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Abstract

Cystic fibrosis (CF) is caused by loss-of-function mutations in the
CFTR (CF transmembrane regulator) gene. Pharmacologic therapies
directed at CFTR have been developed but are not effective for
mutations that result in little or nomRNA or protein expression. Cell
therapy is a potential mutation-agnostic approach to treatment. One
strategy is to harvest human bronchial epithelial cells (HBECs) for
gene addition or genetic correction, followed by expansion and
engraftment. This approach will require cells to grow extensively
while retaining their ability to reconstitute CFTR activity. We
hypothesized that conditionally reprogrammed cell (CRC)
technology, namely growth in the presence of irradiated feeder
cells and a Rho kinase inhibitor, would enable expansion while
maintaining cell capacity to express functionalCFTR.Our goalwas to
compare expression of the basal cell marker NGFR (nerve growth
factor receptor) and three-dimensional bronchosphere colony-
forming efficiency (CFE) in early- and later-passage HBECs grown
using nonproprietary bronchial epithelial growth medium or the
CRC method. Cell number and CFTR activity were determined in a
competitive repopulation assay employing chimeric air–liquid
interface cultures. HBECs expanded using the CRC method

expressed the highest NGFR levels, had the greatest 3D colony-
forming efficiency at later passage, generated greater cell numbers
in chimeric cultures, and most effectively reconstituted CFTR
activity. In our study, the HBEC air–liquid interface model, an
informative testing platform proven vital for the development
of other CF therapies, illustrated that cells grown by CRC
technology or equivalent methods may be useful for cell therapy
of CF.
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Clinical Relevance

Cell therapy has the potential to be a mutation-blind treatment
for people with cystic fibrosis. Effective cell therapy will require
therapeutic cells that proliferate, compete with native stem
cells, and reconstitute CFTR (cystic fibrosis transmembrane
regulator) ion transport. This work represents a step toward
identifying the optimal cell population.
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Cystic fibrosis (CF) is a life-limiting genetic
disease that affects over 70,000 people
worldwide (1, 2). Caused by mutations in
the CFTR (CF transmembrane regulator)
gene (1, 3), pathology develops in the lungs,
where absent or dysfunctional CFTR
protein leads to insufficient airway surface
hydration, thick airway mucus, chronic
infection and inflammation, airway
remodeling, bronchiectasis, and eventual
functional decline. Mainstay CF treatments,
such as chest physical therapy, nebulized
medications to loosen mucus, and
antibiotics, alleviate symptoms (4–6)
but do not treat the root cause. Newer
pharmacologic therapies target specific
CFTR variants (7–9), but these drugs are
not approved for mutations that cause low
mRNA or protein levels (10). Thus,
mutation-agnostic approaches, such as gene
or cell therapy, are being sought.

Clinical trials investigating CF gene
therapy have largely been disappointing.
Modest effects were seen in a study of
cationic DNA–liposome complex delivered
directly to the lungs of individuals with CF
(11). However, clinical trials using adeno-
associated virus did not improve forced
expiratory volume in 1 second, decrease
sputum disease markers, or reduce days of
antibiotic use (12). Despite improvements
in gene delivery vectors (13), significant
obstacles to sustainable CFTR correction of
the airway epithelium remain, including
mucus, epithelial tight junction barriers
(14), and adaptive immunity to viral
vectors (15). Cell therapy is another
potential treatment approach, but the
optimal cell type has yet to be determined.
Engrafted cells must express a normal copy
of CFTR, self-renew, compete effectively
with native CFTR-deficient cells, and
differentiate into columnar cells,
reconstituting clinically significant levels of
CFTR ion transport. Two candidate cell
types include heterologous embryonic stem
cells (ESCs) and autologous induced
pluripotent stem cells (iPSCs). However,
there are ethical quandaries about ESCs and
safety concerns about both (16, 17). In
addition, uniform directed differentiation
of either ESCs or iPSCs into airway
epithelial cells remains a challenge,
requiring prolonged culture (18, 19), cell
sorting, and temporal regulation of Wnt
signaling (20, 21).

Endogenous airway epithelial
progenitor cells may be viable candidates for
CF cell therapy. In theory, these cells could

be obtained from an individual, gene
corrected, expanded ex vivo, and
readministered for airway engraftment.
The remarkable success of transgenic
keratinocyte cell therapy for the blistering
skin disease, junctional epidermolysis
bullosa (22), provides hope that such an
approach may be successful. Like transgenic
keratinocytes, airway epithelial cells have a
long history of being expanded in vitro (23,
24). However, human transplantation of
airway epithelial cells has only been
reported in two recipients with
bronchiectasis (25), and this, to our
knowledge, has not been replicated.

Cell therapy will likely require large
numbers of cells to be effective (23, 26), but
airway epithelial progenitors have a limited
lifespan ex vivo. One approach known to
increase cell yield is the conditionally
reprogrammed cell (CRC) culture method,
in which epithelial cells are grown in the
presence of irradiated NIH3T3J2
embryonic fibroblasts and Y-27632, a Rho
kinase inhibitor (27). The CRC technique
enables extensive cell proliferation while
maintaining organ-specific differentiation
potential (27). Thus, we hypothesized that
the CRC method would allow airway
epithelial cells to overcome the loss of
growth capacity that occurs during
conventional in vitro expansion,
thereby increasing the feasibility of using
airway epithelial progenitors for CF cell
therapy.

Airway epithelial progenitors are
heterogeneous, with varying clonal capacity
(28–30), and effective engraftment may
require the use of markers to identify and
isolate populations with the highest growth
capacity. A potential marker is the low-
affinity NGFR (nerve growth factor
receptor), which has been identified in a
highly proliferative subset of airway basal
cells by lineage tracing and whole-
transcriptome sequencing (28). Harnessing
proliferative subpopulations of NGFR1

airway epithelial cells could be a step
toward making cell therapy possible. To test
this hypothesis, we evaluated NGFR
expression and bronchosphere colony-
forming efficiency (CFE) in five distinct
populations of human bronchial epithelial
cells (HBECs): 1) cells grown in
nonproprietary bronchial epithelial growth
media (BEGM) for 1 day to passage
1 (D1P1); 2) cells grown in BEGM to 70–90%
confluence at passage 1 (P1); 3) cells grown
in BEGM to passage 3 (P3); 4) cells grown

to CRC passage 1 (CRC P1); and 5) cells
grown to CRC passage 3 (CRC P3). We
employed a competitive repopulation assay
in which different proportions of non-CF
donor cells were coseeded with CF cells to
create a mature, chimeric air–liquid
interface (ALI) culture. Ussing chamber
studies, digital droplet PCR (ddPCR), and
whole-mount immunostaining were
performed for functional, proliferative, and
morphological evaluation. Finally, we
examined the relationship between the
proportion of CFTR-expressing cells and
functional reconstitution of ion transport.
A preliminary version has previously been
reported in abstract form (31).

Methods

Cell Isolation and Tissue Culture
HBECs obtained under University of North
Carolina’s Office of Human Research
Ethics/Institutional Review Board study
no. 03-1396 were isolated and cultured
immediately or after cryopreservation using
conventional (32) or CRC (33, 34) culture
methods. NIH3T3J2 mouse fibroblasts were
replaced with MRC5 (Medical Research
Council cell strain 5) human fibroblasts
(ATCC) where indicated. Donor
demographics are given in Table E1 in
the data supplement. The five cell
populations examined are illustrated in
Figure E1.

Flow Cytometry
HBECs (0.5–13 106 cells) were stained
with FITC-labeled anti-epithelial
cell adhesion molecule (EpCAM),
phycoerythrin-labeled anti-NGFR, Pacific
blue–labeled annexin V, and sytox blue
(METHODS E1 and Figure E2). Analysis and
sorting were performed using a Sony
SH800 cytometer. FlowJo V10 (Becton
Dickinson) was used to obtain fluorescence
intensity and population density data.

Colony-Forming Assay
HBECs (13 103 cells) were suspended in
50 ml of ALI media, mixed 1:1 with 50 ml of
Matrigel (356237; Corning), and seeded on
6.5-mm Transwell inserts (CLS3422;
Corning), as previously described (28).
Bronchospheres were stained between Days
14–18 with Calcein AM (C3100MP, 1
ng/ml in ALI media; Life Technologies) and
imaged on an Olympus IX-81 inverted
wide-field microscope using a 23 objective.
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Spheres were counted to calculate CFE,
defined as the proportion of spheres
generated to the number of cells seeded.

Competitive Repopulation Assay
Non-CF cells were coseeded with the CF cell
line UNCCF7T (35) or the parent primary
CF cells in proportions of 0%, 1%, 5%, 10%,
or 100% non-CF cells at a total seeding
density of 13 105 cells in 12-mm Millicell
CM inserts (PICM01250; Millipore) coated
with human placental collagen (C7510;
Sigma) (Figure E3). Ussing chamber analysis
was performed between Days 24–32 with the
addition of amiloride, forskolin, CFTRinh-
172 (CFTR inhibitor-172), and UTP, as
previously described (33, 36).

ddPCR
DNA was isolated using 1% SDS/50 mM
EDTA/50 mM Tris/100 mM NaCl/5 mM
DTT/500 mM spermidine in H2O and
purified by chloroform:phenol:isoamyl
alcohol extraction. The Taqman SNP
genotyping assay (4351379; SNP ID,
rs113993959; Life Technologies) and the
Bio-Rad QX200 system were used to
distinguish CF from non-CF cells.
Thresholds were set at 3,000 for the
fluorescein channel (G542X CFTR
mutation) and 2,000 for the victoria
fluorescent dye channel (wild-type CFTR)
in QuantaSoft 1.7.4.0917 (Bio-Rad) to
denote positive reads.

Whole-Mount Immunostaining and
Imaging
ALI cultures were fixed in 4% formaldehyde
in PBS and stained for a-tubulin,
MUC5AC, phalloidin (F-actin), and DNA
(METHODS E1) using species-specific
secondary antibodies as previously
described (37). Subsets of cultures were
stained with forkhead box I1 (FOXI1) and
CFTR where indicated (METHODS E1).
Cultures were imaged using a Leica TCS
SP8 with a 403 objective, systematically
sampling nine fields (2913 291 mm) per
condition. Fluorescence intensity of
MUC5AC (goblet cells) and a-tubulin
(ciliated cells) was obtained using Volocity
imaging software (Perkin Elmer).

Statistical Analysis
All data were analyzed using linear mixed-
effects models with the donor as a random-
effect factor using the R packages lme4 and
lmerTest. Post hoc comparisons were

performed using the general linear
hypothesis test from the multcomp R
package. All results are presented as the
median (interquartile range). Graphs were
created using GraphPad Prism 5
(GraphPad Software Inc.).

Results

NGFR Protein Expression in HBEC
Populations
Mouse or human airway epithelial cells that
express the basal cell marker NGFR form
three-dimensional bronchospheres in vitro,
but extended passage is associated with loss
of both NGFR and CFE (28). NGFR protein
expression was examined using flow
cytometry in five candidate EpCAM1

HBEC populations (Figure E1) and also at
P5 after BEGM or CRC culture (Figure 1
and Table E2). D1P1 HBECs were 50.3
(44.4–56.5)% NGFR1, which increased
slightly at P1 in BEGM to 68.5
(34.5–72.5)% but decreased by P5 in BEGM
to 35.6 (21.7–38.5)%. In contrast, HBECs
grown using the CRC method more
homogeneously expressed NGFR at P1,
with 90.2 (81.7–93.2)% positive for NGFR,
and maintained NGFR expression in 86.7
(85.5–87.1)% of cells at P5. The median
NGFR fluorescence intensity of CRC
HBECs was approximately fivefold
greater at P1, eightfold greater at P3,
and twofold greater at P5 than that of
conventionally cultured HBECs (P,0.001).
Thus, the CRC culture method generated
cells with higher NGFR protein levels than
did conventionally grown cells at all passages.

Growth of NGFR-Positive
and -Negative Cells and Induction and
Maintenance of NGFR Expression by
the CRC Method
To assess the relationship between NGFR
expression and growth capacity, EpCAM1

D1P1 cells were sorted into NGFR1 and
NGFR2 populations and compared in CFE
and competitive repopulation assays. Sorted
cells were then cultured in the CRC method
and assayed for changes in growth capacity
(Figure 2A). The CFE of NGFR1 D1P1
cells was higher than the CFE of NGFR2

cells (P, 0.01; Figure 2B and Table E3).
However, NGFR2 cells converted to CRC
(cCRC) significantly rescued the colony-
forming ability (P, 0.01), bringing the
CFE to levels equivalent to NGFR1 cells. In
a competitive repopulation assay, NGFR1

cells mixed in as 1% of the initial seeding
density expanded to 14.0 (12.4–18.6)% after
24–32 days, whereas NGFR2 cells
expanded to only 3.7 (1.8–4.7)% (P, 0.001;
Figure 2C and Table E3). CFTR activity
was also significantly greater in chimeric
ALI cultures seeded with 1% NGFR1

cells than in cultures seeded with 1%
NGFR2 cells (P, 0.001; Figure 2D and
Table E4). Notably, CFTR function and
competitive repopulation by NGFR2

populations were also rescued by CRC
culture conditions.

To assess how the CRC method might
be rescuing clonal growth and competitive
repopulation capacities, we compared the
growth trajectories and NGFR expression of
NGFR1 and NGFR2 cCRCs. Both NGFR1

cCRCs and NGFR2 cCRCs grew rapidly,
with a small, but distinguishable, difference
in population doublings over time
(P, 0.05; Figure 2E). Cells that were
previously NGFR2 exhibited a significant
rescue in NGFR expression upon
conversion to CRC, becoming 81.7
(81.5–84.6)% positive (Figure 2F and Table
E5) and with a median fluorescence
intensity equivalent to NGFR1 cCRCs
(Figure 2G and Table E5). NGFR1,
NGFR2, NGFR1 cCRC, and NGFR2

cCRCs were also analyzed by
immunofluorescence for the canonical
basal cell markers TP63 (28) and K5 (38)
(Figure E4). TP63 expression was
significantly diminished in NGFR2 cells
compared with NGFR1 cells (P, 0.001)
but was rescued upon conversion to CRC.
In contrast, K5 was only slightly lower in
the NGFR2 populations and remained
unchanged upon conversion to CRC.
These findings indicate that the CRC
culture method rescues growth capacity,
competitive repopulation, and markers of
stemness, such as NGFR and TP63.

CFE and Growth of HBEC Populations
Colony-forming ability in vitro has
historically been considered a measure of
stemness (39–41). The baseline CFE of
D1P1 cells was 13.5 (5.1–18.1)%, which
increased to 23.0 (11.2–34.7)% when
expanded to P1 in BEGM and to 19.1
(8.9–27.5)% using the CRC method
(Figure 3 and Table E6). Notably, CFE
declined significantly by P3 in BEGM,
whereas it was maintained in CRC P3
HBECs. In addition, although the growth
rate plateaued in BEGM, it increased
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linearly in CRC culture, which generated 10
population doublings by P3 versus two
doublings in BEGM (Figure 3G).

Competitive Repopulation Reveals
Functional, Proliferative, and
Morphological Properties of
Candidate Populations
To assess the competitive growth capacity
of the five candidate populations, HBECs
were mixed at varying ratios, with the
UNCCF7T cell line at a low total seeding

density. The resulting chimeric cultures
were analyzed between Days 24–32 for
CFTR function and the proportion of non-
CF cells. Consistent with prior reports that
Bmi-1/hTERT cell lines generate abundant
goblet cells and few ciliated cells (36), ALI
cultures consisting of 100% UNCCF7T cells
formed a thin, nonciliated, MUC5AC-
expressing cell layer (Figure 4). As the
proportion of non-CF cells increased, a
thicker pseudostratified columnar
epithelium with more ciliated cells and

fewer MUC5AC1 cells was observed.
Furthermore, seeding as few as 1% non-CF
cells measurably recovered CFTR function
from baseline (Figures 5A and 5B and
Tables 1 and 2 and Table E7). At a seeding
density of 1% non-CF cells, CRC P1 HBECs
generated the most CFTR function, whereas
BEGM P3 HBECs generated the least.
CFTR activity did not increase linearly
in proportion to seeding density but
plateaued, with relatively small increases
between the 5% and 10% non-CF seeding
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densities. In parallel, quantitation of relative
cell number between Days 24–32 by ddPCR
demonstrated that CRC P1 HBECs
consistently generated the most cells in
chimeric cultures at all seeding densities
(Figure 5C, Tables 1 and 2, and Table E8).
When primary G542X homozygous CF
cells replaced the UNCCF7T cell line in the
competitive repopulation assay, similar
results were obtained (Figures 5D and 5E).

Using this assay, we also found that the
murine NIH3T3J2 feeder cells used in the

CRC method can be replaced with human
MRC5 feeder cells, which may be useful to
avoid xenogenic reagents and potential
immunogenicity. Cells expanded with
MRC5 fibroblasts generated a similar
number of non-CF cells in chimeric ALI
cultures as cells expanded with NIH3T3J2
cells at all doses (Figure E5A and Table E9).
Functional reconstitution of CFTR activity
by MRC5-expanded HBECs was slightly
lower, only reaching significance at the 10%
dose (Figure E5B and Table E10). These

findings were corroborated by CFE data
(Figure E5C and Table E9). Thus, the
competitive repopulation assay described
here is useful for comparing proliferative,
competitive, and functional properties of
candidate progenitor populations.

CFTR Ion Transport Is a Nonlinear
Function of the Proportion of Non-CF
Cells
CFTR activity, measured as the short-circuit
current response to CFTRinh-172, was
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examined as a function of the percent of
non-CF cells between Days 24–32, the days
on which Ussing chamber studies were
performed (Figure 6). For each of the five
HBEC populations studied, a positive
dose–response between CFTR function and
the proportion of non-CF cells was seen.
However, the relationship did not appear to
be linear. An extra sum-of-squares F test
was performed to compare the goodness of
fit between linear and one-phase decay
models. For each population, a one-phase
decay model was a significantly better fit
(P, 0.0001). The proportion of non-CF
cells required to achieve 50% CFTR
function (i.e., half-life in the one-phase
decay equation) was calculated (Figure 6F).
These values ranged from 7.1% to 15.2%.
Thus, a nonlinear relationship exists
between CFTR function and the proportion
of non-CF cells present.

CRC Culture Produces More FOXI11

Ionocytes than Conventional Culture
Methods
The nonlinear relationship described
previously here supports the notion that
functional contribution may vary between
distinct cell types. Recent single-cell RNA
sequencing studies identify the CFTR-high
ionocyte, a rare cell type characterized by

expression of the FOXI1 transcription
factor, as a potential workhorse of CFTR
ion transport (42, 43). To look for
CFTR-high cells in our model, we probed
conventionally grown P1 and CRC
P1 ALI cultures seeded with equivalent
cell numbers for CFTR and FOXI1
protein expression by whole-mount
immunostaining (Figure 7). All CFTR-high
cells had a corresponding FOXI11 nucleus,
indicating that these cells are ionocytes.
Occasionally, a FOXI11 nucleus could be
seen with no visible CFTR expression, but
these tended to be closer to the basolateral
surface and likely represent ionocytes in the
process of differentiating. On average,
we found that CRC P1 cultures had
four times as many FOXI11 nuclei than
conventionally grown P1 cultures
(Figure 7E; P, 0.001). From this
observation, we concluded that ionocyte
abundance is dependent on in vitro
expansion methods.

Discussion

Cell therapy is a potential mutation-agnostic
approach for treating CF. However, an
optimal progenitor population must be
identified before translation to the bedside.
In this study, we evaluated NGFR expression

in HBECs cultured by conventional and
CRC methods for varying lengths of time.
We also analyzed CFE, competitive growth,
and restoration of CFTR ion transport as
complimentary measures of stemness,
hypothesizing that airway epithelial cells
with the greatest stemness are most likely to
be effective for cell therapy.

In prior studies, NGFR expression
correlated with greater CFE of mouse basal
cells. Likewise, human NGFR1/integrin
subunit alpha 6 (ITGA61) basal cells
demonstrated greater CFE than
NGFR2/ITGA62 populations in the
absence of stromal and columnar epithelial
cells (28). NGFR is also expressed at high
levels in a mouse squamous lung cancer
model, indicating that NGFR may be a
marker of cells with high proliferative
capacity (44). In the current studies, the
percentage of NGFR1 cells diminished at
later passages in conventionally grown cells
but was maintained in cells grown by the
CRC method, correlating loosely with our
CFE data. When D1P1 HBECs were sorted
based on NGFR expression, the NGFR2

cells retained minimal clonal growth
capacity and performed poorly in the
competitive repopulation assay, recovering
very little CFTR function. However, the
CRC method rescued NGFR expression
and restored the ability of NGFR2 cells to
effectively compete in chimeric cultures.
The ability to rescue stemness would be
highly beneficial to the development of cell
therapy.

Effective cell therapy using endogenous
airway epithelial progenitors must address
the challenge of low initial cell numbers.
Typically, a limited number of epithelial
cells are obtained in bronchial lavage
(z5.53 103 [45]), induced sputum
(,23 103 [46]), or by endobronchial
biopsy (z23 106 [47]). Furthermore, lung
engraftment is inefficient (45, 48–52), with
engraftment levels approaching 20% only
after repeated administration of cells (53)
or by using a cancer cell line (54). Thus, an
effective cell therapy will likely require
large-scale expansion of meager patient-
derived samples. We found that the
CRC method maintains high CFE and
differentiation potential for multiple
passages. These results are consistent with
previous work demonstrating that airway
epithelial cells grown using the CRC
method are highly proliferative and capable
of many population doublings (26, 33, 55).
The potential utility of this technique to
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produce therapeutic cells is corroborated by
the studies of Butler and colleagues (47),
who used it to repopulate a tissue-
engineered airway.

The work presented here also
highlights an important challenge for cell
therapy of CF: extended in vitro expansion
of airway epithelial cells often results
in decreased ion transport function
(Figure 4C and References 33, 46, and 56).
Modifications of the CRC method have
been reported to slow the decline in CFTR
activity, but forskolin-stimulated CFTR
currents still decrease with time in culture
(57). One study used a feeder-free

expansion protocol and reported no decline
in CFTR modulator effects in ALI cultures
created at 15 and 30 population doublings,
but amiloride-sensitive and UTP-
stimulated currents declined and the
magnitude of forskolin-stimulated current
in corrected CF cultures was quite low (58).
In our studies, CRC expansion generated
cells that restored ion transport more
effectively than conventional culture, but
the average short-circuit response to
CFTRinh-172 still decreased by P3.
Studies to better understand the
mechanism of functional CFTR loss in
highly expanded HBECs and further

optimization to prevent functional CFTR
loss are warranted.

In the competitive repopulation assay,
we found that non-CF donor cells often
dramatically outcompeted CF donor cells. It
was not uncommon for 10% seeded non-CF
cells to comprise 75% of the mature ALI
culture 24–32 days later. A possible
explanation may be an innate difference in
the proliferative capacity of CF and non-CF
donor cells. Several studies have suggested
differences in proliferation, wound repair,
and lung epithelial development, depending
on CFTR status (59–62). However, this idea
has been countered through extensive
comparative studies by Hayes and
colleagues (63). Alternatively, the progenitor
populations obtained from CF lungs
may have undergone more population
doublings in response to chronic infection,
inflammation, and damage, providing the
isolated non-CF cells a proliferative
advantage. We note that we used the
UNCCF7T cell line for many of the
competitive repopulation studies, but we
observed no differences between the cell
line and the parent primary CF cells. Future
competitive repopulation studies using
genetically corrected and noncorrected CF
cells from the same donor will be informative.

Mixing of CF and non-CF cells in ALI
cultures has been performed previously
(64, 65). A study performed by Li and
colleagues (65) used flow cytometry to
assess chimerism after mixing a6b41 GFP-
labeled distal lung progenitors from a non-
CF donor with CF bronchial cells. They did
not observe a competitive growth advantage
of non-CF cells using these methods, with
1% non-CF cells at initial seeding resulting
in 1% non-CF cells 2 weeks later. There are
several possible explanations for this
discrepancy. First, the study by Li and
colleagues mixed distal lung progenitors
with tracheobronchial progenitors, whereas
our study used only HBECs. Second, we
used a much lower total seeding density,
providing the donor and host cells greater
opportunity to compete for attachment and
proliferation before becoming confluent.
Third, their analysis depended on the
longevity of GFP expression (i.e., the
absence of vector silencing), whereas, to our
knowledge, our study is the first to use
ddPCR to rigorously quantify the
proportion of CF and non-CF cells after
differentiation into a mature epithelium.

We sought to determine the proportion
of cells needed to restore CFTR function. A
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prior study demonstrated that 25% CFTR-
corrected cells restored normal mucociliary
transport in the CF HBEC ALI model (66).
An important earlier gene therapy study

found that cultures coseeded with only
6–10% CFTR-corrected cells generated ion
transport properties similar to cultures
comprising 100% corrected cells (64). In our

competitive repopulation assay, CFTR
activity was significantly increased from a
null baseline when the proportion of non-CF
cells in the chimeric ALI culture reached or
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Figure 5. Competitive repopulation by five candidate lung progenitor populations. (A and B) Comparison of the five populations seeded at 0%, 1%, 5%,
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Table 1. Statistical Significance of CFTRinh-172 DIsc and Relative Cell Number by ddPCR Analysis

Population

P Values

1% Non-CF
Cells Seeded

5% Non-CF
Cells Seeded

10% Non-CF
Cells Seeded

100% Non-CF
Cells Seeded

CFTRinh-172
DIsc

Relative
Cell No.

CFTRinh-172
DIsc

Relative
Cell No.

CFTRinh-172
DIsc

Relative
Cell No.

CFTRinh-172
DIsc

D1P1 vs. P1 NS NS NS NS NS NS NS
D1P1 vs. P3 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 NS
D1P1 vs. CRC P1 NS NS NS NS NS NS NS
P1 vs. P3 ,0.01 ,0.01 ,0.001 ,0.001 ,0.001 ,0.001 NS
P1 vs. CRC P1 NS ,0.01 NS ,0.01 NS NS NS
P3 vs. CRC P3 ,0.01 ,0.01 ,0.001 ,0.001 ,0.001 ,0.001 ,0.01
CRC P1 vs. CRC P3 NS ,0.01 NS ,0.001 NS ,0.01 NS

Definition of abbreviations: CF= cystic fibrosis; CFTRinh-172= cystic fibrosis transmembrane regulator inhibitor-172; CRC=conditionally reprogrammed
cell; D1P1=1 day to passage 1; DIsc = change in short-circuit current; ddPCR=droplet digital PCR; NS=not significant; P1=passage 1; P3=passage 3.
Biological n=3–4 for the 100% condition; biological n=6–7 for all other conditions; n=2–3 for each donor. Two-way ANOVA with Bonferroni’s post hoc test.
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exceeded 15% (i.e., after a 1% initial seeding
density of CRC P3 cells). Seeding cocultures
at 5–10% non-CF cells led to an expansion
to z40–80% non-CF cells at the time of
Ussing analysis, resulting in chimeric
cultures functionally equivalent to those
comprising 100% non-CF cells (Figure 6 and
Table E8). The nonlinear relationship
between CFTR function and the proportion
of non-CF cells that we observed in this
study may indicate a lower bar for CF cell

therapy. In other words, even moderate
levels of cell replacement may produce
clinically significant CFTR correction.

The studies cited previously here (64,
66) raise the possibility that CFTR-high
cells and cell–cell communication within
the epithelial sheet might facilitate overall
ion transport, a notion supported by the
nonlinear correlation between CFTR ion
transport and the proportion of non-CF
cells. Recent studies have identified

ionocytes, rare epithelial cells enriched with
CFTR and marked by the transcription
factor FOXI1 in the airway epithelium (42,
43). We found protein-level evidence of
FOXI11 CFTR-high cells in P1 and CRC P1
ALI cultures. Interestingly, FOXI11 nuclei
were fourfold more common in CRC P1
cultures, although the difference in CFTR
function between P1 and CRC P1 cultures
was minimal. These data indicate that
differentiation patterns can be dependent on

Table 2. P Values for Percent Non–Cystic Fibrosis Cells Obtained from ddPCR Analysis for Five Candidate Lung Progenitor
Populations

Population

P Values

0% vs. 1% Non-CF
Cells Seeded

0% vs. 5% Non-CF
Cells Seeded

0% vs. 10% Non-CF
Cells Seeded

CFTRinh-172
DIsc

Relative
Cell No.

CFTRinh-172
DIsc

Relative
Cell No.

CFTRinh-172
DIsc

Relative
Cell No.

D1P1 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001
P1 ,0.001 ,0.01 ,0.001 ,0.001 ,0.001 ,0.001
P3 NS NS ,0.05 NS ,0.001 ,0.001
CRC P1 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001 ,0.001
CRC P3 ,0.05 ,0.01 ,0.001 ,0.001 ,0.001 ,0.001

Biological n=3–4 for the 100% condition; biological n=6–7 for all other conditions; n=2–3 for each donor. Two-way ANOVA with Bonferroni’s post hoc
test.
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in vitro expansion methods and that
ionocytes may not be the major cell
type contributing to CFTR function.
Furthermore, studies are needed to define
the full repertoire of CFTR-expressing cells
and the relative contribution of each cell
type to ion transport.

Overall, the competitive repopulation
assay described here assesses the proliferative,
differentiation, and functional capacity of
candidate cell populations, as well as
morphological properties of the resulting
chimeric cultures. The competitive
repopulation assay also proved useful for
assessing alternative feeder cells. We observed
comparable competitive repopulation
capability and ion transport when using
human MRC5 fibroblasts versus mouse
NIH3T3J2 fibroblasts, consistent with prior
reports (26). This assay is therefore a useful
method to evaluate candidate progenitor
populations for possible use in cell therapy.

An important limitation of this study is
that stem cell capacity in vitro may not
translate in vivo because of the absence of
airway parenchymal matrix and other

cellular components. This may be
particularly important in small airways,
where there is theoretically a greater
opportunity for epithelial-to-mesenchymal
cell communication because of greater
proximity. Future work will be necessary to
ascertain how cell populations engraft in
both in vitro and in vivo models. Although
it appears that low doses of CRC-expanded
non-CF cells are capable of outcompeting
CF cells when seeded on a collagen-coated
membrane in vitro, equivalent capacity has
yet to be demonstrated in vivo and is a
future goal. Alternative sources of stem
and progenitor cells, such as glandular
myoepithelial cells (67, 68) or iPSC-derived
airway epithelial cells (20), may also be
considered in future studies.

In summary, NGFR is highly expressed
in early passage conventionally grown cells but
is lost in culture over time. In contrast, NGFR
expression is maintained and rescued by the
CRC culture method. The competitive
repopulation assay we employed is a useful
tool to compare the therapeutic potential of
candidate airway progenitor populations and

to assess future advances in culture conditions.
For cell therapy of CF to be realized as a
potential one-time, mutation-agnostic cure,
methods must be developed to enable the
harvest of cell numbers sufficient for genetic
correction and growth in a manner consistent
with use in humans. In vivomodels to test the
engraftment potential of candidate cell
populations and safe host preconditioning
regimens will be required before translation.
Our studies provide useful early information
toward this ambitious goal. n
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