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Background: The conducting airway epithelium is repaired by tissue specific stem cells (TSC).
In response to mild/moderate injury, each TSC repairs a discrete area of the epithelium. In
contrast, severe epithelial injury stimulates TSC migration and expands the stem cell’s reparative
domain. Lung transplantation (LTX) can cause a moderate/severe airway injury and the remodeled
airway contains a chimeric mixture of donor and recipient cells. These studies supported the
hypothesis, LTx stimulates TSC migration resulting in epithelial chimerism. We tested this
hypothesis in cystic fibrosis (CF) LTx patients.

Methods: Airway mucosal injury was quantified using bronchoscopic imaging and a novel
grading system. Bronchial brushing was used to recover TSC from 10 sites in the recipient

and allograft airways. TSC chimerism was quantified by short tandem repeat analysis. TSC
self-renewal and differentiation potential were assayed using the clone forming cell frequency and
air-liquid-interface methods. Electrophysiology was used to determine if TSC chimerism altered
epithelial ion channel activity.

Results: LTx caused a mild to moderate airway mucosal injury. Donor and recipient TSC
were identified in 91% of anastomotic sites and 93% of bronchial airways. TSC chimerism

did not alter stem cell self-renewal or differentiation potential. The frequency of recipient TSC
was proportional to CF Transmembrane Conductance Regulator (CFTR)-dependent ion channel
activity and 33% of allograft regions were at risk for abnormal CFTR activity.

Conclusions: LTx in CF patients stimulates bidirectional TSC migration across the
anastomoses. TSC chimerism may alter ion homeostasis and compromise the host defense
capability of the allograft airway epithelium.

Keywords

Airway epithelial stem cell; Chronic lung allograft dysfunction; Cystic fibrosis; Lung transplant;
Basal cell

Introduction

Cystic fibrosis (CF) is a multisystem disease that is caused by mutations in the CF
Transmembrane Conductance Regulator (CFTR) gene [1]. Although clinical advancements
have significantly extended the life expectancy of people with CF, respiratory failure
remains the major cause of death. Consequently, CF is the most frequent indication for
lung transplant (LTx) in children and is the third most common indication for LTx in adults
[2]. Although survival of CF patients is the longest among all LTx patients, most CF LTx
patients develop chronic lung allograft dysfunction (CLAD).

Many LTx patients develop obstructive allograft dysfunction, a lesion that is limited to
small airway segments [3]. However, numerous studies in human patients (reviewed in

[4]) and animal models [5, 6] indicate that disease is initiated by bronchial epithelial

injury. Subsequently, an aberrant repair process decreases the frequency of airway epithelial
secretory and ciliated cells and reduces mucociliary function. These epithelial changes may
compromise host defense within the allograft (reviewed in [7]).
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The remodeled allograft airway contains a mixture of donor and recipient epithelial cells
[8-11]. This chimerism develops within days of LTx and persists for years [9]. Medawar
proposed that recipient cells protected the allograft from immune-mediated damage (https://
doi.org/10.1093/oxfordjournals.bmb.a070392). However, later studies correlated bronchial
injury with the frequency of recipient epithelial cells and suggested that these cells were
repairing the damaged allograft epithelium [9, 12]. Existing data do not distinguish between
the protective and reparative mechanisms.

The human bronchial epithelium is repaired by resident tissue stem cells (TSC, reviewed

in [13]). Analysis of TSC in animal models demonstrated that mild to moderate injury
activates TSC with a basal and/or Club cell phenotype [14-16]. These TSC proliferate and
produce two daughter cells: one cell remains a stem cell while the second cell generates
differentiated cell types. In contrast, severe injury promotes TSC migration to the injury site
[17-20]. Several studies reported that TSC number decreases after LTx [5, 21, 22] and this
decline was correlated with CLAD [5]. The mechanism leading to TSC depletion was not
determined.

Reports of moderate to severe allograft injury suggested that epithelial chimerism might
result from mixing of the donor and recipient TSC pools. Thus, we hypothesized: LTx
stimulates TSC migration resulting in epithelial chimerism. We tested this hypothesis in CF
LTx patients. Our aims were to: 1) quantify bronchial epithelial injury; 2) quantify TSC
chimerism; and 3) model the effects of chimerism on epithelial structure and function.

2. Methods

Complete methods:

Please see Supplemental Information.

Patient cohort:

This study enrolled 10 consecutive lung transplantation (LTx) patients over one calendar
year. No patients were excluded, and all patients gave written consent/assent to participate.
LTx recipient and lung donor demographics are presented in Supplemental (S) Table 1.
The immunosuppression protocol and treatment for acute cellular rejection are detailed in
Supplemental Information.

Surveillance flexible fiberoptic bronchoscopy (sFFB) and mucosal imaging:

All subjects were clinically stable at the time of SFFB and were being evaluated for silent
rejection. The LTx literature contains numerous analyses of anastomotic damage [23].
However, mucosal injury distal to the anastomosis has received less attention. To fill this
knowledge gap, we used bronchoscopic imaging to evaluate mucosal changes 1 cm distal

to the left and right anasto-moses. These sites were evaluated on post-LTx day 14 which
co-incided the typical period of LTx-associated mucosal injury and a SFBB. Anastomotic
complications, including dehiscence, stenosis, and malacia, were not detected. Initially,
allograft regions were imaged, and these data were used to evaluate ischemia, edema, and
sloughing. Next, a single gentle tap of the suction channel was performed. In our experience,
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this gentle maneuver does not alter a normal healthy airway but reveals inflammation and
friability in abnormal airways. The regions were reimaged, and the second image was
evaluated for erythema.

Quantification of mucosal injury:

The most recent International Society for Heart and Lung Transplantation scoring system
[23] focuses on ischemia, necrosis, dehiscence, stenosis, and malacia. However, this system
does not quantify airway mucosal injury. To fill this gap, archived images were scored by
three pulmonologists using a novel Airway Mucosal Injury Index (STable 2). Scorers were
blinded to the diagnosis. The three scores were averaged. All 10 subjects participated in this
study.

Airway mucosa sampling:

Mucosal sampling was conducted during a sFFB and used a protected 1.8 mm bronchial
cytology brush (Olympus Corporation, Tokyo, Japan). The 10 pre-determined sampling sites
are listed in Fig 2 A and are based on a study by Franklin and colleagues [24]. This sampling
pattern was intended to survey the bronchial airways and as such may not represent the
entire allograft. Some sites were sampled twice. Consequently, a total of 135 samples were
analyzed. All 10 subjects participated in this study. STable 3 presents the interval between
LTx and sampling (average 1482 days, range 34-9393 days) and clinical parameters at the
time of sampling.

TSC selection:

Mucosal cells were recovered from the brush as previously reported [25], with the exception
that 14.3 1M 2-mercaptoethanol was used to remove mucus. Since a prospective TSC
purification protocol has not been developed, TSC were selected using the modified
conditional reprogramming culture (mCRC) method [26]. Some brushings were used to
generate duplicate passage 0 cultures (see below). All passage 1 cells expressed the TSC
markers CD49f and Tissue Factor 1 and were negative for CD45 (hematopoietic cells),
CD31 (endothelial cells), and CD90 (fibroblasts) (data not shown).

TSC function studies:

For life-span analyses, TSC were sub-cultured and harvested at 80% confluence. TSC
self-renewal was quantified at each passage using the clone-forming cell frequency (CFCF)
assay [27]. To evaluate differentiation potential, TSC were plated onto Transwell membranes
[25]. At confluence, the medium was changed to PneumaCult ALI (Stemcell Technologies,
Vancouver, BC, CA). On day 21, differentiation was quantified as previously reported [26].

Chimerism analysis:

The Promega PowerPlex® 16 HS system (STR, Promega Corporation, Madison, WI, USA)
was used to determine the relative frequency of recipient and donor genomes in passage 1
TSC. This approach allowed us to evaluate chimerism using a prospective, cross-sectional
study design and include same sex donor and recipient pairs. Controls were archived pre-
transplantation STR data for donors and recipients and TSC from the recipient’s nasal
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respiratory epithelium. Analysis of duplicate cultures demonstrated less than 1% variation
between the two samples (data not shown). Results are presented as the percent of TSC
which were derived from the recipient.

Statistical methods:

Normally distributed data sets were evaluated by Student’s #test and data sets that exhibited
non-normal distributions were analyzed by the Mann-Whitney test. Data sets containing
multiple variables were analyzed by analysis of variance (ANOVA) and a post hoc Tukey
test or Kruskal Willis test. Regression analysis was conducted using the linear model.
Significance was indicated by p< 0.05.

3. Results

Airway mucosal injury:
Fig 1A-D uses images from two patients illustrate mucosal injury. In patient 1, large
strands of mucosal tissue were found in the left allograft (Fig 1A) and smaller strands of
mucosal tissue were found in the right allograft (Fig 1B). In patient 2, the left allograft
(Fig 1C) exhibits hyperemic airways, edema leading to blunting of the subsegmental
carina, blue-black appearance of the mucosa involving 10-50% of the visualized field and
sloughing with small strands of mucosal tissue. The right allograft (Fig 1D) demonstrates
moderately red airways with linear submucosal hemorrhage, edema leading to loss of airway
architecture, blue-black appearance of the mucosa involving <10% of the visualized field
and sloughing with large strands of mucosal tissue.

The Airway Mucosal Injury Index (STable 2) was used to quantify mucosal injury. The Total
Injury Score identified mild to severe mucosal injury in the left and right allograft of all
subjects (Fig 1E). Ischemia was identified in 90% of subjects and was bilateral in 70% of
patients (Fig 1F). Ischemia ranged from mild to severe. This distribution was skewed by
significantly greater ischemia scores in the left allograft (data not shown). Erythema, edema,
and sloughing were observed in all subjects and ranged from mild to severe (Fig 1F). The
Total Injury Score did not predict a CLAD diagnosis (Fig 1G). These data demonstrated that
the bronchial mucosa underwent a mild to moderate injury within 14 days of LTx.

TSC self-renewal and life-span:

Our previous analysis demonstrated that TSC self-renewal was similar in non-CF and CF
patients [25]. To extend this analysis to LTx, we compared the CFCFx1000 for TSC that
were recovered from bronchial airways (Fig 2A). No significant differences were detected
across the 10 sampling sites (Fig 2B). Further, the CFCFx1000 values for TSC recovered
from LTx subjects were comparable to those observed in CF patients who were undergoing
sinus surgery [25], Fig 2B). We did not detect a change in CFCFx1000 as a function of
time after LTx (data not shown). These data indicate that LTx does not alter the self-renewal
potential of TSC.

Our previous study used the CFCF assay to demonstrate that TSC can be divided into short-
lived and long-lived subsets [25]. Short-lived TSC were lost over passages 1-5. Most long-
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lived TSC could be maintained through passage 10-20, while a few TSC could be passaged
more than 20 times. The CFCFx10 0 0 of long-lived TSC was 150-200. To evaluate the
longevity of allograft TSC, 6 samples were serially passaged (Fig 2C). CFCFx1000 was
similar at passages 1 and 2 and decreased to ~150 at passage 5. A similar pattern was
observed for TSC recovered from the bronchial airways of CF patients [25], Fig 2C). These
data indicated that the allograft contained both short-lived and long-lived TSC and that the
lifespan of donor TSC was similar to that of TSC recovered from CF patients.

Selection does not alter the representation of non-CF and CF TSC:

Quantification of TSC chimerism requires selection of TSC and amplification to levels that
meet the sensitivity threshold for STR analysis. To authenticate this approach, we modeled
chimerism using TSC from non-CF and CF donors (Supplemental Information, SFig 1). The
non-CF TSC were tagged with eGFP and the CF TSC were tagged with mCherry. Tagged
cells were mixed at various ratios and plated (SFig 1A). Because TSC clones contain both
TSC and non-TSC [15], the CFCF was determined and used to calculate the number of
non-CF and CF TSC that were plated. At 80% confluence, the frequency of eGFP and
mCherry tagged cells was determined by flow cytometry. Regression analysis demonstrated
that the representation of non-CF and CF TSC did not change during proliferation (SFig
1D). A similar study switched the tags and confirmed these results for proliferation (SFig
1B, E) and differentiation (SFig1C, F). Collectively, these data indicated that selection did
not alter the representation of hon-CF and CF TSC.

Chimerism within the TSC pool:

Analysis of TSC from the nasal passages indicated that all cells were from the recipient

and demonstrated the specificity of the STR assay (Fig 3A). Analysis of the anastomoses
demonstrated chimerism within the recipient and allograft broncus (Fig 3B). Of the 56
samples, 51 (91%) exhibited mixing of donor and recipient TSC. The frequency of recipient
TSC (%Recipient TSC) was 8-100% in recipient airways and 0-96% in the allograft.

The %Recipient TSC was significantly greater in the recipient bronchi. Chimerism at the
anastomoses did not correlate with the total or individual injury scores (data not shown).

Analysis of the allograft identified chimerism within each of the 6 sampling sites (Fig 3C).
Of the 82 samples, 76 (93%) exhibited mixing of donor and recipient TSC. The extent

of this chimerism ranged from 0-98% across the six sampling sites. The %Recipient TSC
was significantly greater in the right upper lobe relative to the right lower lobe but did not
vary across the other sampling sites. TSC chimerism in the allograft did not correlate with
the total or individual injury scores (data not shown). Collectively, these data support the
conclusion that LTx promotes bidirectional TSC migration across the anastomosis.

TSC chimerism does not predict a CLAD diagnosis:

One of our original goals was to determine if TSC chimerism could be used as a biomarker
for CLAD. A comparison of TSC chimerism and CLAD score (STable 3) demonstrated
increased chimerism with a CLAD score of 3 (Fig 3D). However, this correlation was

not observed in other comparisons. We then used a mixed model to evaluate differences
between subjects who had CLAD at the time of sampling and those who were free of
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CLAD (Fig 3E). The response variable was %Recipient TSC. The mean difference was
9.8% and the difference was not significant (o = 0.48). If the analysis was limited to the left
upper lobe, a significant relationship between %Recipient TSC and CLAD was found (mean
difference = 48%, p = 0.025). However, a similar analysis of the right upper lobe did not
find a relationship between %Recipient TSC and CLAD. These results indicated that TSC
chimerism was not predictive of CLAD.

Impact of TSC chimerism on differentiation:

TSC from sampling sites 1-6 were used to generate air-liquid-interface (ALI) cultures that
were differentiated in PneumaCult ALI medium. Differentiation to ACT-positive ciliated
cells (Fig 4 A, C) or MUC5B-positive goblet cells (Fig 4 B, D) did not vary as a function of
TSC chimerism. These data indicated that donor and recipient TSC exhibited multi-lineage
differentiation.

Impact of chimerism on airway ion channel function:

Previous studies demonstrated that chloride ion homeostasis was normal in cultures
containing 10-50% non-CF cells (reviewed in [1]). In this study, we first modeled
chimerism using pure populations of non-CF and CF TSC that were differentiated using
Pneumacult ALI medium. Ussing chamber analysis demonstrated that CFTR dependent
current was proportional to the frequency of non-CF TSC (Fig 5A).

Analysis of allograft TSC cultures demonstrated that CFTR dependent short-circuit current
(Fig 5B) varied with the frequency of donor (non-CF) cells. In contrast, Epithelial Sodium
Channel (ENaC) dependent short circuit current (Fig 5C) and transepithelial electrical
current (Fig 5D) did not correlated with the frequency of donor cells. These data indicate
that TSC chimerism impacts CFTR function.

4. Discussion

Previous studies identified bronchial epithelial chimerism in every allograft that underwent
analysis [8, 9, 11, 12]. We now report that this chimerism includes TSC (Fig 3 B-C). We
detected TSC chimerism in all subjects, at multiple locations in the allograft, and in the
recipient airways. These data indicate that TSC migrate in response to LTx and that this
migration is bidirectional.

TSC mediate epithelial repair and studies in animals indicated that severe injury stimulated
TSC migration toward the injury site [17-20]. This concept was extended to LTx by a
previous chimerism study in which the frequency of recipient epithelial cells was increased
in regions with chronic injury [9]. Our study reinforces this association. However, our
quantification of mucosal injury (Fig 1) suggests that a mild injury can stimulate TSC
migration in LTx patients.

In contrast with lung, epithelial chimerism in liver allografts has been extensively analyzed
(reviewed in [28]). Histological methods reported that 1-3% of hepatocytes were recipient
derived. In contrast, a report which used laser capture microdissection and STR analysis

reported that 55% of hepatocytes were recipient derived and that this chimerism increased
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to 67% in subjects with recurrent hepatitis [29]. Variation across these studies suggests

that chimerism may be underreported by histological approaches. In the lung allograft,
histological studies reported that bronchial epithelial chimerism was 1-6% [8); whereas,
chimerism was 6-24% in studies that used the STR method [9, 11]. In our study, the median
%Recipient TSC ranged from 8 to 59.5% in allograft bronchi and 6 to 39.5% in allograft
bronchial airways. While TSC chimerism has not been previously evaluated in solid organ
allografts, the extent of TSC chimerism detected in our study is similar to the level of
epithelial chimerism which was quantified using STR.

We previously reported that non-CF and CF TSC had the same mitotic and differentiation
potential in vitro [25]. This conclusion was extended to airways by a single cell RNAseq
analysis of freshly isolated lung cells (bioRxiv 2020.05.01.072876). This study reported that
the number and frequency of conducting airway epithelial cell types did not vary between
non-CF and CF. Collectively, these data sets indicate that non-CF and CF TSC have the
same proliferation and the same differentiation potential in vivo and in vitro. The present
study indicates that proliferation and differentiation of chimeric TSC was comparable to
those of TSC recovered from the bronchial airways of living CF donors ((25), Figs. 2 and
4). Our demonstration that CFTR-dependent short circuit current was proportional to the
%Recipient TSC (Fig 5B) raises the possibility that the allograft epithelium is a mosaic of
non-CF and CF phenotypes. Based on the finding that CF carriers have an increased risk
of airway disease [30], our data suggest that ~33% of allograft regions were at risk for a
significant decrease in CFTR-dependent ion channel activity and associated alterations in
host defense capacity [7].

Our CFCF data suggested that LTx does not alter TSC number (Fig 2 B, C). However, a
study by Swatek and colleagues reported that LTx depleted the TSC population in ferrets
[5]. The cause of this discrepancy is not known. Swatek and colleagues also reported

that the extent of TSC depletion correlated with allograft rejection grade. In contrast with
these results, we did not find an association between injury on post-LTx day 14 and
CLAD (Fig 1 G), %Recipient TSC and CLAD score (Fig 3D), or %Recipient TSC and
initiation of CLAD (Fig 3E). Our inability to associate our results with CLAD may be
due to limitations in our study design including a single-center analysis of a small and
heterogeneous patient cohort with progressing rather than end-stage CLAD (STable 3). In
addition, severe injury was previously associated with activation of reserve myoepithelial
stem cells [17-19]. While we cannot exclude the possibility that these cells were included
in our TSC preparations [17,18), this possibility is diminished by reports that LTx results
in destruction of submucosal glands in human patients and in ferrets [5] and the limited
life-span of myoepithelial stem cells in vitro [17]. Future studies are needed to overcome
the limitations of our study and to resolve differences between our results and those of our
colleagues.

5. Conclusion

This study establishes TSC chimerism as a fundamental component of allograft pathology
and suggests that TSC chimerism may compromise host defense in the allograft of CF LTx
patients.
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Fig 1.

Airway mucosal injury. A-D: Bronchoscopy images representing airway mucosal changes
that occur 14 days after lung transplantation. Images of the left (A, C) and right (B, D)
bronchus 1 cm distal to the anastomosis are presented for Patients 1 (A, B) and 2 (C, D).
Arrows: green; sloughing score of 3; blue, sloughing score of 2; pink, ischemia score of 2;
yellow, ischemia score of 1; turquoise, erythema score of 2. E: Total injury scores for the
left and right allograft were determined as described in STable 2. Symbols represent values
for each patient. Data are presented as the mean + standard deviation. Differences were
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evaluated by Student’s #test. F. Individual injury scores. Symbols represent values for the
left and right allograft for each patient. Data are presented as violin plots. Stars: blue-75th
percentile, black-median, red-25th percentile. Differences were evaluated by Kruskal-Wallis
test. G. Total injury score as a function of CLAD diagnosis. Data are presented as the mean
+ standard deviation. Differences were evaluated by Student’s #test. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig 2.

TgC frequency and longevity. A. Sampling locations. 1, left upper lobe; 2, lingula; 3, left
lower lobe; 4, right upper lobe; 5, right middle lobe; 6, right lower lobe; 7, left bronchus
above the anastomosis; 8, left bronchus below the anastomosis; 9, right bronchus above the
anastomosis; 10, right bronchus below the anastomosis. B. The clone forming cell frequency
(CFCF) assay was used to determine the frequency of TSC at various sampling sites. The
horizontal blue line and box represent the average CFCFx10 0 0 and standard deviation for
CF patients who were sampled during sinus surgery [25]. Symbols represent individual data
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points. Data are presented as the medial and interquartile range, 7= 6-10. Differences were
evaluated by Kruskal-Wallis test. C. CFCFx10 0 0 was examined in a subset of samples that
were serially passaged. The blue line indicates the average CFCFx10 0 0 for CF patients
who were sampled during sinus surgery [25]. Symbols represent individual data points. Data
are presented as the mean + standard deviation, 7= 5-6. Differences were evaluated by
Student’s f-test. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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TSC chimerism in the airways of lung transplant patients. A. TSC chimerism in the nasal
respiratory epithelium. B. TSC chimerism at the anastomoses. C. TSC chimerism in the
bronchial airways. Values consistent with no chimerism are indicated by the red lines.
Symbols represent individual data points. Data are presented as the median with interquartile
range, 7= 10-13. Differences were evaluated by Kruskal-Wallis test. D. TSC chimerism as
a function of CLAD Score. Data are presented as violin plots. Stars: blue-75th percentile,
black-median, red-25th percentile. Differences were evaluated by Kruskal-Wallis test. E.
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Analysis of differences in TSC chimerism between subjects who had CLAD at the time
of sampling and those who were free of CLAD. Box and whisker plots illustrating: range-
dotted lines, 25-75 interquartile range-blue rectangle, and median-black dot. Differences
were evaluated using a mixed model. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig 4.
Imgpact of TSC chimerism on differentiation. TSC from sampling sites 1-6 were used to
generate air-liquid-interface cultures that were differentiated for 21 days in PneumaCult

ALI medium. A-B. Representative photomicrographs illustrating ciliated cell differentiation
(acetylated tubulin, green) and mucus differentiation (MUCSB, red). Nuclei are stained with
DAPI (blue). C. The frequency of ciliated cells as a function of the frequency of recipient
TSC. D. The frequency of mucus cells as a function of the frequency of recipient TSC. Data
are presented as the mean * standard deviation, /7= 14. Blue dashed line: modeling using the
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linear regression method. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig5.

Impact of TSC chimerism on ion transport. Short circuit currents (Alsc) were quantified
in well-differentiated day 21 air-liquid-interface (ALI) cultures. A. The change in CFTR
dependent short circuit current was quantified in cultures containing a mixture of non-CF
and CF TSC. Both forskolin-induced and CFTR inh-172-inhibited currents were measured.
The CFTR inh-172 results are presented. The frequency of non-CF cells was determined
as indicated in SFigure 1. Data are presented as the mean standard error of the mean ( n
= 3 technical replicates). B-C. TSC from sampling sites 1-6 were used to generate ALI
cultures. On day 21, short circuit currents were assayed. Data are presented as the mean
+ standard error of the mean, /7= 6 biological replicates. D. CFTR, E. Epithelial sodium
channel (ENaC). F. Transepithelial electrical resistance. The black lines in each graph
indicate modeling using the linear regression method.
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