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Tissue-specific stem cell (TSC) behavior is determined by the stem
cell niche. However, delineation of the TSC-niche interaction re-
quires purification of both entities. We reasoned that the niche could
be defined by the location of the TSC. We demonstrate that a single
CD49fbright/Scal*/ALDH™ basal cell generates rare label-retaining
cells and abundant label-diluting cells. Label-retaining and label-
diluting cells were located in the rimmed domain of a unique clone
type, the rimmed clone. The TSC property of self-renewal was tested
by serial passage at clonal density and analysis of clone-forming cell
frequency. A single clone could be passaged up to five times and
formed only rimmed clones. Thus, rimmed clone formation was
a cell-intrinsic property. Differentiation potential was evaluated in
air-liquid interface cultures. Homogenous cultures of immed clones
were highly mitotic but were refractory to standard differentiation
signals. However, rimmed clones that were cocultured with unfrac-
tionated tracheal cells generated each of the cell types found in the
tracheal epithelium. Thus, the default niche is promitotic: Multipo-
tential differentiation requires adaptation of the niche. Because lung
TSCs are typically evaluated after injury, the behavior of CD49fbright/
Scal*/ALDH™ cells was tested in normal and naphthalene-treated
mice. These cells were mitotically active in the normal and repaired
epithelium, their proliferation rate increased in response to injury,
and they retained label for 34 days. We conclude that the
CDA49fbright/Scal*/ALDH™ tracheal basal cell is a TSC, that it gener-
ates its own niche in vitro, and that it participates in tracheal
epithelial homeostasis and repair.

A tissue-specific stem cell (TSC) is defined as a cell that self-
renews and has a differentiation potential that is equivalent to
the cellular diversity of its home tissue (1). These functions are
regulated by a specialized microenvironment termed the stem
cell niche (2). Classical studies in the hematopoietic system and
gut indicate that the niche serves a protective role, possibly by
shielding the stem cell from injurious agents or by limiting its
exposure to proliferation or differentiation signals. Current par-
adigms suggest that the niche provides signals that regulate self-
renewal of TSC, production of highly mitotic transit-amplifying
cells (TACs), and differentiation of TAC into terminally differ-
entiated cell types. A precise understanding of the TSC-niche
interaction and its role in tissue homeostasis awaits purification
of the TSC and characterization of the niche.
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CLINICAL RELEVANCE

Identification of the dual-purpose stem and in vitro niche
cell and development of an in vitro model system will
enable analysis of signals that regulate the tissue-specific
stem cell-niche interaction.

The origin of the stem cell niche is unknown. Because the
niche is frequently located at the junction between disparate cell
types within a single tissue or at the interface between tissues or
involves interactions between the TSC and the extracellular
matrix, distinct origins for the niche and the TSC have been
suggested (3). However, analysis of dermal stem cells suggests
that the TSC and the niche-forming cell are a single entity (4). The
possibility of a dual-purpose cell that acts as the TSC and niche-
forming cell is also supported by the finding that purified
mammary, prostate, and neural TSCs do not require a preexisting
niche for appropriate proliferation and differentiation (5). These
data suggest that TSCs may generate their own niche.

Several assays were developed to distinguish the TSC from
its progeny, the TAC population. Cells can be classified on the
basis of mitotic frequency. The duration of the cell cycle varies
among known TSC types, but a generally accepted guideline is
that TSCs proliferate rarely, whereas TACs proliferate repeat-
edly. Mitotic frequency is analyzed by pulse-chase analysis using
labeled nucleotides (6) or the histone 2B:green fluorescent
protein reporter (7). In this label retention assay, TSCs are
identified as cells that retain the label, and TACs are identified
as those that dilute the label. Distinctive colony morphology,
maximal cell generation number, and colony-forming efficiency
have also been used to discriminate between TSCs and TACs
(8). Clonal origin is established using the statistically rigorous
limiting dilution assay (9). Self-renewal and cell autonomous
function are tested by serial passage at clonal density. Individu-
ally, these assays are not sufficient to identify the TSC. However,
they can be used collectively to distinguish TSCs and TACs.

The existence of a tracheobronchial TSC and a specific niche
has been postulated (10). However, in vivo analyses of tracheo-
bronchial stem and progenitor cells did not combine the three
standards that are critical to the demonstration of a TSC. Label-
retention analysis indicated that TSC-like basal cells reside in
tracheal gland-duct junction or intercartilaginous zones (11).
Lineage tracing studies suggested that a subset of human (12) or
mouse (13-15) tracheobronchial basal cells were multipotential
progenitors for the differentiated tracheal cell types: basal,
secretory, and ciliated cells. However, other basal cell subtypes
were identified (14), and the lineage relationships among these
populations was not assessed.

The lung’s predilection for particle (i.e., cells) expulsion
makes in vivo analysis of putative TSCs difficult and prone to
failure. Consequently, ex vivo and in vitro assays are preferred
for the initial evaluation of putative TSCs. Analysis of human
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nasal polyp or bronchial cells (16-18), rat tracheal cells (19),
and mouse tracheal cells (20) in air-liquid interface (ALI)
cultures demonstrated that these cultures support basal cell
self-renewal as well as ciliated and secretory differentiation.
The ALI method was used to demonstrate that a population of
basal cells defined by their cell surface phenotype generated
a differentiated epithelium (18). Similar results were reported
using tracheal xenografts, indicating equivalence of the in vitro
and ex vivo methods. The differentiation potential of mouse
keratin 5% basal cells was tested in ALI (21) or spheroid
cultures (13). However, these mouse studies reported only
ciliated cell differentiation. The limited differentiation of spher-
oids suggested that an additional component, possibly another
cell type, regulated secretory differentiation (13).

In the present study, we investigated the stem cell-niche
interaction using a prospective purification strategy and a novel
rim—clone forming assay. A subpopulation of mouse tracheal
basal cells, defined by expression of CD49f, Scal, and aldehyde
dehydrogenase activity (CD49fbright/Scal+/ALDH™), was puri-
fied by flow cytometry. Limiting dilution culture and statistical
analysis of clonality demonstrated that individual cells exhibited
the stem cell characteristics of label retention, self-renewal, and
multipotential differentiation. This cell type participated in
epithelial homeostasis and repair in vivo. Culture of TSCs at
clonal density generated a three-dimensional in vitro niche that
reformed in clonal cultures at each of five successive genera-
tions. This niche promoted generation of numerous basal cells
but prevented differentiation even in the presence of appropri-
ate stimuli. The default niche could be modified by tracheal
cells or their secretions to a niche that was permissive for
differentiation. These data support the conclusion that the
CD49fbright/Scal */ALDH™ cell exhibits the properties of a
TSC that generates its own niche in vitro.

MATERIALS AND METHODS

Additional information is supplied in the online supplement.

Reagents

Reagents and sources are noted in Table E1. Immunostaining and flow
cytometry antibodies are noted in Tables E2 and E3.

Mouse Strains

Range-finding experiments were conducted using 40 to 45 pooled
trachea derived from male or female 129, C57B1/6, and Fvb/n mice. All
analyses were repeated in FVB/n mice. Mice were maintained in an
AAALAC-approved facility and screened for pathogens on a quarterly
basis. All procedures involving animal use were reviewed and ap-
proved by the National Jewish Health Institutional Animal Care and
Use Committee.

Naphthalene and Bromodeoxyuridine Treatment

Female Fvb/n mice were treated with 300 mg naphthalene (NA) in
corn oil as previously detailed (22). Bromodeoxyuridine (BrdU) was
dissolved at 5 mg/ml in saline and delivered at 10 pl/g body weight
(intraperitoneally) on a daily basis for 6 consecutive days.

Isolation and Culture of Cells

Slight modifications to previously published tracheal cell preparation
and culture methods (20) are described in the online supplement.
Hydrocortisone (MP Biomedicals, Solon, OH) 25 ng/ml was added to
the culture medium. For flow cytometric analysis, cells were recovered
by digestion with 0.3% dispase/0.2% collagenase VI11/0.05% trypsin at
37°C for 1 hour (23). Sorted epithelial cells were cultured on lethally
irradiated (5,000 rad) NIH3T3 feeders in modified mMTEC+ (20).
Feeder cell density was 3 X 10%cm?. Cultures were grown at 37°C in
5% CO, for 14 to 30 days. For clonal and subculturing studies,

individual rimmed clones were recovered with 0.25% trypsin/0.53 mM
EDTA using a cloning cylinder.

Flow Cytometry

Epithelial cells were analyzed and sorted using a Moflo high-speed cell
sorter (Dako Cytomation, Carpinteria, CA) equipped with CyCLONE
automated cloner. Gates for fluorescence fractionations were set with
unstained and isotype controls (see Figure E2 in the online supple-
ment). Single color positive and negative compensation beads were
used to compensate for spectral overlap. Aldehyde dehydrogenase
(ALDH) activity was evaluated using the ALDEFLUOR assay Kkit.
The negative control was set by inhibiting ALDH activity by preincu-
bation of cells with competitive inhibitor (di-ethyl-amino benzaldehyde)
followed by addition of the fluorescent substrate (bodipy-aminoacetate).
For clonogenic frequency analysis, cells of interest were directly sorted
into 96-well plates containing irradiated 3T3-feeders. Cell cycle analysis
was performed by incubation of fixed rimmed clone cells overnight
with a 0.5 mg/ml propidium iodide (24). Cell cycle position was analyzed
on a FC-500 cytometer (Beckman-Coulter, Brea, CA) and data was
processed with the Mod-fit program (Verity Software House, Topsham,
ME).

Immunofluorescence

Fluorescence-activated cell-sorted tracheal epithelial cells were depos-
ited on glass slides using a cytospin and stained using standard methods.
Images were captured using a microscope (Axiovision; Carl Zeiss
Microimaging, Jena, Germany), and data were analyzed with AxioVision
digital imaging software or an inverted Zeiss 200M microscope using
Intelligent Imaging Innovations Inc. software (31, Inc., Denver, CO).

Quantitative RT-PCR

Total RNA was prepared from the flow-sorted cells using RNA isolation
kit following the manufacturer’s instructions. cDNA was prepared and
assayed as previously described (25) using Assays-on-Demand (Applied
Biosystems, Foster City, CA). mRNA expression was quantified using
an ABI Prism 7000 (Applied Biosystems) Sequence Detection System,
and values were calculated by the AACt method (26).

Statistical Analysis

Results are presented as mean * SD. Differences were evaluated by
Students ¢ test using Graph-pad prism (Graph-pad Software Inc., San
Diego, CA).

RESULTS

Rimmed Clones Contain
Label-Retaining and Label-Diluting Cells

Analysis of mouse tracheal epithelial colony-forming cells
identified two types of colonies: nonrimmed and rimmed
(Figures 1A and 1B). The frequency of nonrimmed colony-
forming cells was approximately 860 colonies in 10°. The
frequency of rimmed colony-forming cells was approximately
2.5 colonies in 10° cells. Both colony types were derived from
a single cell (Figures 1C-1E). Only rimmed clones contained
BrdU™ cells on culture Days 12 to 14 (Figure 1I).

Label retention was used as the initial indicator of a cell that
proliferated infrequently relative to its progeny. Cultures were
pulsed with BrdU and chased for 2 weeks (Figures 1F-1L).
Nonrimmed clones did not contain label-retaining cells (LRCs).
In contrast, rare LRCs were present in rimmed clones pulsed
between Days 0 and 3 and chased to Day 14 (Figures 1F and
1J). LRCs were located in the rim domain. LRCs were also
detected in cultures that were pulsed on Days 3 to 5 and 5 to 7
and chased to Day 14 (Figures 1G and 1H) but were less
frequent than those detected on Days 0 to 3.

Dual immunofluorescence analysis was used to determine
the cellular phenotype of rimmed clone cells. Cells in the
central and rim domains were positive for keratin (K) 5, a basal
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Figure 1. Rimmed clones contain label-retaining
and label-diluting cells. (A and B) Colony mor-
phology. Bright-field images of a nonrimmed
(A) and rimmed (B) colony generated by unfrac-
tionated trach0065al cells. (C-£) Analysis of
clonality. Tracheal epithelial cells expressing
green flourescent protein (GFP) or red floures-
cent protein (RFP) were mixed, and endoge-
nous fluorescence was examined on culture Day
14. Merged green and red images illustrate
monochromatic GFP* (C and D) and RFP* (E)
colonies. (F—/) Label retention analysis. Tracheal
cell cultures were pulsed with bromodeoxyur-
idine (BrdU) on culture Days 0 to 3, 3to 5, 5 to

7, or 12 to 14 and fixed on culture Day 14.

BrdU was detected by immunofluorescence
analysis (red, arrows). (G) Cells that proliferated

during the 0- to 3-day interval (F, /) or the 3- to
5-day interval retained label to Day 14. (H)

cell marker (Figure 1K). In contrast, K14" cells were present
only in the rim domain (Figure 1L). BrdU label-retaining cells
coexpressed K5 or K14 (Figures 1K and 1L). Rimmed clones
did not express differentiation markers associated with secretory
cell types, Clara cell secretory protein (CCSP) and Muc5AC, or
a marker associated with ciliated cells, acetylated tubulin (ACT)
(data not shown).

Prospective Purification of Tracheal-Rimmed
Clone-Forming Cells

Existing data suggest that the putative tracheal TSCs were
a subset of the basal cell population (11, 12, 14, 15, 27, 28).
Consequently, tracheal cells were tested for expression of
surface markers that were used to subset basal cells from the
epidermis, esophagus, prostate, and mammary gland. Tracheal
cell recovery was optimized to retain these markers (Figure E1).

Tracheal cells were fractionated iteratively using flow cytom-
etry. Isotype and postsorting controls are presented in Figure
E2. Nonviable and nonepithelial cells were excluded by staining
for DAPI, CD45, Ter119, and CD31 (Figure 2A). The remain-
ing cells were 20 = 3.26% (n = 10) of total and were termed
tracheal epithelial cells (TECs). A population of CD49f* cells
was detected and conservatively separated into dim and bright
subsets (Figure 2B). CD49fdim cells were 25.07 + 4.18% (n = 7)
of the TECs and expressed CCSP* and ACT™* predominantly

Cells labeled between Days 5 and 7 did not
retain label to Day 14. (/) Numerous cells were
labeled with BrdU between Days 12 and 14.
(K and L) Molecular phenotype of label-retain-
ing cells. (K) BrdU label-retaining cells (red)
coexpress keratin (K)5 (green) or (L) K14
(green). Dual-positive cells are indicated by
arrows. Original magnification is noted in the
upper right hand corner of each image.

(Figures E3A and E3B; Table 1). CD49fbright cells were 7.96 =
1.20% (n = 7) of the TECs, and 57 = 3.8% expressed K5™.
Approximately 10% of CD49fbright or CD49fdim K5+ cells coe-
xpressed K14.

The CD49fbright subset was fractionated on the basis of CD34
and Scal expression (Figure 2C). Scal ~/CD34™" (population A),
Scal*/CD34* (population B), Scal*/CD34~ (population C),
and Scal~/CD34~ (population D) accounted for 2.84 + 1.50%,
52.64 = 5.82%, 25.6 = 3.18%, and 7.85 * 2.62%, respectively,
of the CD49fPright population (n = 5). Only population C was
enriched for K5+ basal cells (Figure E3C; Table 2).

Because some of the markers used for immunofluorescence
analysis may be secreted in response to cell isolation (CCSP) or
are found in structures susceptible to mechanical stress (ACT),
expression of epithelial cell-specific mRNAs was determined by
quantitative real-time PCR (Figures 2D-H). The CD49fbright
and CD49fright/Scal*/CD34~ populations were enriched for
cells that express the basal cell markers K5, K14, and p63. CCSP
and FoxJ1 mRNAs were depleted in these populations. Because
Scal cell type specificity is debated (29, 30), vimentin was used
as a mesenchymal cell marker. Vimentin mRNA was not
detected in the CD49fbright population or in its subpopulations.

The functional properties of individual cells within each TEC
subset were evaluated using a limiting dilution assay (9). A
prespecified number of cells (2-fold decrements from 200 to
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1 cell/well) were directly deposited into 96-well plates. Linear
regression was used to determine clone-forming cell frequency
(Figure 2I, inset). The CD49f~ and CD49f4™ populations
formed nonrimmed clones exclusively (Figure 21, blue bar). In
contrast, the CD49fbright population and three of its derivatives,
the Scal*/CD34%, Sacl*/CD34~, Scal/CD34*cells, gave rise
to nonrimmed and rimmed clones (Figure 2I, magenta bar).
CD49fPright/Scal*/CD34~ basal cells generated rimmed clones
with the highest frequency (95 = 3.2%; n = 4). Rimmed clone-
forming cell frequency within this population was 74-fold
greater than that of the CD49fright/Scal+/CD34" population.

Aldehyde Dehydrogenase Activity Subsets CD49fPright/Scal+
Basal Cells

To determine whether aldehyde dehydrogenase (ALDH) ac-
tivity, a marker for primitive hematopoietic, neural, and mam-
mary epithelial stem cells (31), could distinguish tracheal basal
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Figure 2. Prospective purification of tra-
cheal rimmed clone-forming cells. All quan-
titative data are presented as mean = SD.
(A) Contour plot indicating the exclusion
markers used in this study: DAPI (dead
cells), CD45 (hematopoietic), CD31 (en-
dothelial), and TER-119 (erythrocytes).

y=-0.0067 +4.5543
oy R'=09279
25

0 50 100 150 200 250
Cell input

1 10 104

Viable, CD45~, CD31~, and TER119~
cells (R3) were selected for further anal-
ysis (arrow). (B) Fractionation according
to the expression CD49f (a6 integrin).
Green line, unstained cells; red line,
CD49f* cells. The CD49f* population
was divided into two subsets: CD49fdim
and CD49fbright. (C) Flow cytometric
analysis Scal and CD34 expression in
CDA49fPright cells. The abundance of each
subpopulation within the total tracheal
cell preparation was (A) 0.1 = 0.02%,
(B) 1.18 £ 0.3%, (C) 0.5 = 0.05%, and
(D) 0.2 = 0.08% (n = 5). (D-H) Gene
expression profile of tracheal epithelial cell
subsets. Quantitative RT-PCR was used to
determine the abundance of basal cell
markers: K5 (D), K14 (E), total p63 (F),
Clara cell secretory protein (CCSP) (G),
and the ciliated cell marker Fox|1 (H)
relative to a tracheal RNA calibrator
(n = 4). *Significance at P < 0.005. (G)
" Colony-forming cell frequency of tracheal
epithelial cell subsets. Predefined num-
bers of cells from various subpopulations
were sorted into 96-well plates containing
irradiated NIH-3T3 feeders and cultured
for 14 days. Two types of clones were
detected: nonrimmed (blue bars) or
rimmed ( pink bars). Clonogenic frequency
for each clone type was calculated
by linear regression (inset), where N =
colony-forming cell frequency, y = 1/N,
and x = cell input. The equation was
solved for y = 37%, and the colony form-
ing cell frequency presented as 1,000N.
Data are presented as the mean * SD
(n=3).
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Total p63 4
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cell subsets, tracheal cells were costained for K5 and
ALDHI1AL1 (Figure 3A). ALDH1A1 immunopositive cells were
52.00 * 5.32% of CD49f’right/Scal*/CD34~ cells and 43.35 *
6.17% of CD49fbright/Scal*/CD34" cells. These data demon-
strate that CD34 did not separate tracheal epithelial cells into
discrete ALDH1A1 expressing subsets.

Flow cytometric analysis of ALDEFLUOR activity demon-
strated that 0.25 = 0.021% (n = 8) of TECs possessed diethyla-
minobenzaldehyde-inhibited ALDH activity (Figure 3C).
CD49fPrieht/Scal* cells (Figure 3B, R6) were divided into ALDH ™
and ALDH ™ populations (Figure 3D). CD49fright/Scal*/ALDH*
TECs had low side scatter, indicating that they were agranular
cells (data not shown). Immunofluorescence analysis indicated
that 100% of CD49ftight/Scal */ALDH™ cells were K5* (Figure
3E). Gene expression analysis (Figure 3F) demonstrated that
expression of basal-specific mRNAs did not vary between
ALDH™' and ALDH~ populations. However, ALDH1A1 and
ALDH3A1 mRNAs were enriched in ALDH™ cells (Figure 3G).
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TABLE 1. MOLECULAR PHENOTYPE OF CELLS WITHIN
CDA49F-POSITIVE POPULATION*

CD49f* Subsets

Cell Type CD49fdim CD49fbright
K5 43 = 1.57 57 = 3.8
K14 10 + 0.93 11.73 = 1.96
ccsp 17 + 0.63 0.1 = 0.023
ACT 5=0.22 0

Definition of abbreviations: ACT = acetylated tubulin; CCSP = Clara cell
secretory protein; K5 = keratin 5; K14 = keratin 14.

* To determine the molecular phenotype of cells present in these populations,
cells were cytospun and stained for the basal cell marker K5, the secretory cell
marker CCSP, and the nuclear stain DAPI. Similar preparations were stained for the
ciliated cell marker ACT, K5, and DAPI. Representation of cells expressing cell-type
specific markers was calculated as 100(no. positive cells/no. total cells) (n = 4).

When cultured in standard mouse TEC culture medium (20)
on irradiated NIH3T3 fibroblasts, the CD49fright/Scal*/ALDH™
population generated only nonrimmed clones. The colony-
forming cell frequency (CFCF) was 3.563 = 0.831 (n = 3). This
CFCF is equivalent to that of terminal rimmed clones (see
Figure 6). CD49f right/Scal*/ALDH —derived nonrimmed
clones did not retain label and could not be serially passaged.
This cell type was not pursued further.

The CD49fbright/Scal™/ALDH™ population was 0.2% of
total tracheal cells and 1% of the TECs. All of these cells were
positive for K5 and generated only rimmed clones (Figure 3H;
data not shown). Selection of this subpopulation resulted in
a 100-fold enrichment of the rimmed clone—forming cell com-
pared with unfractionated TECs. Pulse-chase analysis demon-
strated that CD49fbright/Scal*/ALDH "—derived rimmed clones
contained rare LRCs and abundant label-diluting cells (LDCs)
that were localized to the clone rim (Figures 3I and 3J). A
similar distribution of LRCs and LDCs in the K5/TRE-histone
2B model (Figure E4) indicated that BrdU toxicity did not
affect proliferation of central region cells (32).

Molecular and Mitotic Phenotype of CD49fPright/Scal+/
ALDH"-Derived Rimmed Clones

CD49fbright/Scal */ALDH™* cell-derived rimmed clones were
round and suggested that clone growth was radially symmetric
(Figures 4A—-4D). Immunofluorescence analysis showed that
cells within the rim and central regions expressed E-cadherin
(Figures 4E and 4F). K5 and K14 were coexpressed in the rim,
but central region cells expressed K5 only. CCSP, ACT, and
Muc5Ac were not detected (data not shown). These data
indicate that CD49fright/Scal*/ALDH*~derived rimmed clones
were composed of basal cells.

Ki67 analysis also demonstrated that mitotic cells were
abundant and highly localized to the rim domain of rimmed
clones on culture Days 12 to 14 (Figures 4I-4L). Rare Ki67+
cells were detected in the central domain (Figure 4K). Cell
density, as evaluated by DAPI staining, was very high in the rim
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but low in the central region (Figures 41 and 4K). Cytospin
preparations of rimmed clone isolates were stained for K5, K14,
and Ki67 (Figures 4M and 4N). Quantification demonstrated
that 77.71 * 4.12% of K5* cells were positive for Ki67 and that
76.13 + 3.45% K147 cells coexpressed Ki67. The contribution
of each cell type to the mitotic pool was 86.06 = 5.12% for K5+
cells and 73.85 * 2.66% for K14t cells. These data, in
combination with the demonstration that the majority of rim
domain cells were dual positive for K5 and K14 (Figures 4G and
4H), suggest that clone expansion was driven by K5/14 dual-
positive cells.

Propidium iodide staining and flow cytometric analysis (24)
were used to determine the cell cycle characteristics of passage
1 rimmed clone cells. Evaluation of 10 rimmed clones on culture
Day 14 demonstrated that 40 = 2.37% of cells were in G1 phase,
43 + 3.8% were in S phase, and 18 * 1.79% were in G2/M phase
(Figure 50). Only debris was detected to the left of the G1
peak, indicating that few if any cells were apoptotic.

Self-Renewal Properties of the Rimmed-Cloned Forming Cell

Self-renewal of individual CD49fbright/Scal*/ALDH™ cells was
evaluated as a function of passage using the limiting dilution
assay and the statistical method detailed in Figure 2. A single
clone and its derivatives could be passaged five times (Figure
5B). For example, a single CD49fPright/Scal*/ALDH™" cell
(passage [p]O) resulted in the generation of a clone that could
be passaged to generate a second clone, clone 2 (pl). Clone 2
had a CFCF of 39.62, and its derivatives could be passaged three
times to generate clones 2a (p2), 2aa (p3), and 2aaa (p4). The
CFCF for clone 2 derivatives decreased as a function of passage
and was 0.3 to 0.5 at termination. In contrast, clone 4 had an
initial CFCF of 4.5 and terminated at p2. Because the average
number of cells per clone was 8 X 103 = 2 X 103 cells (n = 15)
on Day 14, these data indicate that the most clonogenic p0 cells
generated approximately 40 million progeny.

Differentiation Potential of Rimmed Clone Cells

The differentiation potential of CD49fbright/Scal*/ALDH™
rimmed clone cells was tested using ALI cultures (Figure 6)
(20). Control cultures were generated from green flourescent
protein (GFP)™" tracheal cells (Figure 6A and E5) and served as
differentiation controls. On differentiation Day 9, numerous
K5 basal cells, CCSP* Clara-like cells, and ACT™ ciliated cells
were detected (Figures 6A-I-6A-IIT). Enface and cytospin
analysis demonstrated that all cells derived from GFP* cells
retained endogenous fluorescence as they proliferated and
differentiated in vitro (Figure ES5).

ALI cultures were also generated from passage 1 rimmed
clones. These cultures were termed “homogenous ALI” (Figure
6B). Homogenous ALI polarized on culture Day 5, demon-
strating functional epithelial barrier formation. However, ho-
mogenous ALI did not differentiate into CCSP* or ACT™ cells
when subjected to the differentiation protocol (Figures 6B-II
and 6B-III). DAPI staining confirmed that cells were present at

TABLE 2. QUANTIFICATION OF CELL TYPES WITHIN CD49FBRICHT CELL SUBSETS DEFINED BY

EXPRESSION OF SCA1 AND CD34*

Subset A: Subset B: Subset C:
Cell Type CDA49f%/Scal~/CD34* CD49f%/Sca1+/CD34+ CD49f°/Scal+/CD34~
K5 10.5 + 2.18 0.656 * 0.346 79.36 = 5.151
K14 3.37 £1.28 0.124 + 0.039 13.95 = 1.96
CCSP 0 0.257 = 0.032 0
ACT 0 0 0

Definition of abbreviations: ACT = acetylated tubulin; CCSP = Clara cell secretory protein; K5 = keratin 5; K14 = keratin 14.
* Representation of cells expressing cell type-specific markers were calculated as mentioned in Table 1 (n = 4).
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Figure 3. Subsetting  of
CD49fbright/Scal* basal cells

CD49f"i#h.Scal*-CD34

20x

by aldehyde dehydrogenase
(ALDH) activity. (A) Dual-
immunofluorescence analysis of
K5 (green) and ALDH1A1 (red,
red arrows) in the CD49fPright/
Scal*/CD34~ population. Yel-
low arrows indicate dual-positive
cells. (B) Flow cytometric identi-
fication of CD49f°right/Scal
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row). (C) Flow cytometric anal-
ysis of ALDEFLUOR activity in the
presence of the diethylamino-
benzaldehyde (DEAB) inhibitor
(+inhibitor, red) and in the ab-
sence of the DEAB inhibitor
(—inhibitor, green). (D) Separa-
tion of CD49f*right/Scal+ cells
into ALDH-negative (ALDH™)
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high density throughout the culture (Figures 6B-1I and 6B-III).
Immunostaining for K5 and p63 (Figures 6B—6I) demonstrated
that homogenous ALI culture cells retained the basal cell
characteristics that were previously shown for rimmed clones
grown at clonal density on irradiated feeders (Figure 4).

ALI cultures composed of GFP~ rimmed clones, and GFP*
“filler cells” were termed “heterogeneous ALIL.” These cultures
polarized on Day 5. At this time, the epithelium was composed of
rimmed clones that contained GFP™ filler cells in in the central
cobblestone region and in the rim (data not shown). The high cell
density within the rimmed region prevented phenotypic analysis
of rimed clone cells and filler cells. Consequently, differentiation
was evaluated in cytospin preparations. Identification of GFP™*/
CCSP* and GFP*/ACT™ indicated successful differentiation of
the filler cells (Figures 6C-II and 6C-III; green arrows). The
frequency of these differentiated cell types was similar to that

B CD49F*-Scal’ 06 |
[ O CD49f*-Scal -ALDH' __ |

~

-
"ALDEFLUOR

108

and -positive (ALDH*) fractions.
(E) Immunofluorescence analy-
sis of cytospin preparations from
CD49fbright/Scal+/ALDH™ cells.
Cells were stained for K5 ( green)
and DAPI (blue). Arrow indicates
a typical K5* cell. (F and G)
Quantitative RT-PCR  analysis
of gene expression in the
CDA49fbright (pjue), CD49fbright;
Scal* (red), and CD49fbright/
Scal*/ALDH™ (yellow) subsets.
(F) The basal cell markers K5,
K14, and Trp63 were analyzed.
(G) Expression of ALDH1a1 and
ALDH3al. Mean = SD (n = 4).
*Significance at P < 0.003. (H-
K) Proliferation of CD49fbright/
Scal*/ALDH™ cells as a func-
tion of time in culture. BrdU
label (red) retention was eval-
uated as described in Figure 1.
(H) LabelingDays0to 3, (/) 3 to
5,(/))5to7,and (K) 12 to 14.
Original magnification: 2.5X.
The inset in H is a bright-field
image of this clone.

T T T
102 10% 104

a1y G

Alghlal

day 12-14

achieved in control ALI cultures (Figures 6A-I-6A-IIT). GFP~
rimmed clone cells that expressed CCSP or ACT were also
identified. The frequency of these rimmed clone—derived differ-
entiated cells was similar to that noted for the filler cells.

The hypothesis that tracheal cells induced rimmed clone cell
differentiation via secreted factors was tested by culturing
rimmed clone cells and tracheal cells in separate compartments
of the Transwell culture system (Figure 6D). Differentiation of
rimmed clone cells was evaluated on Day 10 and demonstrated
numerous CCSP+ (Figure 6D-1) or ACT+ (Figure 6D-II) cells.
Green cells were not detected, indicating integrity of the Trans-
well membrane and its ability to separate the two cell types.

LRCs In Vivo

TSCs are typically identified after severe epithelial injury and
identified as LRCs or as cells that generate multipotential
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clones (11, 13-15). Because tracheal LRCs have not been
evaluated after naphthalene (NA) injury, the distribution of
K5*/BrdU™ cells was evaluated in mice treated as indicated in
Figure 7A. In the steady state, KST/BrdU™* cells were detected
throughout the trachea (Figure 7B). An increased number of
K5%/BrdU™ cells were detected on NA recovery Day 6 (Figure
7C). The distribution of these cells was similar to that detected
in the steady state. Mice treated with NA and recovered after 40
days also contained K5*/BrdU* cells that were distributed as
shown for control and Day 6 (Figure 7D). A rare population of
K5*/BrdU™" cells were located below the basement membrane
in intercartilaginous regions that did not contain submucosal
glands (data not shown). Tissues from mice that were treated
with NA, labeled on recovery Days 1 to 6, and chased for 34
days contained K5* and K5~ LRCs (Figures 7E-7G). These
cells were more frequent in intercartilaginous regions than in
midcartilaginous regions and were also located in submucosal
gland duct junctions.

CD49fbright/Scal*/ALDH* Cells Participate in Tracheal
Homeostasis and Repair

To determine whether CD49fbright/Scal*/ALDH™ cells were
NA resistant, the frequency of this cell type was compared in
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Figure 4. Phenotypic characterization of
rimmed clones generated by CD49fPright/
Scal*/ALDH™ cells. (A) Giemsa stain of
rimmed clones in a 6-well plate. Bright-
field; original magnification 1Xx. (B-D)
Phase contrast images of (B) a rimmed
clone, (C) the three-dimensional rim
(arrows), and (D) the cobblestone central
region. Original magnifications vary for
each panel and are indicated in the upper
right corner. (E-H) Immunofluorescence
analysis of epithelial markers. (E£) E-cad
(green) expression in the rim. (F) E-cad
expression in the cobblestone region. (G)
K5 (red). (H) K14 (red). (FN) Immuno-
fluorescence analysis of proliferation.
Single-color images: (/) DAPI (blue) and
()) Ki67 (green). (K) Merged image for
K5 (red), Ki67 (green), and DAPI (blue).
(L) Higher magnification of Ki67 ( green)
and DAPI (red) at three positions within
the rimmed region of a rimmed clone.
Arrows indicate dual-positive cells. (M and
N) Immunofluorescence analysis of (M)
K5 (green) and Ki67 (red) or (N) K14
(green) Ki67 (red) on a cytospin prepara-
tion of a rimmed clone. Arrows indicate
dual-positive cells. (O) Flow cytometric
analysis of cell cycle position in cells de-
rived from an individual rimmed clone.
Colors are defined in the panel. Repre-
sentative of 10 analyses.

control and NA-treated mice. On recovery Day 6, CD49fPright/
Scal*/ALDH™* cells were 2.35 = 0.30% of epithelial cells
(Figure 7H, group F). This frequency was 3-fold greater than
control (Figure 7H, group E; P = 0.004). Similar enrichment of
basal cells (Figure 7H, groups A versus B and groups C versus
D) suggested that this difference could be accounted for by
depletion of CD49f4™ Clara and ciliated cells. On recovery Day
40, CD49fbright/Scal*/ALDH™ cells were 0.51 *= 0.07% of
epithelial cells (Figure 71, group F), and this frequency was
similar to control (Figure 71, group E; P = 0.06). The frequency
of CD49fbright and CD49f%right/Scal™ cells was similar in control
and treated mice on Day 40. These data further supported the
conclusion that changes in the number of Clara-like and ciliated
cells within the total epithelial cell population accounted for the
increased frequency of CD49fbright/Scal*/ALDH™ cells on re-
covery Day 6.

To determine whether CD49fright/Scal*/ALDH™ cells par-
ticipated in tracheal homeostasis and repair, mitotically active
cells were labeled with BrdU in vivo (Figure 7A). CD49fbright/
Scalt/ALDH™ cells were isolated by flow cytometry, and the
frequency of BrdU™ cells was determined by immunostaining of
cytospin preparations (Figure E6). The mitotic fraction of
CD49fbright/Sca1+/ALDH™ cells was 10.3 + 1.2% in control mice,
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56.9 + 2.18% in mice treated with NA and recovered after 6 days,
and 21.2 = 1.84% in mice treated with NA and recovered after 40
days. This study indicated that CD49fPrieht/Scal*/ALDH™* cells
were mitotically active under homeostatic conditions before and
after repair. The 6-fold increase in their mitotic index indicated
recruitment into the mitotic pool after NA treatment.

To determine whether CD49fPright/Scal+/ALDH™ cells were
label-retaining cells, mice were treated with NA, labeled with
BrdU on recovery Days 1 to 6, and chased to Day 40 (Figure 7A,
Group IV). After a 34-day chase, 17.8 + 1.7% of CD49fPright/
Scal*/ALDH™ cells were BrdU", indicating that they had
proliferated after injury, survived 5 weeks, and divided infre-
quently. Of the BrdU+/CD49fbright/Scal */ALDH™ cells, 4.68 =+
0.6% had BrdU levels that were equivalent to that detected in
cells labeled immediately after NA treatment (Figure E6). These
BrdUvrieht/CD49fright/Scal*/ALDH™ cells were 28.30 * 3.83%
of the mitotic fraction.

DISCUSSION

We demonstrated that a specific mouse tracheal epithelial cell
type, defined by its surface phenotype and biochemical proper-
ties, functions as a self-renewing multipotential progenitor and
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Figure 5. Self-renewal properties of rimmed
clone-forming cells. (A) Summary of the pro-
spective purification strategy for tracheal basal
cells. The diameter of each circle represents the
abundance of each subpopulation within the
original tracheal cell preparation. K5 staining of
each population indicates enrichment of basal
cells within the population. (B) Self-renewal of
individual rimmed clone cells as a function of
passage. Colony-forming cell frequency (CFCF)
was determined as indicated in Figure 2.
Rimmed clone (left panel), phase contrast im-
age; original magnification 2.5X. Only rimmed
clones were detected. Passage number for each
clone is depicted above the line, and CFCF at
each passage is noted below the line. The
265 length of each line is proportional to the CFCF.
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as an in vitro niche-forming cell. The CD49fbright/Scal*/ALDH*
cell is a basal cell subtype. It generates LRCs and LDCs that are
sequestered within the rim domain of a specific clone type, the
rimmed clone. These clones can be serially passaged, at clonal
density, for five generations. At each generation, only rimmed
clones are produced. When cultured under homogenous condi-
tions, this cell produced a niche that favored production of
LDCs. Cells sequestered within this niche were refractory to
differentiation stimuli. However, coculture of rimmed clone cells
with unfractionated tracheal cells (UTCs) or exposure to the
soluble factors produced by UTCs resulted in differentiation.
BrdU labeling demonstrated that CD49fbright/Scal*/ALDH™*
proliferated in the normal epithelium in response to NA injury
and in the repaired epithelium. Cells that proliferated after NA
injury retained label to recovery Day 40, demonstrating the
slow-cycling phenotype and longevity associated with TSCs.

Purification of the TSC

We present evidence that CD49fright/Scal */ALDH™ cells are
TSCs. The CD49fbright/Scal™/ALDH™ cell is a K5/14-expressing
basal cell (see Figure 2). This molecular phenotype is consistent
with a previous analysis of multipotential cells from the human
bronchus (12) and the mouse trachea (11). Single CD49fbright/
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Figure 6.  Differentiation of rimmed clone-
forming cells. (A-C) Schematic representing

the cell types used to generate air-liquid in-
terface (ALI) cultures. (A) Cultures generated
with tracheal epithelial cells from GFP mice

A-L K5 / DAPI

Al CCSP / DAPI

CCSP/ DAPI

A-TII LRI ACT/ DAPI

GFP/ DAPI

c

(GFP-filler). (B) Cultures generated with rimmed
clone cells. (C) Cultures generated using a com-
bination of GFP* filler cells and rimmed clone
cells. (A-I-A-1Il') Immunofluorescence analysis of
differentiated cell types in ALl cultures gener-
ated from GFP* filler cells. (A-/) Expression of
the basal cell marker K5 (red) and DAPI (blue).
(A-Il) Clara cell marker CCSP (red) and DAPI
(blue). (A-1ll') Ciliated cell marker ACT (red) and
DAPI (blue). All images are en face. Original
magnification: 20X. (B-I-B-1II) Immunofluores-
cence analysis of differentiated cell types in ALI
- cultures generated from rimmed clone cells.

- (B-1Y K5 (green), p63 (red), and DAPI (blue).

(B-Il) CCSP (red) and DAPI (blue). (B-lll) ACT
(red) and DAPI (blue). All images are en face.
Original magnification: 20X. (C-I-C-ll) Immu-
nofluorescence analysis of differentiated cell
types in ALl cultures generated from rimmed
clone cells plus GFP* filler cells. Cells were
recovered by trypsinizatin, and cytospin prepa-
rations were generated. (C-/) Endogenous GFP
fluorescence (green) and DAPI (blue). Green
arrows indicate GFP™ filler cells. White arrows
indicate GFP~ clone cells. (C-Il) Endogenous
GFP fluorescence (green) and CCSP (red). Ar-
rows indicate filler-derived GFP*/CCSP* cells
(green/red) and rimmed clone-derived GFP~/

D.  Rim-clone cells (Apical)
&
Filler cells (Basal)

ACT / DAPI

CCSP* cells (red). Inset illustrates a rimmed
clone-derived GFP~/CCSP™ cell focused on the
optical plane of CCSP, a cytosolic protein. (C-
I Endogenous GFP fluorescence (green) and
ACT (red). Arrows indicate filler-derived GFP*/
ACT* (green/red) cells and rimmed clone-de-
rived GFP~/ACT* cells (red). Inset illustrates
a clone-derived GFP~/ACT* focused on the
optical plane ACT, an extracellular protein lo-
calized to motile cilia on the cell surface.
Original magnification: 40X. (D) Analysis of

paracrine signaling. Rimmed clone cells were cultured in the apical compartment and GFP™ filler cells were cultured in the basal compartment.
Differentiation was evaluated 10 days after establishment of the ALI. Immunofluorescence analysis of differentiation markers in cells present on the
luminal surface of the Transwell membrane, which contains the rimmed cells. All images are en face. Original magnification: 20X. (D-) CCSP (red,

arrows), DAPI (blue). (D-II) ACT (red, arrows), DAPI (blue).

Scal*/ALDH™ cells could be cultured at clonal density over
five passages (see Figure 5), indicating that label-retaining cells
are not merely a long-lived cell type. When exposed to
differentiation stimuli in the presence of tracheal filler cells,
the CD49fbright/Scal™/ALDH™ cell self-renews the basal cell
population and generates differentiated Clara-like and ciliated
cells (Figure 6C). Thus, the CD49f’right/Scal*/ALDH™ cell is
multipotential. Previous analyses of putative tracheal TSCs
were unable to demonstrate differentiation to the Clara-like
cell phenotype (13, 21). Consequently, the present study is the
first to demonstrate multipotential differentiation of a single
prospectively purified mouse tracheal basal cell into all cell
types found in its home epithelium. Collectively, these data
indicate that CD49fbright/Scal*/ALDH™ cells exhibited the
essential characteristics of a TSC.

Architecture and Function of the Stem Cell Niche

We propose that the tracheal rimmed clone recapitulates the
most basic function of a stem cell niche in vitro: It harbors TSCs.

Because a single cell forms the in vitro niche over multiple
passages, we suggest that the rimmed domain maintains TSCs
in vitro. The importance of the rim as an in vitro TSC niche is
indicated by the fact that the tracheal clones that lack the
rimmed domain terminate at p0 and do not contain LRCs (see
Figure 1). Furthermore, rimmed domain integrity decreases
with age and passage. Loss of the rim is associated with a low
colony-forming efficiency (see Figure 5). These data suggest that
the rim is critical to the maintenance of tracheal TSCs in vitro.
This niche is permissive for intermittent TSC cell division and
promotes repeated TAC proliferation. This cell-selective effect
may be a consequence of heterogeneity within the rim or
interaction between rim and central domain cells.

The demonstration that rimmed clones are refractory to
differentiation stimuli suggests that the in vitro niche also limits
differentiation. Thus, we suggest that the in vitro niche main-
tains TSCs and TACs at the expense of a differentiated cell
production. Coculture of rimmed clones with UTCs disrupts the
rim edge, resulting in a mixture of rimmed clone and nonclone
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Figure 7. Contribution of CD49fbright/Scal+/
ALDH™ cells in epithelial homeostasis and re-
pair: (A) Mitotic index of CD49fPright/Scal+/
ALDH™ cells at steady state and after Naphtha-
lene (NA) injury. Four experimental groups

Group | | BrdU | Group Il | Brdy ‘ were used. Group | (no-injury and 6 consecutive
T [ [ days of BrdU), Group Il (NA-injury at day 0 and

Histology NA Histology 6 consecutive days of BrdU), Group Il (NA-

Cell Isolation Cell Isolation 34 40 injury at day 0 and BrdU from day 34-40) and

Group Il 2 [BrdU ] Group IV (NA-injury at day 0 followed by BrdU
for 6 consecutive days and chased up to day

NA Histology 34). CD49fbright/Sca1+/ALDH* cells were iso-

0 8 Cell Isolation lated by flow-cytometry at the end of each

Group IV BrdU_] 34 time-period mentioned above, cytospin prepa-
l' rations were generated and immunostained for

NA Histology BrdU. BrdU positive and negative cells were

Cell Isolation

counted and expressed as percentages of total
number of cells detected by DAPI staining. (B)
Histological analysis of mouse trachea (group I)
by immunofluorescence microscopy with anti-
BrdU (red) and K5 (green) antibodies. Arrow
showed a BrdU/K5 double positive cell. (C)
Histology of Group II, (D) Histology of Group
Ill. (E) Immunostaining of tracheal tissue (Group
IV) showing the presence of label-retaining cells
in the intercartlagenious region. Arrow showed
label-retaining K5 positive cells. (F) Anatomical
location of BrdU label-retaining cells (Group V)
on the surface epithelium (white arrows) and
also in the submucosal gland (yellow arrow).
(G) Higher magnification of the picture shown
in F. (H) Participation of CD49fbright/Scal*/
ALDH™* cells in epithelial repair in response
to NA-injury was assessed at day 6 post-injury

H-ﬁ15- P = 0.0002 I 1 ® Control 1y flow cytometry. Epithelial cells expressing
>g —— P <0.0001 A Injury CD49fbright  (population A&B), CD49fbright/
o8 i N Scal™ (population C&D) and CD49fbright/
L =107 NG A B 104 P=0.261 p-0.303 Scal*/ALDH* (population E&F) were analyzed.
g g :-I-: it — 1 Individual animals, control group (n = 8, closed
= ’g ‘—Jr circles) and NA-treated group (n = 10, closed
2= 5- = La| P=0.0044 5 ‘: A P = 0.055 triangles) were evaluated and the representa-
% ° % T ﬁ %& tion of various cell subsets is presented as
24 % R i percentage of total epithelial cells. Differences
O e @ N between control and treated group were
o T T T - T 0 T T T T assessed by non-parametric two-tailed t test.
A B C D E F A B C D E F (I) Participation of CD49fPright/Scal+/ALDH*

NA+6 days NA+40 days cells in epithelial homeostasis on recovery day

cells. These modified clones are responsive to differentiation
signals (see Figure 6). The finding that differentiation was also
induced by factors elaborated by UTCs residing in the basal
compartment indicated that niche modification occurred via
paracrine factors rather than direct cell-cell contact (see Figure
6D). Analysis of other epithelial systems suggests that the niche
may exist in distinct proliferation and differentiation states. By
analogy to these systems (7, 33), we suggest that the in vitro
niche is also regulated by nonniche cells.

Analysis demonstrated that holoclones generated from hair
follicle TSCs are bordered by a raised edge similar to the
tracheal rimmed clone (4). Because holoclone-forming cells
exhibited the defining features of TSCs (i.e., self-renewal and
multipotency), Blanplain and colleagues indicated that the
holoclone models the “bulge niche microenvironment and
architecture” (4). An alternative interpretation of the holoclone

40. Experimental design was similar to that
explained in (H). Control (n = 6) and treated
(n=12).

analysis and our data is that the rimmed domain establishes
conditions that are permissive for maintenance of a specific cell
type with the properties of a TSC. Because the TSC niche
remains an ambiguous entity in vivo, the present analysis serves
as a starting point for identification and functional assessment of
the TSC niche within in the respiratory epithelium.

Participation of TSCs in Homeostasis and Repair

The BrdU labeling study (Figure 7) indicated that the
CD49fPright/Scal*/ALDH™ cells participated in tracheal ho-
meostasis and repair. These data are consistent with previous
reports of label-retaining cells in the detergent and acid injury
models (11). However, participation of tracheal TSCs in ho-
meostasis is novel and contrasts with the quiescence of bron-
chiolar variant CCSP-expressing cell (vCE) in the normal
epithelium (34, 35). The tracheal TSC is defined by two surface
markers, a biochemical property, and the absence of four
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markers. Thus, the location of these cells could not be de-
termined in vivo. However, the demonstration that a high
percentage of CD49fright/Scal*/ALDH™ cells were also LRCs
and the finding that LRCs were not restricted to a recognizable
anatomical location suggested that TSCs were not sequestered
in the gland duct junction or the intercartilaginous regions. This
lack of spatial restriction is consistent with distribution of
multipotential K14* cells (M. Ghosh, unpublished) and may
be related to the ability of the TSC to generate its own niche.
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