-
entiation into osteoblast, adipocyte, chondrocyte, and fibroblastic lineages. The myofibroblastic phe-
notype was reflected by actin stress-fiber formation, a-smooth muscle production, and a greater
than threefold increase in proliferative activity compared with that of the progenitors. SPC-derived
pulmonary myofibroblasts demonstrated a more than 300-fold increase in fibronectin-1 (Fn1), colla-
gen, type 1, a1, integrin a-5 (/tga5), and integrin -1 (/tgh1) transcript levels. Very late antigen-5
(ITGA5/ITGB1) protein cluster formations were also prevalent on the differentiated cells. Normalized
SPC-derived myofibroblast expression patterns reflected those of primary cultured lung myofibro-
blasts. Intratracheal implantation of pulmonary AICs into recipient mouse lungs resulted in donor cell
FN1 production and evidence of epithelial derivation. SPC derivation into stromal tissue in vitro and in
vivo and the observation that MSC and fibroblast lineages share a common ancestor could potentially
lead to personalized antifibrotic therapies. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1342-1353

INTRODUCTION

Stem/progenitor cells are triggered to undergo
proliferation and multipotential differentiation
after tissue injury. The microenvironment imposes
physical restrictions and conveys biochemical
cues to regulate these processes. Identification of
the physiological conditions and molecular signals
that influence stem cells would help elaborate the
differentiation programs activated during tissue
regeneration.

Mesenchymal stem/stromal cells (MSCs) and
fibroblasts are cells of major biological and me-
dicinal importance. Although considered to be
related through the stromal cell lineage, contro-
versies remain regarding the definitive molecular
and therapeutic properties of these cell types [1].
MSCs are known to moderate the inflammatory
response after organ injury and to play an active
role in tissue repair [2—4]. Fibroblast cells function
in the deposition of extracellular matrix (ECM)
networks, including collagen and fibronectin,
supporting the over- and underlying (epithelial
and endothelial) tissues. Activated fibroblasts,
or myofibroblasts, are noted for their ability to
trigger organ fibrosis, a process that results in

the excessive and persistent formation of scar
tissue. However, the developmental stage of the
fibrotic cell and the contribution of other (nonfi-
broblastic) cells to their lineage differentiation re-
main unclear [5, 6].

Integrin protein heterodimers, consisting of
one « (ITGA) and one B (ITGB) subunit, are a prin-
cipal componentinvolved in cell-cell and cell-ECM
interactions and in the inward and outward trans-
mission of signals across the cell membrane [5]. A
number of integrins were used to identify hema-
topoietic, lung, neural, and additional progenitor
cell types, including ITGA5, ITGA6, ITGB1, and
ITGB4 [7-9]. Functionally, integrins enhanced hu-
man embryonic stem and fibroblast cell attach-
ment and retained human embryonic stem cells
in the pluripotential state on collagen, fibronec-
tin, and laminin substrates [10-13]. Similarly,
integrin ITGA5/ITGB1 (very late antigen-5 [VLAS5])
heterodimers were reported to mediate hemato-
poietic progenitor cell attachment to bone marrow
stroma. In contrast, ITGA6/ITGB1 (VLA6) expres-
sion was found to increase cell clearance from
the lung [14]. However, because integrin expres-
sion patterns were shown to change with the cel-
lular microenvironment, definitive links between
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the properties and the activity of the progenitor cells and integrin
biosynthesis and dimerization remain equivocal [15].

Using a method designed to model tissue regeneration ex
vivo, we described an organotypic lung population of anchorage-
independent cells (AICs) that proliferated and differentiated in sus-
pension culture [16]. This physiologically distinct AIC population,
which could be isolated from multiple organisms, including
humans, was immunophenotypically mixed and included lung ep-
ithelial progenitor and hematopoietic subsets decorated by CD45,
c-KIT, and/or the CD11b (ITGAM) integrin. The AICs were clono-
genic and spontaneously developed into multicellular epithelial-
like sheets and tissue-like spheres in culture. We hypothesized that
this population additionally harbors stromal progenitor cells
(SPCs). Stromal cells within the AIC population would provide struc-
tural and paracrine support for differentiating epithelium, which
together would form a robust multicellular network of compen-
satory growth. In the present study, we investigated the existence
of lung SPCs and monitored the molecular and cellular changes
that coincide with their derivation into functional MSC and myofi-
broblastic lineages. We then validated myofibroblast differentia-
tion from SPCs and elaborated on the retention and fate of
mixed pulmonary AIC allografts in the lungs of immunocompetent
mice.

MATERIALS AND METHODS

Mice and Tissue Sources

Male and female mice, aged 1-2 months (C57BL/6), were pur-
chased from Charles River Laboratories (Wilmington, MA,
http://www.criver.com), and green fluorescent protein (GFP)
and B-galactosidase-expressing mice were purchased from Jack-
son Laboratory (catalog nos. 003115 and 002073, respectively;
Bar Harbor, ME, http://www.jax.org). All experiments were con-
ducted in compliance with Institutional Animal Care and Use
Committee protocols of Yeshiva University.

Cell Culture, Renewal, and Propagation Experiments

Tissue culture media and supplements, including Dulbecco’s
modified Eagle’s medium (DMEM), bovine growth serum (BGS)
or fetal bovine serum (FBS), and 1% penicillin-streptomycin were
purchased from Life Technologies (Grand Island, NY, http://www.
lifetechnologies.com) or Atlanta Biologicals (Lawrenceville, GA,
http://www.atlantabio.com). Organotypic isolation of lung AICs
has been previously described by our laboratory [16]. In brief,
lung, heart, and kidney organs were extracted and minced into
~1 mm? cubes with two randomly collected fragments sub-
merged in a DMEM + 10% BGS (upper layer) situated on a poly-
merized (DMEM + 20% BGS) 3.3% alginate substrate (bottom
layer). All cells were incubated at 37°C in a 5% CO, incubator.

Adhesion and Fibroblast Differentiation Experiments

AICs at day 7 were passaged onto coverslips or 12-well plastic
dishes (Fisher Scientific International, Hampton, NH, http://
www.fisherscientific.com). For the adhesion experiments, the
coverslips or wells were soaked in 70% ethanol for 15 minutes,
warmed to 37°C, and coated with 100 wl of 2% gelatin, 1 mg/
ml fibronectin, or 50 wg/ml laminin. Excessive coat was aspirated,
and the coverslips were allowed to dry for an additional 30
minutes to 1 hour. Single-suspended AIC clusters were collected
and passaged onto these matrices. For the SPC experiments, the
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adhering cells cultivated in DMEM + 10% FBS were collected at
day 7. For the fibroblast studies, SPCs (day 7) were dissociated
in 0.025% trypsin/EDTA (Life Technologies), washed, and trans-
ferred onto fresh plates for proliferation. Passaged (P3-P7)
myofibroblast cells were used for analysis. Cell counts were per-
formed on a hemocytometer by two independent individuals on
each passage.

Primary Culture of Mouse Lung Fibroblasts

Mouse lung tissue was minced in phosphate-buffered saline (PBS)
and digested in collagenase/dispase for 1 hour at 37°C in a water
bath with occasional shaking. The cells were filtered through a
40-um filter into a 50-ml centrifuge tube and centrifuged for
10 minutes at 2,000 rpm at 4°C. Harvested cells were cultured
on 100-mm tissue culture plates and incubated in 5% CO, at
37°C in DMEM + 10% FBS. The media were changed every 3-4
days and the cells collected for experimentation between P3
and P5.

Immunofluorescence

The cells were rinsed in cold PBS, fixed in 1% paraformaldehyde,
and stained with selected primary reagents. These included
goat anti-mouse fatty acid binding protein-4 (FABP4; 1:100),
osteopontin (1:100) (both R&D Systems Inc., Minneapolis,
MN, http://www.rndsystems.com), rabbit anti-phosphorylated-
histone-3 (1:100; Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com), epidermal growth factor receptor (1:100;
Millipore, Billerica, MA, http://www.millipore.com), integrin a5
(ITGAS5; 1:100; Cell Signaling Technology, Danvers, MA, http://
www.cellsignal.com), integrin B1 (1:250; Abcam, Cambridge,
MA, http://www.abcam.com), and mouse anti-prosurfactant
protein C (1:1,000; Chemicon, Temecula, CA, http://www.
chemicon.com), platelet growth factor receptor 8 (1:100; Santa
Cruz Biotechnology Inc., Santa Cruz, CA, http://www.scbt.com),
a smooth muscle actin type 1 (ACTA1; 1:100), B-actin (ACTB; 1:
100), cellular fibronectin (1:100), and type 1 collagen (a1 and
@2 heteromer; 1:100; Sigma-Aldrich). Rabbit anti-ITGAS (Cell Sig-
naling Technology) and anti-ITGB1 (Abcam) were also used. The
cells were then washed and treated with either goat anti-
mouse Alexa Fluor 488, chicken anti-goat Alexa Fluor 488 (1:
500; Molecular Probes, Eugene, OR, http://probes.invitrogen.
com), goat anti-rabbit cyanine-3 (1:500; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, http://www.jacksonimmuno.
com) secondary antibodies or phalloidin-conjugated Alexa
Fluor 488 (1:200; Life Technologies), and 4'6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). The tissue was covered with
Fluoromount-G (SouthernBiotech, Birmingham, AL, http://www.
southernbiotech.com).

Immunoblot Analysis

The cells were rinsed in cold PBS, solubilized in a boiling SDS sam-
ple buffer (8% SDS, 0.2 M Tris-HCl, pH 6.8, 10 mM EDTA, 40% glyc-
erol) supplemented with protease inhibitors (protease inhibitor
cocktail; Sigma-Aldrich), sheared through a 20-gauge syringe nee-
dle, and spun at 13,000g for 30 minutes. Western blots were
performed as previously reported [17]. In brief, protein concen-
trations were determined (DC Protein Assay, Bio-Rad Hercules,
CA, http://www.bio-rad.com), and 70 ug of protein was loaded
and electrophoresed in 10% SDS-polyacrylamide gels (Pierce,
Rockford, IL, http://www.piercenet.com), transferred onto
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polyvinylidene fluoride membranes (Millipore), and incubated in
the presence of primary antibodies at 4°C overnight. The primary
antibodies included anti-ITGAS5 (1:500), anti-ACTB (1:1,000), and
anti-ACTA1 (1:1,000). Goat anti-mouse IRDye 800 CW or donkey
anti-rabbit IRDye 680 secondary antibodies (1:10,000; LI-COR Bio-
technology, Lincoln, NE, http://www.licor.com) were used.
Protein detection was performed on an Odyssey IR scanner
(LI-COR Biotechnology). For protein densitometry, the image
background was subtracted from the measured (mean) band sig-
nal intensity using the ImageJ software package (NIH, Bethesda,
MD, http://www.imagej.nih.gov/ij/). Standardized values (to that
of the mean ACTB band intensity) were then taken for statistical
analysis.

Flow Cytometry

The cells were washed and labeled per the manufacturer’s
instructions. The following antibodies were used: phycoerythrin
(PE) conjugated rat anti-mouse ITGA6/CD49f (eBioscience Inc.,
San Diego, CA, http://www.ebioscience.com), PE conjugated
rat anti-mouse ITGA5/CD49e (BD Pharmingen, San Diego, CA,
http://www.bdbiosciences.com), PE conjugated hamster anti-
mouse ITGB1/CD29 (Life Technologies), fluorescein isothiocya-
nate (FITC) conjugated rat anti-mouse integrin 8-4 (Abcam),
and mouse anti-BRDU (eBioscience) followed by goat anti-
mouse Alexa Fluor 488 (Life Technologies). For the percent-
age of ACTA1 expression, a permeabilization step using the
saponin-based permeabilization and wash reagent (Life Technol-
ogies) was added. The isotype controls included FITC conjugated
rat-IgG, PE conjugated-rat and conjugated-hamster IgG, and
Alexa Fluor 488-conjugated goat-IgG (SouthernBiotech). The cells
were analyzed using an easyCyte mini-flow cytometer (Guava
Technologies, Millipore), FACScan (Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, http://www.bd.com), or a MoFlo3 (Dako,
Fort Collins, CO, http://www.dako.com).

Nucleic Acid Purification, Reverse Transcription,
Polymerase Chain Reaction, and Quantitative
Polymerase Chain Reaction

RNA was isolated by the Trizol method (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com) and purified using RNeasy columns
(Qiagen, Valencia, CA, http://www.qgiagen.com). RNA quality and
quantity were determined using NanoDrop spectrophotometry
(Thermo Scientific, Wilmington, DE, http://www.nanodrop.
com). First-strand cDNA synthesis using the SuperScript Il reverse
transcriptase kit (Life Technologies) was performed on 5 ug of to-
tal RNA using oligo(dT)12-18 (Life Technologies). All reactions
were performed in an ABI-PRISM 7300 sequence detection sys-
tem (Applied Biosystems, Life Technologies) starting with 10
minutes of Tag activation at 95°C, followed by 40 cycles of melting
(95°C, 30 seconds), primer annealing (60°C-62°C, 30 seconds), ex-
tension (72°C, 30 seconds), and culminating with a melting curve
analysis to validate polymerase chain reaction (PCR) product
specificity. The absence of primer-dimers was verified after am-
plification using melting curve analysis. The quantitative PCR
(gPCR) primer sequences used in the present study have been
previously reported and are listed in supplemental online
Table 1 [18]. Foridentification of Y-chromosomal sequences in fe-
male recipient mice, transplanted lungs were homogenized in
DNA isolation buffer (50 mM Tris, pH 8.0, 0.5% SDS, 0.1 M EDTA),
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extracted in phenol/chloroform, and precipitated with ethanol.
The PCR conditions included 30 cycles of 1 minute at 94°C, 30 sec-
onds at 60°C, and 30 seconds at 72°C. The murine Y-linked sex de-
termining region of chromosome Y (Sry) and X-linked methyl CpG
binding protein 2 (Mecp2)-specific PCR primer sequences are
listed in supplemental online Table 1.

MSC Functional Assays

These studies were performed using the mouse mesenchymal
stem cell functional identification kit (R&D Systems; catalog no.
SC010). In brief, SPC growth medium was replaced at day 7 with
adipogenic induction medium (a-minimum essential medium
supplemented with 10% FBS), and the cells were cultivated for
an additional 10 days according to the manufacturer’s protocol.
Cell phenotype was assessed using Oil Red O, a lipid-specific stain,
gPCR, and immunofluorescence. Osteogenic differentiation was
induced by SPC culture in osteoinductive medium (+ 10% FBS)
for 14 days. The cell phenotype was then assessed using alizarin
red staining, which labels calcium-rich deposits, gPCR, and immu-
nofluorescence. For chondrogenic differentiation, the SPCs were
dissociated, washed, and transferred to chondrogenic induction
culture media and incubated in 15-ml conical tubes per the man-
ufacturer’s instructions. The cultures were maintained for 2
weeks in chondrogenic medium before analysis, which included
a trichrome stain that labels collagen and gPCR. The media were
changed every other day.

AIC Processing, Transplantation, and Identification in
Recipient Lungs

The AIC populations were cultivated for 2 weeks in vitro, washed,
counted, and resuspended in PBS. Cell transplantation was per-
formed by tracheal incision, as previously reported [19]. In brief,
the mice were anesthetized with ketamine (75 mg/kg) and xyla-
zine (5 mg/kg) i.p. at doses sufficient to allow spontaneous
breathing yet provide surgical-concentration anesthesia. A small
incision (<1 cm) was made parallel to the trachea, a tie was
inserted beneath the trachea for positioning, and 50 ul of disso-
ciated cells (1 X 10°) in vehicle or in 0.013% trypsin were injected.
The tie was removed and the wound closed with a single suture.
After a 10-60-day period, the mice were sacrificed, and the lungs
were harvested simultaneously, ensuring an even presentation of
the experimental and control tissues. For the (3-galactosidase
experiments, the lungs were inflated and fixed (2% formaldehyde,
0.01% glutaraldehyde, 1:5,000 Nonidet-P40 in PBS, pH 7.2),
stained in B-galactosidase solution (0.21% ferrocyanide, 0.16%
ferricyanide, 0.0025% MgCl,, 0.001% Nonidet-P40) with 1 mg/ml
X-gal (Invitrogen), postfixed (0.5 M sodium phosphate, 0.0675 M
sodium hydroxide, 4% formaldehyde, and 25% glutaraldehyde ti-
trated to pH7.2), processed further, embedded in paraffin, and sec-
tioned. For the GFP transplantation studies, the lungs were inflated
with Tissue-Tek (Sakura Finetek, Torrance, CA, http://www.sakura.
com), frozen, cryostat-sectioned (Leica CM-3050S, Leica Biosys-
tems, Nussloch, Germany, http://www.leicabiosystems.com) and
stored at —80°C. The slides were then labeled using mouse anti-
GFP (MAB3580; Millipore) followed by goat anti-mouse Alexa Fluor
488 (Molecular Probes). The background was subtracted, and the
GFP signal intensity of murine lung sections was quantified using
the Scion Image software application package, version 4.0.3.2
(Scion Corporation, Frederick, MD, http://www.scioncorp.com).
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Photographic Capturing and Statistical Analysis A Sg;ggggt;ss
The images were serially captured under identical exposures us- AlC SPC Ch°"‘}{°‘:y‘es My°f:rr°b'ams
ing a motorized Olympus 181 fluorescent inverted microscope Lung —so | Atached | Offereniaion | 0T I e
connected to a XM10 cooled CCD camera head using the cell- il L Diylo=21 DA e
Sens dimension imaging software package (Olympus, Center B AP AiEEE
Valley, PA, http://www.olympusamerica.com). Confocal mi- ﬂ[\ — s ﬂl\ —>
croscopy was performed in the Analytical Imaging Core Facility @ & $ PathA
at the Albert Einstein College of Medicine using a Leica AOBS v V v
SP2 confocal microscope (Leica Microsystems, Inc., Buffalo Alcremwall
Grove, IL, http://www.leica-microsystems.com). Unless indi-
cated otherwise, statistical analysis was performed using the
Path B

F test for normally distributed data and the nonparametric
Wilcoxon rank sum test for skewed data. Data are presented as
the average = SEM.

RESULTS

Cell Attachment to the Stratum Initiates an Irreversible
Differentiation Program

A previous study of ours demonstrated the proliferation and
differentiation of lung-isolated cells in suspension. These cells
spontaneously form an epithelial-like sheet when attached to
an alginate matrix. To test the ability of this population to gen-
erate stromal/mesenchymal cell types, we investigated the ef-
fect of a stiff substrate on cell growth. Passaging of AICs into
the (suspension) media of a tissue culture plate resulted in
maintenance of an anchorage-independent population and
the attachment of select cells, henceforth referred to as stromal
progenitor cells (SPCs) (Fig. 1A). AIC attachment occurred in
100% of the wells (n > 500). The SPCs were viable on the dish,
which was demonstrated by trypan blue exclusion and annexin
V and 7-aminoactinomycin D cytometry (data not shown). To
clarify whether SPCs represent a more determined (AIC) cell
type, we designed a series of experiments to test the subse-
qguent generation of SPCs from AICs (Fig. 1B, path A) and, com-
paratively, the reverse transition of SPCs into AICs (Fig. 1B, path
B). Cell growth and derivation were then quantified. First, pas-
sage (P) of free-floating AICs into the media phase of plastic
(and glass) substrates resulted in the attachment of SPCs as
early as 30 minutes after passage. To investigate whether cell
attachment was dependent on protein synthesis, we repeated
these experiments in the presence of Geneticin (500 ug/ml; Life
Technologies), proven to block de novo protein production.
Geneticin treatment did not affect cell attachment, implying
that gene expression is not required for cell attachment. To test
for selective cell affinity to ECM, we repeated these experi-
ments on fibronectin-, laminin-, and gelatin-treated plates
and found no differences in the percentage or time of cell at-
tachment (data not shown). Subsequent passage of the free-
floating cell population (Fig. 1B, path A) resulted in a reduced
capacity of P2 cells to attach to the substratum (0.96% =+
0.1% of the cells), indicating that the colonizing cell subset
was depleted from P1 floating cells. Finally, separated from
the initial free-floating cell population (Fig. 1B, path B), the SPCs
did not form a new free-floating AIC subset (data not shown).
Taken together, these data indicate that a specified subset within
the free-floating lung AIC population attaches to a stiff matrix in
the absence of de novo gene expression and that cell transition
to an anchoring phenotype is a unidirectional process that emu-
lates canonical stem cell differentiation.
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Figure 1. Experimental model of canonical stromal cell differentia-
tion from free-floating lung populations. (A): Flowchart depicting the
developmental timeline of stromal cell derivation from AICs. AlCs
were prepared as previously reported and cultivated for 7 days, indi-
cated on the chart as “Ref Day 0.” On this day, a clone of AICs was
taken for lineage classification or passaged to generate the transient
SPCs. SPCs were cultivated for an additional 7 days, at which point,
they were differentiated toward mesenchymal or fibroblastic line-
ages. Adipocytes, osteoblasts, and chondrocytes were cultivated in
differentiation media and characterized at days 10-21 and (myo)
fibroblasts grown and characterized at day 80 in culture. (B): Flow-
chart depicting experiments performed to test the reversibility of
stromal cell differentiation on attachment to a substrate. Path A
depicts the attachment of P1 free-floating subsets and their matura-
tion into SPCs. Additional passages (P2) resulted in diminished SPC
differentiation. Path Billustrates the isolation of SPCs and their inabil-
ity to revert to the more primitive free-floating population, establish-
ing unidirectional stromal differentiation. Abbreviations: AIC,
anchorage-independent cell; P, passage; SPC, stromal progenitor cell.

Proliferation and Functional SPC Differentiation Into
MSC Lineages

AIC passage (P1) to a stiff substrate resulted in 6.4% = 2.3% of the
initial cell population attaching to the dish after 1 day in culture.
By day 3 in vitro, the proportion of anchoring cells had signifi-
cantly increased to 14.4% * 4.9% (n = 15; p =.002) of the culture,
with no observed change in the number of free-floating cells. Fur-
thermore, because removal of AICs from the coculture did not de-
ter attached cell growth, these data suggest that the increased
number of anchoring cells results from adhering cell proliferation
and not the delayed attachment of free-floating cells. Accord-
ingly, although P1 AICs did not progress toward a proliferative cell
phenotype in suspension, 9.7% * 3.1% of the attached SPC clones
(1,000-2,000 cells; n = 20) developed proliferative fibroblast-like
properties with time in culture (n = 10; p = .01).

Next, to examine the differentiation potential of day-7 SPCs
(Fig. 1A), we attempted to differentiate these cells into adipocyte,
osteoblast, and chondrocyte lineages using functional MSC assays.
SPCs cultivated in adipocyte derivation media for a period of 10
days displayed adipocyte phenotypes, manifested by peroxisome
proliferator-activated receptor vy (Pparg) production, which stimu-
lates lipid uptake and adipogenesis in fat cells, FABP4 expression,
and the presence of lipid deposits in the differentiated cells, shown
by Oil Red O staining (Fig. 2). In turn, the cultivation of SPCs in
osteoblast-conditioned media for 14 days resulted in increased
osteopontin gene and protein expression, and alizarin red staining,
which detects the presence of calcium deposits, an early marker
of matrix mineralization. Finally, SPCs could develop into cells of
the chondrocyte lineage as early as 17 days in culture, which was
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Figure 2. Stromal progenitor cells possess functional properties of mesenchymal stem/stromal cells (MSCs). Day 7 SPCs were conditioned in
MSC differentiation media for 10-21 days and the lineages determined by quantitative polymerase chain reaction (PCR) and cytochemistry. (A):
Left: Representative amplification plots of SPC and differentiated cells depict earlier amplification (cycle number) of Pparg, Opn, and Col2al in
differentiated adipocytes, osteoblasts, and chondrocytes, respectively. Right: PCR amplicons from a separate batch of SPCs and differentiated
adipocytes (Pparg), osteoblasts (Opn), and chondrocytes (Col2al). These results indicate higher amounts of gene transcript expression (cDNA
template) in differentiated cell types. (B): Immunofluorescence of differentiated SPCs. SPCs were cultured in MSC differentiation media and
prepared for immunofluorescence. Above: Differentiated adipocytes were labeled for (from left to right): DAPI nuclear stain (blue), phalloidin-
Alexa Fluor 488, which binds to the actin cytoskeleton (ACTB; green), FABP4 (red), and Merge. Below: Differentiated osteoblasts were labeled for
(from left to right) DAPI nuclear stain (blue), ACTB (green), OPN (red), and Merge. (C): Immunocytochemistry of differentiated SPCs. Cultivated in
growth (control; left) or cell-differentiation media (right), slides were stained with Oil Red O (adipocyte), which labels lipids and fatty acids red,
alizarin red, which stains calcium-rich deposits (osteoblast), or trichrome stain, which interacts with collagen to produce a blue hue (chondro-
cytes). Arrows in adipocyte and chondrocyte panels demonstrate regions of dense cellular staining. Scale bars = 20 um. Abbreviations: ACTB,
B-actin; Col2al, collagen type 2 a1; DAPI, 4'6-diamidino-2-phenylindole; diff, differentiation; FABP4, fatty acid binding protein-4; Opn, osteo-
pontin; Pparg, peroxisome proliferator-activated receptor y; SPC, stromal progenitor cell.

determined by collagen type 2 a1 transcript and collagen protein =+ 1.1% cells (Fig. 3B, 3C; n = 4). This increase was statistically
production, established by qPCR and trichrome immunochemistry, significant (p = .01), which, in contrast to convention, indicates

respectively. Collagen synthesis is an important function of cartilag- amature cell that proliferates faster than its progenitor. The mi-
inous cells. Although adipocyte, osteoblast, and chondrocyte differ- toticactivity of SPCs and fibroblast-like cells could be further val-
entiation might be physiologically irrelevant in lung tissue, these data idated by nuclear localization of phophsporylated-histone-3
suggest that the SPC population can serve as a source of lung MSCs. (Fig. 3D-3G and 3H-3K, respectively). These changes were ac-

companied by a spherical transition to a flattened morphologi-
cal phenotype, elevated fibronectin-1 (FN1), ACTA1 expression,

Mature Stromal Cells Demonstrate Greater and actin stress fiber formation. Together, these factors reflect

Proliferation Rates Than Their Progenitors myofibroblastic cell development (supplemental online Fig. 1).
Involved in numerous disease processes, the most abundant Theincrease in ACTA1 production was statistically significant, as
mesenchymal cell type of the lung is considered to be the fibro- seen by densitometric analysis ofimmunoblot assays (p <.01; n
blast. Therefore, to determine the ability of SPCs to generate = 3), with a representative immunoblot shown in supplemental

fibroblasts, we continued cell cultivation in common growth online Figure 2. Elevated protein levels of collagen type 1 al
media, instead of switching to differentiation media. Under (COL1A1) complemented the observed increases in FN1 and
these conditions, SPCs grew slowly until increasing proliferative ACTA1 expression (data not shown). Importantly, fibroblast
activity at day 14 to comprise 65 = 25 X 10> cells (P3) at day 21 growth factor 1 treatment expedited early spherical epidermal
(Fig. 3A). At day 80, a staggering 34 = 6 X 10° cells (P7) were growth factor receptor expressing cell remodeling into a flat-
found, with the cells maintaining the properties of proliferative tened and elongated platelet-derived growth factor receptor
growth. We then sought to confirm DNA synthesis in SPCs by B-1-positive lineage after 2 weeks in culture (supplemental
measuring incorporation of the thymidine analog bromodeoxy- online Fig. 3). These findings suggest that SPCs, through prolif-
uridine (BrdU) into cell nuclei. At day 7, 1.4% = 0.3% of the erative growth, cell remodeling, and ECM protein expression,
SPC subset displayed BrdU labeling; at day 80 (cells displaying develop, in long-term cultures, a phenotype that emulates cul-
fibroblast morphology), the proportion had increased to 3.6% tured myofibroblasts.
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Figure 3. Stromal lineage proliferation increases with cell differentiation. Passaged stromal progenitor cells were cultivated and counted or
tested for cell cycling activity with time in culture. (A): Growth curve illustrating increased stromal cell numbers with time in culture. (B): Rep-
resentative flow cytometry dot plot depicting gating of the stromal progenitor population (day 7; above) and a histogram showing the percent-
age of BrdU-positive cells in the total population (below). (C): Representative flow cytometry dot plot depicting gating of SPC-derived
myofibroblasts (day 80; above) and the proportion of the population incorporating BrdU (below). Black, BrdU treated; gray, isotype controls;
light gray, untreated control cells. Representative micrographs of cells labeled for phosphorylated-histone 3, a common marker for DNA rep-
lication. (D—G): SPCs labeled for DAPI nuclear stain ([D]; blue), the actin binding drug phalloidin ([E]; green), phosphorylated-histone 3 ([F]; red),
and Merge (G). (H-K): SPC-derived myofibroblasts (day 80) stained for DAPI nuclear stain ([H]; blue), actin ([I]; green), phosphorylated-histone 3
([9]; red), and merge (K). Scale bars = 20 um. Abbreviations: 488, Alexa Fluor 488; BrdU, bromodeoxyuridine; DAPI, 4',6-diamidino-2-phenylindole;
SPC, stromal progenitor cell.

Changes in Transcript Expression Accompany Cell from 2.5- to 60-fold, prevailed for Actal, Collal, Fni, and all in-
Differentiation Into a Fibroblastic Lineage vestigated integrins (n = 4; p < .05, for all by F test). Cebpa gene
expression showed a significant eightfold decline in production
(p < .001), and no differences in endothelial Cd31 or epithelial
Sftpc and Scgblal expression were observed between the cell
types. To confirm that long-term SPC cultivation produces cells
of a lung fibroblast lineage, we used gqPCR and flow cytometry
to determine the expression of predominant mesenchymal and
integrin markers in both AIC-derived myofibroblasts and pri-
mary lung myofibroblast cultures. Of all the genes tested, which
included Actal, Collal, Fnl, Itga5, Itga6, Itgb1, and Itgb4, de-
spite an average fourfold increase in Collal expression in SPC-
derived myofibroblasts, no statistically significant differences

To identify the molecular changes associated with fibroblast dif-
ferentiation, we investigated the expression of epithelial, endo-
thelial, and myofibroblastic lineage markers and compared the
changes in their relative levels to the baseline AICs (P1; reference,
day 0). Although Actal expression in day-7 SPCs did not signifi-
cantly change, the Fni1, Collal, and CCAAT/enhancer-binding
protein a (Cebpa; n = 4; Table 1) transcript levels demonstrated
a robust 494-, 106-, and 29-fold increase, respectively. CEBPA,
a leucine zipper family transcription factor, was reported to be
expressed in differentiating lung epithelial AT2 cells, and its activ-
ity was linked with integrin signaling pathways [20]. The level of in gene expression were observed between the cell types (n =
Itga5, Itga6, Itgb1, and Itgb4 increase was 5- to 63-fold in SPCs 4; supplemental online Fig. 4). Using flow cytometry, we then
during this 7-day period. In contrast, the levels of epithelial sur- compared the percentage of ACTAL expressing cells between
factant protein C (Sftpc) and secretoglobin 1A type 1 (Scgblal)  AlC-derived and lung-derived (primary) myofibroblastic cells.
transcripts decreased by 4- and 41-fold, respectively. By day 21 No significant difference was found, with 94.8% * 3.6% and
in culture, the myofibroblastic-like cells showed an increase in 98.7 + 0.8% of AIC-derived and lung-derived myofibroblasts pro-
Fn1, Collal, and all studied integrins, ranging from 95 to more ducing ACTA1, respectively (n = 4; Fig. 4A, 4B). Taken together,
than 3,000-fold, compared with cells at day O (Table 1). Similarly, these data indicate that SPCs develop into cells of the myofibro-
on SPC transition to a myofibroblast-like phenotype (comparing blast lineage and that this process can now be studied in tissue-
days 7 and 21), a significant increase in gene expression, ranging culture settings.

www.StemCellsTM.com ©AlphaMed Press 2014
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Table 1. Gene expression changes of pulmonary-derived stromal cell
lineage derivatives

Gene/lineage SPC Myofibroblast
Actal 0.8+ 0.6 2.1+ 1.4°
Cd31 3.4+09 3.7+20
Cebpa 28.7 + 16.3 35+ 1.8°
Collal 106.2 * 58.5 1119.6 *+ 746.8°
Fn1 494.2 + 201.2 3327.1 * 694.3°
Itgas 63.3 + 38.7 319.5 + 99.9°
Itga6 47 *16 94.7 + 47.8°
Itgb1 58+ 1.2 345.8 + 149.6°
Itgh4 125+ 7.6 226.3 * 76.7°
Sftpc 02*0.1 0.3 +0.2°
Scgblal 0.0 = 0.0 0.0 =+ 0.0°

Data are presented as 2 Adc (mean = SEM). Quantitative PCR

demonstrating selected gene levels in SPCs and their resulting
myofibroblasts (n = 6 for each gene). Threshold cycle (Ct) values were
normalized to Gapdh expression and the original AIC population. Genes
tested included o smooth muscle actin (Actal1); Cd31/Pecam 1 (Cd31);
CCAAT/enhancer-binding protein a (Cebpa); collagen type | a 1
(Col1a1); fibronectin 1 (Fn1); integrin « 5 (Itga5); integrin « 6 (/tgab);
integrin-B1 (/tgb1); integrin-B4 (Itgb4); surfactant protein-C (Sftpc); and
secretoglobin, family 1A, member 1 (Scgblal). Production of
extracellular matrix and integrin transcripts were significantly higher in
differentiated myofibroblasts. Statistical significance between
myofibroblasts and their SPC progenitors was determined using the F
test.

*p < .05.

bp < .001.

‘p = .01.

Abbreviations: PCR, polymerase chain reaction; SPCs, stromal
progenitor cells.

Integrins and VLAS Play an Important Role in
Myofibroblast Cell Development

With arobustincrease in transcription, we next investigated the
ensuing changes in integrin protein expression that might occur
during myofibroblast lineage development. We focused on
ITGAS, ITGA6, ITGB1, and ITGB4 membrane surface expression,
all reported to serve as progenitor cell markers. Flow cytometry
analysis indicated that although the percentage of cells produc-
ing ITGB1 significantly increased (p < .01), the proportion of
cells producing ITGAS decreased with cell maturation (n = 10;
data not shown). These results were intriguing, given an
increase in the Itga5 transcript (see previous section) and an av-
erage 56%increasein the ITGAS protein signal, as determined by
densitometric analysis of immunoblot assays (supplemental
online Fig. 2; n = 3; p =.04), and a 3.4- and 5.9-fold increase in
the percentage of ITGA5/ITGB1 (VLAS5) and ITGA5/ITGB4
double-positive cells with maturation, respectively (data not
shown; p = .03 for both; n = 4). Therefore, to test the reliability
of the flow cytometry data, which could be affected by proteo-
lytic degradation of integrin subtypes at the cell dissociation
step (trypsin and dispase processing showed similar results),
we resorted to immunofluorescence, which does not require
proteolysis before analysis. As seen in Figure 4C, integrin expres-
sion was punctate, with more than 98.7% = 1.4% and 99.7% *
0.1% of the cells positive for ITGAS and ITGB1 labeling, respec-
tively (n = 3; quantified by two independent observers). As evi-
denced from the data, ITGAS expression was generally found to

©AlphaMed Press 2014

overlap with ITGB1 (VLAS) and the cell nucleus (represented by
DAPI staining), and ITGA®6, produced in 85.7% = 7.1% of AIC-
derived myofibroblast cells, showed little overlap with ITGB1
or the nucleus. Consistent with an increase in the percentage
of integrin expressing cells, myofibroblast cell differentiation
also involves greater cell production of ITGA5 and ITGB1 and
their heterodimerization to form VLAS.

Fibrogenic Derivation of Renal and Cardiac SPCs
Recapitulates That of the Lung

Fibroblasts of the kidney and heart, similar to those of the lung,
deposit connective tissue and, on hyperactivation, have been
reported to trigger organ fibrosis. Therefore, to test whether
we could direct renal and cardiac SPC differentiation into myofi-
broblastic cell types (in a fashion similar to that of the lung, shown
in Fig. 1A), we performed separate cultures of autologous murine
kidney and heart tissue. In these studies, similar to those of the
pulmonary SPCs, organotypic kidney and heart SPCs differenti-
ated into myofibroblasts, as determined by immunochemistry
for COL1A1 and FN1 and the formation of B-actin stress fibers,
all common to myofibroblastic cell types (Fig. 5; n = 4). These data
suggest that SPCs can be found in multiple tissues and that these
cells give rise to indigenous myofibroblastic cell types.

Pulmonary AlC-Derived Lineages Engraft in
Immunocompetent Recipient Mouse Lungs

The AIC population of cells was previously reported to compose
a subset of epithelial progenitor cell types [16]. Because we
had established the presence of a subset of stromal cell progen-
itors with the inherent capability to attach, grow, and differen-
tiatein culture, we next sought to determine the differentiation
properties of these cells in an in vivo model. For these experi-
ments, 1-2-week (expanded) allogeneic AlCs from hemizygous
B-galactosidase (B-gal; representative staining can be seen in
supplemental online Fig. 5) or GFP reporter mice were instilled
by tracheal incision into the airspaces of immunocompetent
wild-type mouse lungs [19]. At several time points after trans-
plantation, the recipient mice were sacrificed, with the lungs
harvested and tested for cell retention and lineage by gene
analysis and immunochemistry (Fig. 6A). Our data demon-
strated B-gal” cell foci retention in the lungs of recipient mice
for up to 2 months in vivo with no significant background stain-
ing observed (Fig. 6B, 6C). Moreover, at 2 months, the trans-
planted cells were found to connect with the adjacent
alveolar walls (Fig. 6D; arrowhead), with donor tissue displaying
alveolar type 2 epithelial, surfactant protein C (SFTPC), and stro-
mal FN1 extracellular matrix protein production (n = 4; Fig. 6E).
To validate cell colonization of the lung, we isolated GFP-
reporter AlICs and grafted them into recipient mouse left lungs.
Representative images of control (contralateral) and GFP-
instilled (ipsilateral) lungs after 2 months in vivo are shown in
supplemental online Fig. 6. We subsequently quantified the
maximal GFP fluorescent intensity in selected regions of the ip-
silateral and contralateral lobes (Fig. 6F; n = 10 regions from
four separate transplantation experiments). The GFP signal in
the ipsilateral lobe of transplanted mice showed on average
a statistically significant 4.5-fold increase compared with the
background fluorescence of the contralateral lung (p < .01). Ep-
ithelial differentiation of implanted AICs was observed in trans-
planted lung sections by coimmunofluorescence of GFP, SFTPC,
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Figure 4. ACTA1 and very late antigen-5 (VLAS) production in stromal progenitor derived myofibroblasts. Fibroblasts were collected, permea-
bilized, and ACTA1 or VLAS and VLA6 presence was tested. Representative flow cytometry histograms depicting percentage of ACTA1 protein
expression in fibroblasts derived from anchorage-independent cells (A) and primary lung cultures (B). Untreated (light gray), isotype (dark gray),
and ACTA1-treated (black) cell populations are shown. Percentage of ACTA1-positive cells is also shown. Insets: Respective forward scatter vs.
side scatter plots. (C): Cellular localization of ITGA5, ITGA6, and ITGB1 subunits in SPC-derived fibroblasts as seen by immunofluorescence. Top
(from left to right): DAPI nuclear stain (blue), ITGB1 (green), ITGA6 (red), and Merge. Bottom (from left to right): DAPI nuclear stain (blue), ITGB1
(green), ITGAS (red), and Merge. ITGAS localization predominantly corresponds to that of ITGB1 to form VLAS (yellow) focal adhesions in
fibroblastic cells. Scale bars = 20 um. Abbreviations: 488, Alexa Fluor 488; ACTA1, « smooth muscle actin type 1; DAPI, 4'6-diamidino-2-phenylindole;
ITGAS, integrin a-5; ITGA6, integrin a-6; ITGB1, integrin B-1.
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Figure 5. Organotypic progenitor cell differentiation into myofibroblasts. Autologous heart, kidney, and lung anchorage-independent cells
were isolated from mice, differentiated toward the myofibroblastic lineage, and prepared for immunofluorescence (n = 4). Representative
micrographs of heart (top), kidney (middle), and lung (bottom) are shown. Differentiated myofibroblasts at day 80 in culture were stained with
DAPI (blue), the actin binding drug phalloidin (ACTB; green), and labeled for FN1 (red) and COL1A1 (gray) proteins. Scale bars = 20 um. Abbre-
viations: ACTB, B-actin; COL1A1, collagen type 1 a 1; DAPI, 4’6-diamidino-2-phenylindole; FN1, fibronectin-1.

Heart

and SCGB1A1 (supplemental online Fig. 7). SCGB1Alisanotable
marker for secretory epithelial (and progenitor) cell types of the
terminal bronchioles. To confirm cellular retention in the host,
we isolated AICs from male mice and allografted them into fe-
male recipients. The lungs were harvested after 1 month, the
tissue lysed, and DNA extracted. PCR primers specific for Sry
and Mecp2 gene sequences were used to determine the

www.StemCellsTM.com

presence of Y and/or X chromosomes, respectively. As shown
in Figure 6G, although the X-linked Mecp2 gene was expressed
in all mouse tissues examined, the Sry gene was predominantly
identified in the lungs of the intratracheally engrafted females.
In contrast, freshly prepared male pneumocyte isolates trans-
planted into a female were not retained in the host lung over
the same period (n = 4; p < .05). These data indicate that

©AlphaMed Press 2014
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Figure 6. Progenitor cellincorporation in the intact lung. (A): Flowchart depicting experiments of pulmonary isolation, transplantation (1 X 10°
cells), and donor cell identification in recipient mouse lungs. (B): Macroscopic view of a day-10 post-transplantation lung grafted with
B-galactosidase (3-gal)-expressing AlCs. Scale bar = 1 mm. Arrows depict regions rich in indigo-stained cells. (C): Low power, hematoxylin eosin-
stained section of a day 30 (post-transplantation) recipient lung demonstrating B-gal-positive cells in the alveolus (arrow). (D): High power,
hematoxylin eosin-stained recipient lung section illustrating grafted 3-gal-labeled cells (arrow) with connective tissue characteristics, bridging
adjacent alveolar tissues. Scale bar = 100 um. (E): High power image of a transplanted mouse alveolus collected at day 60 after transplantation
demonstrating a region of prosurfactant protein C (red) and fibronectin-1 (green) expression (white box) that corresponds with 3-gal-positive
donor cell expression (inset). Scale bar = 50 um. (F): Histogram comparing the average fluorescent intensities of selected ipsilateral and con-
tralateral lung regions of mice (day 30 after transplantation) grafted with green fluorescent protein reporter cells. Differences in signal inten-
sities are statistically significant (n = 4; p < .01, Wilcoxon test). Finally, male donor AICs or freshly isolated lung cells were transplanted into
recipient female mice. After 30 days, distinct organs were harvested, and DNA was amplified. (G): Chromosome Y-linked Sry sequences were
detected in the lungs but not in the tail or kidney of transplanted female mice at day 30. The X-linked Mecp2 gene, found in all cells, was used as
a control. Implantation of freshly isolated cells (male, lung) did not show any retention in female recipients at the same time point. These differ-
ences are statistically significant (n =4; p < .05). Negative and positive PCR controls represent no and male C57BL/6 DNA controls, respectively.

Abbreviations: AIC, anchorage-independent cell; PCR, polymerase chain reaction.

cultivated AIC allografts differentiate into epithelial and fibro-
blastic cell types in recipient mice and that these lineages are
maintained for a 2-month growth period.

DiscussioN

Environmental and physiological conditions can influence the ge-
netic programs that drive stem/progenitor cell differentiation.
We have demonstrated a method in which a mixed population
of progenitor cells, from multiple tissues, can emulate an in vivo
environment of compensatory growth. Accordingly, we have
established the physiological and molecular properties that can
now be used to define stages of cell differentiation, manifested
by an attachment-mediated shift toward stromal cell and specifi-
cation toward the myofibroblast lineage. These changes are accom-
panied by increased ECM component expression and VLAS
assembly. Finally, extending these findings, we have demonstrated
that transplanted AICs can repopulate an immunocompetent host
lung, contributing to both epithelial and fibroblastic cell lineages.

©AlphaMed Press 2014

Our findings are consistent with the existence of a mixed an-
chorage independent progenitor cell population and extend pre-
vious findings that elucidated a key role for integrin subunit
expression and their function in stem cell differentiation
[21-23]. More importantly, these data support the existence of
an early stromal cell, which lacks conventional markers and mor-
phologies, that might be involved in lung, kidney, and heart path-
ologic entities and in cancer [24-26].

Developmental signals that influence progenitor cell deci-
sions can result from stochastic intracellular programs or cues
from the microenvironment [22, 27]. Because epithelial to
mesenchymal transition does not seemto occurin vivo, the pri-
mary source of fibrotic cells seems to be the circulating
fibrocyte/monocyte [28-30]. Accordingly, because SPCs origi-
nate from a free-floating population, we speculate that fibro-
cytes in vivo are the source of the SPCs in our model and that,
collectively, these cells form an elaborate network of cooper-
ative development required for healthy tissue/organ regener-
ation. Using this analogy, major changes to, or experimental
removal of, one node from the network could increase the

STEM CELLS TRANSLATIONAL MEDICINE
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instability of the remaining nodes and, in turn, trigger ge-
netic rewiring and differentiation down an alternate path.
Accordingly, removal of free-floating epithelial progenitors
from the SPC culture might trigger these changes and initiate
myofibroblastic cell development. Taken together, myofibro-
blast differentiation in vitro is governed by a two-step process:
an initial protein-mediated attachment to the substrate, fol-
lowed by gene-driven cell remodeling and hyperproliferation.

We speculate that the initial trigger of fibroblastic develop-
ment in this model is a release from low density free-floating
AlICs, by a molecular breakdown of cell-cell interactions, and de-
scent to the substrate (by gravity). Attachment to the surface
through substrate binding (focal adhesive) integrins would sub-
sequently promote cell reprogramming. To support this model,
gravity was shown to induce changes on cell cytoskeletal and fo-
cal adhesion components and to specifically affect ITGB1 ex-
pression on human MCF7 cells [31]. We found that ITGB1
plays an important role in myofibroblastic development, which,
together with ITGAS, forms VLAS5. We also demonstrated that
this prominent phenotype can be masked in cellular assays that
require proteolytic steps for single cell dissociation, in particu-
lar, flow cytometry.

In the present study, we chose to investigate the cellular
production of the ITGAS and ITGAG6 integrin subtypes, in addi-
tion to ITGB1 and ITGB4, because of reports that suggest their
value in characterizing various progenitor and proliferating cell
types. Our findings elaborate on the differences in ITGAS5-,
ITGB1-, and VLA5-expressing cells, with ITGB1 expression
and VLAS assembly increasing in differentiated myofibro-
blasts. Hence, it is plausible that integrin expression patterns
might be better predictors of migrating stromal than quiescent
progenitor cells. In an inside-out fashion, integrin conforma-
tion can be modified to promote ECM attachment, degrada-
tion, and internalization [32]. Production of COL1A1, found
in mesenchymal cells of the neonate lung and myofibroblast
progenitor cells, and FN1, the expression of which is signifi-
cantly increased during development and wound healing,
would assist in integrin-mediated cell motility [33—35]. In an
outside-in fashion, ITGB1 activation could potentiate fibro-
blast differentiation through phospholipase A2 activation
and arachidonic acid (AA) signaling [36]. AA metabolism was
shown to stimulate the cellular adherence of alveolar macro-
phages to plastic, to be elevated in AT2 cells undergoing mes-
enchymal transformation, and to further enhance ITGB1
activity and FN1 expression [37-41]. Furthermore, in fibro-
blasts, AA pathway activation was demonstrated to induce cell
remodeling and dispersal [36]. With applications to interstitial
lung diseases and pulmonary fibrosis, understanding the fibro-
blast precursor and the molecular mechanisms active during
cell attachment and differentiation remain important topics
for future studies.

Cell delivery is a major challenge in the implementation of
stem cell therapies. To date, studies that focused on the en-
graftment of stem cells and their primary cultured derivatives
into the lungs of healthy immunocompetent mice have dem-
onstrated modest or no retention [42—-45]. Significantly, we
established epithelial and fibroblast cell retention in the
mouse lung for up to 2 months in vivo. At this point, the prev-
alence of multilineage donor cells that do not demonstrate mi-
totic activity in the recipient lung (data not shown), together
with a lack of SPC reversal to a free-floating state (in culture),
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repudiates the concept of progenitor cell dedifferentiation.
Thus, we have established that AIC attachment and viability
in vivo conform to those observed in culture and that the final
path of progenitor cell development is influenced by cell pro-
gramming and microenvironmental pressures. In summary,
our approaches revealed multiorgan SPC differentiation into
myofibroblastic cell types and demonstrated that intratra-
cheal cell engraftmentis a practical route to provide structural
and functional building blocks to the lung.

Our findings should be interpreted in the context of the
study design. We report that a previously described mixed
free-floating, CD45%/CD11b* (macrophage), and epithelial
stem cell population additionally harbors a stromal progenitor
subset. SPCs can be selected by physiological anchoring prop-
erties rather than immunophenotype and can develop into
functional MSC and fibroblastic cell lineages. Although it
remains unclear whether the reported SPCis represented early
inthe AIC or develops as an adaptation to two-dimensional cul-
ture, one unique characteristic of this cell is rooted in its devel-
opment. Specifically, during isolation, SPCs are not segregated
from the rest of the tissue by enzymatic proteolysis and/or sub-
jected to the possibility of antibody-mediated cell signaling.
These treatments are necessary in many immunophenotyping
assays and, as shown by us and others, can cause robust cellular
artifacts [46].

On implantation of pulmonary AICs into the intact mouse
lung, we observed high cellular resilience and retention for
more than 2 months in vivo. Although we did not detect donor
cell division, it is possible that mitosis did occur in vivo; how-
ever, our sample size was too small to identify it, because only
1% of SPCs displayed division in vitro. By extension, these data
would give us a 1 in 100 chance to identify this process. In ad-
dition, because the recipient lungs were exposed to stress
during the transplantation procedure, possibly leading to
epithelial barrier damage, we must consider the notion that
the implanted cells fused with endogenous cells or were endo-
cytosed by residential phagocytes [47]. Nevertheless, although
possible, these scenarios were unlikely, because both alveolar
and peribronchial spaces of the lung were populated by donor
cells, and the frequency of intratracheally instilled cell fusion
was reported to be low [42]. Furthermore, multinucleated cells
were not observed, and the half-life of the enhanced-GFP re-
porter protein in fibroblasts was reported to be on the order
of hours and not of days [48]. Finally, we did not identify a ro-
bust immune response to the allografted cells in all sections
tested. This is particularly encouraging, because tissue rejec-
tion isa common occurrence in human lung transplants. Taken
together, these data indicate de novo gene expression of
grafted cells in the lung for extended periods. Additional
experiments to determine the fate of implanted cellsin models
of lunginjury and of decellularized biological lung scaffolds are
warranted.

In conclusion, we have demonstrated a subset of cells from
multiple organs that, on attachment to a substratum, multipoten-
tially beget cells of the stromal lineage. Through a program of dif-
ferentiation, these cells increase ECM protein expression and
enhance interactions and communications with their environ-
ment through VLAS5. Understanding stromal cell differentiation
can help expand our knowledge of myofibroblast activity in
fibrosis and assist in cell-directed delivery to sites of organ
degeneration.
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