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Introduction
In 1989, the cystic fibrosis transmembrane conductance regulator gene (CFTR) mutation was discovered to 
be the underlying defect in a life-shortening disease, cystic fibrosis (CF) (1–3). Individuals with CF suffer 
from abnormal secretions in multiple tissues, including the lungs, pancreas, liver, and intestine, leading to 
mucus stasis and obstruction. In the lung, the secretions impair proper airway clearance, leading to a cycle 
of  infection, inflammation, progressive bronchiectasis, and decline in lung function that causes substantial 
mortality (4–8). CF is a highly complex autosomal recessive disease with over 2,000 mutations and genetic 
variations, of  which F508del is the most common (9). Since the discovery of  CFTR, this disease has served 
as a model for the study of  lung and epithelial biology and provided insights into mechanisms of  a variety 
of  diseases (10). Despite intensive studies, a cure has remained elusive, and until recently, therapies directly 
targeted to the underlying defect in the CFTR protein were unavailable.

The development of  CFTR modulators — correctors that overcome impairments in protein process-
ing and potentiators that enhance CFTR function in situ — has revolutionized the care of  patients with 
CF (11–13). Specifically, ivacaftor (Kalydeco) is targeted to patients with at least 1 copy of  a specific type 
of  mutation, called a gating mutation, which results in improper regulation of  the ion channel (such as 
G551D) (14–19). In many cases, this regulation is restored, and patients have had remarkable improve-
ments in lung and pancreatic function. A combination treatment with a corrector (lumacaftor, developed 
as VX-809) and potentiator (ivacaftor, developed as VX-770) called Orkambi was approved for patients with 
2 copies of  the most common mutation in CFTR, F508del (20–22). This therapy was designed to target 
multiple defects of  the abnormal F508del CFTR protein and represents the future of  CF care: targeting the 
specific CFTR defect(s) in an individual with a combinatorial regimen. Patients taking this dual therapy 
exhibited varying responses, although overall, the treatment was less successful than for patients with gat-
ing mutations taking ivacaftor alone. Despite the recent expansion of  the FDA approval of  ivacaftor to CF 
patients with 1 of  23 additional rare mutations with residual function (23) and numerous modulators in 

Expansion of novel therapeutics to all patients with cystic fibrosis (CF) requires personalized CFTR 
modulator therapy. We have developed nasospheroids, a primary cell culture–based model derived 
from individual CF patients and healthy subjects by a minimally invasive nasal biopsy. Confocal 
microscopy was utilized to measure CFTR activity by analyzing changes in cross-sectional area 
over time that resulted from CFTR-mediated ion and fluid movement. Both the rate of change over 
time and AUC were calculated. Non-CF nasospheroids with active CFTR-mediated ion and fluid 
movement showed a reduction in cross-sectional area, whereas no changes were observed in CF 
spheroids. Non-CF spheroids treated with CFTR inhibitor lost responsiveness for CFTR activation. 
However, nasospheroids from F508del CF homozygotes that were treated with lumacaftor and 
ivacaftor showed a significant reduction in cross-sectional area, indicating pharmacologic rescue 
of CFTR function. This model employs a simple measurement of size corresponding to changes 
in CFTR activity and is applicable for detection of small changes in CFTR activity from individual 
patients in vitro. Advancements of this technique will provide a robust model for individualized 
prediction of CFTR modulator efficacy.
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the pipeline (24), there are currently still many patients without successful treatment options for the CFTR 
basic defect. However, there is no rapid assay available to measure patient-specific responses. Effective 
therapeutic strategies without understanding the mechanism of  defect in hundreds of  different rare mutant 
CFTR alleles appears impossible without a personalized efficacy assay derived from a patient’s own cells. 
This hypothesis is supported by observations that even the latest regimens do not fully restore CFTR activ-
ity, and individuals with similar or the same mutations may respond differently (20, 25–27). Therefore, it 
is imperative to implement methods to target the therapeutic strategy to the individual, regardless of  geno-
type, genetic context, and environmental background.

Recently, the emergence of  organoids derived from rectal biopsies has shown substantial promise as 
predictive tools (28–36). However, these models are derived from intestinal epithelium and may not predict 
airway responses to modulators as accurately as models derived from airway epithelium. The use of  super-
ficial nasal scrapings, brushings, or excised polyps to obtain epithelial samples for culture has previously 
been reported in individuals with CF (37–39) and may serve as a surrogate for lower airway epithelial 
CFTR function. Such samples provide a renewable source of  differentiated airway epithelial cells from any 
individual with CF, regardless of  their mutation, that does not require tissue expansion and multiple cell 
divisions prior to performing the assay. To improve the suitability of  these samples for both functional and 
morphological tests, we have developed an organoid culture that is similar to cultures reported previously, 
where the apical ciliated membrane orients to the media bath (40–43) but is derived from simple nasal 
epithelial curettage. This minimally invasive technique does not require polyp excision, which is different 
from the earlier reports, and utilizes normal nasal epithelial tissue. Very recently, an analogous model was 
utilized for ex vivo studies of  primary ciliary dyskinesia, demonstrating applicability for other diseases (44). 
This ex vivo assay shows quantifiable response to CFTR activation in non-CF tissues and CF tissues treated 
with modulators. The simplicity of  this assay, which can easily measure fluid transport, may be extended 
to other diseases resulting from abnormal fluid transport, such as pulmonary edema and acute lung injury, 
when derived from other epithelial (bronchial and alveolar) cell types.

Results
Nasospheroids form in culture media with the apical membranes facing the growth media (outside) with a definable 
lumen. Nasospheroids form spontaneously in 2–5 days from sheets of  nonadherent nasal epithelial cells 
obtained from nasal brushings or curettage, and they can be maintained for at least 12 weeks in serum-
free medium (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.95734DS1). These spheroids are explant structures that develop from epithelial 
sheets that are not disrupted into a single cell suspension (see methods). The formation of  spheroids is 
highly variable, with the diameters ranging from 50–500 μM. In addition, we have observed that, while 
some subjects (non-CF or CF) only form dozens of  nasospheroids, others form thousands, and pediatric 
CF subjects form frequently hundreds to thousands of  nasospheroids. To demonstrate the structures of  the 
organoids, cells were labeled with plasma membrane orange, DRAQ5, and calcein green. Spheroids are 
composed of  a single layer of  differentiated pseudostratified epithelial cells containing ciliated and noncili-
ated cell types (Figure 1, A and B). The apical membranes face the outside, and basolateral membranes line 
the lumen of  the spherical organoids (Figure 1). This orientation has been observed by other groups when 
nondisrupted epithelial sheets are cultured in suspension (40–44). When CFTR is labeled with a highly 
specific monoclonal antibody raised against the NBD2 region of  CFTR (Ab 528, provided by J.R. Riordan, 
UNC-Chapel Hill; refs. 45–49) followed by a fluorescently labeled anti-mouse secondary antibody (Alexa 
Fluor 488) (see Methods), the green fluorescence concentrates to the apical region of  cells, facing the out-
side bath (Figure 1C). Based on the localization of  the cilia and CFTR staining, we refer to these structures 
as apical membrane out (AMO) nasospheroids, in contrast to other reported organoids formed from bron-
chial (50) or intestinal (28–31) epithelial cells in matrigel that are oriented with the apical, CFTR-contain-
ing membrane facing the lumen of  the structure. Because of  the orientation of  AMO nasospheroids, we 
hypothesized that CFTR activation results in fluid flow from the interior of  the structure into the bath and, 
therefore, reduces the fluid volume inside, leading to shrinking (Figure 1D). To test this hypothesis, we 
developed a quantification method to assess organoid volume changes following CFTR activation.

Changes in the cross-sectional area of  non-CF nasospheroids are CFTR dependent. First, we tested non-CF 
spheroids derived from normal human nasal epithelium (Figure 2). Volume changes in similar spheroids 
have previously been reported in response to fluid transport changes (40–43). To test our hypothesis that 
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CFTR activation leads to fluid movement and consequent volume 
changes of  the nasospheroids, we applied forskolin (10 μM) and 
3-isobutyl-1-methylxanthine (IBMX,100 μM), a phosphodiester-
ase inhibitor that maintains intracellular cAMP levels (51), lead-
ing to CFTR activation in a cAMP-dependent manner (Figure 
2A). The epithelial sodium channel (ENaC) is also activated by 
cAMP (52, 53). Because CFTR and the ENaC control ion and 

fluid movement at the epithelial surface, we inhibited the activity of  ENaC on intra-spheroid fluid vol-
umes with amiloride (100 μM) or benzamil (10 μM) (54). We observed that lack of  inhibition of  ENaC 
counteracted the fluid transport effects driven by CFTR (Supplemental Figure 2) and, therefore, included 
inhibition of  ENaC as a standard procedure in these assays to isolate CFTR effects. When we measured 
the cross-sectional area of  the spheroids over time, following forskolin + IBMX treatment, we observed 
a sustained shrinking over time (Figure 2, A and B). The cross-sectional area was measured at 30 and 75 
minutes. The area at time 0 was set at 100%, and subsequent images are expressed as a reduction of  the 
area at time 0 (fractional reduction). The average fractional reduction of  all non-CF spheroids is shown 
in Figure 2B. The reduction in size compared with time 0, when stimulated with forskolin is significant 
(P < 0.001) both at 30 and 75 minutes (Figure 2B).

Adjustment for multiple measures and starting size. Spheroids have variation in the starting size, render-
ing the method of  analysis shown in Figure 2B simplistic. This method also cannot take into account 
multiple measurements from a single subject, nor the dependence of  observations. Together, these are 
important attributes of  the data that need to be incorporated into analysis, as both influence the sta-
tistical inference and conclusions. Therefore, the data were also analyzed using linear modeling of  the 
change in size over time (fitted slopes) and generalized estimating equations (GEE) as described in the 
methods. The change in area of  multiple spheroids are represented by each line over the time course 
from 0–75 minutes (Figure 2C). The top panel (raw) represents actual area measurements at each time 
point, whereas the bottom panel (fitted) depicts a calculated reduction in the cross-sectional area of  
spheroids over time and allows the calculation of  the slope. Using this analysis, the estimated mean 
slope of  all spheroids was –17.33 (–29.54, –5.13) (Table 1), showing significant reduction in cross-sec-
tional area over time in normal non-CF spheroids (n = 9 subjects). When we applied CFTR inhibitor 
172 (CFTRinh-172) to non-CF spheroids prior to or at the same time as the forskolin + IBMX mixture, 
we observed significantly diminished reduction of  the cross-sectional area over time, with estimated 
mean slopes of  non-CF spheroids treated with the CFTRinh-172 reduced to –1.36 (–8.56, 5.84) (Figure 
2E and Table 1). This is consistent with no significant reduction in cross-sectional area (n = 6 subjects, 
43 CFTRinh-172–treated observations). Non-CF spheroids that were not stimulated by forskolin demon-
strate similar behavior (Figure 2B and Table 1, P < 0.001). Another approach taken was to calculate the 
AUC analogous to approaches in similar models (29). We first determined the fractional reduction over 
time relative to the initial size. The AUC was calculated for each curve using trapezoidal rule. Since 
fractional reduction has value 1 at time 0, AUC is a good measure of  change in fractional reduction 
over time and takes on a value greater than 0: the closer the AUC value is to 0, the more evidence of  

Figure 1. Nasospheroids are highly differentiated, hollow spheres with 
the cilia oriented to the media bath. (A) Confocal fluorescent microscopy 
of living nasospheroids treated with calcein green (cytoplasm of living 
cells), plasma membrane orange (cilia and plasma membranes), and 
DRAQ5 (1, 5-bis[(2-[di-methylamino]ethyl)amino]-4, 8-dihydroxyanthra-
cene-9, 10-dione, nuclei, in blue). Scale bar: 100 μM. (B) Nasospheroids 
were fixed in 4% paraformaldehyde and embedded in hydroxyethyl 
agarose, followed by paraffin-embedding and cryosection to produce 
thin sections. Processing results in dehydration and reduction in overall 
size. These sections were stained with H&E as described in Methods and 
show intact epithelial layer with ciliated and nonciliated cells. Scale bar: 
10 μM. (C) Intact nasospheroids were fixed in ice-cold methanol followed 
by incubation with anti-CFTR antibody and fluorescent-tagged secondary 
antibody as described in Methods. Nuclei are stained blue with DAPI. 
Scale bar: 50 μM. (D) Illustration showing expected flow of anions and 
water with CFTR activation.
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greater reduction in size. AUC also has the advantage of  not assuming a linear relationship, which 
is a critical assumption when dealing with slopes. On the other hand, AUC is not appropriate when 
investigating the change over time using the actual size (instead of  the fractional change), as it is pos-
sible to get the same AUC values for 2 curves that behave differently. In this case, the slope analysis is 
more appropriate. The estimated mean AUC for non-CF stimulated nasospheroids was 0.847 (0.775, 
0.934) (Figure 2E and Table 1), which is significantly different from the estimated mean AUC after 
CFTRinh-172 treatment (0.972 [0.926, 1.022], P < 0.0001). In addition to the factors incorporated above, 
the rate of  nasospheroid reduction is influenced by each nasospheroid’s baseline area, since physical 
constraints of  large or small nasospheroids may affect the rate of  size reduction. To account for this 

Figure 2. Non-CF nasospheroids show reduction in cross-sectional area over time when CFTR is stimulated by forskolin. (A) Representative non–
cystic fibrosis (CF) nasospheroids are stained with calcein green. Z-stacks are taken sequentially using confocal microscopy and the maximal projec-
tion generated. The same nasospheroids are shown at 30 and 75 minutes. Scale bars: 50 μM. (B) The starting size of each nasospheroid was set at 1, 
and the fractional reduction of each was calculated at all time points. The average fractional reduction was plotted at each time point. Stimulated 
nasospheroids were treated with 10 μM forskolin, amiloride, and IBMX. Nonstimulated spheroids were treated with an equal concentration of vehicle 
dimethyl sulfoxide (DMSO). Stimulated spheroids + inhibitor were treated with CFTRinh-172 at time of testing. Analysis of variance was calculated for 
the groups. Mean values ± SD are shown.*P < 0.00001 and ‡P < 0.001 for 1-way ANOVA and paired t tests between time points. (C) Each nasospher-
oid absolute size of maximal projection at each time point was plotted over time for all time points in the “Raw” graph. The “Fitted” graph rep-
resents the fitted slopes for each nasospheroid after linear regression (see Methods). (D) Summary data of slopes for all non-CF nasospheroids and 
non-CF nasospheroids treated with CFTRinh-172. Fitted slopes are represented by a box and dot plot. Each dot is a single nasospheroid. The black box 
is the mean; the central line is the median; the box borders are the 25th and 75th percentiles. *P < 0.001. (E) Summary data of time-averaged AUC 
unadjusted for starting size for all non-CF nasospheroids and non-CF nasospheroids treated with CFTRinh-172. AUC is represented by a box plot. *P < 
0.0001. n = 9 subjects. A minimum of 3 up to a maximum of 18 nasospheroids were analyzed per subject.
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in the analysis of  the fractional reduction, we also added the starting size of  the nasospheroids, as a 
covariate in the model, resulting in adjusted model for AUC (Table 1). The result from the adjusted 
AUC model compared with the unadjusted was similar, and conclusions were the same. These results 
support the idea that changes in the cross-sectional area and consequently the volume of  the spheroids 
is largely dependent upon CFTR function.

Nasospheroids derived from CF patients demonstrate diminished volume reduction following CFTR activation. 
Stimulation of  CF spheroids from F508del homozygotes with forskolin + IBMX showed substantial reduc-
tion in cross-sectional area change (Figure 3, B and C, and Table 1). The estimated mean slopes of  the 
fitted line plots were reduced to –7.60 (–17.26, 2.05), similar to what we have seen in non-CF spheroids in 
the presence of  CFTRinh-172, and the unadjusted mean AUC was estimated to be 0.97 (0.946, 0.995) (P 
= 0.0088 compared with non-CF stimulated). These results further suggest that the absence of  substantial 
volume change after forskolin + IBMX stimulation is due to the loss of  functional CFTR. Because these 
spheroids form sheets of  differentiated epithelia with active fluid and ion transport, we hypothesized that 
the initial sizes of  CF spheroids compared with non-CF spheroids might differ, given the differences in 
fluid and ion transport caused by dysfunctional CFTR in CF epithelia. We analyzed spheroids from CF 
and non-CF subjects for the distribution of  size. We found that CF spheroids and non-CF spheroids had a 
similar mean size (Figure 3A).

CFTR modulator treatment partially restores cross-sectional area reduction following forskolin + IBMX stimu-
lation of  CF nasospheroids. In the next set of  experiments, we treated the CF nasospheroids with a CFTR 
corrector, lumacaftor (55–57). Following a 24-hour 5 μM lumacaftor treatment, we observed a nonsig-
nificant change in the average fractional size reduction following forskolin + IBMX activation compared 
with vehicle treated controls (Figure 3A). The average slopes of  the fitted lines were estimated to be 
–8.85 ([–24.39, 6.70], P = 0.6765). Because clinical efficacy was not demonstrated with lumacaftor alone 
(27), we also evaluated the effect of  24-hour treatment with both lumacaftor and ivacaftor (5 μM), rep-
resentative of  the currently approved clinical regimen for F508del homozygotes using Orkambi (58–62). 
Combination treatment reveals a synergistic effect with both an increase in average fractional reduction 
and the resulting estimated mean slope becoming more negative than lumacaftor (–15.77 [–27.15, –4.39]), 
representing a significant reduction in size (P < 0.0001 compared with untreated CF, Figure 3C and Table 
1) and greater restoration of  CFTR activity. Utilization of  the AUC resulted in similar results when com-
pared with untreated CF nasospheroids (lumacaftor-treated mean AUC of  0.978 [0.8737, 1.112], P = 
0.9079; and combination treated mean AUC of  0.893 [0.858, 0.931], P < 0.0113; Figure 3D and Table 1). 
Adjustment for starting size (Table 1) showed similar findings.

Table 1. Confidence intervals and P values for all analyses

CF + Non-CF Means
Slope AUC, unadjusted for size AUC, adjusted for size

 Slope 95% Wald CI P value AUC 95% Wald CI P value AUC 95% Wald CI P value
Non-CF –17.33 [–29.54, –5.13] NA 0.847 [0.775, 0.934] NA 0.853 [0.779, 0.941] NA
Non-CF with 
inhibitor 

–1.36 [–8.56, 5.84] <0.0001A 0.972 [0.926, 1.022] <0.0001 A 0.971 [0.925, 1.022] <0.0001 A

CF –7.6 [–17.26, 2.05] 0.2203 A 0.97 [0.949, 0.993] 0.0088 A 0.973 [0.942, 1.006 0.0134 A

CF Means
CF Slope AUC, unadjusted for size AUC, adjusted for size
 Slope 95% Wald CI P value AUC 95% Wald CI P value AUC 95% Wald CI P value
CF –7.36 [–16.75, 2.03] NA 0.97 [0.946, 0.995] NA 0.972 [0.935, 1.012] NA
CF
+lumacaftor –8.85 [–24.39, 6.70] 0.637B 0.978 [0.873, 1.112] 0.9079B 0.968 [0.853, 1.120] 0.9641B

CF
+lumacaftor 
+ivacaftor

–15.77 [–27.15, –4.39] <0.0001B 0.893 [0.858, 0.931] 0.0113B 0.881 [0.855, 0.91] 0.0055B

Group-wise Wald test, P < 0.0001; AP values indicate comparison of differences between least square means with Non-CF. BP values indicate comparison of 
differences between least square means with CF.
 



6insight.jci.org   https://doi.org/10.1172/jci.insight.95734

R E S E A R C H  A R T I C L E

Discussion
As novel CFTR modulators become available, there is an urgency to develop precision tools to determine 
incremental differences between efficacies of  modulators and to optimize combination therapies for indi-
viduals. Such tools are essential to determine the efficacy of  modulators in patients with rare mutations 
who might otherwise be ineligible to receive these drugs. Ex vivo models from individual patients, such 
as the primary spheroids presented in this study, provide a promising approach to personalized medicine 
for CF. These ex vivo models are derived from primary, terminally differentiated cells from the airway 
epithelium, and they are not subject to alterations due to culture conditions over several passages. Nasal 
cells are an easily obtainable and renewable source of  respiratory epithelium. Measures of  short-circuit 
current in primary airway epithelia in monolayers are the main test in drug development (57), but these 
cultures require significant cost, labor, and specialized expertise, making them more suitable for research 
than as clinical tools. Our model develops quickly in 2–5 days directly from patients’ tissues, has a sim-
ple outcome measure, and responds to modulator treatment, providing an approach as a clinical tool to 
test CFTR modulators. The apical surface is easily accessible, improving the activity of  reagents that act 
directly on the apical surface of  epithelia (such as CFTRinh-172). Our data indicate that CFTR activation 
causes a significant decrease in spheroid volume. The reduction was prevented by CFTRinh-172, suggest-
ing that CFTR is the major player of  ion and water transport in this system. Absence of  effects of  CFTR 
activation in CF spheroids support this finding.

Spheroids treated with modulators display similar effects to clinical response. Modulator monothera-
py treatment (lumacaftor, 25 hours, 5 μM) resulted only in minimal restoration of  the volume reduction 

Figure 3. CF nasospheroids show no reduction in cross-sectional area over time when CFTR is stimulated, unless 
treated with modulators. (A) Baseline area at start of testing is not significantly different in CF compared with non-CF 
nasospheroids. (B) The starting size of each nasospheroid was set at 1, and the fractional reduction of each was calculated 
at all time points. The average fractional reduction was calculated and plotted at each time point. Stimulated nasospher-
oids were treated with 10 μM forskolin, amiloride, and 3-isobutyl-1-methylxanthine (IBMX). Additional nasospheroids 
were treated with 5 μM lumacaftor (24 hours) and 1 μM ivacaftor, acute treatment. One-way ANOVA was calculated for the 
groups, P = 0.047. Paired t test between time 0 and time 75 minutes, *P < 0.0001. (C) Summary data of slopes for all CF 
nasospheroids represented as a box and dot plot. Each dot is a single nasospheroid. The black box is the mean; the central 
line is the median; the box borders are the 25th and 75th percentiles. *P <0.0001. (D) Summary data of time-averaged 
AUC unadjusted for starting size for all CF nasospheroids represented as a box plot.*P = 0.0113. n = 3 subjects. Between 3 
and 5 nasospheroids were analyzed per subject.
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following CFTR activation, while combination therapy including a potentiator caused a greater response. 
This incremental finding is consistent with clinical trials that showed no significant improvement in clinical 
symptoms following lumacaftor administration alone (27) but resulted in significant improvements in per-
cent predicted forced expiratory volume in 1 second (ppFEV1), BMI, and pulmonary exacerbation rate when 
lumacaftor and ivacaftor (Orkambi) were administered in combination (61–63). Although the number of  sub-
jects included in this study is low, our results suggest that this assay may offer a directly observable real-time 
measure of  CFTR activity and may be exploited as a rapid (2- to 5-day) functional assay to test patient-spe-
cific CFTR responses to modulators. This assay may be applicable to “n of  1” studies, using a patient’s own 
cells to test such responses (Supplemental Figure 3). We observed response differences between F508del 
homozygote individuals when each individual was evaluated separately (Supplemental Figure 3, A–C). In 
addition, we observe a substantial, albeit nonsignificant, reduction in size with lumacaftor monotherapy in 
a rare mutation (I618T/F508del, Supplemental Figure 3D). Furthermore, G551D subjects who were on 
ivacaftor therapy also show a CFTR-specific response (Supplemental Figure 3, E and F). Evaluation of  more 
CF patients with F508del, as well as rare and partial-function mutations and heterozygotes, will allow strat-
ification of  the volume reduction response and compare them to clinical markers of  drug efficacy. Future 
studies will also evaluate additional modulator compounds and varied combinatorial regimens.

Our study has several limitations. Variability in size of  the nasospheroids complicates analysis of  the 
response. Adjustment of  results by initial size and for multiple measures improves analysis, but limitation 
to a narrower size range for more comparable measurements may further improve the assay. Future studies 
will focus on determining the most appropriate size range as well as the optimum number of  observations 
to obtain precise and accurate measurements of  fluid transport with low variability. This will be necessary 
to observe incremental responses to CFTR enhancement. Our analysis incorporates both starting size and 
progression of  volume reduction in response to modulators. Our study represents an early stage of  a poten-
tial in vitro biomarker derived from a patient’s own cells. The use of  such a predictive tool for modulator 
efficacy is essential to bring these drugs to the entire CF population.

Methods
Collection of  nasal epithelial cells. Nine control subjects and 3 CF subjects with known genotypes were 
recruited to the study. Written informed consent was obtained from all subjects. Nasal epithelial cells 
were collected under direct visualization using an operating otoscope and 9 mm speculum using a 
Rhino-Probe curette (Arlington Scientific).

Development of  nasal epithelial nasospheroids. Cells from curettage or brushing of  a single donor were col-
lected in RPMI media (Gibco), incubated with DNase I (MilliporeSigma) for 20 minutes, centrifuged at 
400 g, and collected as a whole pellet containing sheets of  epithelia. This pellet was not disrupted and was 
seeded onto a collagen-coated dish in bronchial epithelial growth medium (LHC-DMEM, 50:50; BSA, 
0.5mg/ml; bovine pituitary extract, 10 μg/ml; insulin, 0.87 μM; transferrin, 0.125 μM; hydrocortisone, 
0.21 μM; triiodothyronine, 0.01 μM; epinephrine, 2.7 μM; epidermal growth factor, 25ng/ml; retinoic 
acid, 5 × 10–8 M; phosphorylethanolamine, 0.5 μM; ethanolamine, 0.5 μM; zinc sulfate, 3 μM; penicillin 
G sulfate, 100 U/ml; streptomycin sulfate, 100 μg/ml; gentamicin, 50 μg/ml; amphotericin, 0.25 μg/ml; 
ferrous sulfate, 1.5 × 10–6 M; magnesium chloride, 6 × 10–4 M; calcium chloride, 1.1 × 10–4 M; selenium 
,30 nM; manganese, 1 nM; silicone, 500 nM; molybdenum, 1 nM; vanadium, 5 nM; nickel sulfate, 1 nM; 
tin, 0.5 nM (provided by Scott H. Randell, UNC-Chapel Hill; ref. 64). Propagation of  nasal epithelial cells 
were performed as described, with care not to disrupt the epithelial sheets (65); notably, this method does 
not disrupt the sheet of  epithelia into a single cell suspension, which differs from some other methods. 
Nasospheroids formed from nonadherent cells in epithelial sheets (Supplemental Figure 1) in suspension 
in 2–5 days and were removed from collagen-coated dishes into noncoated ultralow attachment dishes. 
Spheroids were obtained by centrifugation at 25 g and resuspended in culture media.

Histology of  nasospheroids. Nasospheroids were fixed in freshly prepared 4% paraformaldehyde in PBS 
for 10 minutes at room temperature, centrifuged at 25 g, embedded in Thermo Scientific Richard-Allan 
Scientific HistoGel (Thermo Fisher Scientific), and embedded in paraffin. Longitudinal serial sections (5 
μm) were cut, floated onto charged glass slides (Super-Frost Plus, Thermo Fisher Scientific), and dried 
overnight at 60°C. Sections were stained with Harris’ acidified hematoxylin with 2 % orange G, and 
they were counterstained with 0.6 % eosin Y and 1 % phloxine B. Sections were visualized on 40X-900X 
Phase Contrast Inverted Microscope with 9 MP Camera.
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Immunofluorescent labeling of  CFTR. Protocols for labeling CFTR have been previously described (48) 
and were modified slightly as follows. Intact nasospheroids were fixed with ice-cold methanol. Cells were 
permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at room temperature. After washing with PBS 
at room temperature, nasospheroids were incubated with blocking buffer for 1 hour, followed by incubation 
with blocking buffer containing monoclonal antibody to CFTR that were produced, quality tested, and 
provided by J.R. Riordan (University of  North Carolina-Chapel Hill) through a program of  Cystic Fibrosis 
Foundation Therapeutics (NBD2 antibody 596 and 528; refs. 45–49) and incubated overnight at 4°C. After 
washing with PBS at room temperature, nasospheroids were incubated in the dark with secondary fluores-
cent antibodies (Alexa Fluor 488 goat anti–mouse IgG conjugate; Invitrogen/Thermo Fisher Scientific) 
and visualized.

Confocal microscopy imaging. Nasospheroids were transferred to glass bottom dishes (#1.5 thickness) 
and stained with calcein-AM, CellMask Orange (Thermo Fisher Scientific), and DRAQ5 (Biostatus). 
Imaging completed on Olympus FV1000 confocal microscope system with environmental chamber for 
temperature (37°C), humidity (55%), and CO2 (5%) control. The chamber was preheated for at least 
90 minutes; supplemental humidity was provided by saturated paper tissues or small 0.7% agar blocks 
near the sample. A 10 × 0.4 NA objective was used for most imaging. Sequential scanned images with 
excitation at 488, 543, and 638 nm and emission collected at 500–530, 555–625, and 655–755 nm 
along with DIC using 488 nm were taken. The confocal pinhole was set to 2 Airy units and Z series 
steps gathered every 13.8 μm from bottom to top of  the organoids. Cross-sectional areas were estimat-
ed using FIJI (66) by manually outlining perimeters of  maximum intensity projections of  images. For 
CFTR stimulation, amiloride (100 μM, MilliporeSigma, A7410) or benzamil (10 μM, MilliporeSig-
ma, B2417) was added to block the ENaC, followed by forskolin (10 μM, MilliporeSigma, F6886), 
IBMX (100 μM, a phosphodiesterase inhibitor to maintain intracellular cAMP levels, MilliporeSig-
ma, I5879), ivacaftor (5 μM, Selleck Chemicals, S1144) if  indicated, and CFTRinh-172 (10 μM, Milli-
poreSigma, C2992). Preincubation with lumacaftor (5 μM, Selleck Chemicals, S1565) for 24–48 hours 
was performed in select experiments. Vehicle control used was DMSO (MilliporeSigma, D2650).

Statistics. To compare spheroid size among the different groups over time using conventional methods of  
analyses, 1-way ANOVA and 2-tailed Student’s t test were used. The cross-sectional area of each nasospheroid 
was recorded over time for up to 180 minutes. The trends of cross-sectional area over time were approximated 
by linear models, and the slope of the fitted line was used as the outcome for each nasospheroid, reducing the 
outcome over time to a single value. At least 3 time points were required in the calculation of slopes to get a 
more accurate estimate of the trend. In addition to the slope, we also computed the time averaged AUC using 
trapezoidal rule of the fractional reduction (FR; which normalizes reductions in size relative to the baseline 
size) over time as another outcome of interest. Both of these outcomes are useful, since the nasospheroids’ 
cross-sectional areas were calculated based on actual image sequences, which varied slightly from donor to 
donor. In addition, these outcomes do not require the data to be collected at the exact same time points nor 
the same number of time points. In using the slopes of the fitted lines and AUC as outcomes, modeling com-
plications were avoided and data over time were reduced to an interpretable outcome. Note that each donor 
contributed multiple nasospheroids to the study. As shown by other investigators (67), multiple observations of  
a bioassay from each subject present a powerful tool to evaluate CFTR activity. In the absence of independent 
observations due to data from the same donor, the usual methods of analysis (e.g., conventional regression 
models) are inappropriate because they do not account for the dependence between observations. The risk of  
incorrectly concluding a significant difference exists with increasing dependence between observations, and 
this risk can be minimized by properly accounting for within-subject dependency. We address dependence 
between observations with GEE approach (68). GEEs allow flexible estimation of the correlation structure 
between observations, are generally robust to the specification of correlation structure, and are unburdened by 
assumptions of multivariate normality (68). GEEs require the specification of a working correlation matrix, 
which specifies the nature of the dependency among observations within a subject. For this analysis, the work-
ing correlation matrix was specified to be compound symmetric or exchangeable, which assumes equal correla-
tion between any 2 observations from the same subject. Nasospheroids between subjects were treated as inde-
pendent. Inference was performed with the Wald χ2 statistic, with degrees of freedom equal to the number of  
parameters; individual parameters may be tested for significance using normal theory. In modeling the slopes, 
only the group was included in the model. In modeling AUC, we fitted both an unadjusted (group only) and 
adjusted (group + baseline area) models. For graphical representation, slopes and AUC are presented as box 
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and dot plots. In these plots, each dot is a single nasospheroid. The black box is the mean; the central line is the 
median; the box borders are the 25th and 75th percentiles. The whiskers extend to 1.5 times the 25th or 75th 
percentile, respectively. If  there are no values beyond 1.5× the interquartile range, then the whiskers extend to 
the largest (or smallest) value. SAS version 9.4 was employed for all analyses and R version 3.2.0 for various 
graphics. All P values less than 0.05 were deemed significant. There were no adjustments for multiple compar-
isons, as this project is still in the exploratory stage.

Study approval. Patients were recruited to the study under protocols approved by the institution’s IRB 
(F151030001, University of  Alabama at Birmingham; 09-0716 and 11-1455, University of  North Carolina 
at Chapel Hill). Written informed consent was obtained from all subjects.
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