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Abstract

Bedaquiline is a promising drug against tuberculosis (TB), but limited data are available on its
intralesional pharmacokinetics. Moreover, current techniques rely on invasive tissue resection,
which is difficult in humans and generally limited even in animals. In this study, we developed a
novel radiosynthesis for 78Br-bedaquiline and performed noninvasive, longitudinal whole-body
positron emission tomography (PET) in live, Mycobacterium tuberculosis-infected mice over 48
hours. After the intravenous injection, "®Br-bedagquiline distributed to all organs and selectively
localized to adipose tissue and liver, with excellent penetration into infected lung lesions (86%)
and measurable penetration into the brain parenchyma (15%). Ex vivo high resolution, two-
dimensional autoradiography and same section hematoxylin / eosin and immunofluorescence
provided detailed intralesional drug biodistribution. PET bioimaging and high-resolution
autoradiography are novel techniques that can provide detailed, multi-compartment and
intralesional pharmacokinetics of new and existing TB drugs. These technologies can significantly
advance efforts to optimize drug dosing.
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Dosing recommendations for antibiotics were developed based on plasma levels and historic
measures of efficacy. While plasma pharmacokinetics (PK) are considered essential in the
developmental pipeline for new antibiotics, they do not always correlate with intralesional
PK. This is due to the differential partitioning of certain drugs into tissues from the plasma
compartment and dependent on both the drug characteristics and host factors including
lesion pathology. Due to the difficulties of direct sampling of infected tissues, data on
intralesional drug concentrations at the sites of infection (where bacteria reside) are often not
established, hindering the PK modeling efforts to optimize antibiotic treatments.!
Inappropriate antibiotic levels within these target tissues can lead to treatment failure,
selection of resistant organisms, and toxicity. Reduced penetration of the drugs into
privileged sites can also lead to the poor performance of the drug-containing treatment
regimen in the follow up complex and expensive clinical trials. Therefore, detailed data on
intralesional PK at infection sites could support PK modeling and substantially boost
optimization of TB treatments.

Bedaquiline, a bromine-containing diarylquinoline, is the first of a new class of anti-
tuberculosis (TB) compounds that inhibit the mycobacterial ATP synthase, with a high /n
vitro activity against drug-susceptible and resistant Mycobacterium tuberculosis.?
Bedaquiline was approved under the accelerated U.S. FDA program for treatment of multi-
drug resistant (MDR) TB.3 It offers synergy with both first- and second-line TB drugs and
also activity against non-tuberculous mycobacteria (NTM).# Bedaquiline, in combination
with a second-line antibiotic regimen, was found to significantly reduce the time needed for
sputum conversion amongst MDR-TB patients.>® The bactericidal activity of bedaquiline is
concentration dependent and the area under the curve (AUC) is the main driver for dose
optimization.” For MDR-TB patients, the recommended dosage of bedaquiline is 400 mg
once daily for two weeks followed by 200 mg three times per week (with at least 48 hours
between doses). While bedaquiline is a highly promising drug, the biodistribution of
bedaquiline in M. tuberculosis-infected tissues and privileged compartments (e.g.,
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pulmonary cavities, brain) remains poorly studied. Bedaquiline has been shown to have
reduced penetration into caseous necrotic granulomas in mice using post-mortem analyses.8
Similarly, the biodistribution of bedaquiline into other target organs is limited and only
available via post-mortem analyses.? This is relevant as bedaquiline can also cause side
effects (e.g., prolongation of the QT-interval, which is a measurement made on an
electrocardiogram from the start of the Q wave to the end of the T wave and used to assess
the electrical properties of the heart) leading to safety warnings by regulatory agencies.3 10
Therefore, information on intralesional levels of bedaquiline in infected tissues, as well as
other target organs, is necessary to accurately optimize dosing without increasing toxicity.

Positron emission tomography (PET) is a clinically translatable molecular imaging
technique that can noninvasively provide whole-body biodistribution and pharmacokinetics
(PK) of radiolabeled drugs with high sensitivity (nano- to picomolar concentrations),! and
also allow longitudinal measurements of the same subject at multiple time points. The PET
signal can be then quantified to establish the concentration of the drug in different organs,
particularly at the site(s) of infection.12 Here we report a novel radiosynthesis of
bromine-76-labeled bedaquiline ("Br-bedaquiline), which is chemically identical to the
parent drug, and its biodistribution using PET bioimaging in a murine model of pulmonary
TB that develops necrotic and hypoxic TB granulomas after aerosol infection with M.
tuberculosis13-15 In addition, we also report detailed, intralesional distribution of 76Br-
bedaquiline by utilizing high resolution, two-dimensional (2D)-autoradiography. Since
autoradiography is non-destructive, the same tissue sections were also probed using
immunofluorescence and hematoxylin and eosin stain to provide accurate co-localization of
drug biodistribution.

Results and Discussion

Radiosynthesis of /6Br-Bedaquiline

The positron emitter isotope bromine-76 was introduced into bedaquiline by replacing the
endogenous bromine and therefore “6Br-bedaquiline is chemically identical to the parent
drug. Since the physical (radiological) half-life of bromine-76 is 16.2 hours, whole-body
PET can be performed at multiple time-points over 48 hours. The position of the radiolabel
was chosen to ensure that it would be retained on the molecule even if the drug were
metabolized to the the A-monodes-methyl metabolite (M2).16 Radiosynthesis of an isotopic
analog of the parent compound, bedaquiline 1 was achieved via a boronic ester precursor 2
and a copper catalyst to produce [76Br]1.17-18 Non-isotopically labeled bedaquiline was
reacted with bis(pinacolato)diboron and [1,1’-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll), giving a 60 £ 5 % (n = 3)
conversion to the desired boronic ester 2 (Figure 1).19 This mixture was subsequently
purified viaa combination of flash column chromatography and semi-preparative HPLC to
provide pure precursor for our labeling experiments, confirmed using both NMR and LCMS.

’6Br-Bedaquiline (["®Br]1) was synthesized by reacting precursor 2 with NH,’®Br (Figure
1). Briefly, aqueous bromide-76 was neutralized with ammonium hydroxide (20 pl),
concentrated to ~100 pl, precursor 2 in DMSO was added, and the mixture heated at 100°C
to provide 20% conversion, observed by HPLC after 20 min. "6Br-Bedaquiline was isolated
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by preparative HPLC in a 6% non-decay corrected radiochemical yield (n=5)
(Supplementary Figure 1). The identity of the labeled compound was confirmed by co-
injection of standard bedaquiline and the synthesized ["®Br]1 using analytical HPLC.

’6Br-Bedaquiline PET bioimaging

It is increasingly being recognized that heterogeneous pathological states - cavitation,
pneumonia, and necrotic granulomas - occur simultaneously within the same pulmonary TB
patient,20 each with a distinct bacterial burden and antibiotic exposure, which are dynamic.12
Easily available clinical samples [e.g., blood, cerebrospinal fluid (CSF)] fail to capture the
complex and dynamic nature of heterogeneous TB lesions or pathological states that may
occur simultaneously within the same subject.12 Similarly, while advanced techniques [e.g.,
matrix-assisted laser desorption ionization (MALDI)] can detect drugs and their metabolites
in infected tissues, they are invasive, rely on accurate resection of tissues,8 and introduce
sampling bias (given the multiple, heterogeneous lesions in the same host) or artifacts
introduced during animal sacrifice / tissue processing. Moreover, tissue resection is difficult
in humans and generally limited to a single time-point even in animals. Therefore,
longitudinal assessments to measure antibiotic penetration over time with current tools, are
difficult even in animal models, and current tools also have limited translational potential for
use in clinical studies.

To determine the 7 vivo biodistribution of 78Br-bedaquiline, we utilized a mouse model that
develops necrotic pulmonary granulomas after aerosol infection with M. tuberculosis.
Similar to humans, these animals develop a heterogeneous pulmonary disease that includes
granulomas, pneumonia areas, and cavities.1® Ten weeks after aerosol infection with M.
tuberculosis, the animals had a pulmonary bacterial burden of 8.06 = 0.68 logy colony
forming units (CFU). Whole-body PET was performed at multiple time-points in the same
cohort of live animals over 48 hours (Figure 2). Multiple regions of interest (ROI) were
drawn and the "6Br-bedaquiline signal was measured at each time-point in several organs as
well as infected and unaffected pulmonary tissues to obtain time-activity curves and AUCs
over 48 hours (AUCygp). Overall, 283 different measurements were made over 48 hours, of
which 81 were from the infected lung tissues.

Since plasma PK for bedaquiline after oral dosing are already established in animals and
humans,”- 21 the primary goal of our current study was to establish AUC tissue/plasma ratios
(AUClissue/plasma) Using PET, which in conjunction with plasma PK, would allow us to
accurately measure intralesional bedaquiline concentrations. Intravenous injection of 76Br-
bedaquiline (rather than oral administration) was therefore utilized for these studies.
Intravenous dosing generally leads to more reliable plasma PK and is utilized extensively in
PET studies for establishing drug PK.22 We have recently described these PET imaging
methods to measure tissue concentrations of rifampin in difficult to sample and privileged
compartments in animal models of TB and patients with active TB.12 After intravenous
injection, "6Br-bedaquiline distributed to all parts of the body and selectively localized to
adipose tissue (brown fat) and liver (Figure 2A, B). Penetration into infected lung lesions
was high with an AUCrissye/plasma ratio of 86.29 + 13.62% (Figure 2C and Supplementary
Figure 2). High-resolution PET also allowed a detailed characterization of the
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biodistribution of "6Br-bedaquiline in all the lung regions at several time-points
(Supplementary Figure 3). 7Br-Bedaquiline distribution was spatially heterogeneous but
penetration was noted into infected pulmonary tissues during the 48 hours observed
(Supplementary Figure 4). It should be noted that we measured AUC during the first 48
hours while Irwin et a/. reported the AUC up to 168 hours after oral dosing.® In addition,
while PET cannot differentiate between bedaquiline and M2, PET signal from the tissues
measures both the parent drug and M2, which is also active against M. tuberculosis and thus
therapeutically relevant.

Since PET can simultaneously sample multiple compartments and organs, we were also able
to measure drug penetration into several different compartments. For example, there was
limited but measurable penetration of 78Br-bedaquiline into the brain parenchyma with an
AUCitissue/plasma ratio of 14.81 + 2.12% (Figure 2D and Supplementary Figure 2). TB
meningitis is a serious and often fatal form of TB and disproportionately affecting
vulnerable populations - young children and HIV-infected individuals.23 Treatments
developed ~50 years ago prevent death or disability in less than half of those afflicted by this
disease.2 Moreover, several key antimicrobials have limited penetration into the central
nervous system (including the brain parenchyma) and the lack of PK data for existing and
new TB drugs is a significant challenge, especially given the alarming rise of MDR-TB.25-26
We therefore believe that penetration of 5Br-bedaquiline into the brain parenchyma is a
novel finding as the concentration of bedaquiline in brain tissues of M. tuberculosis-infected
animals has not been reported previously. While Pamreddy et al. have reported the
penetration of bedaquiline (35% of administered oral dose) in healthy rats using MALDI,? a
case report describing a 36-year old patient with TB meningitis, demonstrated no detectable
levels of bedaquiline in the CSF obtained through an external lumbar drainage at ~6 and 11
weeks after initiation of bedaquiline and TB treatment respectively.2” There could be several
reasons for this discrepancy, including limited penetration of bedaquiline into the CSF,
possibly due to decreased inflammation and permeability of the blood-CSF barrier several
weeks after the initiation of treatment.12 Importantly, different partitioning of bedaquiline
(which is highly lipophilic and protein-bound) preferentially into the brain parenchyma
(measured in the current study) rather than CSF which is hydrophilic, may also explain these
findings. In addition, Rohlwink et a/. have demonstrated that biochemical characteristics of
lumbar CSF are different from that obtained from the ventricles in patients with TB
meningitis, 28 potentially due to barriers which may affect the uniform circulation of CSF,
reinforcing the need for measuring drug concentrations at the infection site. Additional
studies in relevant animal models!? are needed to answer these questions. The
biodistribution of 78Br-bedaquiline into kidneys, bladder, spleen, muscle, brown fat and bone
is shown in Supplementary Figure 5.

Some animals were also sacrificed for post-mortem, high-resolution 2D-autoradiography to
measure detailed, intralesional distribution of 76Br-bedaquiline (Figure 3A).
Autoradiography utilizes an X-ray film to detect radioactive materials and produces a
permanent record of the positions and relative intensities of the radiolabeled source.?? At an
early time-point (6 hours after tracer-injection), "6Br-bedaquiline signal was reduced in
infected versus unaffected areas with diffuse distribution in pneumonic areas and consistent
with the PET data obtained in live animals at the same time-point after tracer-injection

ACS Infect Dis. Author manuscript; available in PMC 2020 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ordonez et al.

Page 6

(Supplementary Figure 4). Unlike techniques such as MALDI, autoradiography is non-
destructive. Therefore, the same tissue sections were also probed using immunofluorescence
and H&E staining to demonstrate the localization of CD68+ cells and bacteria in the same
sections (Figure 3B, C and Supplementary Figure 6).

In summary, we report a novel technigue to noninvasively study whole-body biodistribution
of bedaquiline using PET. Moreover, we also demonstrate proof-of-principle and feasibility
of high-resolution, 2D-autoradiography to measure detailed, intralesional distribution of
6Br-bedaquiline. Given that the same section can be used to obtain high-resolution spatial
localization of the drug (autoradiography), as well as perform additional stains for
inflammatory cell types, bacteria, cellular targets, etc., this technology would allow for
accurate co-localization studies in 2 and 3-dimensions. PET bioimaging has several
advantages over current methods and provides holistic three-dimensional information to
simultaneously evaluate heterogeneous lesions in multiple compartments and thus limit
sampling bias. Importantly, as demonstrated, longitudinal profiling in the same subjects at
several time-points can be performed thereby reducing animal-to-animal variability and
costs associated with sacrificing different animal cohorts at each time-point. PET can
provide rapid (same day) /n situ measurements in live (infected) subjects with intact
physiology and without artifacts (due to animal sacrifice / processing). In the future, this
technology could be utilized for studies in larger and more expensive animal models of TB
(e.g., rabbits, non-human primates) as well as for other infectious pathogens such as NTM
and Staphylococcus aureus, which have similar challenges and where bedaquiline is also
being used to treat MDR infections. Finally, since PET is fully translatable to the clinic,12
this technology will also allow clinical assessments, especially early proof-of-concept
studies which typically require 10-20 patients, and are highly encouraged by the U.S. FDA.

Materials and Methods

All protocols were approved by the Johns Hopkins Biosafety, Radiation Safety, and Animal
Care and Use Committees.

General Materials and Methods:

Chemicals and solvents were purchased from CarboSynth, Sigma-Aldrich, and TCI America
and were used as received. Anhydrous solvents (glacial acetic acid, dioxane, acetonitrile,
THF, and toluene) were purchased from Aldrich. EtOAc, petroleum ether and hexanes were
purchased from Fisher Scientific. Unless stated, reactions were performed under an inert
atmosphere of dry argon gas (Ar) in oven-dried (150 °C) glassware.

Synthesis of Boronic Ester 2:

Bedaquiline 1 (100 mg, 0.180 mmol) was dissolved in dioxane (4 ml) and to it Bopin, (43.2
mg, 0.170 mmol), Pd(dppf)2Cl, (3.7 mg, 0.005 mmol) and KOAc (50.4 mg, 0.514 mmol)
was added. The reaction mixture was heated to 80 °C for 16 hours, and then cooled to room
temperature and diluted with DCM (~15 ml). The subsequent heterogeneous solution was
filtered through Celite® and the resultant filtrate was concentrated /n vacuo. The residue was
purified viaflash column chromatography (silica, 100% EtOAc), before subsequent
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purification using semi-preparative HPLC, which was performed using a Phenomenex Luna
C18(2) 10 um, 250 x 4.6 mm column, at a flow rate of 10 mL/min, using water and
acetonitrile containing 0.1 % TFA as the mobile phases. The following gradient was applied:
40 % acetonitrile for 2 min, 40 — 100 % over 10 min, 100 % for 3 min, and 100 — 40 % over
2 min. The boronic ester eluted between 8.2 and 8.6 min. Upon evaporation of the solvent
the precursor was dried under vacuum overnight and a white powder was obtained. 1H NMR
(500 MHz, DMSO-gg) 6 9.10 (s, 1H), 8.85 (s, 1H), 8.64 (s, 1H), 8.35 (s, 1H), 7.94 (s, 1H),
7.87 (d, /=8.3 Hz, 1H), 7.74 (d, /= 8.4 Hz, 3H), 7.56 (s, 1H), 7.32 (t, /= 7.8 Hz, 1H), 7.12
(s, 2H), 6.90 (s, 3H), 5.77 (s, 2H), 4.22 (s, 3H), 3.05 (d, /= 63.2 Hz, 2H), 2.46 (s, 2H), 1.35
(s, 12H), 1.18 (s, 6H). 13C NMR (126 MHz, DMSO) & 156.4 (qC), 140.7 (qC), 139.3 (qC),
136.6 (CH), 135.5(CH), 134.3 (CH), 130.3 (CH), 130.2 (CH), 129.0 (CH), 127.8 (CH),
127.77 (CH), 126.4 (CH), 126.2 (CH), 125.6 (qC), 125.5 (CH), 125.0 (CH), 115.3 (qC), 84.7
(gC), 83.3 (qC), 54.7 (CHy), 43.3 (CH3), 42.46 (CH3), 34.8 (CH;) 25.81 (CH3). LRMS (ESI
*) [M+H]" Calculated for C3gH44BN>O4]*: 603.3; Found: 602.9.

["6Br]Bromide:

76Br was produced at the Washington University School of Medicine using a CS-15
Cyclotron (Cyclotron Corporation). Briefly, a %3Cu,’Se disc was bombarded with protons
(15 MeV beam, 5-20 pA) and the resultant 75Br was separated using thermal distillation.
6Br was collected in a basic solution and purified using a Sep-Pak C-18 cartridge.

Synthesis of 76Br-Bedaquiline:

Aqueous [8Br]bromide (500 pl, up to 370 MBgq) was added to NH4OH (28% in H,0, 10 pl)
and dried at 100 °C in a Wheaton vial with a constant stream of N,. Within approximately
10 minutes, the total volume of the solution had reduced to 50-100 pl, and this was used
directly for radiolabeling experiments without further purification. Boronic ester 2 (3 mg)
was dissolved in DMSO (400 L) with Cu(OTf),(Py)4 (2 mg) inside a Wheaton vial, and to
this mixture was added the concentrated bromide solution (50 ul, up to 370 MBq). The
reaction was heated at 100 °C for 10 minutes, before being cooled to approximately 30 °C.
The reaction mixture was diluted with water (10 ml) and purified by semi-preparative
HPLC, which was performed using a Phenomenex Luna C18(2) 10 um, 250 x 4.6 mm
column, at a flow rate of 2 mL/min, using water and acetonitrile as the mobile phases. The
following gradient was applied: 5 % acetonitrile for 5 min, 5 — 95 % over 20 min, 95 % for 5
min, 95 — 5 % over 5 min, and 5 % for 5 min. "5Br-Bedaquiline eluted at 25 min. The
desired compound [6Br]1, was diluted with PBS (100 pl) and concentrated at 80 °C with a
constant stream of N, affording the final formulated product ina 6 + 1 % n.d.c.
radiochemical yield (18-24 MBq, n = 5).

Animal infection:

Four to six-week-old female C3HeB/FeJ mice (Jackson Laboratory) were aerosol-infected
with frozen stocks of M. tuberculosis (H37Rv), using the Middlebrook Inhalation Exposure
System (Glas-Col) as described previously.30 Ten weeks after infection, a separate group of
three animals was sacrificed with their lungs harvested to determine the bacterial burden.
Lung homogenates in serial dilutions were plated on 7H11 agar plates.
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PET Imaging:
After an incubation period of 10 weeks post-infection, M. tuberculosis-infected animals
were injected with 1.30 + 0.12 MBq of 7®Br-bedaquiline via tail vein and imaged within a
sealed bio-containment bed (Minerve), as described previously.1> Computed tomography
(CT) and PET were performed using the nanoScan PET/CT (Mediso) with 30 min
acquisition frames at 30 min, 1, 4, 5, 24 and 48 hours post injection of the tracer. Scatter and
attenuation correction was applied to the images and were analyzed using VivoQuant 3.0
(Invicro) for visualization. Quantification of the biodistribution of the radiolabeled drug was
performed by drawing ROI, based on the CT, for quantification using AMIDE 1.0.4. For
each lesion, the ROIs were drawn in the same region for each time-point to quantify the
same lesion over 48 hours. Data for blood activities were obtained by placing an ROl in the
left ventricle of the heart and converted to plasma using the hematocrit.3! The PET data
were adjusted for mass using the density of each ROI (obtained from the CT as Hounsfield
units) and are expressed as % injected dose (ID) / weight (g).

Autoradiography:
3.0 MBq of "®Br-bedaquiline were injected via tail vein to an M. tuberculosis-infected
mouse which was sacrificed by isoflurane overdose three hours later for autoradiography.
The lungs were harvested, fixed in optimal cutting temperature compound (OCT) and sliced
using a Cryostat CM1950 (Leica Microsystems) into multiple 20 um sections. The frozen
lung sections were exposed overnight to high-performance autoradiography X-ray film
(Biomax) and were developed using standard photographic methods in a dark room within
the biosafety level (BSL)-3 facility. The spatial biodistribution of 6Br-bedaquiline in the X-
ray film was determined using a high-resolution flatbed scanner and densitometry software
MCID Elite image analysis Version 7.0 (Imaging Research Inc.).

Immunofluorescence and Histopathology:

After autoradiographs were developed, the same tissue section was fixed in 4%
paraformaldehyde in PBS and stained using immunofluorescence techniques. Macrophages
were probed with anti-CD68 [FA-11]-Alexa Flour 647 (Abcam 201845), the mycobacteria
were probed with anti-M. tuberculosis-FITC (Abcam 20962) and the nuclei were stained
with DAPI at room temperature. The tissue sections were mounted with ProLong Gold
Antifade (ThermoFisher Scientific) and visualized under laser scanning confocal microscope
(Leica Microsystems) with DAPI, FITC, and Cyb filters. These sections were subsequently
stained with hematoxylin and eosin.

Statistical analysis:

Data was analyzed using Prism 8 version 8.1.0 (GraphPad). AUCs were calculated using the
linear trapezoidal rule. Comparisons were made using a two-tailed, Mann Whitney U'test. P
values less than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Synthesis of boronic ester precursor 2 and radiosynthesis of 6Br-bedaquiline
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Figure 2. "®Br-Bedaquiline PET of M. tuberculosis-infected mice.
(A) Three-dimensional maximum intensity projection of "®Br-bedaquiline PET/CT of a

representative mouse, one hour after tracer-injection. "8Br-Bedaquiline localizes rapidly to
the liver and the adipose-rich brown fat (BF). Time-activity curves in plasma and liver (B)
lung (C), brain (D) and heart (myocardium) (E). Data represented as mean + standard
deviation, n=3 animals.
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M. tuberculosis

Figure 3. High-resolution 2D-Autor adiogr aphy of 76Br-BedaquiIine.
(A) Detailed, intralesional biodistribution of 76Br-bedaquiline in lung tissues of an M.

tuberculosis-infected mouse 6 hours after a single dose. Data represented as relative optical
density (ROD). (B) Hematoxylin and eosin staining of the same lung section. (C)
Immunofluorescence staining of the same tissue section (used for autoradiography). Cellular
nuclei (DAPI), M. tuberculosis, CD68+ macrophages and merged images (magnification of
63x).
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