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Figure 5. cAMP-dependent activation of pendrin requires functional CFTR in the FRT cell model. (A) mRNA expression of pendrin and
glyceraldehyde 3-phosphate dehydrogenase (GADPH) in FRT cells transfected with WT CFTR+scr, WT CFTR+siRNA, or dFCFTR+scr.
(B) Protein abundance of pendrin and B-actin in FRT cells transfected with WT CFTR+scr, WT CFTR+siRNA, or dFCFTR+scr.
(C) Pendrin mRNA and protein abundance is greatly increased in FRT cells transfected with WT CFTR, can be downregulated with
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Figure 6. An acute metabolic alkalosis increases plasma secretin. CFTR KO mice are unable to increase their urine HCO3™ excretion
after an acute oral challenge. (A) Original image illustrating the oral fluid loading procedure. (B) Plasma [HCO3 ] in mice loaded with
either a control or a HCO3™ “containing gastric gavage after 30 minutes. Note the significant elevation of plasma [HCO3™] (HCO3 ]} in
the base loaded mice, t test (n=8-9). (C) Plasma secretin concentration in mice loaded with either a control or a HCO3™ “containing
gastric gavage. Note the significant elevation in the plasma concentration of secretin ([secretin]y) in the base loaded mice, t test
(n=8-9). (D-F) pH,, [HCO37], and total HCO3™ excretion in urine collected over a 3-hour period from awake mice subjected eitherto a
control gavage or a gavage containing 2.24 mmol NaHCO3/kg body wt. Note the absent HCO3™ excretion in CFTR KO mice. One-way
ANOVA (n=6-9). *P<0.05, ***P<0.001.

HCO;  excretion is completely abolished in both CF animal
models, closely corroborating early data in children with CF
that were unable to increase renal HCO;3 ™ excretion after ap-
plication of secretin.” In the isolated perfused mouse CCD, the
function of B-ICs was studied directly and secretin was shown
to activate base secretion rates. Pendrin function was lower in
CCDs lacking CFTR and could not be stimulated by secretin. In
the same mouse strain, renal pendrin protein expression was
previously shown to be reduced in mice subjected to 3 days of

NaHCOj-enriched drinking water.4® The SCTR is a
Gas-coupled 7TM receptor that elicits its effect primarily
via an increase of cAMP.114! In the FRT cell culture model,
we studied the effect of increasing cellular cAMP concentra-
tions with IMBX/forskolin. Parental FRT cells were unrespon-
sive to IBMX/forskolin. When WT CFTR was expressed in
FRT cells, a marked expression of pendrin mRNA, protein,
and apical staining was detected, which was paralleled by a
marked IBMX/forskolin-stimulated upregulation of pendrin

siRNA for pendrin, and is almost absent in FRT cells transfected with dFCFTR. #*P<0.001 versus WT CFTR+siRNA and dFCFTR+scr.
*P<0.01 versus dFCFTR+scr. One-way ANOVA with Bonferroni multiple comparisons test. (D) Pendrin colocalizes with CFTR at the
apical surface of WT CFTR-transfected FRT cells (upper panels), can be downregulated with siRNA for pendrin (middle panels), and is
absent in dFCFTR-transfected FRT cells (lower panels). (E) An original experiment showing marked functional upregulation of apical
CI"/HCO3™ function after IF stimulation in WT CFTR transfected FRT cells. (F) Effect of IF stimulation on apical CI"/HCO3™~ exchange
activity in parental-, WT CFTR-, dFCFTR-transfected FRT cells and with preincubation with CFTR inhibitor 172. Note the absence of
IF-induced CI"/HCOj3™ in cells with either no expression of CFTR, expression of dFCFTR, and in FRT WT CFTR cells treated with
CFTR inh. 172 (20 uM, 3 minutes preincubation). #p<0.0001, IF-treated FRT WT CFTR cells were significantly upregulated com-
pared with control and all other IF-treated groups. *P=0.007, significant difference between control FRT WT CFTR cells with and
without CFTR inhibitor 172. One-way ANOVA with Bonferroni multiple comparisons test (n=3-4 experiments; on average each
experiment included measurement of 150 single cells). (G) An original experiment and summary data showing significantly
downregulation of IF-stimulated CI”/HCO;3; -exchange in WT CFTR transfected FRT cells by siRNA knockdown of pendrin.
*P<0.01, t test. dFCFTR, AF508 CFTR; IF, 100 uM IBMX and 2 uM forskolin; scr, scrambled siRNA; siRNA, siRNA for pendrin;
ApHi/s, the intracelluar pH increase per second.
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Figure 7. Patients with CF (AF508/AF508) have reduced urine [HCO3 ] and a markedly reduced ability to excrete an oral HCO3™ load.
(A and B) Baseline urine pH and [HCO3 ] in adult patients with CF (n=9) and healthy controls (n=10-11). Note the decreased urine
[HCO3 ] in patients with CF, t test. *P<0.05. (C, D, and F) Urine pH, urine [HCO3™], and cumulated urinary HCO3 ™~ excretion as
response to a NaHCOj3 drinking test (0.94 mmol NaHCO3/kg body wt) in fasting patients with CF (red, n=9), healthy controls (blue,
n=11), and a water drinking test in one fasting patient with CF (bright blue) and fasting healthy controls (black, n=5). Note the
greatly reduced urinary [HCO3 ] and HCO3 ™ excretion in patients with CF as compared with healthy controls. *P<0.05, **P<0.01
difference between healthy controls and patients with CF subjected to the oral NaHCO; challenge, two-way ANOVA with
Bonferroni multiple comparisons test. (E) Area under the curve (AUC) of urinary [HCO3™ ] in controls (n=11) and patients with CF

(n=9). **P<0.01, t test.

function. This functional and molecular upregulation of pen-
drin was strongly inhibited by mutated CFTR, siRNA for pen-
drin, and CFTR inhibitor 172. Others have shown functional
interaction between CFTR and the STAS domain of SLC26A6
and DRA,#? and our study strongly implies this molecular in-
teraction might be at play for SLC26A4 as well. Altogether, this
study provides a comprehensive explanation of the molecular
mechanism of secretin-induced renal HCO3 ™~ excretion. Se-
cretin leads to SCTR activation in the basolateral membrane
of B-1Cs of the collecting duct and activation of pendrin and
CFTR-dependent HCO;5 ~ secretion. This mechanism closely
mirrors the molecular mechanism of secretin-induced
NaHCOj secretion in the pancreatic duct, both being defec-
tive in patients with CE.2 Eventually, epithelial HCO; ™~ secre-
tion via a pendrin- and CFTR-dependent mechanism was also
shown in respiratory epithelia and finds further support by
our study.43-44

JASN 31: eee—eee, 2020

Our results open the important question of the integrative
physiologic role of this secretin-stimulated action in the kidney.
We pursued this question by proposing that an acute blood
alkalization may cause an increase of plasma secretin that
drives renal HCO3 ™ excretion and thus permits homeostatic
regulation of plasma HCO; . Indeed, after an acute metabolic
alkalosis, we found a significant increase in plasma secretin.
Based on these results we suggest the following physiologic
concept: a primary increase of plasma HCO;  triggers an in-
crease of plasma secretin that drives renal HCO;  excretion
and thus permits homeostatic regulation of plasma HCO; .
Secretin may originate from the hypothalamus because
secretin-containing neurons are present in this neuroendo-
crine brain region.#> A secondary increase of secretin occurs
after a meal, where activation of gastric acid secretion is mir-
rored by a transient blood alkalization, the so-called alkaline
tide.#¢ During this digestive period, secretin is released from

CFTR in the Kidney 13
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Figure 8. Treatment with lumacaftor-ivacaftor improves the HCO3;™ excretion deficit. (A-C) pH,, urine [HCO3"], and accumulated
urinary HCO3™ excretion as response to a NaHCOj3 drinking test in patients with CF before (red, n=3) and after 4 weeks of lumacaftor-
ivacaftor treatment (black, n=3), *P<0.05, paired t test. (D-F) Individual traces of the three lumacaftor-ivacaftor-treated participants
before and after treatment. Note the approximately 100% increase in urine [HCO3 ] in each participant. (G) Area under the curve (AUC)
of urinary [HCO3 ] in patients with CF before treatment (red, n=3) and after 4 weeks of lumacaftor-ivacaftor treatment (black, n=3).
*P<0.05, difference between patients with CF before and after treatment, paired t test.

duodenal S cells following the intraluminal acidification of
the upper small intestine caused by emptying of the stom-
ach. In parallel, this meal-induced blood alkalization could
also trigger secretin release from other sources, as suggested
above, to drive renal HCO3; excretion. These consider-
ations provide a plausible hypothesis of the urine compo-
nent of the alkaline tide. The role of secretin would be to
provide an adequate, acute signal to keep plasma HCO;
within tolerable ranges by facilitating renal HCO;~ excretion.
Our results also imply that secretin serves a so-far-undiscovered
role as a “homeostatic HCO; hormone” that, analogously to
other hormones, can regulate ion (here HCO; ) and water ho-
meostasis by controlling the transport processes in the collecting
duct. A schematic illustration of the proposed mechanism is
shown in Figure 9.

A major finding of this study is the inability of secretin-
induced renal HCO; ™~ excretion in mice that either lack CFTR
globally or specifically in the renal tubular system. These re-
sults closely match those from human patients with CF that
have been shown to be unresponsive in increasing their renal
HCO; ™ excretion after secretin application.” Patients with CF

14 JASN

often present with metabolic alkalosis and a renal cause of this,
namely a reduced ability to excrete HCO;, has been sugges-
ted.#047 Metabolic alkalosis has also been described in patients
with pendred syndrome.*84° It is also worth mentioning that
patients with CF have been described with increased levels of
plasma secretin.>® The cause of this is not established but one
may suggest that metabolic alkalosis could trigger an increase
of plasma secretin levels. Taken together, our results provide
a mechanistic understanding that the loss of CFTR in the
kidney leads to reduced urinary HCO;  excretion because
B-IC function is compromised and this, in turn, explains the
metabolic alkalosis in patients with CF. We also found that
mice and humans require functional CFTR to activate the
kidneys’ ability to acutely excrete a defined oral HCO;
load. Patients with CF who are homozygous for the most
common mutation (AF508) have a greatly attenuated ability
to acutely excrete HCO;3 ™ by their kidneys. Compared with
the findings in the mouse model, we still see some residual
function. We suggest that this is explained by the AF508 mu-
tation, which still produces CFTR protein, but with signifi-
cantly reduced function and apical membrane abundance.>!
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Figure 9. Secretin-release is stimulated by alkalosis and triggers
HCOj3" secretion in the CCD. Schematic illustration of the pro-
posed mechanism of secretin-induced urinary HCO3™ excretion.
Ingestion of a meal will cause a transient alkalosis. Ingestion of a
meal itself and/or metabolic alkalosis stimulates secretin release.
This will increase plasma concentration of secretin ([secretin]y).
An increased plasma concentration of secretin will activate
HCOj3™ secretion by B-ICs in the CCD. This will increase urine pH
and [HCO3 ] excretion and thereby help compensate metabolic
alkalosis. This image was created with BioRender.com.

Eventually, we found that treatment with the novel CFTR mod-
ulator ivacaftor-lumacaftor increased the ability of patients
with CF to acutely increase their urine HCO;  excretion.
With these results, we propose that the acute urine HCO5; ™~
excretion ability, similar to the sweat test, qualifies as a CF
test to quantify functional CFTR losses and monitor drug
effectiveness as a possible precision treatment measure for
each patient with CE.
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Supplementary results
The secretin-induced urine alkalization is absent in pendrin KO mice

Deduced from the above results we anticipated that pendrin KO mice may be unable to
respond to secretin with an alkalization of the urine. We studied the effect of secretin on pHy
in pendrin WT and KO mice. Fig. 1C shows that secretin treated WT animals responded
after a lag time of approximately 5 min. with a marked, transient urinary alkalization reaching
a peak mean value after ~ 25 min. of 0.397 + 0.1 pH units (p=0.0019, n=7) as compared to
vehicle treated. Importantly, no significant pHy alkalizations were observed in pendrin KO
mice (Fig. 1F). In contrast, somewhat surprisingly, in pendrin KO mice secretin induced a
urinary acidification starting after some 20 min. post-injection. A urinary acidification was
absent in pendrin WT mice, while a concurrent masked acidification might cause an
underestimation of the activated HCO3™ excretion observed in WTs. Secretin-treated WT
mice had a significantly higher urinary [HCO3] compared to vehicle treated mice with a mean
of 1.08£0.3 mM vs. 0.1697+0.1 mM in controls (Fig. 1D,G, p=0.0082, n=6-7) 60 min.
following injection. The urine HCO3™ excretion rate was significantly increased in secretin-
treated WT mice 60 min. after the secretin injection as compared to vehicle treated with a
mean of 5.61+£2.06 vs. 1.18+0.57 nmol/h/g BW (p=0.0221, n=6-7). No differences in urinary
HCO3" excretion were observed in pendrin KO mice (Suppl. Fig. 7). KO mice had a more
acidic urine at baseline as compared to WT with a mean difference of 0.26+0.17 pH units
(p=0.0219, n=14, Fig. 1E). KO mice also had a tentatively lower baseline urinary [HCO3]
and HCOg3;™ excretion rate than WT, though not reaching a level of significance (Fig. 1H and
Suppl. Fig. 7). These results illustrate the absolute pendrin dependence of secretin-induced

renal HCOs3™ excretion.



The secretin-induced urine alkalization is largely absent in global CFTR KO mice

Subsequently, we studied the effect of secretin on pHy in global CFTR (CFTRg) WT and KO
mice. Fig. 2A shows that secretin treated WT animals responded after a lag time of a few
min. with a marked transient urinary alkalization lasting about 35 min. and reaching peak
mean alkalizations of 0.799+0.21 pH units (p=0.0025, n=6-7) in comparison to the control
injected WT group. In CFTR KO mice, the secretin effect on urinary pH was virtually absent
(Fig. 2D). A small increase (0.176+0.1189, p=0.13, n=7) was observed in secretin-treated
CFTR KO mice, though not statistically different to the control injected CFTR KO mice.

Upon secretin application urinary [HCOz3] increased markedly in CFTR WT mice and was
significantly elevated as compared to the control group (A 90 min. 1.7+0.483 mM, p=0.0022,
Fig. 2B). The urine HCOg3" excretion rate was increased in WT animals as compared to
controls after 60 min (AHCOg3" excretion rate: 5.55+3.25 nmol/h/g BW (p=0.047, n=6, Suppl.
Fig. 7). No significant differences in urine [HCO3] or HCO3™ excretion rates were observed
at any point during the experiment in CFTR KO mice (Fig. 2E and Suppl. Fig. 7).
Interestingly, resting urinary [HCO3] and the urinary HCOg3™ excretion rate were significantly
higher in WT as compared to CFTR KO-mice (Fig. 2F and Suppl. Fig. 7). Baseline urine pH
values were tentatively lower in CFTR KO mice (Fig. 2C). These results demonstrate that
functional CFTR is necessary to mediate secretin-dependent renal HCO3™ excretion and that
loss of CFTR causes lower baseline urine [HCO37]. A small residual secretin-induced urine
alkalization prevails in global CFTR KO mice though no effect on urine [HCO3] was

observed.



The secretin-induced urine alkalization is largely absent in tubule specific CFTR KO

mice

The above data strongly support that the absence of renal epithelial CFTR is responsible for
the inability to increase renal HCO3™ excretion after secretin. To test this hypothesis further,
the effect of secretin on pH, in tubule specific CFTR (CFTRts) WT and KO mice was studied.
Fig. 3A shows that secretin treated WT animals responded after a lag time of some min.
with a marked transient urinary alkalization reaching peak mean alkalizations of 0.65+0.11
(p<0.0001, n=7) compared with control injected WT mice. In the CFTRrs KO mice a small
increase was found, though not significantly different from control injected (0.2134+0.2125,
p=0.053, n=7, Fig. 3D). A pronounced increase in urine [HCOz37 occurred in WT animals
after secretin administration. The [HCO3] elevation was highest in the first 30 min. following
secretin administration, but stayed significantly higher as compared to controls for the
remaining experiment (Fig. 3B). Likewise, a significant increase in the urine HCO3™ excretion
rate was observed 60 min. after secretin addition with a mean difference of 8.99+2.487
nmol/h/kg (p=0.0027, n=7) compared to control treated (Suppl. Fig. 7). No significant
secretin-induced differences, in either urine [HCO37] or urine HCO3™ excretion rate, were
found in CFTRts KO-mice. Urine HCO3 measurements revealed a significantly lower
baseline urinary [HCO3] in CFTRrs KO mice compared to WT animals with a mean
difference of 0.36+0.12 mM (p=0.0079, n=14, Fig. 3F). Baseline urine pH in CFTRts KO
mice were not different to those in WT mice. These data prove that renal tubular CFTR is
necessary to permit secretin’s action to increase renal HCOg3™ excretion and that loss of renal

CFTR causes lower baseline urine [HCO3].



Supplementary figures

Suppl. Fig. 1:
CFTR loxP/+ CFTR loxP/loxP

Pax8 Cre_ Pax8 Cre+ Genotyping information of the 2 source mouse

strains:
1. C57BL6 Pax8 Cre (Bouchard, M.; Souabni, A;

WT KO Busslinger, M. (2004) Genesis 38, 105-109)
RT + B + B Genotyp for Cre recombinase positivity:
C FT R Primer forward: AATTTACTGACCGTACAC
Primer reverse: AATCGCCATCTTCCAGCAG
Expected PCR product size: 1024 bp

500 bp->

L

2. C57BL6/J CFTR fl10 (Hodges CA et al. Genesis

46: 546-552, 2008

100 bp-> )
Genotyp for presence of floxed CFTR allele:
Primer forward: GTAGGGGCTCGCTCTTCTTT

GAP D H Primer reverse 1: GTACCCGGCATAATCCAAGA
Primer reverse 2: AGCCCCTCGAGGGACCTAAT

Ll

500 bp% Expected PCR product size:

408 bp product is for the floxed CFTR allele
— — 353 bp product is for the wildtype CFTR allele

100 bp—>

Renal tubule specific knockout of CFTR in mouse kidney (CFTRTS KO)

To verify renal specific knock out of CFTR by exon 10 deletion in Cftr loxP/loxP Pax8-Cre mice, RT-
PCR with primer amplifying exon 10 region of CFTR mRNA was performed. Deletion of exon 10 is
indicated by a PCR product of 293 bp compared to PCR product of WT-CFTR mRNA with 476 bp.
GAPDH (200 bp), Reverse Transcriptase (RT). CFTR loxP/+ Pax8 Cre™ indicates a mouse example
that was heterozygote for the lox P site and negative for the Cre recombinase = WT; CFTR loxP/loxP
Pax8 Cre" indicates a mouse example that was homozygote for the lox P site and positive for the

Cre recombinase = CFTRts KO



Suppl. Fig. 2:

Time: 00:00 +1:00 +2:00 +3:00
Baseline urine sample Voiding Voiding Voiding
NaHCO, /tap water 200 tap water 200ml tap water
3

(Venous acid-base status) (Venous acid-base status)

Schematic outline of the protocol for the CF urine test in humans



Suppl. Fig. 3:
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Representative gel images from RT-PCR results along the mouse renal tubular

system Probing for presence of A the SCTR secretin receptor mMRNA and B CFTR




Suppl. Fig. 4:
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ApoTome
Bar 20 um

Immunohistochemical localization of CFTR and pendrin in CFTR KO mice.

Tubular epithelial cells express pendrin (red) in the apical membrane, while no expression of CFTR

(green) is found. Merged pictures show no co-expression of CFTR and pendrin. Bar 20 um.



Suppl. Fig. 5:

SCTR Pendrin Merge DIC

CFTR Pendrin Merge

Control staining without primary antibodies

A. SCTR/pendrin B. CFTR/pendrin. Bar 20 ym, differential interference contrast (DIC).
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Suppl. Fig. 6:
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Urinary HCO3" excretion rates from in vivo mouse experiments

Renal HCOs™ excretion rates after secretin stimulation (red) or vehicle treatment (black) and under
baseline conditions in Pendrin WT/KO- (A, B, C), global CFTR WT/KO- (D, E, F) and tubule specific

CFTR WT/KO mice (G, H, I). *p<0.05, ***p<0.001. t-test.

11



Suppl. Fig. 7:
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mRNA expression of pendrin and CFTR in parental, WT CFTR- and deltaF508-

transfected FRT cells

Pendrin mRNA is only present in WT CFTR transfected FRT cells.
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Suppl. Fig. 8:

10 A

[Secretin] ng/m|

15 20 25 30
[HCO; ]lp mmol/L

Correlation of plasma secretion concentration plotted as a function of plasma

HCO3- concentration

All dots are paired measurements from the data shown in Figure 7B, C. A significant linear

regression is detected, p=0.012, R?=0.36.
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Suppl. Fig. 9:
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Mixed venous blood gas parameters in CFTR- and pendrin KO/WT mice one hour

after control or NaHCO3 gavage and urinary pH in pendrin WT/KO mice

A, B: Mixed venous standard HCO3 and pH in CFTR WT and KO mice one hour after
subjection to either a control H2O gavage or a 2.24mmol/kg BW NaHCO3, one-way ANOVA.
C, D: Mixed venous standard HCO3" and pH in pendrin WT and KO mice one hour after
subjection to either a control H20 or 2.24mmol/kg BW NaHCOs3;, one-way ANOVA E: Urine
pH in pendrin WT and KO mice one hour after either a control H2O gavage or a 2.24mmol/kg

BW NaHCO3, one-way ANOVA.
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Suppl. Fig. 10
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compared to before the challenge, paired t-test.
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Supplementary tables

Suppl. Table 1
In vivo secretin experiments
Pendrin Age (weeks) Weight (g)
(129S81/SvimJ)
WT Secretin (n=7) 11 Cl: 9.21t0 12.9 254 Cl: 23.2t0 27.6
WT control (n=7) 1014 Cl: 79t012.3 @ 23.74 Cl: 21.7 t0 25.8
KO Secretin (n=7) 11.86 Cl: 7.2t0 16.49 = 24.14 Cl: 21 to 27.3
KO control (n=7) 12.14 Cl: 8.8 t0 15.5 23.01 ClI: 20.1 to 26
CFTR global Age (weeks) Weight (g)
(C57BI/6 and 129P2/OlaHsd)
WT Secretin (n=6) 7.67 Cl: 4.5t010.8 18.23 Cl: 15.9 to 20.6
WT control (n=7) 7.33 Cl: 3.9t0 10.8 18.58 Cl: 15.7,21.5
KO Secretin (n=7) 6.14 Cl:5.5t07.8 15.86 Cl: 13.5,18.2
KO control (n=7) 8.86 Cl: 6.9t0 10.8 15.21 Cl: 13,17.5
CFTR tubule-specific Age (weeks) Weight (g)
(C57Bl/6J)
WT Secretin (n=7) 19.71 Cl: 14.7t0 24.8  26.57 Cl: 22.3 t0 30.9
WT control (n=7) 23.29Cl:21.6t025 | 28.5Cl: 24.73t0 32.3
KO Secretin (n=7) 18.71 Cl: 11.6 t0 25.8 25Cl: 22.6 t0 27.4
KO control (n=7) 19.14 Cl: 12.7t0 25.6 | 24 CI: 20.58 to 27.4

Mice characteristics for the mice used in in vivo secretin experiments

Values are presented as mean values followed by 95% CI.
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Suppl. Table 2

Nebhron seament # CFTR bands/# # SCTR bands/#
P 9 samples samples

Proximal tubule 6/6 3/6
Thick ascending limb 2/6 1/6
Distal convoluted tubule 3/6 6/6
Connecting tubule /

cortical collecting duct 216 676
Medullary collecting duct 0/5 5/5

RT-PCR results probing for presence of CFTR and secretin receptor mRNA along

mouse renal tubular system
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