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Targeting of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) Protein with a Technetium-

99m Imaging Probe

Vera F. C. Ferreira,” Bruno L. Oliveira,™ “ Joao D. Santos,™ Jodo D. G. Correia,™

Carlos M. Farinha,”™ and Filipa Mendes*®

Cystic fibrosis (CF) is caused by mutations in the gene that
encodes the CF transmembrane conductance regulator (CFTR)
protein. The most common mutation, F508del, leads to almost
total absence of CFTR at the plasma membrane, a defect po-
tentially corrected via drug-based therapies. Herein, we report
the first proof-of-principle study of a noninvasive imaging
probe able to detect CFTR at the plasma membrane. We radio-
labeled the CFTR inhibitor, CFTR;,-172a, with technetium-99m
via a pyrazolyl-diamine chelating unit, yielding a novel

Introduction

Cystic fibrosis (CF) is the most common autosomal recessive
disorder in Caucasians. Clinically, CF is characterized by a pro-
gressive loss of lung function associated with recurrent respira-
tory infections—the major cause of mortality and morbidity—
but also by pancreatic insufficiency, increased chloride concen-
tration in the sweat, and infertility (in males). CF is caused by
mutations in the gene that encodes the CF transmembrane
conductance regulator (CFTR) protein.!. CFTR functions as a
chloride channel at the apical surface of epithelia, serving as a
major regulator of overall ion and fluid transport. From the
more than 2000 CF mutations described, the deletion of a phe-
nylalanine residue at position 508 in the polypeptide chain
(F508del) is the most common mutation, present in more than
85% of patients in at least one allele. The F508del mutation
impairs CFTR protein folding, leading to its premature degra-
dation and therefore, to almost complete absence of protein
at the apical plasma membrane (PM).”?

Importantly, F508del CFTR can be rescued to the PM by in-
cubation at low temperature or with the help of chaperones,”
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9™Tc(CO); complex. A non-radioactive surrogate showed that
the structural modifications introduced in the inhibitor did not
affect its activity. The radioactive complex was able to detect
plasma membrane CFTR, shown by its significantly higher
uptake in wild-type versus mutated cells. Furthermore, assess-
ment of F508del CFTR pharmacological correction in human
cells using the radioactive complex revealed differences in cor-
rector versus control uptake, recapitulating the biochemical
correction observed for the protein.

and once there, temperature-corrected F508del CFTR exhibits
a shortened half-life and a major gating defect as an ion
channel.” In recent years, small molecules that correct CFTR
trafficking have emerged mainly due to the development of
high-throughput screening. VX-809, also called lumacaftor, is
one of the correctors for F508del CFTR identified so far.” In a
phase lla clinical study, a significant improvement in sweat
chloride levels of adult patients with two copies of the F508del
mutation suggested that F508del CFTR correction was possible
in CF patients.”” However, lumacaftor did not present thera-
peutic benefit in lung function, suggesting the need of a com-
bined therapy of CFTR correctors and potentiators to enhance
the function of corrector-rescued CFTR. In 2015, the US Food
and Drug Administration (FDA) approved the first drug direct-
ed at treating the cause of CF in patients with two copies of
the F508del mutation, consisting in the combination of luma-
caftor with a CFTR potentiator (ivacaftor).” Other clinical trials
assessing dual and triple combination treatment regimens are
underway.”

Clinically, pharmacological correction of mutant CFTR pro-
tein is assessed by the patient outcome in terms of benefit
into sweat chloride and nasal potential difference." In preclin-
ical imaging, the most recent image-based assays for the sur-
face detection of F508del CFTR involve fusing a fluorophore or
a fluorogen-activating protein to the N-terminus of F508del
CFTR and transfection to non-polarized human cells."” To our
knowledge, there is no available methodology to noninvasively
image corrector-rescued F508del CFTR in living organisms
(model animals or human subjects).

Nuclear molecular imaging might help to address this need.
Considering the array of available noninvasive imaging tech-
niques used in the clinical setting, single-photon emission

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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computed tomography (SPECT) and positron emission tomog-
raphy (PET) are the most sensitive. These techniques are used
for the diagnosis and follow-up of therapeutic strategies in
several diseases, for instance in cancer, and in the fields of car-
diology and neurology."” Technetium-99m (*™Tc) is used in
more than 90% of all diagnostic SPECT procedures in nuclear
medicine due to its short half-life (=6 h), ideal y-ray energy
(140 keV), low cost, and easy availability. One of the most
promising and developed organometallic cores for radiolabel-
ing of biomolecules with *™Tc is the *™Tc(I)-tricarbonyl core
[*®™c(CO);1 7. The synthetic precursor [*™Tc(H,0);(CO);1"
contains three tightly coordinated CO ligands and three labile
water molecules. In the radiolabeling, the water molecules
can be readily replaced by mono-, bi-, or tridentate chelators,
the latter forming *™Tc(l)-tricarbonyl complexes with the high-
est in vivo stability™ Furthermore, the [*™Tc(CO);]" has
proven to be stable at high temperatures and extended reac-
tion times."

The development of a noninvasive SPECT imaging probe ca-
pable of detecting CFTR at the PM of human epithelial cells
would be a great advantage. This type of probe would be a
tool potentially useful for evaluation of pharmacological cor-
rection by allowing imaging of F508del CFTR at the epithelia
of patients undergoing clinical trials. This would be particularly
relevant in the respiratory tract, as the lung is the main patho-
physiological organ in CF. Several studies have been performed
with PET and SPECT probes, mainly for assessment of lung in-
flammation,"® clearance,"” and aerosol delivery,"® proving
their applicability to CF patients.

Herein we report the synthesis, radiolabeling, and biological
evaluation of a CFTR-targeting biomolecule, CFTR-172a
(Figure 1). This is a potent and rapid voltage-independent
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Figure 1. Structure of the CFTR inhibitor CFTR;,,-172a.

CFTR inhibitor in human airway cells,"” shown to interact spe-
cifically with CFTR at the region of the channel pore.”” Several
inhibitors or antagonists are already being evaluated in clinical
PET and SPECT studies as imaging agents for the expression of
the prostate-specific membrane antigen in prostate cancers,”"
the somatostatin receptor in neuroendocrine tumors,?? and
the chemokine receptor overexpressed in many types of
human cancers.”® Evidence from preclinical and clinical studies
suggest that antagonists or inhibitors may be superior to ago-
nists, and are paving the way to a shift toward such molecules
as targeting agents for cancer imaging.””

Our radiolabeling strategy involved a three-component
system constituted by the high affinity CFTR-specific targeting
unit CFTR,,-172a, a radiometal (*"Tc using the [*™Tc(CO),]"
core), and a bifunctional chelator (BFC), designed to bind to
the radiometal and biomolecule.”” In vitro studies were con-
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ducted using two cellular models to assess the suitability of
the labeled inhibitor as a probe for detecting PM CFTR.

Results and Discussion

Synthesis and radiolabeling of a new CFTR-targeting bio-
molecule

Knowing that tridentate chelators form stable complexes with
the fac-[*™Tc(CO);]" core," we first synthesized the BFC pre-
cursor L1-Boc containing a pyrazolyl-diamine chelating unit
(with a N,N,N donor atom set), a three-carbon spacer, and a
terminal amino group (-NH,) for conjugation to the carboxyl
group present in the CFTR inhibitor CFTR,,-172a."*>? L1-Boc
was prepared via a multistep procedure previously reported by
our group,”” and was characterized by 'H/"*C NMR spectrosco-
py (including 2D NMR experiments such as 'H-"H gradient cor-
relation spectroscopy (gCOSY) and 'H-">C gradient heteronu-
clear single quantum coherence (gHSQC)), and reversed-phase
high-performance liquid chromatography (RP-HPLC). CFTR;..-
172a was then conjugated to L1-Boc using standard coupling
conditions, followed by hydrolysis of the protecting group
under acidic conditions (Scheme 1, synthetic pathway A). B1
was obtained as a yellow oil after purification by silica gel
chromatography and was characterized by NMR spectroscopy
("H/™C NMR, Figures S1 and S2, Supporting Information, 'H-"H
gCoSY, and 'H-"C gHSQQ), electrospray ionization mass spec-
trometry (EI-MS), and RP-HPLC. Altogether, the data pointed to
the successful synthesis of B1.

Synthesis of *™Tc complexes occurs in very dilute aqueous
solutions, making it impossible to characterize these radiocom-
plexes by the usual analytical techniques in chemistry. Owing
to the chemical similarities between Tc and rhenium (Re), the
latter has been used to synthesize non-radioactive surrogates
of ®™c complexes and aid in their structural characterization.
Reaction of B1 with the precursor fac-[Re(CO);(H,0);]Br afford-
ed Re1 (Scheme 1, synthetic pathway A) in moderate yield (3=
55%).

The novel complex was characterized by 'H and *C NMR
spectroscopy (Supporting Information, Figures S3 and S4),
matrix-assisted laser desorption/ionization-time of flight
(MALDI/TOF) MS, and RP-HPLC. The tridentate coordination
mode of the pyrazolyl-diamine chelating unit to the metal was
confirmed by NMR (Supporting Information, Figure S3). We ob-
served a diastereotopic pattern for the protons belonging to
this unit, which suggest coordination to the metal, as observed
for other Re-tricarbonyl complexes synthesized by our
group.”® 3C NMR of Re1l revealed the presence of three reso-
nances assigned to the CO ligands coordinated to Re.

We confirmed Re1 synthesis through MALDI/TOF-MS (m/z
901.1 [M]* (calcd for Cy3H33FsNgOsReS,: 901.2)). Nevertheless,
the presence of unassigned species in MS and HPLC analyses
and the moderate reaction yield led us to hypothesize that
degradation products could be produced during Re1 synthesis
in water at reflux. Because we had previous evidence from our
research group that L1-Boc would be stable at high tempera-
tures (up to 100°C),”” we hypothesized that these results
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could be associated with the instability of the CFTR,-172a
moiety at high temperatures. Stability analysis of CFTR,,,-172a
at 100°C by RP-HPLC showed degradation over time (data not
shown). These results indicated that high temperatures would
probably affect the inhibitory moiety in B1, and consequently,
impair the formation of Re'/**™Tc(I)-tricarbonyl complexes.

Aimed at avoiding submission of the inhibitor to high tem-
peratures, an alternative synthetic strategy for Re1 was adopt-
ed (Scheme 1, synthetic pathway B). Firstly, the protecting
group of L1-Boc was removed under acidic conditions, afford-
ing L1, which reacted with the fac-[Re(CO);(H,0),IBr precursor
in water at reflux for 16h. The resulting Re complex
RePz(CH,);NH, was purified by RP-HPLC and characterized by
EI-MS and 'H/"®C NMR spectroscopy (Supporting Information,
Figures S5 and S6). RePz(CH,);NH, was then conjugated to
CFTR;n-172a using standard coupling conditions at room tem-
perature. After purification by solid-phase extraction using a
Sep-Pak C,4® cartridge, Re1 was obtained as a yellow solid and
characterized by 'HNMR spectroscopy (Supporting Informa-
tion, Figure S7), EI-MS, and RP-HPLC. Data confirmed the pres-
ence of Rel and absence of the degradation products ob-
tained on synthesis of Re1 via pathway A.

Bearing in mind the temperature sensitivity of the inhibitory
moiety of B1, radiolabeling was achieved by reacting it with
the organometallic precursor fac-[*™Tc(CO),(H,0);]" at 50°C
for 30 min. The reaction afforded the radiocomplex fac-
[®™c(CO);(k>-B1)], Tc1, with high radiochemical purity after
RP-HPLC purification (>95%; Figure 2, t=0 h).

The chemical identity of Tc1 was confirmed by comparing
its chromatographic profile (y-detection) with its non-radioac-
tive surrogate Re1l (UV/Vis detection). Stability of Tc1 was
tested in biologically relevant solutions as fresh human serum
(Figure 2, t=1h) and cell medium, and the radioactive com-
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Figure 2. Assessment of Tc1 stability in fresh human serum. RP-HPLC profile
of Tc1 incubated with fresh human serum for 1 h at 37 °C (y-detection).

plex proved to be stable in those solutions up to 3 h of incu-
bation.

Functional characterization of the new CFTR-targeting bio-
molecule

To assess if the structural modifications introduced in CFTR;,;-
172a upon conjugation to the BFC impaired its ability to rec-
ognize CFTR and therefore its ability to inhibit CFTR, we as-
sessed CFTR function in the presence of Rel through the
iodide efflux technique (Figure 3). This technique is widely
used to assay the function of CFTR Cl~ channels in intact cells
based in the fact that CFTR is also able to permeate other hal-
ides.” Briefly, iodide efflux assays start with cell loading with
iodide, then activation of CFTR Cl~ channels (with forskolin
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Scheme 1. Synthesis of B1 and Re'-tricarbonyl complex. Pathway A: a) CFTR,,;-172a, HBTU, DIPEA, DMF, room temperature, 4 d, =77 %; b) TFA/CH,Cl, (1:2),
room temperature, 2 h, =68 %; c) fac-[Re(CO);(H,0),IBr, H,O, reflux, 18 h, 7=>55%. Pathway B: d) TFA/CH,Cl, (1:2), room temperature, 3 h, 7 ="54%; e) fac-
[Re(CO),(H,0);1Br, H,0, reflux, 16 h, =34%; f) CFTR,,,-172a, HBTU, DIPEA, DMF, room temperature, 4 d, 7=10%.
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Figure 3. Assessment of CFTR function inhibition by Re1. lodide efflux from
BHK cells stably expressing wt CFTR was measured after cell incubation with
25 um Re1 or CFTR;,,-172a for 15 min. As a control, cells were incubated
with 0.25% DMSO. During the period indicated by the solid bar, cells were
stimulated with forskolin (10 um) and genistein (50 pm). A) Time-course of
iodide efflux. B) Percentage of CFTR activity at time point 2—maximum
iodide efflux—for each assay condition (mean 4 SEM, n=2-3).

and genistein, leading to iodide exit from the cell), and assess-
ment of the appearance of iodide in the cell-bathing solutions.
For these experiments, we used baby hamster kidney (BHK)
cells engineered to stably express high levels of human wild-
type (wt) CFTR protein, a well-characterized model system to
perform simple functional studies as the one described.

As observed in Figure 3, CFTR activity decreased to approxi-
mately half in the presence of CFTR;,,-172a (53.1% +5.8). Incu-
bation of wt CFTR cells with Re1 resulted in 52% of CFTR activ-
ity (£13.1), a similar value to the one obtained for the unal-
tered CFTR,,-172a. These results suggest that the structural
modifications introduced in CFTR,,-172a to form an organo-
metallic complex did not affect its inhibitory activity and im-
plicitly its ability to recognize and bind CFTR. This promising
result prompted us to explore the potential usefulness of
PmTc-labeled CFTR,,-172a as an innovative CFTR imaging
probe.

Assessment of the ability of Tc1 to detect CFTR at the
plasma membrane

With the aim of assessing the ability of Tc1 to recognize CFTR
at the PM of mammalian cells, we first used BHK cells express-
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ing both human wt and mutated F508del CFTR protein, which
are heterologous cellular models with high levels of CFTR ex-
pression. Cells that were not transformed to express CFTR
(BHK L) were used as a negative control for CFTR expression.
CFTR protein expression in the three mentioned cell lines is
shown in Figure 4A. Under normal circumstances, immature
CFTR undergoes processing to produce mature CFTR that trav-
els directly to the apical PM. Immature and mature CFTR are
clearly distinguishable by their different molecular weight
(bands B and C, respectively). In the case of the F508del muta-
tion, CFTR folding is more complex because the phenylalanine
residue at position 508 is not present, compromising the over-
all assembly of the domain in which the residue is inserted.
The mutant protein is recognized as misfolded and premature-
ly degraded and is therefore unable to develop to the mature
form.B% As observed, mature and immature CFTR protein was
detected in wt cells, and only the immature form was detected
in F508del CFTR cells. As expected, non-transfected cells did
not present CFTR expression.

The ability of Tc1 to recognize CFTR in BHK cells was tested
by uptake assays and the results are shown in Figure 4B. Wild-
type CFTR cells presented significantly higher uptake values at
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Figure 4. Assessment of Tc1 uptake in CFTR-expressing and non-expressing
BHK cells. A) CFTR expression in BHK cells by western blot. BHK cells stably
expressing wt CFTR and F508del CFTR were tested for CFTR expression. Pro-
tein extracts samples were loaded at 30 ug of protein per lane. Blots were
probed with an antibody specific for CFTR (Ab M3A7). Non-transformed cells
(BHK L) were used as a negative control for CFTR expression. B) Cellular
uptake of the radioactive complex Tc1 in BHK cells. Cells were incubated
with Tc1 at 37°C for up to 180 min. Cellular uptake is expressed as a per-
centage of radioactivity per milligram of total protein (mean + SEM, n=3);
*p < 0.05 considered statistically significant.
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all time points compared with mutated F508del CFTR cells
(e.g., 6.6+0.9 and 39.6+8.2 versus 3.0+0.3 and 25.5+3.9 for
5 and 120 min, respectively). This can be explained by the fact
that wt CFTR is fully processed and able to reach the cell sur-
face, as opposed to F508del CFTR. Nevertheless, the uptake
values in F508del CFTR and non-transfected cells were higher
than expected, and in fact, not statistically different. This might
be due to the lipophilicity of Tc1 (logP=1.42) that might bind
non-specifically to the PM and diffuse to the intracellular com-
partment, as observed for other lipophilic cationic *™Tc com-
plexes,®" as well as for CFTR,,;-172a itself, which is partially cell
permeable

Following this first assay in a heterologous model, we then
used polarized human CF bronchial epithelial (CFBE) cells, a
cellular model that mimics the differentiated state of epithelia.
These are immortalized cell lines derived from a CF patient
with the F508del mutation but without detectable expression
of CFTR, that were subsequently engineered to express either
wt or F508del CFTR.

CFBE cells were grown in permeable supports and allowed
to polarize, and CFTR expression in wt and F508del CFTR cells
was evaluated by western blot (Figure 5A). Again, the pres-
ence of mature protein was confirmed for the wt line and only
immature protein was observed in the mutant line.
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Figure 5. Polarization of CFBE cells. A) CFTR expression in CFBE cells evaluat-
ed by western blot. Protein extracts samples were loaded at 30 ug of protein
per lane. Blots were probed with an anti-CFTR (Ab 596) and anti-actin anti-
bodies. Molecular weight standards are indicated. B) TEER of polarized CFBE
cells. CFBE cells stably expressing wt and F508del CFTR were seeded on fil-
ters and allowed to polarize for up to nine days. Polarization was assessed
by the measurement of the TEER values (mean + SEM, n=3-5).
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For assessment of the polarization status of the cultures, we
followed the standard methodology of measuring their transe-
pithelial electrical resistance (TEER; Figure 5B). The wt CFTR-ex-
pressing cells reached values of TEER close to 1000 Q cm? after
8-9 days of culture in permeable supports, indicating a fully
polarized epithelial cell layer. The lower resistance observed for
the monolayer expressing the mutant protein (~350-
400 Qcm?) was expected, and is most likely due to the previ-
ously reported delay in differentiation characteristic of the CF
epithelium.P¥ In fact, mucus plugging, chronic inflammation,
infection, epithelial injury, tissue remodeling, and eventually
fibrosis are all hallmarks of CF lung disease.* Similar differen-
ces in TEER values have been reported for different airway epi-
thelial cells, such as mutant CFBE41°~ and normal human
bronchial cells (respective values of 250 and 766+
154 Q cm?).P?

After polarization, we assessed the ability of Tc1 to detect
CFTR in polarized CFBE cells (Figure 6). In general, the uptake
results were in accordance with the obtained for BHK cells. Tc1
uptake was significantly higher for CFBE cells expressing wt
CFTR compared with the mutant F508del CFTR cells, showing
that the complex is able to target CFTR at the PM of human
polarized epithelia (e.g., 33.3+19.9 and 46.2+14.7 versus
13.7+0.2 and 29.7 +-3.4 for 60 and 180 min, respectively).
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Figure 6. Cellular uptake of the radioactive complex Tc1 in polarized CFBE
cells. Cells were incubated with Tc1 at 37°C for up to 180 min. Cellular

uptake is expressed as a percentage of radioactivity per milligram of total
protein (mean £ SEM, n=2-3); *p < 0.05 considered statistically significant.

Assessment of the ability of Tc1 to detect rescued CFTR at
the plasma membrane

Pharmacological correction of mutant CFTR protein can poten-
tially promote protein folding, allowing CFTR to escape prema-
ture degradation and reach the PM. One corrector, VX-809,
showed great success in vitro™ and is currently approved for
CF patients with two copies of the F508del mutation in combi-
nation with another drug. We performed a western blot analy-
sis of protein extracts of polarized F508del CFTR CFBE cells pre-
viously incubated with VX-809 (Figure 7 A).

Rescue of F508del CFTR to the PM was observed after treat-
ment with VX-809 (see band C in Figure 7 A). Notably, some re-
sidual mature form of CFTR was also detected in DMSO-treated
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Figure 7. Rescue of F508del CFTR in polarized CFBE cells after treatment
with VX-809. CFBE cells stably expressing F508del CFTR were seeded and al-
lowed to polarize. After polarization, cells were incubated with 3 pm VX-809
(and DMSO as negative control) for 48 h at 37 °C. A) CFTR expression analysis
by western blot. Blots were probed separately with antibodies against CFTR
(Ab 596) and calnexin (used as an internal loading control). Molecular
weight standards are indicated. B) Band C protein quantification, normalized
to loading control and DMSO. C) Cellular uptake of the radioactive complex
Tc1. After treatment with VX-809, cells were incubated with Tc1 at 37 °C for
up to 120 min. Cellular uptake is expressed as a percentage of radioactivity
per milligram of total protein (mean -+ SEM, n=2); *p < 0.05 considered stat-
istically significant.

cells (control). DMSO is a chemical chaperone and thus some
minor rescuing effect upon F508del CFTR was expected and
has been reported previously.*® Quantification of the amount
of band C revealed approximately three times more fully pro-
cessed CFTR in VX-809-treated cells comparing with control
cells (Figure 7B). Nevertheless, the percentage of mature pro-
tein (illustrated by band C) in F508del CFTR corrected cells is
only ~15-20% of wt CFTR band C, as described previous-
|y.[6,36c]

To fulfil the purpose to which it was envisaged, Tc1 was
then used as a probe in the assessment of the pharmacologi-
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cal correction of F508del CFTR protein by VX-809 (Figure 7 C).
At 60 and 120 min, VX-809 led to a significant increase in Tc1
uptake by corrected F508del CFTR cells versus the non-correct-
ed F508del CFTR counterparts (at 120 min, 8.634+0.1 versus
10.5+0.7), in agreement with the trend observed in the west-
ern blot analysis, particularly the presence of mature CFTR
levels of VX-809-treated cells (Figure 7B). Comparing the two
types of experiments, the biochemical assay and the radioac-
tive uptake, we observe that although the amount of fully pro-
cessed F508del CFTR was threefold higher in the corrected
cells, we did not register the same increase in the uptake of
Tc1. This can be explained by the fact that fully processed
CFTR has to traffic from the Golgi complex via vesicles until
the PM, and once there, suffers endocytosis and recycling, and
that due to this complex trafficking pathway, not all the fully
processed CFTR protein resides at the PM.®” Additionally, and
as exhibited in the BHK cells, there is possibly some unspecific
uptake. In this event, this contribution to the total uptake is
not expected to change with the VX-809 treatment and only
the specific uptake should correlate to the amount of mature
protein.

Preliminary studies of F508del CFTR correction using another
chemical corrector—corr-4a—also suggested that the reloca-
tion of the mutant protein to the PM can be detected by an in-
crease in Tc1 uptake in corrector-treated F508del CFTR cells
(data not shown).

Conclusions

Several image-based assays for the surface expression quantifi-
cation of F508del CFTR were developed with the potential to
be used in the screening for new small molecule F508del CFTR
correctors." However, these assays involve genetically engi-
neering F508del CFTR by fusing it to a fluorophore or a fluoro-
gen-activating protein. Another weakness of these assays is
that the fusion proteins are expressed in human embryonic
kidney 293 cells, which do not polarize, as opposed to the po-
larized epithelial cells in which CFTR is mainly expressed.

Herein, we report on the design of a novel probe and the
assessment of its targeting ability to detect CFTR at the cell
surface in human cells. The probe was based on the CFTR in-
hibitor CFTR;,,-172a, known to interact specifically with CFTR
at the region of the channel pore. The radiolabeling strategy
involved a three-component system constituted by the bio-
molecule, a radiometal (**™Tc), and a BFC designed to connect
the radiometal to the biomolecule.

The results presented showed that the method described
here is sensitive to detect: a) the presence of mature CFTR at
the membrane of wt CFTR-expressing bronchial epithelial cells;
and, b) the increase in the membrane expression of the pro-
tein, as observed for the corrector-treated cells expressing the
mutant protein. We cannot exclude that this last observation
might be due to the detection of an increase in the total
amount of fully glycosylated CFTR, which is then reflected by
the presence at the plasma membrane for corrector-rescued
F508del CFTR. Notwithstanding, the method is able to discrimi-
nate between control and corrector-treated F508del CFTR-ex-
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pressing cells thus providing a proof-of-principle validation of
our strategy in terms of using a molecular imaging probe.

In the future, we plan to optimize this concept by using a
more specific plasma membrane CFTR targeting probe, such as
an antibody or antibody fragment, which have been success-
fully tested for the imaging and therapeutic applications for a
variety of targets/diseases.?

Experimental Section
Materials

All chemicals and solvents were of reagent grade and used with-
out purification. Dry N,N-dimethylformamide (DMF) was used for
reactions in inert atmosphere and dried according to published
procedures.® Ligands L1-Boc (tert-butyl 2-((3-aminopropyl)(2-(3,5-
dimethyl-1H-pyrazol-1-yl)ethyl)Jamino)ethylcarbamate) and L1 (N1-
(2-aminoethyl)-N1-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)propane-
1,3-diamine), and the organometallic precursor fac-[Re(-
C0);(H,0);1Br were prepared according to published methods.?>*"
The anti-CFTR antibody 596 was obtained via the CFTR Antibody
Distribution Program of the Cystic Fibrosis Foundation Therapeu-
tics (CFFT). The CFTR inhibitor CFTR;,,-172a (4-[4-0x0-2-thioxo-3-(3-
trifluoromethylphenyl)thiazolidin-5-ylidenemethyllbenzoic acid)
was obtained via the Chemical Compound Distribution Program of
CFFT. Corrector VX-809 (3-[6-[[1-(2,2-difluoro-1,3-benzodioxol-5-yl)-
cyclopropanecarbonyllaminol-3-methylpyridin-2-yllbenzoic  acid)
was purchased to Selleck Chemicals (Houston, TX, USA).

General procedures

'H and "*C NMR spectra were recorded at room temperature on a
Varian Unity Inova-300 spectrometer (Varian, Agilent Technologies,
Santa Clara, CA, USA), with a radiofrequency of 300 and 75.5 MHz,
respectively. 'H and *C chemical shifts (5) were referenced with
the residual solvent resonances relative to tetramethylsilane. The
use of 2D NMR experiments ("H-'"H gCOSY and 'H-"3C gHSQC) was
essential for peak assignment. All compounds were characterized
by MS. Mass spectra were obtained using an El/quadrupole ion
trap mass spectrometer (Bruker HCT, Bruker, Billerica, MA, USA).
Mass spectrum of Re1l was obtained using a MALDI-TOF mass
spectrometer (Voyager-DE™ PRO Biospectrometry Workstation, Ap-
plied Biosystems, Life Technologies, Foster City, CA, USA) and 2,5-
dihydroxybenzoic acid (DHB) as matrix. RP-HPLC analyses were per-
formed on a PerkinElmer Series 200 LC pump (PerkinElmer, Wal-
tham, MA, USA) coupled to an UV/Vis detector (PerkinElmer LC 290
or Shimadzu SPD-10AV, Shimadzu, Kyoto, Japan) and to a y detec-
tor (Berthold-LB 509, Berthold Technologies, Bad Wildbad, BW, Ger-
many). An EC 250/4 Nucleosil 100-10 C,s column (250x4 mm,
100 A pore size, 10 um particle size, Macherey-Nagel, Diiren, Ger-
many) was used with a flow rate of 1.0 mLmin~". Eluents: A: 0.1%
(v/v) trifluoroacetic acid (TFA) in H,0, B: 0.1% (v/v) TFA in acetoni-
trile (ACN). Elution method A: t=0-5 min, 20% B; 5-20 min: 20—
100% B; 20-28 min: 100% B; 28-29 min: 100—20% B; 29-30 min:
20% B. For the purification of intermediate RePz(CH,);NH,, a Su-
pelco Discovery BIO Wide Pore C,s column (150%10 mm, 300 A
pore size, 10 um particle size, Sigma-Aldrich, St. Louis, MO, USA)
was used with a flow rate of 3.0 mLmin~". Eluents: A: 0.1% (v/v)
TFA in H,0, B: MeOH. Elution method B: t=0-5 min, 10% B; 5-
30 min: 10—100% B; 30-34 min: 100% B; 34-35 min: 100—10%
B; 35-40 min: 10% B.
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Purification of compounds by column chromatography was per-
formed using silica-gel 60 with 70-230 mesh granulometry (Merck,
Darmstadt, Germany). Sep-Pak C,; chromatography was performed
using a Sep-Pak C,4® cartridge (360 mg sorbent/cartridge, 125 A
pore size, 55-105 um particle size, Waters Co., Milford, MA, USA),
preconditioned with MeOH (5.0 mL) and 1 mm HCI (5.0 mL). Elution
started with 1 mm HCl (5.0 mL) followed by MeOH (5.0 mL). The
presence of the desired compound in the collected fractions was
monitored by 'H NMR spectroscopy. Thin-layer chromatography
(TLC) was performed on ALUGRAM® Xtra silica-gel aluminum
sheets (Macherey-Nagel) with 0.20 mm of thickness. Compounds
were detected with UV light (1 =254 nm) or revealed with iodine
vapor.

Synthesis of (Z)-N-(3-((2-aminoethyl)(2-(3,5-dimethyl-1H-pyra-
zol-1-yl)ethyl)amino)propyl)-4-((4-oxo-2-thioxo-3-(3-(trifluoro-
methyl)phenyl)thiazolidin-5-ylidene)methyl)benzamide (B1)

The inhibitor CFTR;,;-172a (19.0 mg, 46.4 umol), O-(benzotriazol-1-
y)-N,N,N',N'-tetramethyluronium  hexafluorophosphate  (HBTU;
22.0mg, 58.0pmol), and N,N-diisopropylethylamine (DIPEA;
43.4 L, 249.0 pmol) were added to a solution of L1-Boc (28.0 mg,
82.5 umol) in dry DMF (2.0 mL). This reaction mixture was stirred at
room temperature for 4d under N,. The solvent was removed
under vacuum and the resulting product purified by silica gel
column chromatography using a gradient of MeOH (4—20%) in
CHCl;. The intermediate B1-Boc was obtained as a yellow solid
(26.0 mg, 77%). 'HNMR (300 MHz, CDCl,): 6=1.41 (9H, s), 1.89
(2H, bs), 2.19 (3H, s), 2.27 (3H, s), 2.64 (2H, bs), 2.75 (2H, bs), 2.92
(2H, bs), 3.12 (2H, bs), 3.48 (2H, bs), 4.16 (2H, bs), 4.96 (1H, bs),
587 (1H, s), 749-759 (4H, m), 770 (1H, m), 7.77 (2H, m),
8.15 ppm (2H, d); *CNMR (75.5 MHz, CDCly): 6=11.1, 13.1, 25.1,
284, 29.7, 31.2, 36.2, 37.8, 52.1, 53.3, 79.3, 105.6, 124.2, 125.7,
126.6, 126.9, 128.3, 130.1, 130.6, 131.9, 132.8, 135.1, 135.3, 136.3,
138.6, 147.1, 156.0, 166.0, 167.1, 192.5 ppm; MS (El) (m/2) [M+H]*
calcd for C35H,,F3NGO,S,: 730.9, found: 731.4.

To a solution of the intermediate B1-Boc (26.0 mg, 35.6 umol) in di-
chloromethane (2.0 mL) was added TFA (1.0 mL, 13.1 mmol), and
this mixture was stirred for 2 h at room temperature. The solvent
was removed under vacuum and the resulting product purified by
silica gel column chromatography using a gradient of MeOH (10—
20%) in CHCl;. B1 was obtained as a yellow solid (18.0 mg, 68 %).
'H NMR (300 MHz, CD;0D): 6=1.62 (2H, quint), 2.18 (3H, s), 2.27
(3H, s), 2.54 (2H, t), 2.75-2.86 (4H, m), 3.01 (2H, t), 3.25 (2H, 1),
4.09 (2H, t), 585 (1H, s), 7.64-7.86 (7H, m), 798 ppm (2H, d);
BCNMR (75.5 MHz, CD,0D): 6=11.0, 13.3, 28.3, 38.5, 39.0, 47.5,
524, 52.6, 54.4,106.4, 126.7, 125.1, 127.2, 127.5, 129.3, 131.5, 131.7,
132.7, 132.9, 133.9, 137.2, 137.3, 137.6, 141.1, 148.5, 168.6, 169.0,
194.9 ppm; MS (El) m/z [M+H]" calcd for CioH55F3NgO,S,: 630.2,
found: 631.4; t;=17.6 min (1 =220 nm).

Synthesis of Re complex fac-[Re(CO);(1>-B1)]* (Re1)

Synthetic pathway A: The precursor fac-[Re(CO);(H,0);1Br
(12.5 mg, 30.9 umol) was added to a solution of B1 (20.0 mg,
26.8 umol) in water (5.0 mL). Following neutralization with 2.5m
NaOH, the solution was held at reflux for 18 h. Re1 was obtained
as a yellow precipitate, isolated by decantation, and washed sever-
al times with water, hexane, and dichloromethane (13.3 mg, 55%).
"H NMR (300 MHz, CD,0D): 6 =2.16-2.29 (2H, m), 2.35 (3H, s), 2.44
(3H, s), 2.55 (1H, m), 2.72 (2H, m), 2.85 (2H, m), 3.17 (2H, m), 3.54
(2H, 1), 3.78 (1H, m), 4.09 (1H, bs), 4.24 (1H, m), 4.51 (1H, dd), 5.54
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(1H, bs), 6.20 (1H, s), 7.65-7.86 (7H, m), 8.00 ppm (2H, d); *C NMR
(75.5 MHz, CD;0D): 6=11.6, 16.1, 25.9, 30.8, 38.7, 43.8, 54.3, 63.0,
66.3, 109.3, 126.8, 127.2, 127.5, 129.3, 129.7, 131.7, 132.6, 134.0,
137.0, 137.4, 137.7, 145.4, 155.2, 168.6, 169.4, 193.8, 194.9, 195.3,
198.2 ppm; MALDI/TOF-MS m/z [M]* calcd for Cj;3H33F3NgOsReS,:
901.2, found: 901.1.

Synthetic pathway B: To a solution of L1 (42.5 mg, 90.5 pmol) in
water (10 mL) was added the fac-[Re(CO);(H,0);]Br precursor
(42.1 mg, 104.1 umol). The solution was neutralized with 2.5m
NaOH and held at reflux for 16 h. After purification by RP-HPLC
(elution method B), RePz(CH,);NH, was obtained as a colorless oil
(15.7 mg, 34%). "H NMR (300 MHz, D,0): 6 =2.14 (2H, m), 2.30 (3H,
s), 241 (3H, s), 2.57 (1H, m), 2.72 (1H, m), 2.88 (2H, m), 3.08 (2H,
t), 3.21 (1H, m), 3.42 (1H, dd), 3.52 (1H, td), 3.76 (2H, m), 4.24 (1H,
m), 446 (1H, dd), 524 (1H, bs), 6.18 ppm (1H, s); CNMR
(75.5 MHz, D,0): 6=10.7, 15.2, 22.3, 37.0, 42.1, 46.8, 52.5, 61.0,
62.9, 107.7, 144.2, 153.7, 192.7, 193.8, 194.4 ppm; MS (El) m/z [M+
H]* caled for C;sH,sNsO5Re: 509.6, found: 510.3.

To a solution of RePz(CH,);NH, (15.7 mg, 30.8 umol) in dry DMF
(2.0 mL) were added the inhibitor CFTR;,,-172a (7.0 mg, 17.1 umol),
HBTU (8.1 mg, 21.4 umol), and DIPEA (15.1 pL, 92.4 umol). The reac-
tion mixture was stirred at room temperature for 4 d under N,. The
solvent was removed under vacuum and the resulting product pu-
rified by Sep-Pak C,;® chromatography using 1.0 mm HCl and
MeOH. After evaporation of the solvents from the collected frac-
tions, Re1 was obtained as a yellow solid (1,5 mg, 10%). "H NMR
(300 MHz, CD;0D): 6 =2.21-2.32 (2H, m), 2.37 (3H, s), 2.45 (3H, s),
2.54 (1H, m), 2.72 (2H, m), 2.82 (2H, m), 3.17 (2H, m), 3.54 (2H, 1),
3.79 (1H, m), 4.09 (1H, bs), 4.24 (1H, m), 452 (1H, dd), 5.53 (1H,
bs), 6.22 (1H, s), 7.64-7.87 (7H, m), 8.01 ppm (2H, d); MS (El) m/z
IM+HI* caled for Cg3HisFsNgOLReS,: 901.2, found: 901.5; t;=
24.5 min (A =254 nm); purity determined by RP-HPLC > 95 %.

Synthesis and characterization of the *"Tc complex Tc1

Preparation of the fac-[**"Tc(H,0),(CO);1* precursor: Saline solu-
tion was used to elute pertechnetate ([*™TcO,]") from a *Mo/*™Tc
generator. Approximately 2.0 mL of the eluate were added to an
IsoLink® kit (Mallinckrodt-Covidien, Petten, The Netherlands) con-
taining the following lyophilized formulation: sodium tetraborate
decahydrate (2.85 mg), sodium boranocarbonate (4.50 mg), sodium
carbonate (7.15 mg) and sodium tartrate dihydrate (8.50 mg). The
reaction vial was incubated at 100°C for 30 min and the solution
neutralized with 1M HCl (~140.0 ul) to decompose any residual
boranocarbonate. The precursor formation was followed by RP-
HPLC (y-detection).

Radiolabeling of B1 with the fac-[*™Tc(CO);]* core: The precur-
sor fac-[*™Tc(H,0)5(CO);1™ in 0.9% (w/v) NaCl (=1 mCi) was added
to a capped nitrogen-purged glass vial containing a 10 *m aque-
ous solution of B1 (final concentration=10"*m). The reaction vial
was incubated at 50°C for 30 min, cooled, and the solution ana-
lyzed and purified by RP-HPLC (y-detection); tz=25.1 min; purity
determined by RP-HPLC > 95 %.

In vitro stability: 100 uL of Tc1 were incubated with 500 pL of
fresh human serum and cell medium (used in the biological assays)
at 37°C for up to 3 h. The stability of the *™Tc complex was ana-
lyzed by RP-HPLC (y-detection).

Partition coefficient: The lipophilicity of Tc1 was evaluated by de-
termining the partition coefficient in the biphasic system n-octa-
nol/0.1m PBS pH74 (P,,). A mixture of octanol and 0.1m PBS
pH 7.4 (1:1, v/v) was prepared and stirred for 1 min. Tc1 (25 ul)
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was added and the mixture vortexed for 1 min and centrifuged
(1700 g, 10 min, room temperature) to allow phase separation.
After centrifugation, both phases were separated and aliquots of
each collected and counted in a y-counter; 500 uL of the organic
phase were collected and further extracted with 500 puL of 0.1m
PBS pH 7.4. Four replicates were used in the experiment. P, is de-
termined as the ratio between the organic and the aqueous
phases. The results were expressed as logP; logP Tc1=1.42.

Cell lines and cell culture conditions: BHK cells (kindly provided
by Prof G. Lukacs, McGill University, Montréal, QC, Canada) and
CFBE cells stably expressing either wt or F508del CFTR (kindly pro-
vided by the Gregory Fleming James Cystic Fibrosis Research
Center at the University of Alabama at Birmingham, AL, and Prof D.
Gruenert, University of California at San Francisco, CA, USA) were
used in the experiments. Cells were grown in plastic culture flasks
at 37°C in a humidified atmosphere of 5% CO,. Transfected BHK
cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F-12 nutrient medium (DMEM/F-12) supple-
mented with 5% heat-inactivated fetal bovine serum (FBS), 1%
penicillin/streptomycin (all from Gibco, Thermo Fisher Scientific,
Waltham, MA USA), and 0.2% methotrexate (Sigma-Aldrich, omit-
ted from the media used to grow non-transfected BHK cells). CFBE
cells were cultured in minimal essential medium (MEM, Gibco,
Thermo Fisher Scientific) supplemented with 10% FBS, 1% penicil-
lin/streptomycin, and 2.5 pgmL™" puromycin (Sigma-Aldrich). Two
to three days before the assays, the selection agent was removed
from the media. For experiments requiring polarization conditions
to mimic the differentiated state of epithelia, CFBE cells were
seeded onto 12- and 24-well Corning Transwell® Permeable Sup-
ports (Corning, NY, USA) at a density of 2.5x10° and 8.8x 10" cells
per well, respectively. Prior to seeding, the supports were coated
with collagen IV (Sigma-Aldrich). For the initial seeding, cells were
cultured in MEM supplemented with 10% FBS. On the following
day, the percentage of FBS was decreased to 2%. The medium was
changed every second day to maintain the cells until the day of
the experiment. To follow polarization, TEER values were measured
using the STX2 Electrode coupled to the EVOM? Epithelial Voltohm-
meter (World Precision Instruments, Hitchin, HFD, UK). For the
modulation studies, polarized CFBE cells were pre-incubated (48 h)
with 3 um VX-809 (in DMSO) at 37°C. As a negative control, cells
were pre-incubated with the same percentage of DMSO.

lodide efflux: lodide efflux experiments were performed as previ-
ously described.”® BHK stably expressing human wt CFTR cells
were seeded in 60 mm plastic culture dishes and media changed
every second day. The experiments were performed when culture
dishes were 80-90% confluent (approximately after four days).
Cells were incubated with iodide-loading buffer (containing in mm:
136 Nal, 3 KNO;, 2 Ca(NO;),, 20 HEPES, and 11 glucose, pH 7.4) at
room temperature in the dark for 1 h. Cells were then washed ten
times with efflux buffer (equal to loading buffer but with NaNO; re-
placing Nal) to remove iodide from the cell-bathing solution. From
this point, CFTR,,,-172a and Re1 were present in the efflux buffer
until the end of the experiment (time point —4 to 10). Stock solu-
tions of 10 mm CFTR,,,-172a and Re1 in DMSO were prepared and
the compounds used at a final concentration of 25 um (0.25%
DMSO). As a control, cells were incubated with efflux buffer con-
taining 0.25% DMSO. To start the assay, fresh efflux buffer was
added to each culture dish and cells were allowed to equilibrate.
After 1 min, the efflux buffer was collected and fresh efflux buffer
was added. These steps were repeated at 1-min intervals (time
point —4 to —1). Efflux buffer containing 10 um forskolin and
50 uMm genistein (Sigma-Aldrich) was added for 4 min to stimulate
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CFTR CI”™ channels (time point 0 to 3). Finally, fresh efflux buffer
was added until the end of the experiment (time point4 to 10).
The amount of iodide in each collected sample of efflux buffer (un-
exposed to light) was determined using an iodide-sensitive elec-
trode (ThermoElectron Corporation, Thermo Fisher Scientific). The
assay was performed using at least two replicates for each condi-
tion.

Western blot: BHK or CFBE cells were lysed using the CelLytic M
lysis/extraction reagent (Sigma-Aldrich) supplemented with a cOm-
plete™ Protease Inhibitor Cocktail tablet (Roche Applied Science,
Penzberg, Upper Bavaria, Germany).[‘”] After 15-min incubation at
4°C with regular shaking, lysates were centrifuged at 14000 g for
20 min to pellet the cellular debris, and the protein-containing su-
pernatants collected and properly stored. Total protein content
from each sample was determined using the DCTM Protein Assay
kit (BioRad Laboratories, Hercules, CA, USA). Samples were diluted
in sample buffer [31.25 mm Tris (pH 6.8), 1.5% (w/v) sodium dode-
cyl sulfate (SDS), 10% (v/v) glycerol, 0.001% (w/v) bromophenol
blue, 0.5 mm dithiothreitol] and incubated in a water bath at 37°C
for 15 min; 30 ug of total protein were loaded per lane and sepa-
rated in a 7% (w/v) polyacrylamide gel by SDS-polyacrylamide gel
electrophoresis (PAGE) using the MiniProtean® Cell (BioRad). Molec-
ular weight standards were also loaded. Proteins were then trans-
ferred onto nitrocellulose membranes (Protan® BA85, GE Health-
care Life Sciences, Chicago, IL, USA) using the Mini Trans-Blot®
(BioRad) and the blots blocked with 5% (w/v) nonfat dry milk in
0.1% (v/v) phosphate buffer saline-Tween 20 (PBS-T) for 2 h. Blots
were incubated separately with the anti-CFTR antibodies M3A7 (di-
lution 1:1000, ThermoFisher) or 596 (dilution 1:3000) for 1 h, and
when an internal control was needed, with an antibody anti-cal-
nexin (dilution 1:3000, BD Biosciences, San Jose, CA, USA) or anti-
actin (dilution 1:15000, Sigma). After three 10-min washes with
0.1% (v/v) PBS-T, blots were incubated for 1 h with a secondary an-
tibody (goat anti-mouse IgG-HRP conjugate, dilution 1:3000,
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