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Abstract

We optically measured effects of orally available ivacaftor (Kalydeco®) on sweat rates of

identified glands in 3 R117H subjects, each having a unique set of additional mutations,

and compared them with 5 healthy control subjects tested contemporaneously. We injected

β-adrenergic agonists intradermally to stimulate CFTR-dependent ‘C-sweat’ and metha-

choline to stimulate ‘M-sweat’, which persists in CF subjects. We focused on an R117H-

7T/F508del subject who produced quantifiable C-sweat off ivacaftor and was available for 1

blinded, 3 off ivacaftor, and 3 on ivacaftor tests, allowing us to estimate in vivo fold-increase

in sweat rates produced by ivacaftor’s effect on the open probability (PO) of R117H-CFTR.

Measured sweat rates must be corrected for sweat losses. With estimated sweat losses

of 0.023 to 0.08 nl�gland-1�min-1, ivacaftor increased the average C-sweat rates 3–7 fold,

and estimated function as % of WT were 4.1–12% off ivacaftor and 21.9–32% on ivacaftor

(larger values reflect increased loss estimates). Based on single tests, an R117H-7T/

R117H-7T subject showed 6–9% WT function off ivacaftor and 28–43% on ivacaftor. Re-

peat testing of an R117H-5T/F508del subject detected only trace responding to ivacaftor.

We conclude that in vivo, R117H PO is strongly increased by ivacaftor, but channel number,

mainly determined by variable deletion of exon 10, has a marked influence on outcomes.

Introduction

Cystic fibrosis (CF) is caused by mutations in CFTR anion channels. The membrane conduc-

tance mediated by CFTR (GCFTR) is equal to the number of functional channels in the mem-

brane (n), their average open probability (PO), and their single channel conductance (γ):

(GCFTR = nPOγ). Some mutations reduce n and others decrease PO or γ. The resulting de-

creases in GCFTR reduce epithelial anion-mediated fluid secretion in organs such as sweat

glands, lungs, intestines and pancreas, and most CF symptoms follow from these defects. Iva-

caftor in vitro increases PO in CFTR channels having a wide variety of gating mutations [1, 2],

and patients with some of these mutations show marked clinical improvement when treated

with oral ivacaftor (ivacaftor) [3–6].
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The R117H mutation has complex effects, and our understanding of these effects is improv-

ing. Early work showed R117H to have mild effects on gating and conductance (POγ) that

reduced function in whole cell experiments to 15% of normal [7–9]. More recent work, which

used strategies to avoid underestimating the number of channels in a patch, concluded that γ
is reduced by 25% and PO is reduced 13-fold [10], while other work showed R117H also to be a

mild folding mutation that reduces channel number [11]. The combined defects should reduce

function to<15% of WT, or<7.5% when paired with a nonfunctional mutation such as

F508del. Nevertheless, most subjects with R117H/F508del do not have typical CF symptoms—

they are most commonly encountered when screening CBAVD patients [12]. Thus, CF disease

occurs when R117H CFTR channel function is decreased still further. The most common situ-

ation in which this occurs is when R117H is in cis with a 5T polythymidine allele, causing

increased missplicing that results in ~10% full-length transcripts [13]. If the other allele is a

nonfunctional mutation such as F508del, the higher end estimated CFTR function relative to

healthy controls will be the product of the 5T (~10%), R117H (~15%) and one non-functional

allele (50%) giving 0.75% predicted WT function [14]. Remarkably, such subjects are pancre-

atic sufficient, consistent with other observations that very small amounts of CFTR function

can ameliorate CF disease severity [14, 15].

Ivacaftor (VX-770) increased R117H-CFTR as measured via ion transport [8, 9, 11], or the

PO of patch-clamp recorded R117H-CFTR channels [10], and ivacaftor improved several clini-

cal parameters including sweat chloride values in CF subjects [16]. The goal of the present study

was to quantify effects of ivacaftor on R117H function in vivo using a new sweat rate bioassay

for CFTR function in individually identified sweat glands [14, 17]. The standard sweat chloride

assay induces sweating via pilocarpine iontophoresis and then measures the concentration of

chloride in the collected sweat [18]. The sweat chloride assay is very sensitive to changes in the

lowest levels of CFTR function, but becomes less sensitive as CFTR function increases [14]. The

sweat rate assay complements the sweat chloride assay by providing a near-linear readout of

CFTR function over most of its range, so that, for example, carriers can be distinguished from

WT subjects. However, it is less sensitive at very low levels of CFTR function such as seen with

R117H-5T. Therefore, we were eager to apply the method to two subjects with R117H on a 7T

background, where increased channel number produced sufficient function to measure sweat

rates off as well as on ivacaftor for most of their glands. Because it measures multiple, identified

glands in parallel, the assay is particularly well suited for n-of-1 studies.

In the present study, we used an n-of-1 paradigm to estimate ivacaftor’s effect on CFTR PO

in a subject with genotype R117H-7T/F508del. The 7T allele is expected to produce a much

milder phenotype, and indeed, almost 50% of this subject’s glands secreted measureable

amounts of C-sweat off ivacaftor (vs. ~zero amounts in R117H-5T subjects). This enabled us

to compare CFTR function (±) ivacaftor and to estimate how oral dosing with ivacaftor in-

creased the PO of the R117H-CFTR channels in the cells of the secretory coils of this subject’s

sweat glands. We also tested one R117H-7T/R117H-7T subject with single, unpaired tests in

the off and on conditions. To provide context we studied one R117H-5T/F508del subject and

5 healthy controls. In addition to examining ivacaftor’s effects, the experiments help to refine

some aspects of the methodology, and incorporated new information from in vitro studies [8–

11] to help calibrate the assay.

Materials and methods

Subjects

The study was approved by the Institutional Review Board of Stanford University. After writ-

ten informed consent, 8 subjects were studied: 5 healthy controls and 3 subjects with R117H
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mutations. The main study focused on one adult male with genotype R117H-7T/F508del

who was participating in a multi-center clinical trial of oral ivacaftor (ivacaftor) [16]. At the

completion of the blinded portion of that study, we recruited this subject (coded S9) for an

independent, n-of-1 study of CFTR-dependent and independent sweat secretion during his

washout and open label phases. S9 is an adult male subject who is infertile, has FEV1 values

50–60% predicted, a history of non-mucoid Pseudomonas aeruginosa or Staphylococcus aureus
lung infections, but normal sweat chloride of ~20. We tested him seven times: once in the

blinded condition (after his last blinded study visit), three times in the off drug period and

three times in the open label. In addition to the main study, we performed single tests on and

off ivacaftor for an R117H-7T/R117H-7T subject who was included in the study. For compari-

son with these 7T subjects, we tested a -5T subject (R117H-5T/F508del) with a series of 8 tests:

3 off drug, 2 on drug, and 3 blind (later shown to be placebo). Five healthy control subjects

were also tested without drug. There were no adverse events.

Reagents

Methacholine Chloride, (Methapharm, Ontario, Canada), Isoproterenol HCl, Aminophylline,

lactated Ringer’s (Hospira, Lake Forest, IL) and Atropine Sulfate, (American Reagent) were

obtained from Stanford University Hospital Pharmacy. Heavy mineral oil was from EMD

Chemicals, Gibbstown, NJ, and was water-saturated before use as previously described [17].

Erioglaucine disodium salt (CAS No. 3844-45-9) was from Sigma. Ivacaftor (Kalydeco1) was

provided to subjects by Vertex as part of a clinical trial [16].

Ratiometric measurement of sweat secretion from identified individual

glands

We used a modified version of the single gland, ratiometric, optical imaging assay for CFTR

secretory function [17]. The assay depends on two parallel pathways for sweat secretion: a

CFTR-independent, a cholinergic pathway stimulated with methacholine that persists in CF

and is considered to be CFTR-independent (‘M-sweat’) and a β-adrenergic pathway that is

CFTR-dependent (‘C-sweat’) [17]. When C-sweating is expressed as a function of M-sweating,

it provides a near-linear readout of CFTR function over a wide range, e.g. the C-sweat/M-

sweat ratio for CF carriers is 50% that of non-CF controls and the ratio for CF subjects is zero

[17, 19]. In brief, a specific, identified region of skin on the volar forearm was sequentially

injected intradermally with methacholine to stimulate CFTR-independent sweating (M-sweat)

and then with a cocktail of isoproterenol, aminophylline, and atropine in lactated Ringer’s to

block M-sweating and produce C-sweating.

Conditions used in the present assay were modified in 3 ways. First, M-sweat was stimu-

lated with .05 ml of a 1 μM solution of methacholine, which is 1/2 the volume used previously.

Second, M-sweat was monitored for only 10 min, instead of the 15 min used in prior tests [14,

17]. The lower amount and shorter duration of methacholine had the advantage that merging

of M-sweat bubbles was reduced, and pilot tests indicated that it still potentiated C-sweating as

reported previously. Third, C-sweating was monitored for 30 min as before, but because of a

miscommunication the studies were begun using only 0.05 ml of cocktail instead of the 0.1 ml

used previously [17]. We kept this level of stimulation throughout this study. Because the ago-

nist levels were changed the results in this study can’t be directly compared with prior ones—

therefore a set of contemporaneous control subjects were run with the new concentrations for

comparisons.

Bubbles of sweat from single glands were captured in an oil layer, visualized by oblique

lighting or dye-partitioning, and digitally imaged at 30 sec intervals. Individual glands were
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identified by location relative to landmarks and one another (gland constellations). For each

identified gland the increases in M- and C-sweat volumes over time were recorded and average

M- and C-sweat rates/min were calculated by dividing the final sweat volumes for each gland

by 10 or 30 min respectively. In the plots of M- and C-sweat correlations, each point represents

the average rate for a single identified gland based on all trials where the gland’s secretion was

measured.

Loss minimization and loss correction

Several factors limit the accuracy of sweat gland secretory readout of CFTR function. The

premise of this assay is that the primary C-sweat produced by the secretory coil provides a

linear readout of CFTR function if gland size is controlled by measuring M-sweat: if CFTR

function is 0, 50 or 100% of WT, so too will be the C/M ratio [17, 19]. However, we do not

measure primary sweat, but instead measure conditioned sweat after it has traversed the reab-

sorbtive duct, where some of it is lost because of physical capacitance (the duct needs to fill)

and because of some ductal absorption [17]. While we know we need a loss factor we can only

approximate its magnitude, and lacking a better model we are using a constant loss factor. The

effect of a constant loss of C-sweat increases proportionally as the C-sweat rate slows, eventu-

ally exceeding the C-sweat rate in glands with low residual CFTR function. We previously esti-

mated the constant loss to be 0.023 nl�min-1�gl-1 or ~2% of the average WT C-sweat value [14],

and used this estimate to explain the inability of the imaging assay to detect sweating in most

glands of most subjects with PS CF. Here, we reexamine the consequences of different constant

loss estimates with regard to estimates of PO increases produced by ivacaftor, and use informa-

tion from in vitro studies [8–11] to help us calibrate the sweat loss.

Comparisons among averaged ratios can be done in two ways: by determining each gland’s

C/M ratio for the on and off conditions separately and then averaging those ratios (the mean

of the ratios), or by taking the ratio of the average C and M responses in each condition (the

ratio of the means). We found good agreement between the two methods, so for simplicity we

report only the ratio of the means.

Statistical analysis

Single, identified sweat glands were the units of analysis for the within-subject comparisons in

this “n-of-1” analyses [17]. Paired t-tests of original or log transformed data, Pearson r, and

ANOVA were used as appropriate.

Results

Subject S9, R117H-7T/F508del

S9, an infertile adult male with FEV1 values<60% predicted, bacterial lung infections, but nor-

mal sweat chloride values of ~20 mM, had markedly reduced C-sweat rates that were dramati-

cally increased by oral dosing with ivacaftor. Fig 1 shows 6 pairs of images of the same central

portion of the field for subject S9. Each image shows 20 identified glands that were followed

across 7 trials (6 are shown here) over a ~ two month period; the image pairs are arranged in

chronological order from earliest (Fig 1A) to most recent (Fig 1F). A clipped hair (arrow) is a

landmark across all trials; a new ink spot is added at the start of each trial. M-sweat bubbles are

unstained and C-sweat bubbles are stained blue. Fig 1A–1C show results from the three off

ivacaftor tests. Seven of 20 glands in this field produced small but quantifiable C-sweat on at

least one trial off ivacaftor; 4 of the most prominent are labeled (arrows) in Fig 1B and 1E. Fig

1D–1F show results from the three tests on ivacaftor. All 20 glands in this field produced
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Fig 1. Methacholine-stimulated (M-sweat) and CFTR-dependent (C-sweat) bubbles imaged in an oil layer on the forearm of an R117H-7T/

F508del subject off and on ivacaftor. Each image shows a mid-region (~22 mm2) of the stimulated field of sweat glands (full imaged field is ~63

mm2). Results are shown for 6 tests, A-C off ivacaftor and D-F on ivacaftor. Each pair of images shows ~ 18 M-sweat bubbles, each produced by a

single, identified sweat gland. M-sweat (clear bubbles) accumulated during 10 min of methacholine stimulation. C-sweat (blue bubbles) accumulated

during 30 min of stimulation with a β-adrenergic cocktail that included atropine to block M-sweat; this test directly followed the methacholine test at the

same site. Blue dye particles dispersed in the oil during the C-sweat trials stained the bubbles blue to improve their visibility [17]. A freckle (light brown

spot) and a hair (arrow, panel A) provided natural landmarks. A spot of ink placed on the freckle improved focusing and registration between M- and C-

sweat trials. Calibration bar = 0.5 mm.

https://doi.org/10.1371/journal.pone.0175486.g001
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measureable C-sweat on at least one trial on ivacaftor and the volumes were much greater. The

M-sweat bubbles volumes varied little across trials, in contrast with the marked increase in C-

sweat bubble volumes on ivacaftor.

The average results across all 7 trials are graphed by date and condition in Fig 2. Average

M-sweat volumes (Fig 2A, overall mean rate = 2.13 ± 0.42 nl�min-1�gl-1) did not differ signifi-

cantly across ivacaftor conditions, ANOVA, P = 0.4, but gland-by-gland analysis did reveal a

small difference (see below). By contrast, average C-sweat volumes/gland increased dramati-

cally in the on ivacaftor condition (Fig 2B). The total volumes of measured C-sweat for 38

glands x 3 trials were 10.9 nl off ivacaftor and 380 nl on ivacaftor, or an average of 3.6 nl/trial

off ivacaftor and 126.7 nl/trial on ivacaftor (P< 0.01, ANOVA). The mean C-sweat rate in

picoliters�min-1�gl-1 was 3.2 ± 0.8 off ivacaftor vs. 111.1 ± 18.3 on ivacaftor. Fig 2B suggested

that the subject was receiving ivacaftor during the blinded test (C-sweat rate of 142.9 ± 25.3

pl�min-1�gl-1), and this was subsequently verified when the trial [16] was unblinded.

Sweat rates are plotted on a gland-by-gland basis for all 38 identified glands in Fig 3. Each

point is jointly determined by the average M- and C-sweat rates for that gland off ivacaftor

(Fig 3A) and on ivacaftor (Fig 3B). Five glands with the highest C-sweat rates off ivacaftor are

labeled in both graphs. The response rate (defined as measurable secretion on at least 1 of 3 tri-

als) increased from 17/38 glands (45%) off ivacaftor to 37/38 glands (97%) on ivacaftor, and the

slope of C- vs. M-sweat increased markedly. These data were graphed without correcting for

sweat losses; the dashed horizontal lines indicate the sweat loss estimate of 0.023 nl�min-1�gl-1.

Uncorrected data for S9 and all other subjects is summarized in Table 1.

Estimating the magnitude of ivacaftor effects on fluid secretion via

R117H-CFTR

The presence of measureable secretion rates in 17 of the 38 glands off ivacaftor provided an

opportunity to estimate the fold increase of the fluid secretion increase produced by oral iva-

caftor on R117H-CFTR. CFTR is rate-limiting for C-sweat [19], and R117H is mainly a gating

mutation [7, 10, 20]. Although recent data indicate that R117H is also results in misfolding

and reduced channel number, there is no evidence that R117H CFTR channel number changes

as a result of ivacaftor treatment. Single channel data indicate that γ is also unchanged by iva-

caftor; the sole ivacaftor effect being a 2–4 fold increase in R117H CFTR PO [9, 10]. When

R117H CFTR was stably expressed in FRT cells and tested with a gradient, ivacaftor produced

a 4.1 fold increase in Cl- transport [8], and when expressed in CFBE41o- cells VX-770 pro-

duced a 2.4 fold increase [11].

To estimate the fold increase in C-sweat rates we used the 12 glands with the highest C-

sweat rates off ivacaftor (because these are proportionately less affected by sweat loss) and

applied the previously determined loss correction of 0.023 nl�min-1�gl-1 [14]. The results are

plotted in Fig 4A. The mean loss-corrected rates off/on ivacaftor were 32.6 ± 7 pl�min-1 and

229 ± 88 pl�min-1, a 7 ± 2 -fold increase (P = 8.1E-06, paired t-test). This increase is ~1.7–3

times the fold increases observed with in vitro measurements [8–11]. Even given the different

conditions, the agreement between these estimates seems too large to be within experimental

error, suggesting that the loss factor estimate may be too low (see discussion). Loss-corrected

data for S9 and all other subjects is summarized in Table 2.

Evidence for an ivacaftor effect on M-sweat rates

In previous work with G551D subjects we had equivocal evidence that ivacaftor might increase

M-sweating [14]. Gross comparisons in the present experiments (Fig 2A) showed no signifi-

cant difference in M-sweating (±) ivacaftor in this R117H-7T subject, but paired comparisons

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo
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Fig 2. Average volumes of secreted sweat as a function of stimulus and drug for R117H-7T/F508del

subject S9 (A) Bar graphs showing mean ± SEM of accumulated M-sweat volumes per gland ± ivacaftor; 3

tests in each condition and in one blinded test, based on a 10 min monitoring period. (B) Bar graphs showing

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo
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of individual glands, which provides a more powerful means to detect small differences,

showed a small and marginally significant increase in M-sweat rates on ivacaftor the same 12

glands selected for analysis of C-sweat rates. The mean rate increased from 4.1 to 4.9 nanoli-

ter�min-1gland-1 (P<0.02, paired t-test on logged data, Fig 4B).

Ivacaftor effect on C-sweat in S11, a subject homozygous for R117H-7T

We had limited access to a single R117H-7T/R117H-7T CBAVD subject (S11). S11 completed

only one test off and one test on ivacaftor separated by 10 months; the subject started ivacaftor

the day of his first off test and was on drug the entire time up to the on test. The tests inadver-

tently measured glands at 2 different sites several cm apart on the same arm, precluding gland-

by-gland comparisons. In spite of these limitations, we saw clear evidence for abnormally low

C-sweating off ivacaftor and a large effect of ivacaftor. Fig 5A and 5D shows the C-sweat

responses (uncorrected) at the two sites and two conditions. The C-sweat rate as a function of

M-sweat rate at site 1 off ivacaftor (Fig 5B) was far below normal; only 23/40 (58%) glands pro-

duced measureable C-sweat vs. control average of 98%. It was dramatically larger on ivacaftor

at site 2 (Fig 5E), where 53/54 glands produced C-sweat.

Analysis of the C/M ratio as a function of M-sweat rate across the two sites and conditions

(Fig 5C and 5F) showed two effects: a marked increase over all (note different y-axis scales)

and a reduced slope of the regression line which occurs as the loss factor becomes less signifi-

cant at higher secretion rates. The increased C/M ratio at site 2 on ivacaftor occurred in spite

of an almost a 2-fold higher M-sweat rate seen at site 2 on ivacaftor (Table 1). Although com-

parison across sites is not ideal, we previously compared multiple sites within one subject and

found highly reproducible C-sweat/M-sweat ratios across the sites [17], so we are confident

that the increased C/M ratio resulted from oral ivacaftor dosing and not site differences. (No

other sweat test methodology requires identical sites.) The data shown in Fig 5 were not cor-

rected, corrected summary data is in Table 2.

S10, an R117H-5T/F508del subject, had near-zero C-sweat responses

S10 (F508del/R117H-5T) is a pancreatic sufficient CF subject who was tested 8 times: 2

blinded, and 3 each off and on ivacaftor. Unblinding of the clinical trial [16] after the sweat

rate analysis revealed that both blinded tests were off ivacaftor. M-sweating showed significant

variation across trials unrelated to ivacaftor (Fig 6A). Fig 6B shows that no verifiable C-sweat-

ing occurred within the region of interest (ROI), which was empirically determined as the

more central region where sweat bubbles could be measured most clearly. Because smaller

glands secrete more slowly, we checked the distribution of M-sweat rates (Fig 6C) and saw

that 8 glands secreted M-sweat at average rates�4 nl�min-1�gl-1, well above rates for glands

that produced consistent C-sweat on ivacaftor in an R117H-5T subject studied previously [14].

Yet no C-sweat responses were seen even from S10’s fastest secreting glands. Several glands

outside of the ROI did respond (Fig 6D), and a different site for which no control data are

available was tested once on ivacaftor (Test 6), and at this site 4/46 (9%) glands produced very

small responses (Fig 6E and 6F). In sum, this pancreatic sufficient subject produced a very

small amount of C-sweat on ivacaftor, but only in regions where we did not have definitive evi-

dence of zero sweating off ivacaftor. Because trace amounts of sweating sometimes occur in PS

subjects, we do not claim that an ivacaftor effect has been established for S10.

accumulated C-sweat volumes per gland ± ivacaftor; 3 tests in each condition and one blinded test, based on

a 30 min monitoring period. Each bar graph represents mean ± SEM of 38–41 glands.

https://doi.org/10.1371/journal.pone.0175486.g002
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Fig 3. Subject S9 (R117H-7T/F508del): gland-by-gland sweat secretion (±) ivacaftor. Each point is jointly

determined by the mean of M-sweat rates (x-axis) and C-sweat rates (y-axis). (A) off ivacaftor, (B) on

ivacaftor; y-axis is 10X the axis of A. n = 38 glands. Five glands with the highest C-sweat rates off ivacaftor are

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 9 / 25

https://doi.org/10.1371/journal.pone.0175486


Responses of control subjects and comparisons with R117H subjects

We tested 5 control subjects using identical conditions to provide contemporaneous control

data. On average, 50 identified glands per subject were measured over 1–3 assays and were

used to generate the data in Tables 1 and 2. Examples of M- and C-sweat sweat bubbles for the

control subjects are shown in Fig 7 along with images from the one blinded trial with S9, the

R117H-7T/F508del subject. After the trial concluded and was unblinded it was revealed that

S9 was receiving ivacaftor at the time of the blinded test (see Figs 1 and 2B).

A gland-by-gland comparison between S9 (±) ivacaftor and one control subject (WT14) is

shown in Fig 8, where each point was jointly determined by the mean C-sweat and M-sweat

responses for that gland across 3 trials. WT14 had the lowest C-sweat response of the 5 control

subjects. WT14 and S9 had similar M-sweat rate distributions (x axis), but S9 had a markedly

lower C-sweat response in the absence of ivacaftor (triangles). After ivacaftor, (squares) almost

every gland showed increased responding with the largest absolute changes occurring in the

glands with higher M-sweat rates.

labeled. Data were not corrected for sweat-losses; the estimated loss of C-sweat (0.023 nl�min-1�gl-1) is

indicated by the dashed horizontal lines.

https://doi.org/10.1371/journal.pone.0175486.g003

Table 1. Summary data: R117H and WT subjects, all data, uncorrected.

Gland numbers Secretion rates Ratios

ID G Iva. off or

on

Trials

(n)

MCh Glands

(n)

Cktl Glands

(n)

C/M n glands

(%)

M-sweat Rate (nl/

min/gl)

C-sweat Rate (nl/

gl/min)

C mean/ M

mean

% WT (see

text)

F508del / R117H-7T see 001-summary tab from DST with corrected data.xlsx

S9 M blind 1 38 32 84% 3.0 ± 1.5 0.14 ± .12 0.047 29.4%

– 3 38 10±1 26±3% 2.9 ± 1.5 .0032 ± .0058 0.001 0.68%

+ 3 38 34±3 90±7% 3.5 ± 0.8 0.111 ± .095 0.032 19.5%

F508del / R117H-5T

S10 M – 3 44.5 0.25 0.2% 2.95 ± 1.1 0 0 ~0%

+ 2 46 0 0.0% 2.75 ± 0.4 0 0 >0%

R117H-7T / R117H-7T (note: off and on tests carried out on different glands)

S11 M – 1 40 26 65% 5.33 ± 0.67 .033 ± .010 0.006 3.0%

+ 1 54 53 98% 9.75 ± 0.83 0.54 ± 59 0.054 27.0%

Healthy Controls

WT05 M - 2 49 49 100% 4.9 ± 0.26 1.00 ± 0.07 0.20.2 126%

*WT10 F - 3 51 49.6 98% 2.1 ± 1.0 0.32 ± 0.02 0.15.1 94%

WT11 F - 1 53 48 91% 2.5 ± 1.2 0.40 ± 04 0.15.6 98%

WT13 M - 3 37 37 100% 5.1 ± 0.17 0.84 ± 05 0.16.5 103%

WT14 F - 3 60 60 100% 2.9 ± 0.13 0.36 ± 0.02 0.12.5 78%

Mean±SD - 2.4 50±8 49±8 98.1% 2.7 ± 1.5 0.52 ± 0.27 0.16 ± .03 100%

Uncorrected summary for all data from 3 R117H and 5 WT subjects. Table 1 is arranged by subject and condition. Each row shows the mean results for

the number of trials performed. For R117H subjects the top row for each subject shows results off ivacaftor (or blind) and the bottom row on ivacaftor.

Columns labeled ‘gland numbers’ show the number of identified glands that secreted M-sweat to an intradermal injection of MCh: ‘MCh Glands’, then

CFTR-dependent sweat to a β-adrenergic cocktail at the same site: ‘Cktl Glands’, and the ratio of the two expressed as a percentage. Columns labeled

‘secretion rates’ show the average M- or C-sweat rates (per min, per gland). M-sweat rates are based on a 10 min observation period; C-sweat rates on a 30

min period. Subjects had been taking ivacaftor for at least 3 weeks prior to on ivacaftor testing. Columns labeled ‘ratios’ show the ratio of C-sweat mean

rate/M-sweat mean rate, and the percentage of this ratio to the mean ratio for the 5 WT subjects. *Data for WT10 were reported in a previous study [14].

https://doi.org/10.1371/journal.pone.0175486.t001
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Summary data for the 5 controls and for S9 (+/-) ivacaftor is presented in Fig 9. Fig 9A

presents the mean ratios of C/M sweat rates for all measured glands from each of the control

subjects and for S9 (R117H-7T/F508del) off/on ivacaftor. Using data from all of the glands,

ivacaftor increased both C- and M-sweat as shown. Fig 9B is an alternative approach to com-

paring the data. For each subject we averaged data from the 12 glands with the highest C-sweat

Fig 4. Magnitude of ivacaftor-induced increases in M and C-sweat secretion for the top 12 glands of R117H-7T/F508del subject S9 Data for

the 12 glands with the largest mean C-sweat rates off ivacaftor. (A) C-sweat rate increased markedly as a function of ivacaftor treatment,

(P = 6.58E-09 two tailed paired t-test on logged data). (B) M-sweat increased slightly for the same glands (P = 0.02 two tailed t-test on logged data).

Each point is an identified gland’s average secretion rate for 3 off and 3 on tests. Values were corrected for sweat volume losses by adding 0.023 nl/

min to all M- and C-sweat rates (see text).

https://doi.org/10.1371/journal.pone.0175486.g004
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rates, which reduces the contribution of the loss factor and hence should give a more accurate

estimate of CFTR function. To provide meaning to the C/M ratio, we normalized the data by

setting the average WT C/M ratio for these 5 subjects = 100% (indicated by the dashed line)

and expressed each subject’s data as a percentage of the average.

Discussion

The main goal of this study was to quantify changes in R117H-CFTR mediated sweat gland fluid

secretion produced by oral ivacaftor. This was possible because of the availability of an R117H-

7T/F508del subject who was available for multiple measurements on and off ivacaftor. Unlike

R117H-5T subjects, R117H-7T subjects should have near-normal numbers of R117H-CFTR

transcripts [13, 21–24], although channel number is reduced because R117H also displays a fold-

ing defect [11]. S9 displayed a level of C-sweat in the absence of ivacaftor that was sufficient to

allow the ivacaftor effect to be meaningfully expressed as fold-increases in C-sweat. We attribute

the increase to PO because ivacaftor increases PO, but not channel number or γ [9, 10]. The preci-

sion of the estimate was increased by identifying individual glands and tracking those glands

across 3 trials with and 3 without ivacaftor. Precision was further increased by selecting the fast-

est secreting glands where the loss factor is proportionally less, and by adding back the estimated

loss. Using these methods, we estimated that ivacaftor produced a 7 ± 2 fold increase of C-sweat

and a 20% increase of M-sweat (Fig 4B), and increased this subject’s CFTR function from 4.1%

to 21.9% of WT function (Table 2). A second R117H-7T homozygote, tested less stringently, had

corresponding figures of 6.1% and 27.7% WT function, while for an R117H-5T subject we

observed essentially zero C-sweat off drug and only trace amounts on ivacaftor (Table 2).

Table 2. Summary data: R117H and WT subjects, top 12 glands; loss-corrected.

ID G ivacaftoroff or on Trials

(n)

M*-sweat rate C*-sweatRate C*mean/

M*mean

C*mean/

M*mean

%

WT

R117H-7T / F508del

S9

7T

M - 3 4.15 ± 0.44 0.03 ± .002 0.008 4.1%

+ 3 4.95 ± 0.56 0.21 ± .027 0.042 21.9%

R117H-5T / F508del

S10 5T M - 3 4.43 ± 0.4 0 0 0

+ 2 3.95 ± 0.3 ~0 ~0 ~0

R117H-7T / R117H-7T

S11

7T/7T

M - 1 10.44 ± 0.99 0.11 ± 0.02 0.011 6.1%

+ 1 18.51 ± 2.03 0.92 ± 0.16 0.05 27.7%

Healthy Controls

WT-05 M - 2 6.9 ± 0.36 1.66 ± 0.09 0.243 127%

WT10 F - 3 3.4 ± 0.2 0.6 ± 0.025 0.178 93%

WT11 F - 1 4.1 ± 0.2 0.84 ± 0.07 0.203 106%

WT13 M - 3 6.7 ± 0.4 1.24 ± 0.06 0.184 96%

WT14 F - 3 4.0 ± 0.27 0.61 ± 0.023 0.152 79%

WT av. - 2.4 5.02 ±1.65 0.99 ± 0.21 0.192 ± .01 100%

Loss-corrected summary data for top 12 glands from the subjects shown in Table 1. Except for omitting the ‘gland numbers columns’ (n = 12 glands

were selected from each subject) the row and column categories prior to ratios columns are the same as Table 1. The 12 glands were selected based on C-

sweat rates in the off ivacaftor condition except for S10, where M-sweat rates were used since no glands produced C-sweat off ivacaftor. For each subject

the same glands were then compared across conditions.

https://doi.org/10.1371/journal.pone.0175486.t002

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 12 / 25

https://doi.org/10.1371/journal.pone.0175486.t002
https://doi.org/10.1371/journal.pone.0175486


Fig 5. Subject S11 (R117H-7T/R117H-7T). S11 was tested once each at two different sites. (A-C) Responses off ivacaftor at site 1. (D-E)

Responses on ivacaftor at site 2. (A, D) C-sweat bubbles off/on ivacaftor at 30 min time point. (B, E) C-sweat rate vs. M-sweat rate off/on

ivacaftor. Each point represents a single test for a single gland and shows its M-sweat rate on the x-axis and its C-sweat rates on the y-axis.

(C, F) C/M ratios vs. M-sweat rates off/ on ivacaftor. Each point represents a single test for a single gland and shows its M-sweat rate on the

x-axis and its C/M sweat ratio on the y-axis. Note that y-axis scale for (F) is 5X that of (C).

https://doi.org/10.1371/journal.pone.0175486.g005
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Fig 6. S10 (R117H-5T/F508del) had near-zero C-sweat responses. (A) M-sweat rates across 3 off trials (open columns) 2 blind trials (gray

columns,) and 2 open-label on ivacaftor trials (black columns). (B) The corresponding C-sweat rates for 46 glands in the ROI were zero across

all trials. (C) Distribution of average M-sweat rates. M-sweat rates for each gland were averaged across 7 trials and the rate distribution

plotted to illustrate that the lack of C-sweating does not result from unusually low M-sweat rates. (D) Examples of 3 glands that secreted on

ivacaftor on trial 7; ‘b’ was the largest C-sweat bubble seen for this subject. Three different glands produced measureable C-sweat on trial 8

but were outside the ROI. (E) M-sweat bubbles at a different site (left arm) used on trial 6 on ivacaftor because the standard site was

obstructed by an IV line. (F) Small C-sweat bubbles were observed for 4/35 glands at this site, but no corresponding testing was done off

ivacaftor. Calibration = 0.5 mm for D, E, F.

https://doi.org/10.1371/journal.pone.0175486.g006
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As we have noted [14, 17], the %WT estimates are influenced by loss estimates. The loss

estimate used here was based on previous measurements of an R117H-5T subject who had an

extremely low level of C-sweat off ivacaftor [14]. The much higher rates in R117H-7T subject

S9 provide another opportunity calibrate the loss factor and to quantify how it affects estimates

of function. Fig 10 illustrates the interdependencies among observed sweat rate, sweat losses,

and estimates of CFTR function. As plotted in Fig 10A, for a fixed loss the proportion of sweat

lost increases as sweat rate decreases. With a loss estimate of 0.023 nl�min-1�gl-1 the loss rises

Fig 7. M-sweat (left column) and C-sweat (right column) bubbles for five control subjects and the R117H-7T/F508del subject S9. The

image for S9 is from one blinded test we had access to from his clinical trial [16] with ivacaftor. Images were cropped from the center of the

field. Scale bar = 1 mm.

https://doi.org/10.1371/journal.pone.0175486.g007
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steeply in the range of C-sweat rates seen with R117H mutations (red bar). Fig 10B shows

that as the loss estimate increases so too does expression of the defective sweat rate as a percent

of the WT rate. Fig 10C shows how increasing loss estimates produce decreases in the calcu-

lated fold-increases in C-sweat rate observed on ivacaftor. For S9 the loss estimate of 0.023

nl�min-1�gl-1, gives a fold increase of 7 ± 2 (arrow). To better calibrate the loss factor we turned

to in vitro results.

Fig 8. Gland-by-gland comparisons of a control subject (WT14) with the R117H-7T subject (±) ivacaftor. Each point is

jointly determined by the mean M-sweat rate on x-axis and the mean C-sweat rate on the y-axis for a single gland across 3 trials;

n = 60 glands for WT14 and n = 38 glands for R117H-7T. All data were loss-corrected by adding 0.023 nl�min-1 to the rates; this

imposes a minimum rate, indicated by the dashed horizontal line, for glands with no visible sweating.

https://doi.org/10.1371/journal.pone.0175486.g008
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Fig 9. Mean C/M ratios vs M-sweat rates for 5 control subjects and S9, R117H-7T (+/-) ivacaftor. (A) Average C/M sweat rate

ratios for all glands. Each symbol plots the mean M-sweat rate on the x-axis and C/M-sweat rate ratio on the y-axis for a single

subject, and represents 37–60 glands and 1–3 tests per WT subject (Table 1). Filled circles: WT females; open circles: WT males. WT

mean is also plotted. Data for the R117H-7T subject is the mean of 38 glands (+/-) ivacaftor across 3 trials in each condition. Ratios for
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Comparisons of in vitro and in vivo estimates of mutated CFTR function

Data from in vitro experiments with R117H and VX-770 can be used to cross check the sweat

rate estimates. What % WT function is predicted for R117H based on in vitro experiments? As

mentioned in the introduction, recent patch clamp experiments conclude that R117H POγ is

about 6% of WT [10], and in a surprising finding, Gentzsch and colleagues [11] showed that

R117H is also a folding mutation with reduced channel number. Based on correction by

VX809 (their Fig 1D), it appears n could be reduced to ~70% of WT. The combined defects

would lower function to ~4% of WT, and if the other allele is nonfunctional it would predict

~2% function. Earlier whole-cell experiments of Sheppard et al. [7], which would reflect both

reduced POγ and n, gave a value of 15% WT, or 7.5% function if the other allele is nonfunc-

tional. Thus in vitro experiments indicate R117H function to be between 4–15% of WT or

2–7.5% if the other allele is non-functional. We estimated 4.1% function for S9 (R117H-7T/

F508del), and 6.1% function for S11 (R117H-7T/R117H-7T). These are in the lower range of

values predicted by the in vitro experiments, suggesting that the loss factor we used is an

underestimate. The highest value of 15% WT was used in Fig 11A, which shows the predicted

level of CFTR function for an R117H-7T/F508del subject like S9 to be 7.5% of WT.

A second method for cross-checking in vivo and in vitro results compares the level of cor-

rection produced by VX-770 in vitro with that produced by ivacaftor in vivo. Multiple in vitro
experiments using various methodologies have shown increases of 2–4 fold [8–11], whereas

for S9 we calculated an average increase of 7-fold (range 2.4–8.4 for individual glands) in the

12 highest secreting glands after a loss correction of 0.023 nl�min-1�gl-1 (Fig 4A). As shown in

Fig 10C, the fold-increase will decrease as the loss estimate increases. The middle in vitro esti-

mate of a 3-fold increase [10] conforms to a loss estimate of 0.08 nl�min-1�gl-1 (Fig 10C, dashed

lines). If we use this loss estimate, it increases the calculated %WT function for S9 to 12% off

ivacaftor and 32% on ivacaftor, values higher than highest in vitro estimates.

A complication in trying to compare fold-increases of channel PO with sweat rates is that

changes in CFTR PO might be amplified by the recruitment of Cl- transport mechanisms.

When apical Cl- channels open, efflux of Cl- lowers [Cl-]i resulting in phosphorylation and

activation of the basolateral Na+-K+-2Cl- co-transporter NKCC1 [26, 27] via WNK, SPAK

and OSR1 pathways [28–30]. It is unknown how the loss of Cl- activates the WNK pathway

and how that is related to agonist-triggered events. Ivacaftor may provide a novel way to study

these relations, since in our studies the level of agonist stimulation is identical in the cells off

and on ivacaftor, with the only difference being a change in PO of the CFTR channels. (It is an

important simplification that when C-sweat is produced purely by β-adrenergic stimulation

no basolateral K+ channels are activated) [31]). This hypothesis could be tested by studying

VX-770 effects on R117H-mediate transport in secretory epithelia that are not permeabilized

to allow normal basolateral mechanisms to operate.

Other R117H subjects

We also tested S11, R117H-7T homozygote who also showed a large response to ivacaftor, and

S10, R117H-5T/F508del, where essentially no C-sweat was observed before or after ivacaftor.

We hypothesize that CFTR in the sweat gland secretory coil cells of all R117H subjects

the R117H subject were based on loss-corrected data. (B) Average C/M sweat rates for top 12 glands, loss corrected, and expressed

as % WT average. Each symbol plots for a single subject the mean M-sweat rate on the x-axis and C/M-sweat rate ratio as a % of the

WT average on the y-axis. Each symbol is the mean of the 12 glands for that subject with the highest average C-sweat rates across

1–3 tests (see Table 2). WT C/M mean is shown as dashed horizontal line. The 12 glands for S9 (R117H-7T/F508del) were those

having the highest C-sweat rates off ivacaftor.

https://doi.org/10.1371/journal.pone.0175486.g009
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Fig 10. Interactions between sweat rates, sweat losses and estimates of CFTR function. (A) The %

sweat lost decreases as sweat rate increases. The % of sweat that is lost is plotted on the y axis, a log scale,

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 19 / 25

https://doi.org/10.1371/journal.pone.0175486


responded to ivacaftor with the same increases in PO, and attribute the different C-sweat rates

among them to different numbers of CFTR channels expressed in their sweat glands and to

the need for C-sweat to reach ~2% of WT before it can be measured. R117H-5T subjects only

express ~10% full length CFTR transcripts [13, 21–24], and CFTR n is also affected by TG

repeats [32], and its function by the M470V allele [32, 33]. Fig 11B shows the expected

response levels for some configurations of R117H-5T, using the highest in vitro estimate of

15% WT function for R117H. The majority of R117H subjects seen in CF clinics are R117H-

5T/severe allele, for which in vitro results predict function that is<1% of WT and thus below

this assay’s resolution.

Does CFTR contribute to M-sweating?

An unexpected finding from this study was evidence that CFTR contributes to M-sweating.

M-sweating has been considered CFTR-independent because it persists and can be robust in

people with CF [18, 34]. However, in multiple experiments that distinguished between β-

adrenergic and cholinergically-stimulated sweating, somewhat reduced cholinergic sweating

has been seen for CF subjects [17, 19, 35], although it was not seen in a more recent, well-

designed evaporimetry study with a large cohort of subjects [36]. CFTR might contribute to

M-sweating because (1) CFTR contributes to cholinergically-mediated fluid secretion in sev-

eral tissues and species [37–43]; (2) stimulation of M3 muscarinic receptors strongly activates

CFTR when both are expressed in BHK cells [44], (3) apical UTP activates CFTR in primary

human airway cells [45], (4) CFTR and calcium-activated chloride channels are co-localized in

the same sweat coil secretory cells [31] (presumably the clear cells) [46]. Previously, it was not

possible to distinguish between a specific effect of CFTR loss on cholinergic sweating and a

non-specific effect of the reduced health and inactivity of many CF subjects, which reduce

sweat rates [47]. Ivacaftor provides the tool to make that distinction. Indeed, for S9, who had a

multi-fold increase in C-sweat on ivacaftor, we also detected a small but significant increase in

M-sweating on ivacaftor (Fig 4B and Fig 9). It will be important to clarify this point with more

extensive experiments, because if M-sweating has a CFTR-dependent component it will result

in a slight underestimate of C-sweat when expressed as a percent of WT.

Summary and conclusions

CF clinical medicine is being transformed by compounds that directly improve CFTR func-

tion. Many elegant methods are available to quantify CFTR function in vitro, but there is a

pressing need for accurate estimates of CFTR function in vivo. The present experiments pro-

vide quantitative data showing that oral dosing with ivacaftor increases R117H PO. The use of

multiple, identified glands and the ability to ratio C- and M-sweat are ideal for n-of-1 studies

of CFTR-directed therapeutics. The sweat rate assay complements the standard pilocarpine

iontophoresis sweat chloride assay, which is most sensitive in the range of zero~5% CFTR

function, a range where the sweat rate assay lacks sensitivity. Conversely, the sweat rate assay is

vs. the primary C-sweat rate on the x axis. This is for a constant loss of 0.023 nl�min-1�gl-1. The red bar shows

the range of individual gland C-sweat response rates for the R117H subjects (Table 1). The horizontal blue

bar shows the range of mean C-sweat responses for the 5 control subjects used in this study (Table 2). (B)

Plots of the consequences of different loss estimates (x-axis) on the % WT estimate (y axis) for an observed

C-sweat rate = 3% of WT rate (red circle), and various loss-corrected values and corresponding %WT

estimates as black circles. The 0.023 nl/min estimate (arrow) corrected the rate to ~5% of WT. (C) Plots of the

effect of different loss estimates on the fold-increase in C-sweat rate observed with ivacaftor. A loss estimate

of 0.023 nl�min-1�gl-1, corresponds to a fold increase of 7 (arrow), while a loss estimate of 0.08 nl�min-1�gl-1

corresponds to a fold-increase of 3 [10].

https://doi.org/10.1371/journal.pone.0175486.g010
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Fig 11. R117H-7T and R117H-5T function (+/-) ivacaftor: estimates from in vitro measurements of

channel function and transcript analysis. Each column indicates the proportion of CFTR function

remaining for the conditions shown based on in vitro measurements of channel function and transcript

analysis. (A) R117H-7T with reduced nPOγ to ~15% WT (column 2) produces CBAVD [25]. Pairing with a non-

functional allele (column 3) predicts ~7.5% WT function—such subjects rarely present at CF clinics. Ivacaftor

increases PO 2–4 fold to give 15% (dashed line) to 30% WT function. (B) R117H-5T. The 5T mutation causes

a large decrease in full-length transcripts and when combined with R117H reduces function to ~1.5% (column

3) and to 0.75% when the other allele is non-functional (column 4). If ivacaftor increases Po 2–4 fold it should

provide ~1.4–2.8% WT function to subjects with an R117H-5T/non-functional allele.

https://doi.org/10.1371/journal.pone.0175486.g011
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sensitive in higher regions of CFTR function; regions that will become important as modulator

efficacy improves. The discordance between the low level of CFTR function assessed by this

sweat rate assay and the normal standard sweat chloride test values for S9 provides a caution-

ary note about over-reliance on the standard sweat test for diagnosis and for assessing the effi-

cacy of CFTR-directed therapies. Precise assessments of ivacaftor’s in vivo effects on human

CFTR (including WT CFTR) should be useful for many aspects of drug development, includ-

ing optimizing dosing and assessing drug interactions.

Acknowledgments

We are grateful to the subjects who participated in these trials. We thank Jeeyeon Kim for

extensive help preparing and revising the manuscript, and Lesje Atkinson, Julie Desch, Miriam

Frankenthal Figueira, Cari Gan, Nam Soo Joo, Franklin B. Krasne, Olivia Peeps, and Zack Sell-

ers for valuable assistance and discussions. We also thank two anonymous reviewers, whose

extensive, constructive criticisms of an earlier version of the manuscript led to multiple

improvements.

Author Contributions

Conceptualization: JJW.

Data curation: JJW.

Formal analysis: JJW JEC.

Funding acquisition: JJW.

Investigation: JEC JJW.

Methodology: JJW.

Project administration: JEC CD ZD JJW.

Resources: CD ZD CM.

Supervision: JJW.

Validation: JEC JJW.

Visualization: JJW JEC.

Writing – original draft: JJW RBM CM JEC.

Writing – review & editing: JJW JEC RBM CM CD ZD.

References
1. Van Goor F, Hadida S, Grootenhuis PD, Burton B, Cao D, Neuberger T, et al. Rescue of CF airway epi-

thelial cell function in vitro by a CFTR potentiator, VX-770. Proceedings of the National Academy of Sci-

ences of the United States of America. 2009; 106(44):18825–30. https://doi.org/10.1073/pnas.

0904709106 PMID: 19846789

2. Yu H, Burton B, Huang CJ, Worley J, Cao D, Johnson JP Jr., et al. Ivacaftor potentiation of multiple

CFTR channels with gating mutations. Journal of cystic fibrosis: official journal of the European Cystic

Fibrosis Society. 2012; 11(3):237–45. Epub 2012/02/02.

3. Accurso FJ, Rowe SM, Clancy JP, Boyle MP, Dunitz JM, Durie PR, et al. Effect of VX-770 in persons

with cystic fibrosis and the G551D-CFTR mutation. The New England journal of medicine. 2010; 363

(21):1991–2003. Epub 2010/11/19. https://doi.org/10.1056/NEJMoa0909825 PMID: 21083385

4. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. A CFTR potentiator in

patients with cystic fibrosis and the G551D mutation. The New England journal of medicine. 2011; 365

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 22 / 25

https://doi.org/10.1073/pnas.0904709106
https://doi.org/10.1073/pnas.0904709106
http://www.ncbi.nlm.nih.gov/pubmed/19846789
https://doi.org/10.1056/NEJMoa0909825
http://www.ncbi.nlm.nih.gov/pubmed/21083385
https://doi.org/10.1371/journal.pone.0175486


(18):1663–72. Epub 2011/11/04. PubMed Central PMCID: PMC3230303. https://doi.org/10.1056/

NEJMoa1105185 PMID: 22047557

5. McGarry ME, Nielson DW. Normalization of sweat chloride concentration and clinical improvement with

ivacaftor in a patient with cystic fibrosis with mutation S549N. Chest. 2013; 144(4):1376–8. Epub 2013/

10/02. https://doi.org/10.1378/chest.13-0239 PMID: 24081349

6. Harrison MJ, Murphy DM, Plant BJ. Ivacaftor in a G551D homozygote with cystic fibrosis. The New

England journal of medicine. 2013; 369(13):1280–2. Epub 2013/09/27.

7. Sheppard DN, Rich DP, Ostedgaard LS, Gregory RJ, Smith AE, Welsh MJ. Mutations in CFTR associ-

ated with mild-disease-form Cl- channels with altered pore properties. Nature. 1993; 362(6416):160–4.

Epub 1993/03/11. https://doi.org/10.1038/362160a0 PMID: 7680769

8. Van Goor F, Yu H, Burton B, Hoffman BJ. Effect of ivacaftor on CFTR forms with missense mutations

associated with defects in protein processing or function. J Cyst Fibros. 2014; 13(1):29–36. Epub 2013/

07/31. https://doi.org/10.1016/j.jcf.2013.06.008 PMID: 23891399

9. Van Goor F, Huang T, Burton B, Young T, Hoffman B, Negulescu P. R117H IS A RESIDUAL FUNC-

TION MUTATION THAT IS POTENTIATED BY IVACAFTOR. Pediatric Pulmonology. 2014; 49

(S38):216.

10. Yu YC, Sohma Y, Hwang TC. On the mechanism of gating defects caused by the R117H mutation in

cystic fibrosis transmembrane conductance regulator. The Journal of physiology. 2016; 594(12):3227–

44. PubMed Central PMCID: PMCPMC4908022. https://doi.org/10.1113/JP271723 PMID: 26846474

11. Gentzsch M, Ren HY, Houck SA, Quinney NL, Cholon DM, Sopha P, et al. Restoration of R117H CFTR

Folding and Function in Human Airway Cells Through Combination Treatment with VX-809 and VX-

770. Am J Physiol Lung Cell Mol Physiol. 2016; 311(3):ajplung 00186 2016.

12. Gervais R, Dumur V, Rigot JM, Lafitte JJ, Roussel P, Claustres M, et al. High frequency of the R117H

cystic fibrosis mutation in patients with congenital absence of the vas deferens. The New England jour-

nal of medicine. 1993; 328(6):446–7. Epub 1993/02/11. https://doi.org/10.1056/

NEJM199302113280619 PMID: 8421472

13. Chu CS, Trapnell BC, Curristin S, Cutting GR, Crystal RG. Genetic basis of variable exon 9 skipping in

cystic fibrosis transmembrane conductance regulator mRNA. Nature genetics. 1993; 3(2):151–6.

https://doi.org/10.1038/ng0293-151 PMID: 7684646

14. Char JE, Wolfe MH, Cho HJ, Park IH, Jeong JH, Frisbee E, et al. A Little CFTR Goes a Long Way:

CFTR-Dependent Sweat Secretion from G551D and R117H-5T Cystic Fibrosis Subjects Taking Ivacaf-

tor. PLoS ONE. 2014; 9(2):e88564. Epub 2014/02/13. PubMed Central PMCID: PMC3919757. https://

doi.org/10.1371/journal.pone.0088564 PMID: 24520399

15. Ramalho AS, Beck S, Meyer M, Penque D, Cutting GR, Amaral MD. Five percent of normal cystic fibro-

sis transmembrane conductance regulator mRNA ameliorates the severity of pulmonary disease in cys-

tic fibrosis. American journal of respiratory cell and molecular biology. 2002; 27(5):619–27. https://doi.

org/10.1165/rcmb.2001-0004OC PMID: 12397022

16. Moss RB, Flume PA, Elborn JS, Cooke J, Rowe SM, McColley SA, et al. Efficacy and safety of ivacaftor

in patients with cystic fibrosis who have an Arg117His-CFTR mutation: a double-blind, randomised con-

trolled trial. Lancet Respir Med. 2015; 3(7):524–33. https://doi.org/10.1016/S2213-2600(15)00201-5

PMID: 26070913

17. Wine JJ, Char JE, Chen J, Cho HJ, Dunn C, Frisbee E, et al. In Vivo Readout of CFTR Function: Ratio-

metric Measurement of CFTR-Dependent Secretion by Individual, Identifiable Human Sweat Glands.

PLoS ONE. 2013; 8(10):e77114. Epub 2013/11/10. PubMed Central PMCID: PMC3811985. https://doi.

org/10.1371/journal.pone.0077114 PMID: 24204751

18. Cooke RE, Gochberg SH. Physiology of the sweat gland in cystic fibrosis of the pancreas. Pediatrics.

1956; 18(5):701–15. Epub 1956/11/01. PMID: 13370235

19. Behm JK, Hagiwara G, Lewiston NJ, Quinton PM, Wine JJ. Hyposecretion of beta-adrenergically

induced sweating in cystic fibrosis heterozygotes. Pediatric research. 1987; 22(3):271–6. Epub 1987/

09/01. https://doi.org/10.1203/00006450-198709000-00007 PMID: 2889182

20. Wang Y, Wrennall JA, Cai Z, Li H, Sheppard DN. Understanding how cystic fibrosis mutations disrupt

CFTR function:From single molecules to animal models. The international journal of biochemistry & cell

biology. 2014.

21. Chu CS, Trapnell BC, Murtagh JJ Jr., Moss J, Dalemans W, Jallat S, et al. Variable deletion of exon 9

coding sequences in cystic fibrosis transmembrane conductance regulator gene mRNA transcripts in

normal bronchial epithelium [see comments]. The EMBO journal. 1991; 10(6):1355–63. PMID:

1709095

22. Chu CS, Trapnell BC, Curristin SM, Cutting GR, Crystal RG. Extensive posttranscriptional deletion of

the coding sequences for part of nucleotide-binding fold 1 in respiratory epithelial mRNA transcripts of

the cystic fibrosis transmembrane conductance regulator gene is not associated with the clinical

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 23 / 25

https://doi.org/10.1056/NEJMoa1105185
https://doi.org/10.1056/NEJMoa1105185
http://www.ncbi.nlm.nih.gov/pubmed/22047557
https://doi.org/10.1378/chest.13-0239
http://www.ncbi.nlm.nih.gov/pubmed/24081349
https://doi.org/10.1038/362160a0
http://www.ncbi.nlm.nih.gov/pubmed/7680769
https://doi.org/10.1016/j.jcf.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/23891399
https://doi.org/10.1113/JP271723
http://www.ncbi.nlm.nih.gov/pubmed/26846474
https://doi.org/10.1056/NEJM199302113280619
https://doi.org/10.1056/NEJM199302113280619
http://www.ncbi.nlm.nih.gov/pubmed/8421472
https://doi.org/10.1038/ng0293-151
http://www.ncbi.nlm.nih.gov/pubmed/7684646
https://doi.org/10.1371/journal.pone.0088564
https://doi.org/10.1371/journal.pone.0088564
http://www.ncbi.nlm.nih.gov/pubmed/24520399
https://doi.org/10.1165/rcmb.2001-0004OC
https://doi.org/10.1165/rcmb.2001-0004OC
http://www.ncbi.nlm.nih.gov/pubmed/12397022
https://doi.org/10.1016/S2213-2600(15)00201-5
http://www.ncbi.nlm.nih.gov/pubmed/26070913
https://doi.org/10.1371/journal.pone.0077114
https://doi.org/10.1371/journal.pone.0077114
http://www.ncbi.nlm.nih.gov/pubmed/24204751
http://www.ncbi.nlm.nih.gov/pubmed/13370235
https://doi.org/10.1203/00006450-198709000-00007
http://www.ncbi.nlm.nih.gov/pubmed/2889182
http://www.ncbi.nlm.nih.gov/pubmed/1709095
https://doi.org/10.1371/journal.pone.0175486


manifestations of cystic fibrosis. Journal of Clinical Investigation. 1992; 90(3):785–90. Epub 1992/09/

01. PubMed Central PMCID: PMC329931. https://doi.org/10.1172/JCI115952 PMID: 1381723

23. Kiesewetter S, Macek M Jr., Davis C, Curristin SM, Chu CS, Graham C, et al. A mutation in CFTR pro-

duces different phenotypes depending on chromosomal background. Nature genetics. 1993; 5(3):274–

8. https://doi.org/10.1038/ng1193-274 PMID: 7506096

24. Rave-Harel N, Kerem E, Nissim-Rafinia M, Madjar I, Goshen R, Augarten A, et al. The molecular basis

of partial penetrance of splicing mutations in cystic fibrosis. American journal of human genetics. 1997;

60(1):87–94. PMID: 8981951

25. de Nooijer RA, Nobel JM, Arets HG, Bot AG, van Berkhout FT, de Rijke YB, et al. Assessment of CFTR

function in homozygous R117H-7T subjects. J Cyst Fibros. 2011; 10(5):326–32. Epub 2011/04/22.

https://doi.org/10.1016/j.jcf.2011.03.009 PMID: 21507732

26. Darman RB, Forbush B. A regulatory locus of phosphorylation in the N terminus of the Na-K-Cl cotran-

sporter, NKCC1. J Biol Chem. 2002; 277(40):37542–50. https://doi.org/10.1074/jbc.M206293200

PMID: 12145304

27. Lytle C, Forbush Bd. Na-K-Cl cotransport in the shark rectal gland. II. Regulation in isolated tubules.

The American journal of physiology. 1992; 262(4 Pt 1):C1009–17.

28. Vitari AC, Thastrup J, Rafiqi FH, Deak M, Morrice NA, Karlsson HK, et al. Functional interactions of the

SPAK/OSR1 kinases with their upstream activator WNK1 and downstream substrate NKCC1. The Bio-

chemical journal. 2006; 397(1):223–31. PubMed Central PMCID: PMC1479760. https://doi.org/10.

1042/BJ20060220 PMID: 16669787

29. Gamba G. WNK lies upstream of kinases involved in regulation of ion transporters. The Biochemical

journal. 2005; 391(Pt 1):e1–3. https://doi.org/10.1042/BJ20051345 PMID: 16173916

30. Monette MY, Forbush B. Regulatory activation is accompanied by movement in the C terminus of the

Na-K-Cl cotransporter (NKCC1). The Journal of biological chemistry. 2012; 287(3):2210–20. Epub

2011/11/29. PubMed Central PMCID: PMC3265899. https://doi.org/10.1074/jbc.M111.309211 PMID:

22121194

31. Shamsuddin AK, Reddy MM, Quinton PM. Iontophoretic beta-adrenergic stimulation of human sweat

glands: possible assay for cystic fibrosis transmembrane conductance regulator activity in vivo. Experi-

mental physiology. 2008; 93(8):969–81. Epub 2008/04/29. https://doi.org/10.1113/expphysiol.2008.

042283 PMID: 18441335

32. Cuppens H, Lin W, Jaspers M, Costes B, Teng H, Vankeerberghen A, et al. Polyvariant mutant cystic

fibrosis transmembrane conductance regulator genes. The polymorphic (Tg)m locus explains the partial

penetrance of the T5 polymorphism as a disease mutation. Journal of Clinical Investigation. 1998; 101

(2):487–96. https://doi.org/10.1172/JCI639 PMID: 9435322

33. de Meeus A, Guittard C, Desgeorges M, Carles S, Demaille J, Claustres M. Linkage disequilibrium

between the M470V variant and the IVS8 polyT alleles of the CFTR gene in CBAVD [In Process Cita-

tion]. Journal of medical genetics. 1998; 35(7):594–6. PMID: 9678705

34. Bijman J, Quinton PM. Influence of abnormal Cl- impermeability on sweating in cystic fibrosis. The

American journal of physiology. 1984; 247(1 Pt 1):C3–9. Epub 1984/07/01.

35. Sato K, Sato F. Defective beta adrenergic response of cystic fibrosis sweat glands in vivo and in vitro.

Journal of Clinical Investigation. 1984; 73(6):1763–71. https://doi.org/10.1172/JCI111385 PMID:

6327771

36. Quinton P, Molyneux L, Ip W, Dupuis A, Avolio J, Tullis E, et al. beta-adrenergic sweat secretion as a

diagnostic test for cystic fibrosis. American journal of respiratory and critical care medicine. 2012; 186

(8):732–9. Epub 2012/08/04. https://doi.org/10.1164/rccm.201205-0922OC PMID: 22859523

37. Taylor CJ, Baxter PS, Hardcastle J, Hardcastle PT. Failure to induce secretion in jejunal biopsies from

children with cystic fibrosis. Gut. 1988; 29(7):957–62. PMID: 2840366

38. Berschneider HM, Knowles MR, Azizkhan RG, Boucher RC, Tobey NA, Orlando RC, et al. Altered

intestinal chloride transport in cystic fibrosis. Faseb J. 1988; 2(10):2625–9. PMID: 2838365

39. Bijman J, Veeze H, Kansen M, Tilly B, Scholte B, Hoogeveen A, et al. Chloride transport in the cystic

fibrosis enterocyte. Advances in experimental medicine and biology. 1991; 290:287–94; discussion 94–

6. PMID: 1719765

40. Salinas D, Haggie PM, Thiagarajah JR, Song Y, Rosbe K, Finkbeiner WE, et al. Submucosal gland dys-

function as a primary defect in cystic fibrosis. Faseb J. 2005; 19(3):431–3. https://doi.org/10.1096/fj.04-

2879fje PMID: 15596485

41. Joo NS, Cho HJ, Khansaheb M, Wine JJ. Hyposecretion of fluid from tracheal submucosal glands of

CFTR-deficient pigs. Journal of Clinical Investigation. 2010; 120(9):3161–6. https://doi.org/10.1172/

JCI43466 PMID: 20739758

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 24 / 25

https://doi.org/10.1172/JCI115952
http://www.ncbi.nlm.nih.gov/pubmed/1381723
https://doi.org/10.1038/ng1193-274
http://www.ncbi.nlm.nih.gov/pubmed/7506096
http://www.ncbi.nlm.nih.gov/pubmed/8981951
https://doi.org/10.1016/j.jcf.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21507732
https://doi.org/10.1074/jbc.M206293200
http://www.ncbi.nlm.nih.gov/pubmed/12145304
https://doi.org/10.1042/BJ20060220
https://doi.org/10.1042/BJ20060220
http://www.ncbi.nlm.nih.gov/pubmed/16669787
https://doi.org/10.1042/BJ20051345
http://www.ncbi.nlm.nih.gov/pubmed/16173916
https://doi.org/10.1074/jbc.M111.309211
http://www.ncbi.nlm.nih.gov/pubmed/22121194
https://doi.org/10.1113/expphysiol.2008.042283
https://doi.org/10.1113/expphysiol.2008.042283
http://www.ncbi.nlm.nih.gov/pubmed/18441335
https://doi.org/10.1172/JCI639
http://www.ncbi.nlm.nih.gov/pubmed/9435322
http://www.ncbi.nlm.nih.gov/pubmed/9678705
https://doi.org/10.1172/JCI111385
http://www.ncbi.nlm.nih.gov/pubmed/6327771
https://doi.org/10.1164/rccm.201205-0922OC
http://www.ncbi.nlm.nih.gov/pubmed/22859523
http://www.ncbi.nlm.nih.gov/pubmed/2840366
http://www.ncbi.nlm.nih.gov/pubmed/2838365
http://www.ncbi.nlm.nih.gov/pubmed/1719765
https://doi.org/10.1096/fj.04-2879fje
https://doi.org/10.1096/fj.04-2879fje
http://www.ncbi.nlm.nih.gov/pubmed/15596485
https://doi.org/10.1172/JCI43466
https://doi.org/10.1172/JCI43466
http://www.ncbi.nlm.nih.gov/pubmed/20739758
https://doi.org/10.1371/journal.pone.0175486


42. Cho HJ, Joo NS, Wine JJ. Defective fluid secretion from submucosal glands of nasal turbinates from

CFTR-/- and CFTR (DeltaF508/DeltaF508) pigs. PLoS ONE. 2011; 6(8):e24424. Epub 2011/09/22.

PubMed Central PMCID: PMC3164206. https://doi.org/10.1371/journal.pone.0024424 PMID:

21935358

43. Sun X, Sui H, Fisher JT, Yan Z, Liu X, Cho HJ, et al. Disease phenotype of a ferret CFTR-knockout

model of cystic fibrosis. Journal of Clinical Investigation. 2010; 120(9):3149–60. https://doi.org/10.1172/

JCI43052 PMID: 20739752

44. Billet A, Luo Y, Balghi H, Hanrahan JW. Role of tyrosine phosphorylation in the muscarinic activation of

the cystic fibrosis transmembrane conductance regulator (CFTR). J Biol Chem. 2013; 288(30):21815–

23. PubMed Central PMCID: PMC3724638. https://doi.org/10.1074/jbc.M113.479360 PMID: 23760269

45. Namkung W, Finkbeiner WE, Verkman AS. CFTR-adenylyl cyclase I association responsible for UTP

activation of CFTR in well-differentiated primary human bronchial cell cultures. Molecular biology of the

cell. 2010; 21(15):2639–48. https://doi.org/10.1091/mbc.E09-12-1004 PMID: 20554763

46. Suzuki Y, Ohtsuyama M, Samman G, Sata F, Sato K. Ionic basis of methacholine-induced shrinkage of

dissociated eccrine clear cells. The Journal of membrane biology. 1991; 123(1):33–41. PMID: 1723102

47. Kuno Y. Human Perspiration. Springfield IL Thomas; 1956.

Ivacaftor effects on R117H-CFTR channel fluid secretion in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0175486 April 18, 2017 25 / 25

https://doi.org/10.1371/journal.pone.0024424
http://www.ncbi.nlm.nih.gov/pubmed/21935358
https://doi.org/10.1172/JCI43052
https://doi.org/10.1172/JCI43052
http://www.ncbi.nlm.nih.gov/pubmed/20739752
https://doi.org/10.1074/jbc.M113.479360
http://www.ncbi.nlm.nih.gov/pubmed/23760269
https://doi.org/10.1091/mbc.E09-12-1004
http://www.ncbi.nlm.nih.gov/pubmed/20554763
http://www.ncbi.nlm.nih.gov/pubmed/1723102
https://doi.org/10.1371/journal.pone.0175486

