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Abstract

Compensatory growth is mediated by multiple cell types that interact during organ repair. To 

elucidate the relationship between the stem/progenitor cells that proliferate or differentiate and the 

somatic cells of lung, we utilized a novel ex vivo pneumoexplant system. Applying this technique, 

we identified a sustained culture of repopulating adult progenitors in the form of free floating 

anchorage-independent cells (AICs). AICs did not express integrin proteins α5, β3, and β7, and 

constituted 37% of the total culture at day 14, yielding a mixed yet conserved population that 

recapitulated RNA expression patterns of the healthy lung. AICs exhibited rapid proliferation 

manifested by a marked 60-fold increase in cell numbers by day 21. Over 50% of the AIC 

population was cKit+ or double-positive for CD45+ and CD11b+ antigenic determinants, 

consistent with cells of hematopoietic origin. The latter subset was found to be enriched with 

prosurfactant protein-C and SCGB1A1 expressing putative stem cells and with aquaporin-5 

producing cells, characteristic of terminally differentiated alveolar epithelial type-1 pneumocytes. 
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AICs undergo remodeling to form a cellular lining at the air/gel interface, and TGFβ1 treatment 

modifies protein expression, implying direct-differentiation of this population. These data confirm 

the active participation of clonogenic hematopietic stem cells in a mammalian model of lung 

repair and validate mixed stem/somatic cell cultures, which embrace sustained cell viability, 

proliferation, and differentiation, for use in studies of compensatory pulmonary growth.
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1. Introduction

When cultivated on monolayer culture, cells from tissue explants are outgrown by, or 

behave morphologically and biochemically as rapidly proliferating fibroblasts (Coon 1966; 

Fehrenbach et al. 2009). In contrast, tissue cultivation on a semisolid culture has been shown 

to obstruct fibroblast overgrowth (Friedenstein et al. 1974; Torry et al. 1996; Bilko et al. 

2005) to result in co-cultures of: 1) adherent stromal cells that may serve as feeder layers, 

and 2) non-attached, anchorage-independent cell (AIC) subsets (Rosenstraus et al. 1984; 

Borue et al. 2004). In the absence of adhesion proteins, AICs from marrow, liver, prostate, 

and adipose tissue have been reported to display clonogenic growth, form spheres, exhibit 

increased expression of putative stem cell markers, and multipotentially differentiate 

(Nemunaitis et al. 1989; Dalton et al. 1992; Jones et al. 1996; Lin et al. 2005; Shi et al. 

2007; Lin and Chang 2008). Moreover, AIC growth in suspension required less extracellular 

growth promoting factors and were not restricted by cell-cell contacts (Shekhter-Levin et al. 

1985; Arsic et al. 2008).

Pulmonary gas exchange takes place in the distal airways through a barrier of epithelial cells 

that line the airway with alveolar type (AT)-II cells secreting surfactant proteins and 

transdifferentiating into ATI cells (Chen et al. 2005; Qiao et al. 2008). It is known that an 

epithelial cell hierarchy exists in the lung with a class of progenitor cells staining positive 

for the surfactant protein C (pSPC) and secretoglobin, family 1A, member 1 (uteroglobin) 

(SCGB1A1) proteins. While the extracellular markers that characterize the pSPC/SCGB1A1 

double positive cells remain controversial, several studies suggest a role for hematopoietic 

CD45 and the non-hematopoietic Sca-1 stem cell surface markers in lung regeneration with 

the CD45 (high) and CD11b (high) presenting leukocytes accumulating at sites of injury 

(Giangreco et al. 2004; Summer et al. 2004; Shim et al.). A dynamic ex vivo coculture 

system that cultivates stem and supporting cell subsets could thus recapitulate tissue 

homeostasis and compensatory growth (Weiss et al. 2006; Peter 2007; Blaisdell et al. 2009).

Many laboratories have attempted to determine alveolar signals and cell-proliferation with 

specially elaborated media and culture conditions (Gueven et al. 1996; Lang et al. 1998; 

Blickwede and Borlak 2005; Lang et al. 2007), as well as isolation techniques (Carley et al. 

1992; Kim et al. 2005; Gonzalez et al. 2009) to study metabolism (Torky et al. 2005), 

transport (Demaio et al. 2009), and the potential of lung progenitors to drive repair (Bishop 

and Rippon 2006; Summer et al. 2007; Giangreco et al. 2009; McQualter et al. 2009). These 
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attempts have been at least partially thwarted by the fact that alveolar cell proliferation when 

grown in monolayers is regularly replaced by cell transdifferentiation (Chen et al. 2005; 

Qiao et al. 2008). To elucidate lung alveolar progenitor populations we focused on a newly 

described anchorage-independent cell population that can be maintained for long periods of 

time in vitro.

2. Materials and Methods

2.1. Mice and tissue sources

Male and female mice age 1–2 months (C57BL/6) were purchased from Charles River 

(Wilmington, MA), and green fluorescent protein (GFP) and β-galactosidase-expressing 

mice from Jackson laboratories (Bar Harbor, ME; #003115 and #002073, respectively). 

Sheep tissue was provided by E.I. at the Tufts Cummings School of Veterinary Medicine 

(Grafton, MA) and human tissue by S.K. at Montefiore Hospital (Bronx, NY). All 

experiments were performed according to protocols of the Harvard Medical Area and 

Yeshiva University Institutional Animal Care and Use Committees. Human studies were 

approved through the Committee on Clinical Investigations of Yeshiva University.

2.2. Pneumoexplant method

A 3.3% bactoagar gel (BD, Franklin Lakes, NJ) prepared from Dubelco’s Modified Eagles 

Medium (DMEM; GIBCO, Grand Island, NY) + 10% bovine serum (Hyclone, Logan, UT) 

was prepoured (1 ml) into wells of a 12-well dish (Costar, Corning, NY) and allowed to set 

for one hour. This coating was submerged in 1 ml of the same composite growth medium 

(DMEM + serum). Lung tissue was carefully removed, rinsed in three successive plates of 

cold phosphate-buffered saline (PBS), finely chopped with microscissors, and two ~1 mm2 

(weight = 35.1 ± 7.8 mg) tissue fragments were incubated in suspension at opposite poles of 

the well. PBS washes removed the majority of unbound (blood) cells prior to incubation, 

and the unprocessed lung was allowed to float in the upper layer of the well. Tissue 

fragments were removed from the dish on day 3 with fresh growth media added weekly (1:3 

w/v). Cells were incubated at 37°C in a 5% CO2 incubator (Thermo Scientific, Waltham, 

MA). This technique was modified from a previously described method to culture and 

differentiate granulocyte/macrophage hematopoietic progenitor cells in which bone marrow 

cells within the scaffold were replaced with lung fragments in the media layer (Peter et al. 

2001).

2.3. Cell renewal and propagation experiments

AICs were collected, digested in 0.25% trypsin for 5 min. at 37°C, filtered through a strainer 

(70 micron, Corning, NY), diluted and single cells passaged by pipettation. Cell counts were 

performed in triplicates on individual wells of a 12-well dish at each time point. Total AIC 

numbers were calculated by the average number of cells/well multiplied by the number of 

wells prepared from a whole lung. Cell viability was determined by exclusion of the cell-

impermeable dyes trypan blue and fluorescent propidium iodide (Sigma, St. Louis, MO), 

and the annexin V and 7-AAD containing, Nexin and Viacount dyes (Guava Technologies). 

Feeder layers were prepared from mouse embryonic day-14 mouse tail fibroblasts (MEFs) 

grown in DMEM, 10% fetal bovine serum (Hyclone), 1% nonessential amino acids, 1mM L-
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glutamine, and 0.1 mM β-mercaptoethanol and irradiated at 40 Gy using a Gammacell 40 

Exactor (Nordion International, Kanata, ON). For 5-Bromo-2’-deoxyuridine (BrdU) 

experiments, cells were treated with 10µg/ml BrdU (Sigma) for one hour, washed (×3 in 

PBS), permeabilized with 95% ethanol/ 5% acetic acid, washed (×3 in PBS) and stained. 

Differentiation into a honeycomb multicellular layer was performed by removal of the upper 

liquid media from two week-old AICs. Cells were maintained under a thin layer (100µl) of 

liquid growth media.

2.4. Immunofluorescence

Cells were cytocentrifuged onto slides, rinsed in cold PBS, fixed in 1% paraformaldehyde, 

stained with selected primary reagents, including goat or rabbit anti- secretoglobin, family 

1A, member 1 (uteroglobin; SCGB1A1), rabbit anti-aquaporin 5 (Aqp5; Santa Cruz 

Biotech), rabbit anti-Ki67 (Abcam), and anti-prosurfactant protein C (pSPC; Millipore). 

Mouse anti-epidermal growth factor receptor, α smooth muscle actin, and BrdU were 

procured from Millipore, and mouse anti-actin and β-catenin were purchased from Sigma. 

Cells were then washed and treated with goat anti-mouse or chicken anti-goat Alexa-488 

(Molecular Probes, Eugene,OR) or goat anti-rabbit Cyanine-3 (Jackson Immunoresearch 

Laboratories, West Grove, PA) secondaries, and covered with Fluoromount-G (Southern 

Biotech, Birmingham, AL). Following sorting, AICs were exposed to UV light for 10 

minutes, and fluorescent quenching confirmed by microscopy.

2.5. Flow cytometry and sorting

Cells were dissociated in 0.13% trypsin for 10 minutes, washed and labeled with the 

following antibodies: PE-Cy5.5 or biotinylated rat anti-CD45R, PerCP-Cy5.5 conjugated 

anti-CD11b (ebioscience 12011283), R-PE conjugated rat-anti mouse Sca-1 (Invitrogen, 

Carlsbad, CA), APC conjugated anti-mouse cKit 17117183 (ebioscience, San Diego, CA), 

biotinylated anti-mouse CD31, TC conjugated anti-mouse CD45R (RM2606, Caltag, 

Burlingame, CA), Rabbit anti-EGFR (Cell signaling), streptavidin-PE/Cy5 and streptavidin-

APC/Cy7 (Biolegend) and PE donkey anti-rabbit (Santa Cruz, CA) secondaries. Isotype 

controls included Alexa Fluor® 488 conjugated rat-IgG, FITC-rat IgG, R-PE-rabbit IgG 

(Southern Biotech, Birmingham, AL) and PE-Cy5.5 IgG (BD Pharmingen, San Diego, CA). 

To determine cell proliferation and apoptosis/necrosis we utilized the Click-iT 5- ethynyl-2’-

deoxyuridine (EdU; Invitrogen, Carlsbad, CA) and Nexin (Merck, Whitehouse Station, NJ) 

assays, respectively. Experiments were performed per manufacturer’s instructions. Briefly, 

AIC cells were pulsed with 10 µM EdU for 1 h. EdU-incorporated cells were fixed in 

paraformaldehyde for 15 min, permeabilized with a saponin-based buffer, and treated with 

the click-reaction mixture. Cells were analyzed on the Easycycle mini flow cytometer 

(Guava Technologies), FACScan (Becton Dickinson, Franklin Lakes, NJ), or MoFlo3 

(Dako, Fort Collins, CO). Cytometric analysis was performed using the FlowJo software 

package (Ashland, OR).

2.6. Immunobloting

AICs were second round passaged (P2) onto 12-well dishes (Costar, Corning, NY) and 

treated with 2ng/ml of TGF-β1 (R&D systems, Minneapolis, MN) and refed three times 

weekly for a period of two weeks. Whole cell extracts were prepared in boiling sample 
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buffer (8% SDS, 0.2M Tris-HCl pH 6.8, 10mM EDTA, 40% glycerol) and supplemented 

with protease inhibitors (protease inhibitor cocktail, Sigma, St Louis, MO). Protein 

concentrations were determined (Bio-Rad DC Protein Assay, Hercules, CA) and 70 µg 

protein was loaded and electrophoresed in 10% SDS-polyacrylamide gels (Pierce, Rockford, 

IL), blotted onto nitrocellulose membranes (Bio-Rad, Hercules, CA), incubated with 

primary antibodies recognizing both human and mouse protein variants and detected by 

enhanced chemiluminescence (ECL; Amersham Biosciences, England). Secondary 

antibodies included horseradish peroxidase (HRP)-conjugated goat anti-mouse or goat anti-

rabbit (Bio-Rad, Hercules, CA).

2.7. Nucleic acid purification, quantification, amplification, and RT of sample used for real-
time qRT-PCR

RNA from total and sorted AICs was isolated from cells by the Trizol method (Invitrogen) 

and purified using RNeasy columns (Qiagen,Valencia, CA). RNA quality and quantity were 

determined by Nanodrop spectrophotometery (Thermo Scientific). First-strand cDNA 

synthesis using the SuperScript II reverse transcriptase kit (Invitrogen) was performed on 

1mg total RNA using oligo(dT)12–18 (Invitrogen). To ensure an RT performance of equal 

quality, all samples were reverse transcribed simultaneously using a single mastermix. All 

reactions were performed in an ABI-PRISM 7300 sequence detection system (Applied 

Biosystems) starting with 10 min of Taq activation at 95°C, followed by 40 cycles of 

melting (95°C, 30 s), primer annealing at the temperature appropriate for each primer (55– 

60°C, 30s), and extension (72°C, 30s) ending with a melting curve analysis to validate the 

specificity of the PCR products. Fluorescence data were acquired after each annealing step. 

All primers were generated using the Primer3 software application and are listed in 

Supplementary Table 1. These include; Glyceraldehyde-3-phosphate dehydrogenase 

(Gapdh), CCAAT/enhancer binding protein alpha (Cebpa), Scgb1a1, pSPC (Sftpc), Aqp5, 

surfactant protein B (Sftpb), and CD31 (Pecam1). The absence of primer-dimers was 

verified post-amplification by melting curve analysis.

2.8. Cell scoring and signal quantification

AICs were sedimented by cytocentrifugation (Shandon, cytospin 4, Thermoscientific), 

labeled as indicated, immersed in fluorescent mounting medium and covered. The 

percentage of BrdU, alpha-smooth muscle actin, SCGB1A1, and pSPC expression to DAPI 

counterstained nuclear images were scored by two independent assessors blinded to 

treatment. Protein signal intensity was collected using Scion Image software application 

package (4.0.3.2, Scion Corporation, Frederick, MD) and normalized to that of β-actin.

2.9. Photographic capturing and statistical analysis

Photomicrographs were obtained using an Olympus IX71 microscope (Center Valley, PA) 

equipped with a DS-Qi1 camera head interfaced with NIS-Elements software (both from 

Nikon, Melville, NY). Images were globally adjusted for contrast and brightness and 

composed using Photoshop software (Adobe systems, San Jose, CA). Confocal images were 

captured using a T-3200 (Nikon Imaging Center, Harvard Medical School) or AOBS SP5 

(Analytical Imaging Core, Albert Einstein College of Medicine) laser scanning microscopes. 
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Unless indicated, statistical analysis was performed using F-test for normally distributed 

data and Wilcoxon rank sum test for non-parametric skewed data. A significant difference 

between groups was established at p<0.05. Data are presented as average ± standard error of 

the mean (SEM).

3. Results and Discussion

Pneumoexplantation and AIC isolation from the lung

We developed a system where minced lung tissue was submersed in growth media and 

cultivated on a pre-poured soft-agar scaffold for three days. Cellular efflux from these tissue 

fragments resulted in either: 1) non-adherent cell growth in the liquid phase or; 2) adherent 

cell growth upon or within the scaffold (Supplementary Figure 1). Within mouse 

pneumoexplant bioreactors at day 14, the non-adherent AICs represented 37.0% ± 1.2% of 

the cultures with their percent viability demonstrated at 98.8% ± 2.3%, using trypan blue 

exclusion (data not shown). Finally, prior perfusion of the lung did not affect these results 

and AIC extraction and proliferation was validated in sheep and human pneumoexplant 

cultures (data not shown).

Next, to determine if AIC populations maintain characteristics of the lung, we compared by 

qRT-PCR the expression patterns of several lineage-specific mRNA transcripts (Table 1), 

specifically: Sftpb and pSPC (surfactant proteins produced by ATII cells), Scgb1a1(found in 

Clara cells), Cebpa (a transcription factor expressed in hematopoietic and ATII progenitors), 

aquaporin 5 (Aqp5; a water channel specific for ATI cells), and the endothelial cell marker 

Pecam1 (Basseres et al. 2006). When normalized to the housekeeping gene, Gapdh, while 

transcript levels of Cebpa, Aqp5, and Pecam1 were similar at day 7, production of Sftpb, 

pSPC, and Scgb1a1 were reduced to approximately ~75% of normal lung expression. These 

differences were not statistically significant as determined by the non-parametric Wilcoxon 

test (n≥7). These data indicate that AICs found in the lung are conserved throughout several 

organisms and can continue to reflect natural lung properties in culture.

AIC growth and proliferation in suspension culture

To reveal stem cell properties of AICs, we determined proliferative growth by plotting total 

number of cells in suspension at several time points (Figure 1A). While at day 1 post-

explantation, an average of 8.8 ± 0.4 ×104 AICs were recovered from the lung, by day 14 

cell numbers leveled off at 5.5 ± 1.6 ×106. These data represent a statistically significant 62-

fold increase in cell numbers in two weeks (n ≥ 7; p = 6 ×10−5). To validate cell 

proliferation we conducted flow cytometry and immunofluorescence labeling experiments at 

day 7, utilizing the incorporation of synthetic nucleotides EdU and BrdU, and labeling of 

anti-Ki67 antibodies that present nuclear proliferation in transitioning and dividing cells 

(Benayoun et al. 2001). Day 7 was chosen due to the larger number of identifiable cells in 

the bioreactor. As shown in Figure 1B, a shift in EdU staining was revealed in AICs with 

over 13% of the cells incorporating this nucleotide analogue. Similarly, both Ki67 nuclear 

localization and BrdU uptake was observed in separate experiments (Figure 1C and D), with 

BrdU incorporation observed in 15.8% ± 2.5% of the AIC population. By contrast, at day 

24, only 0.4 ± 0.2% of cells demonstrated BrdU uptake, representing a significant decline in 
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proliferative growth over longer periods in culture (n ≥ 7; p<0.001; data not shown). As seen 

in Figure 1E, dividing AICs did not express pSPC, reflecting either a separate proliferating 

lineage or a true undifferentiated phenotype known to define multipotential stem cells. Next, 

to quantify apoptosis and necrosis we utilized the annexin V reagent that binds 

phosphatidylserine on the outer surface of cells (associated with the onset of apoptosis) and 

the 7-AAD impermeable dye (an indicator of membrane structural integrity). Our data 

indicate apoptosis ranging between 0.5%–3.2% depending on reagents used, with no late 

apoptotic/necrotic cells found when gating for annexin V and 7-AAD fluorescence by flow 

cytometry (n=4; Figure 1F). These results indicate that AIC undergo a robust early 

proliferative-growth response that subsides over time in culture.

Clonogenic AIC growth on mouse embryonic feeder layers

To determine clonogenicity, we dissociated AICs from the lungs of GFP-expressing mice 

and reseeded single cells either on tissue culture plastic or mouse (wild-type) embryonic 

feeder layers (Supplementary Figure 2). Single cells passaged onto tissue culture plates 

resulted in limited proliferation that spread in a planar fashion on the dish. In contrast, 

seeding of single AICs on mouse embryonic feeder layers demonstrated perpendicular, 

substrate-independent, upgrowth resulting in the formation of cell colonies (defined as >50 

cells). Over 2% of cells dissociated from these clones could maintain expansion when 

serially passaged and reseeded onto irradiated mouse embryonic fibroblast feeder layers. To 

further characterize AIC clones grown on MEFs, we determined the presence of the cKit 

stem cell marker, and pSPC and SCGB1A1 epithelial markers of the lower airways, by 

immunofluorescent microscopy (Supplementary Figure 2). cKit and pSPC demonstrated a 

punctate expression pattern while SCGB1A1 was detected in restricted areas within the 

clones. The reason for this discrepancy is unclear. Clonal expansion as well as the presence 

of stem cell and epithelial cell markers highlights the potential of AICs to differentiate into 

multiple cell types of the lung in culture.

Hematopoietic protein decoration of free floating AIC cultures

For classification and later as a metric for cellular changes/differentiation in culture, AIC 

antigen expression at days 6 and 21 was examined. As integrin subunits, which mediate cell 

attachment to the extracellular matrix, were shown to be deficient in anchorage independent 

cells (Dalton et al. 1999; Weinberg 2007), we tested by flow cytometry for the presence of 

integrin receptors on adult lung AICs and found a lack of integrins α5, β3, and β7 expression 

on both mouse and human populations (data not shown). In contrast, as shown in Table 2, 

integrin αM (CD11b) was greatly expressed in these cell types. Effectively, levels of CD11b 

increased in tandem with CD45 (p ≤ 0.05) by day 21, concomitant with a significant 

reduction in the hematopoietic/lung stem cell marker, cKit (p<0.001). Moreover, the 

percentage of epidermal growth factor receptor (EGFR) and Pecam1 producing cells did not 

significantly change, indicating the presence of both epithelial and endothelial cells over 

time in vitro. Taken together, these data highlight presence of hematopoietic cell-associated 

markers that do not influence differentiated pulmonary cell types with time in culture.
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Lung stem cells are enriched in the CD45/CD11b fraction

As CD45 and CD11b proteins were reported to be present on lung and airway progenitor 

cells, as well as on monocytic and hematopoietic subsets, we set out to determine the 

abundance of these markers in the AIC population (Rajantie et al. 2004; May et al. 2009). 

We found predominant expression of CD45+ and CD11b+ surface receptors within the AIC 

population with CD45+/CD11b+ double positive cells constituting approximately 60% of 

this fraction (Figures 2A–D). The stem cell marker Sca-1 and endothelial determinant CD31 

were also highly represented in the AIC population (Figures 2E and 2F). To determine 

which of the above subsets might harbor lung pSPC/SCGB1A1 double positive cells, we 

applied fluorescent activated cell sorting and later subjected separated fractions to qRT-PCR 

and immunofluorescence. Surprisingly, while pSPC and Aqp5 proteins were identified by 

immunofluorescence following sorting, at the transcriptional level these mRNA’s were 

diminished, indicating transcript instability (Table 1 and Figure 3). Cells of the CD45+/

CD11b+ subset were found to produce Pecam1, Aqp5, the myofibroblastic cytoskeletal 

protein alpha-smooth muscle actin (αSMA) and, noteworthy, SCGB1A1 and pSPC proteins 

(Table 1 and Figure 3). In addition to the fact that SCGB1A1 and Aqp5 protein expression 

were explicitly found in the CD45+/CD11b+ subset, 26.0% ± 6.6% of this population was 

also shown to be double positive for pSPC and SCGB1A1 antigenic determinants, as 

revealed from immunofluorescent labeling (n ≥ 4). These data indicate cell commitment 

towards epithelial lineages, as pSPC/SCGB1A1 double positive cells can delineate into both 

alveolar and terminal bronchial epithelial cell types. As SCGB1A1 was demonstrated in 

65.3% ± 5.6% compared to pSPC that was found in 29.8% ± 10.2% of this cell population, 

preferential differentiation into the Clara lineage is predominant under these cellular 

conditions. In contrast, the CD45+/Sca-1+ subset was the most diverse with several 

statistically significant differences in transcript levels to AICs and CD45+/CD11b+ 

populations (Table 1). Taken together, these findings suggest the presence of a minor 

population of multipotential epithelial progenitor cells that reside within the CD45+/CD11b+ 

AIC subset.

Diverse AIC populations cooperate to form cell structures in vitro

To determine if AICs can undergo conditioned cell growth we exposed two week old cells to 

an air/gel interface, by significantly reducing the upper-suspension media interface. Under 

these conditions after two weeks, cells adhered to the scaffold and formed a polyhedral-

structured multicellular layer that remained stable for an additional month (Figure 4A and 

4B). To rule out cell clumping and to determine whether AICs can become polarized, we 

labeled multicellular day-21 layers for antibodies specific for the epidermal growth factor 

receptor (EGFR), reported to be predominantly localized at the apical membrane of ciliated 

lung epithelial cells (Tyner et al. 2006). EGFR labeling was chosen due to the length of time 

in culture and ordered cell structure that more likely represents a differentiated epithelial cell 

layer. In these experiments, EGFR was produced in AICs and localized at the cell periphery 

(Figure 4C), while actin stress fibers formed along neighboring cell membranes (data not 

shown) to imply establishment of cell polarization and functional contacts. Alternatively, 

cultivated for over a month, AICs could spontaneously align to form 3-dimensional cellular 

spheres in suspension (n=7; Figure 4D). We speculate that these structures form within air 

bubbles (spontaneous or induced) of the upper media layer. Taken together, continuous 
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interaction of mixed AIC layer subsets can promote cell remodeling and the generation of 

distinctive tissue-like structures in culture.

Activation of AIC subsets by transforming growth factor beta-1

To test the effect of soluble paracrine factors that induce cell transition or phenotypic 

changes primarily to epithelial cell populations, we removed two week old AICs and 

reseeded them in the absence or presence of 2ng/ml transforming growth factor beta-1 

(TGFβ1). After a two week incubation period cells were then collected for immounoblotting 

(Figure 5). Untreated AICs were characterized by production of αSMA and lower amounts 

of pSPC, EGFR, and β-catenin proteins as compared to the A549 human lung epithelial cell 

line. As compared to non-treated AICs, TGFβ1 treatment elevated β-catenin that was 

accompanied by a decline in EGFR protein levels and pSPC levels. Measured by protein 

densitometry, subtracted by background and normalized to the housekeeping gene β-actin 

(data not shown; n≥4), changes in β-catenin and EGFR levels were statistically significant 

(p<0.05). These results suggest that AIC subpopulations maintain the machinery to 

transduce TGFβ1 stimuli in culture and suggest that this immunosuppressive cytokine may 

promote AIC transition and/or differentiation.

The formidable challenges in understanding alveolar cell networks active during 

homeostasis and injury can be addressed using a multicellular pneumoexplant system to 

fractionate cells by their ability to bind a semisolid hydrogel. Applying this system, we 

expand on the reported lung cell populations and our data demonstrate that viable stem cells 

can be isolated from a population of adult anchorage-independent cells in a free-floating 

state from the lungs of several mammals. AICs represent a mixed population characterized 

by cKit expressing cells, as well as a CD45 and CD11b double positive fraction that harness 

pSPC and SCGB1A1 alveolar progenitor cells. Specifically, within this population, cells 

undergo clonogenic growth and are prone to phenotypic changes, while maintaining mRNA 

and protein expression in a pattern resembling that of the lung.

Our findings are consistent with prior reports that suggest that cKit is a marker for lung 

multipotential stem cells, and confirm the incidence of fibroblastic and epithelial lineages 

within cells of the AIC population (Horwitz and Dorfman 1970; Shin et al. 1975; Torry et al. 

1996; Weinberg 2007; May et al. 2009; Kajstura et al. 2011). Furthermore, AIC proliferative 

growth recapitulates that of pluripotential colony-forming bone marrow and embryonic stem 

cells grown in suspension (Iscove and Yan 1990; zur Nieden et al. 2007), and convey 

plasticity when subjected to diverse environmental conditions or chemokines (Willis et al. 

2005).

Presenting a hematopoietic cell phenotype, a major presence of CD45 and CD11b 

expressing cells in the AIC population may allude to the fact that: 1) the lung can function as 

a satellite organ of hematopoiesis to promote blood regeneration; 2) these cells can serve as 

a source of pulmonary cell precursors; and/or 3) these cells can support lung progenitor cells 

outside of the niche. These possibilities correspond with reports that identify CD45 and 

CD45+/CD11b+ expressing cells as epithelial and endothelial progenitors of the lung that 

together participate in postnatal vascular and airway repair and regeneration (Rajantie et al. 

2004; Yamada and Takakura 2006; Zani et al. 2008; Li et al. 2009; May et al. 2009).
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Recent influential studies have described the cKit receptor tyrosine kinase as a lung stem 

cell marker, with the reported cKit positive stem cells found localized to an unstructured 

niche of fibroblast, epithelial, smooth-muscle, and other cells (Kajstura et al. 2011; Lindsey 

et al. 2011). However, the conditions that drive derivation toward more specified pSPC+/ 

SCGB1A1+ epithelial progenitors present in both EpCAMhi CD49f+ CD104+ CD24low and 

CD45− CD31− Sca1+ CD34+ populations remain elusive (Kim et al. 2005; McQualter et al. 

2009; Raiser and Kim 2009). Clonogenic growth, accommodation of cKit expressing cells, 

that decrease with time in culture, as well as presence of the pSPC and SCGB1A1 lineage, 

highlights this strategy for stem cell isolation and may be further used to understand cues 

involved in stem cell derivation. Moreover, this technique may spare cells from mRNA 

instabilities and other artifacts associated with the absence of (stem cell) supporting cells or 

rigorous proteolytic tissue dissociation. These anomalies can be particularly misleading in 

attempts of stem cell identification (such as in the case of pSPC transcript degradation). 

Thus, cell characterization by mRNA and membranal protein attributes do not unequivocally 

determine classification and additional physiological factors, including the path of cell 

differentiation, chemokine activation, and/or attachment properties to a scaffold, may 

significantly assist in stem cell classification.

Cell proliferation, the presence of a comparable AIC transcript array, as well as a limited 

number of antigenic determinants suggest a similar cell ancestor, which serves in the 

pneumoexplant model as an early multipotential adult precursor. These cells may interact 

with their more determined progeny to maintain and coordinate compensatory growth with 

mesenchymal cells laying the (matrix) foundation upon which endothelial and epithelial 

populations can subsequently thrive. Of AIC populations, it is plausible that the CD45+/

CD11b+ subset maintains an epithelial cell hierarchy as revealed by the prevalence of pSPC 

(ATII), SCGB1A1 (Clara), and Aqp5 (ATI) transcripts and proteins, as well as Cebpa found 

to be expressed in ATII progenitor cell types (Basseres et al. 2006). Cell conditioning at an 

air/gel interface leading to the formation of a cell lining with cuboidal morphology is 

reminiscent of secretive or absorptive tissue and could reflect the formation of distal 

bronchial epithelium. SCGB1A1, as well as epithelial-derived, epidermal growth factor 

receptor expression considerably bolsters this prospect. A more focused interrogation of the 

CD45+/CD11b+ subset, as well as their interactions with additional populations remains a 

subject for future AIC studies. Taken together, as the CD45 and CD11b double positive 

population exhibits robust expansion and harbors the reported pSPC+/SCGB1A1+ cells, 

which can be cultivated for up to three weeks in culture, these data support the use of the 

pneumoexplantation model as a system to study lung dynamics, and cell derivation and 

multi-cellular networks under stable and reproducible conditions.

These findings should be interpreted in the context of the study design. While in this model 

AICs are released into suspension it is possible that this observation may transpire from 

mechanical damage to the lung, specifically the application of coarse tissue mincing. In fact, 

in vivo, AICs may reside in the lung interstitium becoming motile following injury, 

translocating paracellularly to the lumenal (surfactant coated) surface of the lung, where 

conventional basement membrane and anchoring integrin subunits are absent. In this 

environment, AIC derivatives can exploit the lipid-rich media for: a) chemokine and growth 
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factor secretion; b) surfactant release; c) engulfment of dead tissue; and d) deposition of 

newly generated cells. Moreover, at this interface, distally located AICs could undergo 

unrestricted chemotaxis and mobilization to sites of alveolar injury. Such a mechanism is 

supported by the confinement of multiple growth factor receptors, including the EGFR, to 

the apical surface of lung epithelia and can explain why AICs are liberated solely by 

flooding tissue with growth media, in the absence of proteolytic enzyme requirements. 

Taken together, based upon our results we reason that AIC “mobile units” orchestrate 

regenerative lung growth from the airways, at sites of external pathogen or chemical assault.

We cannot confirm the exact lineage of AICs or rule out the possibility that cell explants 

undergo atypical differentiation following long-term cultivation. Hence, AIC expression 

patterns may not reflect that solely of the lung, with separate reports describing SFTPB and 

SCGB1A1 production in hematopoietic cells (Field-Corbett et al. 2009; Londhe et al. 2010). 

Along these lines, the fact that AICs expand in culture and cells of the CD45/CD11b 

fraction specifically express pSPC, SCGB1A1, and SFTPB proteins may indeed suggest a 

transient CD45/CD11b/pSPC/SCGB1A1 positive hematopoietic derivative that can 

participate in lung repair. This prospect corresponds with classical studies of normal 

mammalian lung cell proliferation that related dividing cells in the alveolar wall to alveolar 

macrophages and may now be used to explain the presence of the cKit hematopoietic stem 

cell marker as a determinant of human lung stem cells (Bertalanffy 1964; Kajstura et al. 

2011; Lindsey et al. 2011). Finally, while we cannot exclude the option that pSPC/

SCGB1A1 stem cells constitute contaminants that co-purify in the CD45/CD11b fraction, at 

the very least, this study provides evidence for the first time that CD45/CD11b cells interact 

with, and may support, endogenous lung progenitors for moderate periods of time in culture. 

Taken together, long-term mixed stem cell preservation by pneumoexplanation provides a 

significant advantage over contemporary methods employed to study cell derivation, 

interactions, and autonomic specification. Moreover, it is feasible that AICs, enriched for 

progenitor and spontaneously differentiated lung cells, might engage under these defined 

conditions in inductive interactions to promote cooperative growth. This type of 

development can potentially be applied to novel medical therapies with mixed-cell grafts 

replacing organ transplantation and serving as a viable alternative to transplantation of 

purified, lineage-restricted, stem cell populations. This exciting prospect remains an 

important topic for future studies.

In summary, the present study demonstrates a pneumoexplant culture to identify diverse 

populations that grow in suspension and emulate the natural cellular milieu of the lung. 

Employing this method, the versatile AIC population and its CD45/CD11b progenitor subset 

may help shed light on stem cell networks and circuits to elaborate on the minimal 

conditions necessary for compensatory lung growth.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Table 2
AIC population dynamics in culture

Cells were collected, prepared, labeled, and acquired by flow cytometry at days 6 and 21 (n ≥ 4).

Day 6
%AIC

(Cells ×106)

Day 21
%AIC

(Cells ×106)

CD45 58.59 ± 5.56
(3.12 ± 0.29)

88.33 ± 4.06*

(5.08 ± 0.23)

CD11b 59.69 ± 3.75
(3.18 ± 0.20)

76.49 ± 4.94
(4.41 ± 0.28)

cKit 55.76 ± 3.32
(2.98 ± 0.18)

4.59 ± 4.79***

(0.26 ± 0.28)

Pecam1 37.13± 11.30
(1.98 ± 0.60)

18.30 ± 7.13
(1.05 ± 0.41)

EGFR 12.20 ± 4.02
(0.65 ± 0.21)

13.53 ± 2.54
(0.78 ± 0.15)

Upper values show percentage of cells in the AIC population (average ± SEM). Lower values (shown in parentheses) reflect the calculated number 
of antigen-presenting cells per lung per day. CD11b is produced in monocytes and cKit is produced in mast and hematopoietic stem cells. Pecam1 
is found in endothelial cells and the epidermal growth factor receptor (EGFR) is expressed in epithelial cells. The percentage (and number) of 

CD45+, a pan-hematopoietic marker, cells significantly increased, while that of cKit expressing cells significantly declined with time in culture.

*
p = 0.05;

***
p < 0.001 by F test.
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