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Human tracheobronchial epithelial (TBE) basal cells (BCs) function as
progenitors in normal tissue. However, mechanistic studies are typically
performed invitroandfrequentlyuseBCsrecoveredfrompatientswhodie
ofnonrespiratorydisease.It isnotknownwhetherthecadavericepithelium
(1) is undergoing homeostatic remodeling and/or repair, or (2) yields BC
clonesthatrepresenthomeostaticprocessesidentifiedintissue.Wesought
to compare the phenotype of TBE-BCs with that of BCs cultured under
optimal clone-forming conditions. TBE pathology was evaluated using
quantitative histomorphometry. The cultured BC phenotype was deter-
mined by fluorescence-activated cell sorter analysis. Clone organization
and cell phenotype were determined by immunostaining. The cadaveric
TBEis20%normal. Intheseregions,BCsarekeratin(K)-51andtetraspanin
CD1511, and demonstrate a low mitotic index. In contrast, 80% of the
cadaveric TBE exhibits homeostatic remodeling/repair processes. In these
regions, BCs are K51/K141, and a subset expresses tissue factor (TF). Pas-
sage 1 TBE cells are BCs that are K51/TF1, and half coexpress CD151.
Optimal clone formation conditions use an irradiated NIH3T3 fibroblast
feeder layer(AmericanTypeCultureCollection,Frederick,MD)andserum-
supplementedEpicult-Bmedium(StemcellTechnologies,LaJolla,CA).The
TF1/CD1512 BC subpopulation is themost clonogenic BC subtype, and is
enrichedwithK141 cells.TF1/CD1512BCsgenerateclonescontainingBCs
thatareK51/Trp631, butK142/CD1512. TF1 cells are limited to theclone
edge. In conclusion, clonogenic human TBE BCs (1) exhibit a molecular
phenotype that is a composite of the normal and remodeling/reparative
BC phenotypes observed in tissue, and (2) generate organoid clones that
contain phenotypically distinct BC subpopulations.
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Basal cells (BCs) function as a progenitor for the human tracheo-
bronchial epithelium (TBE) (1), and initiate in vitro cultures (2–
4). BCs are identified on histological sections by staining for
keratin (K). In mice, most steady-state tracheal BCs are K51/
K151/K142, and only 20% of BCs are K51/K151/K141 (5). We
showed that mouse BCs up-regulate K14 in response to naph-
thalene injury, and that nearly all BCs were K51/K151/K141 on
Recovery Days 3–13 (5). These injury/repair studies suggested
that the human BC phenotype may also vary as a function of
tissue homeostasis or wounding. Our primary aim involved de-
termining the K5/K14 profile of human TBE BCs.

Keratins are cytoplasmic proteins (6, 7). Consequently, viable
respiratory BCs cannot be isolated on the basis of K expression.
To overcome this issue, several groups identified cell-surface
markers that can be used to separate BCs into subsets, using
a fluorescence-activated cell sorter (FACS) (2, 3, 8–10). One of
these markers, tissue factor (TF), is a component of the extrinsic
coagulation cascade (11), and was originally developed for the
isolation of nasal polyp BCs (12). We showed that all Passage 1
TBE BCs that were cultured in bronchial epithelial cell growth
medium (BEGM) were TF1, and that TF activity was necessary
for BC survival in vitro (13). Other TBE BC markers include
nerve growth factor receptor (2), podoplanin (14), CD49f (a6
integrin) (8), the tetraspanin CD1511 (12), and Trp63 (p63)
(15). Our secondary aim involved determining whether TF
and CD151 were (1) expressed by TBE BCs, and (2) could be
used to identify TBE BC subsets.

Our previous studies and those of others indicate that TBE
repair in mice is mediated by BCs that proliferate and then dif-
ferentiate to replace ciliated and secretory cell types (2, 5, 8, 14,
16–19). Human BC progenitor functions can also be evaluated
in vitro (20). However, most analyses of human BCs have
focused on the BC population as a whole, rather than on the
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CLINICAL RELEVANCE

Human basal cells (BCs) function as progenitors for tra-
cheobronchial epithelial repair and regeneration. However,
the mechanisms regulating BC function are typically eval-
uated in vitro. The impact of these mechanistic studies is
limited by a lack of cross-referencing in tissue and cultured
BC phenotype and function. We show that human tra-
cheobronchial BC phenotypes are heterogeneous in vivo,
and become more homogeneous in vitro. Highly clonogenic
BCs generate organoid clones containing subregions that
mimic the homeostatic remodeling/repair processes ob-
served in the tracheobronchial epithelium.
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identification/analysis of human BC subsets. Our third aim in-
volved developing a culture method that allowed for the clonal
analysis of human BCs, and determining whether the human BC
population contains subsets with distinct clonogenic potential.

Mechanisms that regulate human BC proliferation and differ-
entiation are frequently evaluated using cells that are recovered
from subjects who die of nonrespiratory disease, and whose lungs
are not used for transplantation (20). Kumar and colleagues
demonstrated that the BC gene expression profile varies with
culture condition (15). However, it remains unknown which, if
any, of these culture conditions select for BCs that are pheno-
typically and/or functionally similar to BCs in vivo. Our final
aim involved comparing the phenotypes of TBE BCs and organ-
oids derived from highly colonogenic BCs.

MATERIALS AND METHODS

See the online supplement for more complete methods.

Human Tissues and Cells

Human tracheobronchial tissue was procured from theNationalDisease
Research Interchange under protocols approved by the National Jewish
Institutional Review Board. Subjects were 20- to 40-year-old accident
victims who required minimal ventilator support, and who died of non-
respiratory disease. Respiratory parameters were defined as normal by
the medical professional responsible for tissue procurement. TBE tissue
from seven subjects was examined.

Human Tracheobronchial Cell Isolation and Culture

Cell were harvested and cultured in BEGM, as previously described (21,
22). For clonal studies, human tracheobronchial cells were cocultured
on lethally irradiated (5,000 rad) NIH3T3 (American Type Culture
Collection, Frederick, MD) feeder layers. Feeder cells were plated at
3 3 104 cells/cm2. Cultures were maintained in BEGM, Gray’s (gener-
ated in-house according to the formula in Ref. 23), or Epicult-B (24–
26) media.

Immunofluorescence Experiments

Tissue sections were generated from formalin-fixed, paraffin-embedded
tissue (27), and stained using previously described antibodies and
methods (28). Other antibodies are listed in the online supplement.
Epithelial pathology was quantified as previously indicated (5). Cyto-
spin cell preparations were fixed and stained, and cell-type frequency
was quantified as previously indicated (8).

Imaging

Nomarski images were acquired using an inverted Axiovert 40 CFL mi-
croscope and AxioVision software (Carl Zeiss, Inc., Thornwood, NY).
For fluorescent imaging, tissue sections were imaged using a Zeiss Axi-
oImager Z1 and Axiovision software (Carl Zeiss, Inc.). Cells and organ-
oids were imaged using an AxioVert 200Mmicroscope (Carl Zeiss, Inc.)
equipped with a long working-distance 310 objective and Slidebook
software (Intelligent Imaging Innovations, Inc., Denver, CO).

FACS Analysis

One million Passage 1 tracheobronchial cells were incubated with aTF-
FITC (American Diagnostica, Stamford, CT), aCD151-PE (BD Bio-
sciences, San Diego, CA), aCD31-APC (eBioscience, San Diego, CA),
aCD45-APC (eBioscience), and aCD90-APC (eBioscience) antibodies
diluted in PBS containing 1% BSA (PBS/BSA) for 30 minutes at 48C,
and stained with 496-diamidino-2-phenylindole (DAPI). Nonimmune
IgG1k-APC and IgG1-FITC were used as isotype controls. Cell sorting
was performed as previously indicated (8). Two different lasers were
used to excite the FITC (488-nm) and phycoerythrin (568-nm) fluors
(see Figure E3 in the online supplement). Sorted cells were reanalyzed
for purity and viability.

Clone-Forming Cell Frequency Analysis

Clone-forming cell frequency (CFCF) was analyzed using the limiting
dilution method (29). For the initial experiments, cells were delivered
directly into the wells of 96-well plates, using twofold decrements from
500 cells/well to 1 cell/well. In subsequent experiments, sorted cells
were directly deposited to the wells of 96-well plates, using a CyCLONE
automated cloner (Cytomation, Fort Collins, CO). Twofold decre-
ments from 128 cells/well to 1 cell/well were used. Each well was
scored as positive or negative for colony formation. Linear regression
analysis was used to determine the CFCF.

Statistical Analysis

Results are represented as means 6 standard deviations. Differences
were evaluated by the Student t test, using GraphPad Prism (Graphpad
Software, La Jolla, CA).

RESULTS

The Cadaveric TBE Exhibits Homeostatic Remodeling

and Repair

The presence or absence of apical cilia is often used to evaluate
tissue pathology. Consequently, we immunostained TBE tissue
for the ciliated cell marker acetylated tubulin (ACT). Similarly,
BC frequency is used as an indicator of epithelial remodeling.
We detected this cell type with the pan–BC marker K5. Four
ACT/K5 staining patterns were detected in cadaveric TBE (Fig-
ure 1).

The “normal” pattern (Figure 1A) was defined by pseudos-
tratification. In these regions, the luminal surface was defined
by a continuous layer of ACT1 cilia. K51 BCs were adjacent
to the basement membrane, and their cell bodies defined a 2-
to 3-cell-diameter subregion. The “hyperplastic” pattern (Fig-
ure 1B) was characterized by an increase in BC frequency
(hyperplasia) and an interrupted row of apical cilia. The sub-
region defined by K51 BCs was expanded to 3–6 cell diame-
ters, and some K51 cells were in contact with the airway
lumen. The “disrupted” pattern (Figure 1C) was characterized
by deficiencies in apical ACT1 cilia and a patchy distribution
of K51 BCs. Cells adjacent to the basement membrane were
more densely packed than in normal regions, and some of
these cells were K52. The “metaplastic” pattern (Figure 1D)
was characterized by epithelial hyperplasia and a lack of apical
cilia. Most epithelial cells were K51, and these cells exhibited
a high nuclear to cytoplasmic ratio.

The frequency of each epithelial pattern was determined for
each subject using stereological methods, and is presented as
the volume frequency (Figure 1E). Epithelial pathology across
subjects included normal (range, 0.00–32.95%; average,
17.4%), hyperplasic (range, 4.94–82.62%; average, 45.6%),
disrupted (range, 0.00–50.92%; average, 20.6%), and meta-
plastic (range, 0–34.02%; average, 12.2%). The hyperplastic
pattern was the most common, and was observed in all sam-
ples. The frequency of the hyperplastic pattern was increased
relative to the normal (P ¼ 0.026) and metaplastic (P ¼ 0.009)
patterns.

Themucous cell phenotype andmetaplasia are also hallmarks
of TBE remodeling. Because we showed that most normal airway
secretory cells express the mucin Mucin 5B (MUC5B) (30), we
evaluated the expression of this marker in the cadaveric TBE.
Normal regions included MUC5B1 cells whose cell bodies were
contained within the epithelium, and a second subset that
reached the luminal surface (Figure E1A). Hyperplastic and dis-
rupted regions contained fewer MUC5B1 cells than normal
regions (Figures E1B and E1C). The majority of MUC5B1 cells
in these regions were luminal. Metaplastic regions contained very
few MUC5B1 cells (Figure 1D).
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TBE Remodeling/Repair Correlates with Increased

BC Proliferation

Our preliminary analysis indicated that very few MUC5B1 cells
coexpressed the proliferation marker Ki67 (MKI67 gene product
that is detected by the Ki67 monoclonal antibody) (Figure E1).
Consequently, we determined whether epithelial remodeling cor-
related with BC proliferation (Figure 2). Normal regions con-
tained a rare population of K51/Ki671 cells that were located
approximately one cell diameter apical to the basement mem-
brane (Figure 2A). Hyperplasic regions contained an increased
number of K51/Ki671 cells, relative to normal regions (Figure
2B). These mitotic BCs were located in a subregion that was
approximately three cell diameters wide. Disrupted regions were
characterized by the organization of K51/Ki671 cells into a dis-
tinct band that was 2–3 cell diameters wide (Figure 2C). BCs that
were adjacent to the basement membrane and those that ex-
tended to the lumen were Ki672. Metaplastic regions contained
K51/Ki671 cells that were distributed throughout the epithelium
(Figure 2D). Importantly, K51/Ki671 cells included those adja-
cent to the basement membrane, as well as luminal cells.

K14 Is Up-Regulated in Areas of TBE Remodeling/Repair

To determine whether K14 expression varied as a function of TBE
remodeling/repair, tissue sectionswere evaluated for the expression
of K5 and K14. Normal regions contained rare K141 cells, and
these cells expressed little or no K5 (Figure 3A). As previously

shown, hyperplasic regions contained rare K51 cells that extended
to the luminal surface (Figures 1B and 2B). Most BCs in hyper-
plasic regions coexpressed K5 and K14 (Figure 3B). Disrupted
regions contained frequent, luminal K51 cells (Figures 1C and
2C). As the frequency of luminal K51 cells increased (Figures
3B–3D), BCs that were adjacent to the basement membrane
expressed more K14 than K5. Metaplastic regions contained
BCs that coexpressed K5 and K14, as well as those that expressed
only K5 (Figure 3D). The K51 cells were more luminal than the
K51/K141 cells.

A Subset of TBE BCs Expresses TF

An immunofluorescence analysis demonstrated that TF was
expressed predominantly in remodeling/reparative regions (Fig-
ure 4A) by K141 BCs that were adjacent to the basement mem-
brane (Figures 4B and 4C), and by BCs that defined the normal
(2–3 cell bodies) BC region (Figures 4A–4C and 4G). TF was not
detected in BCs that were located in the more central or luminal

Figure 2. Epithelial remodeling/repair correlates with changes in basal
cell proliferation. (A–D) Tracheobronchial tissue from seven donors was

stained for the proliferation marker Ki67 (MKI67 gene product that is

detected by the Ki67 monoclonal antibody) (red) and the basal cell

marker K5 (green). Nuclei were counterstained with DAPI (blue). Repre-
sentative images are shown at3200 magnification. (A) Normal epithelial

regions contained rare Ki671 cells (arrows). (B–D) Repair/remodeling

regions contained increased numbers of Ki671 cells (arrows). The posi-
tion of Ki671 cells differed from normal in hyperplastic regions (B) and

disrupted (C) regions, and was random in metaplastic regions (D).

Figure 3. K14 is up-regulated in areas of epithelial remodeling and
repair. (A–D) Tracheobronchial tissue from seven donors was stained

for the basal cell markers K14 (red) and K5 (green). Nuclei were coun-

terstained with DAPI (blue). Representative images are shown at 3200

magnification. (A) Normal epithelial regions contained rare K141 cells.
(B–D) Remodeling/reparative regions contained increased numbers of

K141 cells that were enriched within epithelial subregions adjacent to

the basement membrane. B, hyperplastic; C, disrupted; D, metaplastic.

Figure 1. The cadaveric tracheobronchial epithelium undergoes re-
modeling and/or repair. (A–D) Tracheobronchial tissue from seven

donors was stained for the ciliated cell marker acetylated tubulin

(red) and the basal cell marker keratin (K)-5 (green). Nuclei were coun-

terstained with 496-diamidino-2-phenylindole (DAPI) (blue). The epi-
thelium was categorized into four morphological subtypes (A,

normal; B, hyperplastic; C, disrupted; D, metaplastic). Representative

images are shown at 3200 magnification. (E) The volume fraction of
each epithelial subtype was determined using stereological methods.

Data are presented as means 6 SEMs (n ¼ 7).
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subregions of hyperplasic, disrupted, or metaplastic regions (not
shown). Some normal regions contained small clusters of TF1

BCs that were adjacent to the basement membrane (Figure 4D).

A Subset of TBE BCs Expresses Tetraspanin (CD151)

An immunofluorescence analysis showed that CD151was expressed
by BCs in normal regions (Figure 4E), including the TF1 subset.
CD151 was enriched on the lateral and apical surfaces of BC bodies
that were adjacent to the basement membrane. CD151 was not
detected on more luminal BC bodies. In remodeling/reparative
regions, CD151 was limited to BC bodies that were adjacent to
the basement membrane (Figure 4H). Most of these cells coex-
pressed TF (Figure 4I).

Irradiated Fibroblast Feeders and Serum Promote BC Clone

Formation In Vitro

Variations in BC phenotypes in vivo and the potential for dis-
tinct progenitor activities among BC subsets indicated that TBE
BC function should be evaluated by clonal analysis. In prepa-
ration for these experiments, we cultured TBE BCs under stan-
dard conditions (collagen IV–coated tissue culture plastic and
serum-free BEGM medium), and evaluated TBE BC viability
as a function of seeding density. A significant trend toward
decreased viability was noted at low cell density (Figure 5A).

To improve cell viability in low cell density cultures, we com-
pared the ability of various culture media and conditions to

support TBE BC clone formation. Initial experiments compared
CFCF in Passage 1 TBE BCs that were cultured in serum-free
BEGM, Gray’s, or Epicult-B media. Collagen-coated plastic
or an irradiated NIH3T3 fibroblast feeder layer was used. This
experiment demonstrated that an irradiated NIH3T3 fibroblast
feeder layer increased CFCF in all media, and that maximal
CFCF was achieved in Epicult-B medium (Figure 5B). The
CFCF was further increased when fibroblast feeder layers were

Figure 4. Differential expression of tissue factor (TF) and tetraspanin

CD151. (A–C) Tracheobronchial tissue from seven donors was stained
for TF (red) and the basal cell marker K14 (green). Nuclei were counter-

stained with DAPI (blue). Split color images (A and B) and a merged

image (C) are depicted. Representative images are shown at 3200

magnification. (D–I) Tracheobronchial tissue from seven donors was
stained for TF (green) and CD151 (red). Nuclei were counterstained

with DAPI (blue). (D, E, G, and H) Split color images. (F and I) Merged

images. Representative images for normal regions (D–F) and repara-
tive/remodeling regions (G–I) are shown at3200 magnification. Arrow-

heads, TF2/CD1511 cells. Arrows, TF1/CD1511 cells.

Figure 5. Irradiated fibroblast feeders and serum promote basal cell

(BC) clone formation. (A) Passage 1 tracheobronchial BCs were seeded
at various densities in serum-free bronchial epithelial cell growth me-

dium (BEGM) medium. Cell viability was analyzed on culture Day 5 by

DAPI exclusion and fluorescence-activated cell sorter analysis. Data are

presented as means 6 SEMs (n ¼ 3). (B and C) Multiwell plates (96-
wells) were coated with collagen IV or seeded with an irradiated

NIH3T3 fibroblast feeder layer (American Type Culture Collection, Fred-

erick, MD). Passage 1 tracheobronchial BCs were seeded at various cell
inputs (500 to 1 cell/well, six wells/dilution) and cultured in (B) serum-

free BEGM, Gray’s medium, or Epicult-B medium (Stemcell Tech-

nologies, La Jolla, CA), or (C) media supplemented with 5% FBS. The

clone-forming cell frequency (CFCF) was determined on Day 7. Data are
presented as means 6 SEMs (n ¼ 3). *P , 0.05 relative to collagen.
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used in conjunction with FBS-containing BEGM, Gray’s, and
Epicult-B media (Figure 5C). The TBE BC CFCF was greatest
when cells were cultured on irradiated NIH3T3 fibroblasts in
FBS-containing Epicult-B medium.

All Passage 1 TBE BCs Express a6 Integrin (CD49f)

To determine the phenotype of TBE BCs that are used to model
human lung disease, we cultured Passage 1 tracheobronchial
cells to 80% confluence, using the BEGM method. Cells were
recovered by trypsinization and stained for hematopoietic
(CD45), endothelial (CD31), and mesenchymal (CD90) markers.
Viable epithelial cells were defined by side scatter and forward
scatter (FSC) (Figures 6A and E2A), FSC height and FSC width
(Figures 6B and E2B), the exclusion of the DNA dye DAPI, and
negativity for CD45, CD31, and CD90 (Figures 6C and E2C).
This experiment demonstrated that 95%6 5% (n ¼ 6 donors) of
viable, Passage 1 tracheobronchial cells were epithelial cells.

Because we previously reported that the CD49f expression
level could be used to define subsets of mouse BCs (8), we
evaluated the expression of this marker in TBE BCs (Figures
E2D and E2E). This experiment demonstrated that all TBE
BCs expressed CD49f, and that the CD49f expression level does
not vary among TBE BCs. Thus, variations in CD49f expression
level could not be used to define subsets of Passage 1 TBE BCs.

Aldehyde Dehydrogenase Activity Does Not Distinguish

Clonogenic TBE BCs

Aldehyde dehydrogenase (ALDH) activity has been used to iden-
tify lung cancer stem cells (31), as well as mouse (8, 32) and
human (32) respiratory BC subsets. ALDH activity is evaluated
using the fluorescent ALDH substrate Aldefluor (Stem Cell
Technologies, Vancouver, BC, Canada) and FACS analysis.
TBE BCs were identified as already indicated (Figure E2), and

cells with low and high ALDH activity were identified by com-
parisons of Aldefluor intensity in the absence or presence of the
inhibitor diethylaminobenzaldehyde (Figures E2F and E2G).
ALDHhigh cells comprised 3.25% of all TBE BCs (Figure E2G).

To determine whether ALDHlow and ALDHhigh cells ex-
hibited distinct clonogenic potential, we isolated these cell pop-
ulations using a conservative gating strategy (Figure E2G), and
determined their CFCF using the limiting dilution method (29).
The CFCF for ALDHlow cells was 7.89 6 2.83, and the CFCF
for ALDHhigh cells was 9.58 6 1.75. These values were not sig-
nificantly different.

TF and CD151 Define Subsets of TBE BCs In Vitro

We next evaluated the expression of TF and CD151 in Passage 1
TBE cells from three donors. An analysis of TF demonstrated
that 99% 6 2% of Passage 1 TBE cells were TF1 (Figures
6D–6G and E3). The TF1 population was sorted, deposited
onto glass slides, and stained for K5 and K14. Quantification
demonstrated that all TF1 cells were K51 BCs (Figure 6G).
Interestingly, half of the TF1/K51 BCs coexpressed K14 (Fig-
ure 6G). TF1 cells did not express ciliated or mucous cell dif-
ferentiation markers (13). FACS analysis showed that only
approximately 25% of TF1 cells coexpressed CD151 (Figures
6D–6F and 6H). Thus, Passage 1 TBE BCs contained two sub-
sets that were defined by their expression of K14 and/or CD151.

Clonogenic TBE BCs Are Enriched in the TF1/CD1512

Subpopulation

We next determined whether the TF1/CD1511 and TF1/CD1512

BC subsets contained different frequencies of clonogenic cells.
Passage 1 cells from three donors were sorted into the wells of
96-well plates containing irradiated NIH3T3 fibroblast feeder
layers, and cultured in Epicult-B medium supplemented with

Figure 6. Separation of Passage 1 tracheobronchial basal

cells into subsets. (A–D) Fluorescence-activated cell sorter
separation of Passage 1 tracheobronchial cells. (A) Cells

were identified by side scatter (SSC) and forward scatter

(FSC), as indicated by the black outline. (B) Single cells
were identified by SCC height and width, as indicated

by the black outline. (C) Viable cells (DAPI2) and nonhe-

matopoietic (CD45), nonendothelial (CD31), and nonfi-

broblast (CD90) cells were identified as indicated by the
black outline. APC, allophycocyanin. (D–F) Epithelial cells

were separated into two subsets, according to the ex-

pression of tetraspanin CD151 and TF. Black outlines indi-

cate epithelial cells (All), TF1/CD1511 populations, and
TF1/CD1512 populations. (G) Cells from each subpopu-

lation were sorted, deposited phycoerythrin on glass

slides, and stained for the basal cell markers K5 and K14.
The frequency of cells expressing one or both keratins was

determined by counting three fields from each of three

donors. Data are presented as means 6 SEMs (n ¼ 9).

(H ) The frequencies of epithelial, TF1CD1512, and
TF1/CD1511 cells were determined. Data are presented

as means 6 SEMs (n ¼ 3).
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5% FBS. The CFCF for unfractionated BCs and TF1/CD1511

cells was similar (Figure 7A). The selection of TF1/CD1512 cells
resulted in a 2.5-fold enrichment of clonogenic cells, and the
CFCF was significantly increased relative to unfractionated BCs
and the TF1/CD1511 (P , 0.001) populations.

Dual immunofluorescence analysis of cytospin preparations
confirmed that all Passage 1 TBE BCs expressed K5 (13) (not
shown). Staining for K14 demonstrated that approximately 40%
of unfractionated cells or TF1CD1511 cells coexpressed K14
(Figure 7B). In contrast, the selection of TF1/CD1512 cells
resulted in a 1.5-fold enrichment of K141 cells (Figure 7B;
P , 0.001). Linear regression analysis of CFCF versus K141

cell frequency indicated a significant relationship (R2 ¼ 0.096)
between these parameters (Figure 7C).

Clone Morphology and Cellular Composition

The structural characteristics of clones generated byTF1/CD1512

cells were evaluated by Nomarski microscopy (Figures 7D–7F).
Most clones were round. Some clones contained a region of high
cell density at their perimeter and a central region composed of
flattened cells (Figure 7F). All clone cells were K51 (Figure 7G),
and most clone cells were Trp631 (Figure 7H). Surprisingly, K14
was not detected (Figures 7I and E4B, positive control).

The K51/K142 phenotype suggested that the clone-forming
cells had reverted to the “normal phenotype” detected in vivo.

To evaluate this finding further, clones were stained for TF and
CD151. Wide-field microscopy suggested that TF1 cells were
localized to the perimeter of the clone (Figure 7J). This finding
was confirmed using Z-stacks and deconvolution software
(Figure 7K). In contrast to the normal phenotype, all clone cells
were CD1512 (Figures 7L and E4A, positive control). Thus,
TF11/CD1512 cells generated organoid clones in which perim-
eter cells were TF1/CD1512, and central cells were TF2/CD1512.

DISCUSSION

TBE Remodeling/Repair and TBE BC Phenotype

We show that cadaveric tracheobronchial tissue, which is com-
monly used as a source of human BCs, is lined by an epithelium
containing normal regions and regions undergoing homeostatic
remodeling/repair. Surprisingly, the majority of the epithelium is
involved in remodeling and/or repairing. This pathology was un-
expected, because the subjects’ respiratory parameters were de-
fined as “normal” by a medical professional. These results
suggest that standard clinical parameters are insensitive indica-
tors of TBE remodeling/repair.

The remodeling/repair pathology provided an opportunity to
correlate BC phenotype with pathological status. Normal TBE
BCs are K51/K142 and CD1511/TF2, and present a low mitotic
index. These BCs likely perform homeostatic functions, which

Figure 7. TF1/CD1512 cells co-

mprise the most clonogenic

basal cell subtype in vitro, and
generate organoid clones. (A–

C) Passage 1 tracheobronchial

basal cells separated into epi-
thelial (All), TF1/CD1511, or

TF1/CD1512 subpopulations.

(A) Multiwell plates (96-wells)

were seeded with an irradiated
NIH3T3 fibroblast feeder layer.

Cells from each subpopulation

were seeded at various cell

inputs (128 to 1 cell/well, six
wells/dilution), and cultured

in Epicult-B medium supple-

mented with 5% FBS. Clone
forming cell frequency (CFCF)

was determined on Day 7. Data

are presented as means6 SEMs

(n ¼ 3 donors, two determina-
tions/donor). (B) Cells from

each subpopulation were de-

posited onto glass slides, and

stained for K14. The frequency
of K141 cells was determined

by counting three fields/popu-

lation/donor. Data are pre-

sented as means 6 SEMs (n ¼
3). (C) The relationship be-

tween the CFCF and K141 cell

frequency was determined by
linear regression analysis (R2 ¼
0.976). (D–F) Nomarski images

of TF1/CD1512 cell–derived

clones. (F) Arrows indicate the
low cell density observed in

some clones. Representative

images of three clone types are presented. (G–L) Fluorescent imaging of representative clones stained for DAPI (blue) and (G) K5 (green), (H) Trp63

(red), (I) K14 (red), (J and K) TF (red), or (L) CD151. Positive controls for K14 and CD151 are described in Figure E2. (J) Merged Z-stack. (K)
Deconvoluted Z-stack image. Blue arrow in H indicate Trp632 cells. White arrows in J and K indicate tissue factor–positive cells.
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may include epithelial attachment, metabolism, and immuno-
modulation (33).

BCs in remodeling/reparative regions coexpress K5 and K14.
Consistent with our analysis of mouse tracheal BCs (5), the
expression of K14 by human BCs correlates with increased
BC proliferation. BCs in these regions can be further catego-
rized on the basis of TF expression. BCs that make extensive
contact with the basement membrane are K51/K142/CD1511/
TF11, and exhibit a low mitotic index. BCs with less basement
membrane contact tend to be K51/K141/CD1512/TF2, and to
exhibit an increased mitotic index. These data support our pre-
vious conclusion that TF expression was associated with human
BC survival and the establishment of a proliferative BC pool
in vitro (13). However, these data also suggest that TF expres-
sion decreases as TBE BCs enter the cell cycle in vivo.

Clonogenic BC Subtype

We tested a series of previously reported cell surface markers for
their ability to define clonogenic subsets of TBE BCs. We
showed that (1) TF and CD151 can be used to define subsets
of TBE BCs that are cultured according to the BEGM method,
and (2) TF1/CD1512 cells comprise the most clonogenic BC
subset. In agreement with the tissue analysis, K141 cells are
enriched in the clonogenic population. However, TF expression
distinguishes the clonogenic cells detected in vitro from mitotic
cells in tissue.

We found that CD49f was uniformly expressed by TBE BCs.
Thus, in contrast with mouse BCs (8), this marker could not be
used to define subsets of human TBE BCs. We also reported
that ALDH activity levels distinguished mouse BC subsets (8),
and others used this marker to define subsets of human TBE
cells (32). We detected ALDH activity in TBE BCs. However,
when we used the inhibitor diethylaminobenzaldehyde to select
ALDHhigh and ALDHlow subsets, we were unable to detect
a difference in clone formation. The discrepancy between the
present analysis and the previous report may be attributable to
differences in cell preparation methods (differential cell recov-
ery versus total TBE cell recovery) and/or cell cultures (freshly
isolated cells versus Passage 1 cells). Based on our mouse stud-
ies, we suggest that ALDH activity must be used in conjunction
with other markers to define subsets of BCs.

Optimal Culture Conditions

We show that cell viability is decreased at low cell density in
BEGM cultures. Thus, TF up-regulation may reflect a stress re-
sponse to culture conditions. TF is a component of the extrinsic
coagulation cascade, and BCs express some, but not all, clotting
cascade components (13). Thus, serum-free culture conditions
may be deficient in critical cascade components needed to fully
activate the extrinsic coagulation cascade and cell survival. This
notion is supported by the finding that culture in FBS-
containing BEGM improves clonogenic cell frequency. Further,
the coagulation cascade is regulated by endothelial and mesen-
chymal tissue in vivo (11). The finding that culturing on an
irradiated fibroblast feeder layer improves clone formation in
BEGM suggests that the full utilization of the extrinsic coagu-
lation cascade by BCs is facilitated by interactions with non-
epithelial cells such as fibroblasts.

We showed that TBE BC clone formation is optimal for cells
that are cultured on irradiated NIH3T3 feeder layers in Epicult-B
medium supplemented with 5% FBS. The Epicult-B method is
superior to cultures with feeders in BEGM/FBS, and moderately
superior to cultures with feeders in Gray’s medium/FBS. The
Epicult-B medium was originally formulated for the growth of

mammary progenitor cells in monoculture, and was not previ-
ously tested for epithelial–fibroblast cocultures. Additional
studies are needed to determine whether the growth advantage
detected in Epicult-B was dattributable to effects on the BC
progenitors, the fibroblast feeders, and/or interactions between
the two cell types.

TF1/CD1512 Clones Mimic the Homeostatic

Remodeling/Repair Observed in Tissue

TF1/CD1512 cells that were cultured using the Epicult-B method
generated clones that were composed of K51/Trp631 BCs. Inter-
estingly, the clone perimeter was composed of TF1 cells that were
adjacent to the fibroblast layer. This location may mimic the nor-
mal position of TF1 cells adjacent to the basement membrane in
tissue, and indicate that fibroblast–BC interactions induce this
phenotype.

We also show that all clone cells were K142/CD1512. Thus,
highly clonogenic TF1/CD1512 cells down-regulated K14 when
cultured, but they did not express a completely “normal” pheno-
type. Previous studies correlated CD151 expression with early-
stage differentiation ex vivo and in vitro (3). We confirmed this
finding (data not shown). Thus, we suspect that the Epicult-B
method suppresses early differentiation, and we suggest that this
method will be valuable for analyses of clonogenic BC progenitors.
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