Chloride conductance and genetic background
modulate the cystic fibrosis phenotype
of AF508 homozygous twins and siblings
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To investigate the impact of chloride (Cl") permeability, mediated by residual activity of the cystic
fibrosis transmembrane conductance regulator (CFTR) or by other Cl- channels, on the manifesta-
tions of cystic fibrosis (CF), we determined Cl- transport properties of the respiratory and intestinal
tracts in AF508 homozygous twins and siblings. In the majority of patients, cAMP and/or Ca?*-regu-
lated CI- conductance was detected in the airways and intestine. Our finding of cAMP-mediated CI-
conductance suggests that, in vivo, at least some AF508 CFTR can reach the plasma membrane and
affect Cl- permeability. In respiratory tissue, the expression of basal CFTR-mediated Cl- conductance,
demonstrated by 30% of AF508 homozygotes, was identified as a positive predictor of milder CF
disease. In intestinal tissue, 4,4"-diisothiocyanatostilbene-2,2"-disulfonic acid-insensitive (DIDS-insen-
sitive) Cl- secretion, which is indicative of functional CFTR channels, correlated with a milder phe-
notype, whereas DIDS-sensitive Cl- secretion was observed mainly in more severely affected patients.
The more concordant Cl- secretory patterns within monozygous twins compared with dizygous pairs

imply that genes other than CFTR significantly influence the manifestation of the basic defect.
J. Clin. Invest. 108:1705-1715 (2001). DOI:10.1172/JCI1200112108.

Introduction

Cystic fibrosis (CF) is the most common lethal autoso-
mal recessive disease in the Caucasian population, with
highly variable manifestations in the pulmonary, gas-
trointestinal, hepatobiliary, and urogenital tracts (1). It
is caused by mutations in the CF transmembrane con-
ductance regulator (CFTR) gene, which encodes a
cAMP-regulated chloride (Cl°) channel (2, 3) that is
located in the apical membrane of exocrine epithelia.
The deletion of a phenylalanine residue at position 508
(AF508) is the most frequent of more than 900 known
CFTR mutations, and accounts for about 70% of all CF
alleles worldwide (4, 5).

The heterogeneity of CF disease is partly explained by
the allelic heterogeneity of the CFTR locus. CFIR gene
mutations have been categorized by their resulting phe-
notype into four classes (6). AF508 CFTR has been
assigned to class II, implying that the protein fails to
reach the cell membrane to function as a Cl- channel.
This classification was based on earlier experiments
done in heterologous model systems and immunocy-

tochemistry of patients’ sweat glands, in which deviant
CFTR expression was found in AF508 cells (7, 8). Since
clinical presentation varies significantly among
patients with the same CFIR genotype, and among var-
ious affected organs within CF patients, it is evident
that factors in addition to the CFTR genotype are
involved in determining CF disease severity. In cftr/-
knockout mice, an alternative Ca?*-regulated CI- con-
ductance was detected in the airways and pancreas; it
was suggested that this conductance ameliorates CF
lung disease and protects the tissue from the absence
of CFTR-mediated Cl- conductance (9). In addition,
Ca?*-activated Cl- currents were observed in intestinal
tissue of ¢ftr /- knockout mice with prolonged survival
(10). The variable electrophysiological characteristics
in human AF508 CF respiratory and intestinal tissue
(11-13) might be explained by these alternative Ca?*-
regulated Cl- channels (14-16).

Furthermore, recent immunocytochemical studies on
intestinal, respiratory, and hepatobiliary epithelia of
AF508 homozygous CF patients have revealed that
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AF508 CFTR may display apical distribution as is seen
in control tissues, demonstrating that at least a portion
of AF508 CFTR can be targeted to the plasma mem-
brane (17, 18). To clarify whether AF508 CFTR is com-
petent to transport Cl- across epithelial membranes in
vivo, and whether the presence of Cl- transport can
influence CF disease, the relative contribution of AF508
CFTR and alternative Cl- channels needs to be assessed
in patients’ tissues in correlation to the CF phenotype.

In this study, we investigated the basic Cl- secretory
defect in the most severely affected tissues in CF, the
respiratory and intestinal tracts. Subjects were CF twins
and siblings homozygous for the AF508 CFTR gene
mutation. We determined the bioelectrical properties
of the tissues using the nasal potential difference
(NPD) measurement and the intestinal current (IC)
measurement, respectively. These methods assess the
cAMP and Ca?"-induced CI secretory pathways by
adding specific secretagogues and inhibitors, with
which the presence of CFTR and/or alternative ClI-
transporters can be determined. The influence of CI-
permeability on clinical CF phenotype in specific
organs was evaluated by determining the presence and
origin of different Cl- conductances in subgroups of
AF508 homozygous CF twin and sibling pairs with dis-
parate manifestation of CF disease. These individuals
with the most extreme clinical parameters are highly
informative in the investigation of factors influencing
the CF phenotype (19-21).

The investigation of AF508 homozygous twins and
siblings is the classical approach for analyzing a mono-
genic disease like CF, and for differentiating the rela-
tive importance of the major genetic lesion and other
genetic and environmental factors (22, 23). The disease-
causing CFTR mutation and the intragenic haplotype
are standardized, and the variation in genetic back-
ground is either reduced (in dizygous pairs) or elimi-
nated (in monozygous twins). Dizygous twins and sib-
lings share on average half of their genes. The intrapair
variation among monozygous twins, who are geneti-
cally identical in their entire genome, can be used to
delineate the relative contribution of genetic and envi-
ronmental factors to a trait by comparing the intrapair

pairs were recruited from a set of 114 CF monozygous
and dizygous pairs recruited by European physicians to
enroll in the European Cystic Fibrosis Twin and Sibling
Study. Out of these 228 AF508 homozygous patients,
a cohort of 98 patients (54 females, 44 males) was actu-
ally able to take part in the clinical assessment and the
IC and/or NPD measurements. These 98 patients
belonged to 43 pairs and 4 trios. For data comparisons,
each trio was treated as 3 separate sibling pairs, result-
ingin a total of 55 pairs (Table 1). Clinical assessments
and NPD and IC measurements were carried out at CF
clinics in Hannover (22 pairs), Innsbruck (6 pairs), Lon-
don (5 pairs), Rotterdam (18 pairs), and Verona
(4 pairs). Mono- or dizygosity of twins was ascertained
by using the AmpFLSTR Profiler Plus PCR amplifica-
tion kit, analyzed on the ABI Prism 377 DNA sequencer
(both from Perkin-Elmer Ltd., Beaconsfield, United
Kingdom) (24), or by oligonucleotide fingerprinting of
simple repeats applying in situ gel hybridization of
Mbol or HinfI genomic digests (25). Thirteen of the 55
pairs were monozygous twin pairs, 5 pairs were dizy-
gous twin pairs, and there were 37 dizygous non-twin
pairs (Table 1). Homozygosity for AF508 in patients,
and heterozygosity for AF508 in parents were verified
by heteroduplex analysis (26). Clinical data of the com-
plete cohort of patients participating in this study are
provided in Table 2. Patients were not experiencing an
episode of allergic bronchopulmonary aspergillosis or
taking any systemic corticosteroids on the day of inves-
tigation, either of which could influence the performed
measurements. Liver disease was determined in 1 pair.
Three patients, all belonging to different pairs, were
being treated with insulin for diabetes mellitus. All par-
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Figure 1

Definition of composite parameters DfO and DELTA, which describe
overall disease severity and intrapair discordance, respectively. As
indicated, DfO and DELTA are determined by the rank numbers for
FEV1Perc and wfh% of siblings i and j of a sibling pair.

variability among monozygous pairs to that of dizy-
gous pairs. CF twins and siblings share many environ-
mental factors that are major determinants of CF dis-
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Table 2
Median (inner quartiles; range) for clinical data of the recruited 42 dizygous pairs
and 13 monozygous pairsA

low FEV/Perc (concordant/severely affect-
ed; CONjevere), and patient pairs com-
prised of 1 sibling with high wfh% and
high FEV Perc and 1 sibling with low
wth% and low FEV;Perc (discordant pairs;
DISC). CONpjg pairs are characterized by

Dizygous pairs
(72 individuals: 38 female, 34 male)

Monozygous pairs
(26 individuals: 16 female, 10 male)

Age (y) 13.8(11.0-20.3; 5.4-39.3) 12.1(10.0-20.6; 8.8-31.6)

WHh% 99.3 (91.2-106.4; 74.7-133.2) 91.5 (88.8-98.4; 78.9-122.1) alow DELTA, but the sum of both DfOs
FEV;Perc 39.6 (16.0-68.5; 0.0-100.0) 50.9 (20.5-78.4; 4.1-92.0) (XDfO) is large because the rank numbers
Intrapair difference in: for wth% and FEV,Perc for both siblings
Age (y) 2.6 (1.8-3.8; 0.0-15.6) - are high (Figure 1). CONjyeyere pairs also
Whh% 10.1 (5.8-15.0; 0.4-29.4) 3.2(1.5-8.1;0.0-18.3) disolav a low DELTA. but SDfO is small
FEV;Perc 30.3 (11.8-54.6; 0.5-100.0) 15.1(11.0-26.6; 2.8-52.7) play )

because DfOs for both siblings are close

An = 98 DF508 homozygous patients.

ticipating patients were pancreatic insufficient, as
ascertained by the stool elastase test. Performed exam-
inations were approved by the medical ethics commit-
tees of the local hospitals and by patients or parents by
written informed consent.

Assessment of clinical phenotype. In order to select the
most extreme phenotypes of the patient pairs, overall
disease severity and intrapair discordance were quanti-
fied as reported (27). Briefly, a patient’s nutritional sta-
tus was characterized by the anthropometric parameter
weight, expressed as predicted weight for height per-
centage (wth%), using the data published by Prader et al.
(28). Pulmonary status was assessed by forced expirato-
ry volume in 1 second (FEV;), expressed as a predicted
value (FEV,%pred) based on the formula by Knudson et
al. (29). FEV %pred declines with age as expected for
progressive lung disease in CF (30). Therefore, we used
age-specific percentiles for FEV,%pred (FEV Perc), cal-
culated from the CF population database published in
the report of the European Epidemiological Registry of
Cystic Fibrosis (31),to correct for the age-related decline
in FEV %pred in our cohort. Thus, wth% and FEVPerc,
two of the most sensitive age-independent parameters
for course and prognosis, were evaluated to character-
ize CF disease severity in the two major aftlicted organs
in CF, the gastrointestinal and respiratory tracts.

The CF patient pairs with the most disparate pheno-
types, i.e., the most informative pairs, were selected as
follows (27): First, rank numbers for wfth% (x) and
FEV Perc (y) were assigned to the complete cohort,
whereby rank number 1 identified the most severely
affected patient (Figure 1). The disease severity of
patient i was determined by the distance from origin
(DfO) in the plot resulting from the rank numbers x;
and y; (Figure 1). Intrapair discordance was defined by
the distance (DELTA) between the two data points, rep-
resenting patients i and j of a pair (Figure 1). Thus, DfO
and DELTA were defined by: DfO; = (x;2 + y;2)'/2, and
DELTA; = [(xi - x;)? + (i - ¥;)?] V2. With these two param-
eters, a computer-assisted algorithm was used (27) to
segregate patient pairs composed of 2 siblings with
both equally high wfh% and equally high FEV Perc
(concordant/mildly affected; CONwq), pairs consisting
of 2 siblings with both equally low wfth% and equally

to the origin. DISC pairs are discriminat-

ed by the highest values for DELTA.

Other pairs were excluded from these
extreme phenotypes by the ranking algorithm.

NPD measurements. The method of studying NPD has
been adapted from a method described previously (32),
and measures Cl and Na* conductances as potential dif-
ferences (PDs). In short, the reference bridge was formed
by a subcutaneous needle in the forearm, which is iso-
electric with the submucosal space of the nasal epitheli-
um. The exploring bridge was positioned under the infe-
rior nasal turbinate to apply the different perfusion
solutions. Both the reference bridge and the exploring
catheter were connected to a high-input resistance volt-
meter via 4% agar-salt bridges and Ag/AgCl electrodes.
The basal PD was measured during superfusion of the
nasal epithelium with a salt solution (1.7 ml/min) and
was found to be lumen-negative with respect to the sub-
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Figure 2
NPD measurements. Basal PD is measured with saline solution,
which the nasal epithelium is superfused with amiloride, Cl--free

after
solu-

tion (gluconate substituted for CI-), isoprenaline, and ATP. Tracings
are shown for (a) non-CF control, (b) CF patient without a gluconate
or isoprenaline response, but with a response to ATP, (c¢) CF patient
exhibiting chloride conductance initiated by superfusion with the
Cl--free solution and by the solution containing isoprenaline. Amil,

amiloride; Iso, isoprenaline.
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Dissection of the study population for NPD measurements

Dizygotes (n) Monozygotes (n)
Total investigated group 72 26
No patient cooperation 4 2
Chronic rhinitis 11 7
NPD tracings obtained 57 17

n (pairs) n (pairs)

Pairs with NPD for both siblings 20 6
Trios with NPD for all 3 siblings 3 (form 9 pairs) -
Di twin pairs 5 -
Di non-twin pairs 24 -
DISC pairs 1di twin 1

6 di non-twin
CONnilg pairs 4 di non-twin 2
CONevere Pail’S 1 di twin 1

Di, di

1708

4 di non-twin

Zygous.

mucosal reference electrode. The salt solution consisted
of (in mmol/l): 120 NaCl, 25 sodium gluconate, 5 potas-
sium gluconate, 0.4 NaH,POy4, and 2.4 Na,HPO,. On the
inferior turbinate, the spot with the maximal (most neg-
ative) stable baseline PD was selected. This baseline PD
was shown to be considerably more negative in CF
patients than in non-CF individuals (Figure 2). At this
site, NPDs were measured in response to superfusion
with solutions of different ion compositions, or contain-
ing different drugs (Figure 2). First, the catheter was per-
fused with amiloride (104 mol/l), a blocker of epithelial
Na* channels, thereby inhibiting the PD by eliminating
the contribution of electrogenic sodium absorption (33).
To determine the basal Cl- conductance, Cl- was replaced
with gluconate in the solution containing amiloride.
Subsequently, the B-adrenergic agonist isoprenaline (104
mol/l) was added to the Cl-free solution containing
amiloride, which induces cAMP-dependent Cl- conduc-
tance and determines the presence of CFTR (32). For the
last perfusate, ATP (10-3 mol/l) was added to the Cl-free
solution containing amiloride and isoprenaline. ATP
binds to purinergic receptors on the luminal surface, trig-
gering the Ca?*-mediated Cl- secretory pathway by acti-
vating phospholipase C and increasing intracellular Ca?*
(34). Superfusion of the nasal epithelium with the differ-
ent perfusates was continued until a steady state was
reached, or for at least 3 minutes. In each patient, NPD
measurements were performed in the left and right nos-
trils. The NPD tracing of the nostril with the highest Cl-
secretory responses, 1.e., with the largest capacity to trans-
port Cl-, was assessed for the evaluations and calculations
performed in this study. Tracings of patients with chron-
ic rhinitis or a cold on the day of investigation were dis-
carded from further evaluation (Table 3).

IC measurements in rectal biopsies. The method used to
study IC has been described previously (11, 12, 35). It
determines Na* and CI- fluxes in the intestinal epithe-
lium as a change in short-circuit current (Al). Freshly
obtained rectal suction biopsies were mounted in
adapted micro-Ussing chambers with an aperture of

1.2 mm (35). The tissue was perfused with buffer solu-
tion at 37°C (composition in mmol/l: 126.2 Na*, 114.3
Cl,, 20.2 HCOs, 0.3 HPO,, 0.4 H,PO4, and 10
HEPES; pH 7.4) and gassed with 95% O, and 5% CO,.
Basal transepithelial resistance was determined by the
voltage response to pulse currents of 1 uA and applica-
tion of Ohm’s law. Basal I, prior to voltage clamping
was calculated from the basal transepithelial resistance
and the open-circuit transepithelial PD. Subsequently,
the tissue was short-circuited using voltage clamps for
the course of the experiment. For cell metabolism, glu-
cose (10-2 mol/l) was given both mucosally and seros-
ally. After equilibration, the following pharmaceuticals
were added in a standardized order to the mucosal (M)
and/or serosal (S) side: (a) amiloride (10-* mol/l, M)
(33); (b) indomethacin (10-° mol/l, M + S), to reduce
basal Cl- secretion by inhibiting the endogenous
prostaglandin formation (36); (c) carbachol (10* mol/I,
S), to initiate the cholinergic Ca?*-linked Cl- secretion
(37); (d) forskolin (10-5 mol/l, M + S) (38) together with
8-bromo-cAMP (10-3 mol/l, M+S), to open cAMP-
dependent CI- channels such as CFTR and the out-
wardly rectifying Cl- channel (ORCC) (39); (e) 4,4"-
diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS;

o n
-0
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Figure 3

Examples of IC response patterns observed in AF508 homozygous
CF patients upon the addition of carbachol, 8-bromo-cAMP +
forskolin, DIDS, and histamine. A downward, negative peak upon
addition of carbachol or histamine is indicative of K" efflux
unmasked in the absence of Cl- secretion (50), while an upward
peak corresponds to Cl- secretion. (a) Tracing of a typical CF patient
showing no response in the Cl- secretory direction to any of the
applied compounds. (b) cAMP-mediated residual Cl- secretion ini-
tiated only by cAMP + forskolin; these are more sensitive indicators
for cAMP-mediated Cl- secretion than carbachol or histamine (11,
12). (c and d) DIDS-insensitive residual Cl- secretion initiated not
only by cAMP but by carbachol and histamine as well. Responses
range from a peak in the reverse direction followed by a small
change in /. in the Cl- secretory direction (c), to responses that con-
sist purely of a subnormal Cl- secretory peak (d). (e and f) DIDS-
sensitive residual Cl- secretion in the presence of a cAMP response:
carbachol causes a Cl- secretory response that does not occur with
histamine response since Cl- secretion is inhibited by DIDS. C, car-
bachol; cA, 8-bromo-cAMP + forskolin; D, DIDS; H, histamine.
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Table 4
Mean + SD of NPD values for the group of individuals belonging to
dizygous or monozygous sibling pairs

Dizygotes Monozygotes

PDorAPD(mV) n PDorAPD(mV) n

Basal PD -56.0+10.1 57 -57.0+8.8 17
Amiloride 28.0+89 57(100%) 27.4+7.9 17(100%)
Gluconate (Cl-free) -5.9+2.8 18(32%) -6.3+3.9 4(24%)
Isoprenaline -26+1.5 5(9%) -2.5+0.7 2(12%)
ATP -43+2.4 45(79%) -4.8+3.9 10(59%)

2.10-* mol/l, M), to inhibit DIDS-sensitive Cl- trans-
porters like the Ca?*-dependent CI- channels (14, 15)
and the ORCC (39); and (f) histamine (5.10-* mol/, S),
to reactivate the Ca?*-dependent CI” secretory pathway
(40). Two rectal biopsies were obtained for every patient
participating in the IC measurements. The IC tracing
belonging to the biopsy with the highest CI- secretory
responses was included in the computations. All drugs
for NPD and IC measurements were obtained from
Sigma Chemical Co. (St. Louis, Missouri, USA).

Interpretation of IC measurement patterns. By using the
above-mentioned IC measurement protocol, at least six
different IC measurement patterns could be observed
in tracings from CF individuals (Figure 3). To quantify
the CI- secretory responses to carbachol and histamine,
the net change in I was defined as the sum of the neg-
ative downward peak below baseline, and the positive
upward peak above baseline in the Cl- secretory direc-
tion. A net negative response points to no or little CI-
secretion, whereas a net positive change in I, indicates
a high amount of Cl- secretion. The influence of DIDS
on CI secretion was determined by comparing the net
CI- secretory response to carbachol before the addition
of DIDS, to the net Cl- secretory response to histamine
after incubation with DIDS (12).

Statistical analysis. The statistical analysis of our results
was performed using the Mann-Whitney U test, the Stu-
dent ¢ test (for grouped pairs), Fisher’s exact test, and
Spearman’s rank correlation test. P values less than or
equal to 0.05 were considered statistically significant.

Results

NPD measurements. Of the 98 AF508 homozygous
patients, we obtained NPD data for 57 individuals
belonging to dizygous pairs and 17 individuals of
monozygous pairs (Table 3). NPD tracings of 11 indi-
viduals belonging to dizygous pairs and of 7 individu-
als belonging to monozygous pairs with respiratory
inflammation were not included in the analysis. Four
patients of dizygous pairs and 2 patients of monozy-
gous pairs did not accept or endure the procedure for
the NPD measurements. In the set of 57 NPD record-
ings of dizygous individuals, 20 pairs were represented
in addition to 3 trios forming 9 pairs (Table 3). Of these
29 pairs, 24 were dizygous non-twin pairs, and 5 pairs
were dizygous twin pairs. For 6 monozygous pairs, NPD
tracings were obtained for both sibling A and B of a pair.

The patient pairs were categorized into one of three
extreme phenotypes (DISC, CONpiig, and CONievere)
according to the ranking algorithm using wth% and
FEV,Perc as described in Methods. A total of 16 dizy-
gous non-twin and dizygous twin pairs and 4 monozy-
gous twin pairs fit the criteria of one of the phenotypic
groups DISC, CONyiid, 0f CONievere (Table 3).

In our group of AF508 homozygous patients, neither
the absolute age, the intrapair difference in age, nor the
sex of individuals was associated with different out-
comes in NPD measurements. Hence, neither age nor
sex influenced intra- or interpair differences in NPD
responses observed between the dizygous and monozy-
gous pairs, or between the three phenotypic groups
(data not shown).

The basal PD measured in 57 individuals belonging
to dizygous sibling pairs was -56.0 + 10.1 mV, and the
decrease in PD in response to amiloride was 28.0 + 8.9
mV (Table 4). In 17 patients belonging to monozygous
twin pairs, the basal PD was -57.0 + 8.8 mV, while the
amiloride response was 27.4 + 7.9 mV. Eighteen indi-
viduals belonging to dizygous sibling pairs exhibited
small amounts of basal Cl- conductance, measured by
superfusion with a Cl--free solution (Table 4), while 5
persons demonstrated Cl- conductance initiated by
the addition of isoprenaline, and 45 patients reacted
to the addition of ATP. The PD of 4 individuals of
monozygous twin pairs increased in response to super-
fusion with Cl--free solution, while increases were seen
in 2 individuals when isoprenaline was added, and in
10 persons upon addition of ATP. This shows that the
distribution of PD responses was independent of
zygosity (Table 4).
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Figure 4

FEV1Perc versus the change in NPD upon addition of a Cl--free solu-
tion (gluconate substituted for CI-) for 8 pairs that were categorized
DISC for the FEV,Perc parameter (a). The 8 pairs consisted of 1
dizygous twin, 6 dizygous non-twin pairs, and 1 monozygous twin
pair (Table 3). The sibling with the higher (more negative) response
to gluconate within a pair was also the sibling with the higher lung
function (P < 0.05, Student ¢ test for grouped pairs). (b) FEV;Perc
versus the gluconate response for 6 pairs that were ranked as
CONpig (filled circles) (4 dizygous non-twin and 2 monozygous twin
pairs), and 6 pairs who were ranked as CONGevere (Open circles) (1
dizygous twin, 4 dizygous non-twin, and 1 monozygous twin pair).
A hyperpolarization of the PD in response to gluconate, pointing to
the presence of CI- conductance, segregated with the CONmiiq pairs
(P=10.013, Fisher’s exact test).
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Amiloride response [APD in mV]

To assess the correlation between the basic defect and
the phenotype in the respiratory tissue, NPD results
measured within the three subgroups of extreme phe-
notypes (DISC, CONpji4, and CONieyere) Were compared
with the lung function parameter FEV,Perc.

The lung functions of 8 DISC sibling pairs were plot-
ted against their responses to superfusion with Cl--free
solution (Figure 4a). The siblings with the better lung
function parameters demonstrated significantly high-
er (more negative) gluconate responses than their
paired siblings did (P < 0.05, Student ¢ test for grouped
pairs), and also possessed the better wfh% of the 2 sib-
lings (data not shown). When the lung function of
patients belonging to CONpig and CONeyere pairs was
plotted against their gluconate responses, all persons
(except 1) who had a gluconate response (i.e., increased
negativity) belonged to CONpig pairs (Figure 4b). The
presence of this Cl secretory response upon addition
of gluconate was significantly associated with the
CONniiq phenotype (P=0.013, Fisher’s exact test). Only
1 patient belonging to a CONseere pair showed a
response to gluconate. Similarly, no responses to iso-
prenaline were observed in severely affected patients,
i.e., patients in CONgere pairs or the severely affected
siblings of DISC pairs.

The amiloride-induced depolarization observed in all
patients (Figure 5), and the ATP-induced hyperpolar-
ization (increased negativity) of PD seen in 55 of the 74
recorded NPD tracings, did not show any significant
correlations with lung function.

Substantiation of the observed associations between
NPD values and phenotype was
provided by the following
results: For each pair, the NPD
values of the individual siblings

Table 5

Amiloride response [APD in mV]

mations for the basal PDs of the CONyiiq pairs were
less negative than those for the CONjeyere pairs (-101.7
+ 18.2 versus -114.8 + 12.9); however, this was not
significant (Table 5; P < 0.10, Mann-Whitney U test).
The APDsiby + APDsibg values for the gluconate
responses were significantly more negative for the
CONilg pairs (P < 0.05), while APDsiba + APDsibg
values for the amiloride and ATP responses did not
differ between CONpiq and CONgevere pairs. The
APDsiby + APDsibg values for the isoprenaline
responses within CONpiiq and CONieyere pairs were not
significantly different; most investigated individuals
had no response, and in patients who did respond to
isoprenaline, the magnitude of the response was
small. However, APDsib, + APDsibg for isoprenaline
was negative in the CONpjjq couples (-1.3 + 2.4) and
positive in the CONjeere couples (0.5 = 0.8). As
mentioned above, no Cl- conductance was induced by
isoprenaline in siblings of CONevere pairs.

To analyze the intrapair concordance in NPD val-
ues of monozygous pairs versus dizygous pairs, intra-
pair differences were calculated by the absolute val-
ues |PDsibs - PDsibg| for the basal PD, and
| APDsib, - APDsibg]| for responses to applied sub-
stances (Table 6). Monozygous twins (5.0 £ 3.4 mV)
were more concordant than dizygous pairs (11.4 + 8.3
mV, P < 0.05) in baseline PD, but not in any other
parameter (Table 6).

IC measurements. For various reasons, IC measure-
ments were not obtained for all 98 AF508 homozygous
individuals (Table 7 and ref. 12). Patients who had inter-

Intrapair summations for the NPD values of sibling A and sibling B of a pair, calculated for
the CONpilg and CONyevere pairs

of a pz.ur were a.dded’ CONimild CONGsevere CONmild vs.

corresponding to PDsiby + (6 pairs) (6 pairs) CONserere

PDsibg in the case of the basal Mean £ SD Range Mean + SD Range P value

PD, and APDsib, + APDsibg for  PDsiba + PDsibg

the responses to the different Basal PD -101.7+182  -132t0-79 -114.8£12.9 -136t0-100  0.07

solutions applied to the nasal Appsib, + APDsibs

epithelium  (Table 5). Sum-  Aniioride 537+133  42t078  550+183  24t078  0.35

mations calculated for the Gluconate (Cl-free) -5.7+6.0 -12to 4 -0.7+2.2 -5to0 1 0.05

CONild pairs were compared Isoprenaline -1.3+24 -5to1 0.5+£0.8 Oto2 0.16
ATP -6.7+2.4 -11to -4 -6.5+4.7 -14to 0 0.53

with those of the CONgevere pairs

(Table 5). The intrapair sum-

Comparisons between CONmilg and CONeyere data were analyzed by the Mann-Whitney U test.
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Table 6

Intrapair differences of dizygous and monozygous pairs for the obtained NPD values

chol and/or histamine response, and
there were no significant correla-

tions between the amplitude of the

Dizygous pairs Monozygous pairs Dizygous vs. .
(29 pairs) (6 pairs) monozygous gluconate response and the arr.1p11-
tudes of the carbachol and hista-
Mean + SD Range Mean + SD Range Pvalue . .
mine responses (Figure 8, a and b).
| PDsib - PDsib | However, in this preselected cohort
Basal PD 11.4+£8.3 38-0 5.0+£3.4 10-1 0.02 of extreme phenotypes, the presence
| APDsib, - APDsibs | of a gluconate response in the respi-
Amiloride 10.3+ 8.4 34-0 6.7+6.0 16-0 0.17 ratory tissue and a positive DIDS
Gluconate (CI’—ﬁ'ee) 2.6+3.2 12-0 2.8+3.1 8-0 0.33 influence in the intestinal tissue cor-
Isoprenaline 0.4+0.8 3-0 0.7£0.8 2-0 0.18 : :
ATP 26423 10-0 12:19 5.0 0.06 responded with a milder phenotype

Comparisons between dizygous and monozygous data were analyzed by the Mann-Whitney U test.

(Figure 8c; P = 0.01, Fisher’s exact

pretable responses to all three secretagogues (carbachol,
8-bromo-cAMP, and histamine) and who belonged to a
pair that could be assigned to one of the extreme phe-
notypes (DISC, CONpiig, and CONieyere) were included
in the analyses of this study. To avoid the loss of IC data
points, we included results from pairs in which both sib-
lings had complete IC measurement results, as well as
IC measurements from pairs in whom only 1 sibling
produced a complete IC recording. Table 7 indicates the
number of patients matching the criteria of the differ-
ent phenotypic groups with complete IC tracings.

To assess the impact of intestinal Cl- secretion on
clinical outcome, responses to the application of car-
bachol and histamine, and the influence of DIDS on
CI- secretory responses were compared in the CONpjq,
CONevere, and DISC groups (Figure 6). Carbachol
responses within the mildly affected siblings, i.e., sib-
lings belonging to CONpii4 pairs or the less affected
siblings of DISC pairs, were not different from respons-
es in CONgeyere paits or the sicker siblings of DISC pairs
(Figure 6a). Histamine responses, however, were less
negative in the mildly affected siblings, which was sig-
nificant when siblings of CONpijq and CONevere pairs
were compared (Figure 6b; P = 0.05, Mann-Whitney U
test). In addition, the difference in carbachol and his-
tamine responses due to the presence of DIDS was sig-
nificant, both when CONp,jiq and CONgeyere siblings
were compared (0.001 < P <0.01) and when DISC g
and DISCqeyere siblings were compared (Figure 6¢;
P =0.05). Additionally, wth% was positively correlated
to the magnitude of the DIDS influence on Cl- secre-
tion (Figure 7; P < 0.025, Spearman’s test).

As previously reported (12), monozygous twins were
more concordant in their IC patterns than dizygous
pairs were, which was significant in the cAMP-stimu-
lated CI” secretory responses, the histamine responses,
and the influence of DIDS on CI secretory responses.

NPD and IC measurements. To assess differences and/or
similarities in the presence and magnitude of Cl- con-
ductances between respiratory and intestinal tissues, the
NPD results were compared with the IC results. The
presence of a gluconate response did not correspond to
the presence of a Cl- secretory component in the carba-

test). Moreover, the magnitude of
the gluconate response was related
to the magnitude of the DIDS influ-
ence on Cl- secretion (Figure 8c; Spearman’s test, reach-
ing the limit of significance).

Discussion

In this study, we sought to determine whether the basic
defect in CF, which presents itself in the form of aber-
rant CI- transport properties, is predictive of the clini-
cal outcome in CF, and if manifestation of the basic
defect is substantially determined by inherited factors
apart from the CFTR gene. The observation that disease
expression in CF is highly heterogeneous even in
patients with the same CFTR mutation genotype indi-
cates that factors other than the CFTR gene itself con-
tribute to the course of CF disease. The approach of the
European Cystic Fibrosis Twin and Sibling Study, of
investigating mono- and dizygous AF508 homozygous
pairs with the extreme CF phenotypes, is the optimal
scenario for investigating the relative impact of envi-
ronmental factors and/or inherited factors other than
the CFTR gene (19-23).

Our results demonstrate that many of the AF508
homozygous CF individuals express some Cl- channel
activity in the respiratory tract, as we reported earlier
for the intestinal tract (11, 12). In those patients with
apparent cAMP-mediated Cl- conductance, i.e., an iso-
prenaline response and/or a DIDS-insensitive Cl- secre-
tory response, the molecular entity is most likely CFTR,

Table 7
Dissection of the study population for the IC measurements

The Journal of Clinical Investigation |

Dizygotes (n) Monozygotes (n)
Total investigated group 72 26
No patient cooperation 4 2
Technical disturbance 1 di twin 4
11 di non-twin
IC responses to all three 5ditwin 14
secretagogues 36 di non-twin
DISCiq patients 8 di non-twin 1
DISCievere patients 7 di non-twin 1
CONniig patients 7 di non-twin 2
CONGevere patients 2 di twin 7
11 di non-twin
December2001 | Volume 108 | Number 11 1711
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indicating the presence of functional AF508 CFTR in
the apical membranes of the epithelial cells in these
organs. On the basis of studies in heterologous expres-
sion systems (7, 8), the AF508 CFIR gene mutation is
considered to be a processing defect involving reduced
glycosylation and consequent misfolding of the CFTR
protein, which prevents the protein from reaching the
plasma membrane and causes it to be retained in the
endoplasmic reticulum. However, the expression of
AF508 CFTR in vivo might be different. Immunohis-
tochemical studies performed on airway, intestinal, and
hepatobiliary tissues (17, 18, 41, 42) have demonstrat-
ed AF508 CFTR localization in the plasma membrane.
Moreover, functional assays of transfected cells (43), in
mice (44, 45), and of human tissue specimens (18) have
shown that AF508 CFTR is capable of transporting CI-
in response to cAMP agonists. Our in vivo and ex vivo
studies show that respiratory and intestinal tissues
from AF508 CFTR homozygous individuals are com-

Figure 6

Net /. responses to carbachol (a) and histamine (b), and the influence
of DIDS on the ClI- secretory response (c). Results are given for the
whole group (all), and for the siblings belonging to CONmild, CONievere,
and DISC pairs. For the CONpmilg and CONcevere pairs, individuals were
counted when there was a measurement value for only 1 sibling of a
pair, while the mean of both siblings was included when there was a
measurement for both siblings. For the individuals belonging to DISC
pairs, data are compared between the clinically better (DISCpiq) and
worse (DISCsevere) siblings. For each group of data, the interquartile
range (IQR) is depicted by a rectangle, with the upper horizontal line
indicating the 75th percentile, followed by the 50th percentile, and the
lower horizontal line presenting the 25th percentile. The spread for the
rest of the data points in the group is given by the upper and lower
vertical lines initiating from the rectangle. Data points larger than 75th
percentile + 1.5 IQR, and data points smaller than 25th percentile - 1.5
IQR are considered outliers and are indicated as individual data points.
For groups with n < 6, single data points are given. Statistical
comparisons were performed by the Mann-Whitney U test. *P < 0.05
vs. CONpiig, ¥0.001 < P < 0.01 vs. CONpig, *P < 0.05 vs. DISCid-
CON+, CONiig; CON-, CONserere; DISC+, DISCryitg; DISC-, DISCovere-

petent to respond to agonists of the cAMP-dependent
CI- secretory pathway, which is the hallmark of CFTR-
mediated Cl- transport (2, 3). Nonetheless, the magni-
tude of this detected Cl- permeability is evidently insuf-
ficient to prevent manifestation of CF disease.

Our data confirm a correlation between better lung
function and less anomalous bioelectrical properties of
the nasal epithelium in the investigated AF508 homozy-
gotes. The respiratory epithelium of healthier CF
patients appears to be more permeable to Cl- than that
of sicker patients (Figure 4, a and b). Moreover, the pres-
ence of basal CI- conductance and the capacity to secrete
Cl- in response to a cAMP agonist, determined by per-
fusion of the nasal epithelium with a Cl--free solution
and isoprenaline, respectively, were present only in mild-
ly affected patients (Table 4 and Figure 4). This suggests
that the expression of basal Cl- conductance and/or
residual cAMP-mediated Cl- conductance has a benefi-
cial influence on respiratory tissue function, most like-
ly by increasing the hydration of the viscous airway sur-
face mucus and increasing its clearance from the
respiratory tract. These data from AF508 homozygous
twins and siblings substantiate the findings in an earli-
er study of CF individuals with different CFTR muta-
tion genotypes, in whom the expression of Cl- conduc-
tance provided a better indication of lung function than
did genotype (13). In contrast, Cl- conductance in the
amiloride-pretreated nasal epithelium that is mediated
by apical purinergic receptors and a subsequent increase
of intracellular Ca?* (34) was not associated with better
preservation of tissue function (Table 5; P=0.53). Sim-
ilarly, as inferred from the amiloride response, the
increased Na* absorption in nasal epithelium that is
characteristic for CF (46) and has been suggested to
contribute to pulmonary disease (47, 48) was not direct-
ly related to CF disease severity (Figure 5).

In our group of investigated AF508 homozygous
individuals, the correlation between the isoprenaline
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Figure 7

Wifh% plotted against the influence of DIDS on the CI- secretory
response, calculated as the difference between the carbachol
response before the incubation of the tissue with DIDS, and the his-
tamine response in the presence of DIDS. Values are plotted for sib-
lings of CONpig (filled circles) pairs, CONsevere (0pen circles) pairs,
and the mildly affected and severely affected siblings of DISC pairs
(DISChigd, filled triangles; and DISCsevere, open triangles). All CONpiig
and DISCyig siblings except one exhibited either a small negative or
even a positive influence of DIDS, meaning that DIDS did not inhib-
it ClI- secretion in these individuals. In contrast, DIDS inhibited the
majority of Cl- secretory responses of the CONieyere and DISCeyere Sib-
lings. This negative DIDS influence correlated significantly with the
CONgevere and DISCievere patients (P =0.03, Fisher’s exact test). More-
over, the magnitude of wfh% correlated with the magnitude of the
DIDS influence (P < 0.025, Spearman’s test).

response and lung function was not different in
females and males (data not shown); such a difference
has been reported for CF adults (49). This might be due
to the large number of nonresponders to isoprenaline
in our investigations, as expected in a CF cohort of
AF508 homozygotes representing all ages (32).
Although CI- conductance presented only in the sub-
group of individuals who had better respiratory func-
tion, few patients without Cl- conductance possessed
relatively good lung function (above the 50th per-
centile; Figure 4b). This indicates that the capacity to
transport Cl is not the only determinant of respirato-
ry function. Evidently, additional factors unrelated to
the basic ion transport defect are involved in CF airway
performance. In short, the expression of basal Cl- con-
ductance and the response to isoprenaline in the respi-
ratory tissue were predictive for disease outcome in our
cohort of AF508 homozygous sibling and twin pairs.
In the intestinal tissue, CFTR-related DIDS-insensi-
tive Cl- secretion was predominantly seen in the mild-
ly affected patients (Figures 6 and 7). Whereas the
Ca?*-dependent Cl- secretion in respiratory tissue
showed no association with outcome, the DIDS-sensi-
tive Ca?*-dependent Cl- transport pathway was more
frequently observed in severely affected AFS508
homozygotes. These data are supported by a study of
the biliary tract in which an inverse relationship was
observed between Ca?"-dependent Cl- efflux and
cAMP-dependent CI- transport in homozygous AF508
patients (18). The outcome of both studies suggests
that alternative Cl- conductance is upregulated in the

absence of CFTR activity, but fails to compensate for
the lack of cAMP-activated Cl- transport. In contrast,
in ¢ftr7/~ knockout mice, the upregulation of Ca?*-acti-
vated Cl- channel function was associated with health-
ier tissue function (9, 10).

Although all subjects were homozygous for the same
CFTR mutation, CF was found to be heterogeneous
even at the level of the basic cellular defect, which
should reflect the closest link with the underlying
genetic lesion. However, the consistent phenotype of
CFTR expression in respiratory and intestinal tracts of
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Figure 8

Cl- conductance in respiratory tissue measured by the gluconate
response, compared with Cl- secretion in intestinal tissue. Values are
given for individuals belonging to CONwiq (filled circles) and CONseyere
(open circles) pairs, and for DISCpq siblings (filled triangles) and
DISCievere siblings (open triangles). The gluconate response measured
in NPD plotted versus the Cl- secretory response observed in ICs upon
the addition of (a) carbachol or (b) histamine, and (c) versus the influ-
ence on CI- secretion exerted by DIDS. While the gluconate response
did not correlate with the carbachol or histamine responses, the mag-
nitude of the gluconate response was associated with the magnitude
of the DIDS influence ( 0.05 < o < 0.1, non-significant trend, Spear-
man’s test). A negative gluconate response pointing to Cl- conduc-
tance in combination with a positive DIDS influence correlated with
the CONpig and DISCpiiq siblings (P=0.01, Fisher’s exact test).
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a AF508 homozygous CF patient (Figure 8) suggests
that within 1 person, similar corrective mechanisms
lead to maturation, processing, and residual function
of AF508 CFTR in the major affected organs in CF dis-
ease. Furthermore, monozygous twins proved to be
significantly more concordant in the electrophysio-
logical properties of their epithelium than dizygous
pairs were, especially in the intestinal tract. In addi-
tion, their clinical phenotype was even more concor-
dant, since only 1 of the investigated monozygous
twin pairs belonged to the DISC group (Table 3 and
Table 7). These findings imply that genetic predispo-
sition is important for the expression of Cl- perme-
ability in the respiratory and intestinal tissues (12),
and for the clinical phenotype. These influencing
genetic factors are located outside the CFIR gene,
since all of the investigated sibling pairs were homozy-
gous for the same CFTR lesion.

We cannot formally exclude the possibility that postzy-
gotic events, such as genetic imprinting and/or environ-
mental factors, play an additional role in the differences
within sibling pairs. However, siblings share main envi-
ronmental features such as their physician, therapeutic
regimes, living conditions, and microbial contacts.

We conclude that the ability to secrete Cl- in AF508
homozygous patients in the organs that are primarily
involved in the course of CF disease is predictive of the
CF phenotype. Basal Cl- conductance and/or a cAMP-
mediated response in the airways, together with DIDS-
insensitive residual Cl- secretion in the intestine, were
associated with a positive outcome in AF508 homozy-
gous CF individuals. Thus, although homozygosity for
the major disease-causing genetic lesion was not pre-
dictive for disease manifestation and showed a large
range of disease severity, the expression of the basic
defect was associated with clinical outcome. Clinicians
are encouraged not only to use the sweat test, but also
to apply NPD and IC measurements to gain motre
insight into the patient’s electrophysiological charac-
teristics in correlation with disease severity and — pos-
sibly in the future — for stratification of clinical trials
and treatment of CF disease.
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