View metadata, citation and similar papers at core.ac.uk

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

JCEM

ADVANCE ARTICLE:

ENDOCRINE
SOCIETY

ENDOCRINE BN
SOCIETY

Treatment of Primary Aldosteronism with mTORCL1 Inhibitors

Beckey Trinh, Matthias Hepprich, Matthias J. Betz, Thilo Burkard, Claudia Cavelti-Weder,
Eleonora Seelig, Fabian Meenberg, Denise V. Kratschmar, Felix Beuschlein, Martin
Reincke, Alex Odermatt, Michael N. Hall, Marc Y. Donath, Marta M. Swierczynska

The Journal of Clinical Endocrinology & Metabolism
Endocrine Society

Submitted: March 08, 2019
Accepted: May 08, 2019
First Online: May 14, 2019

Advance Articles are PDF versions of manuscripts that have been peer reviewed and accepted but
not yet copyedited. The manuscripts are published online as soon as possible after acceptance and
before the copyedited, typeset articles are published. They are posted "as is" (i.e., as submitted by
the authors at the modification stage), and do not reflect editorial changes. No
corrections/changes to the PDF manuscripts are accepted. Accordingly, there likely will be
differences between the Advance Article manuscripts and the final, typeset articles. The
manuscripts remain listed on the Advance Article page until the final, typeset articles are posted.
At that point, the manuscripts are removed from the Advance Article page.

DISCLAIMER: These manuscripts are provided "as is" without warranty of any kind, either express
or particular purpose, or non-infringement. Changes will be made to these manuscripts before
publication. Review and/or use or reliance on these materials is at the discretion and risk of the
reader/user. In no event shall the Endocrine Society be liable for damages of any kind arising
references to, products or publications do not imply endorsement of that product or publication.

-

-~
brought to you by ., CORE

provided by edoc

6102 AeN 91 uo Jasn (joseq JyHSIAIUN J9P suBYlolalg dydIpuayeQ) Yayloliadlg ZMM Ad +20887S5/€9500-61.022/01Z1 01 /10pAdBIISE-8[0lE-80UBAPE/WSD(/W0D"dNo"ojWapede//:SdRy Wolj papeojumoq


https://core.ac.uk/display/286379764?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
O
“

ADVANCE ARTICLE:

ENDOCRINE =
SOCETY Ema

The Journal of Clinical Endocrinology & Metabolis@opyright 2019 DOI: 10.1210/jc.2019-00563

MTORCL1 Inhibitors in Primary Aldosteronism
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Context. mMTORCL1 activity is often increased in the adrexmaitex of patients with primary
aldosteronism and mTORCL1 inhibition decreases tddmse production in adrenocortical
cells, suggesting the mTORC1 pathway as a podsitget for treatment of primary
aldosteronism.

Objective.To investigate the effect of mMTORC1 inhibition arenal steroid hormones and
hemodynamic parameters in mice and in patients prithary aldosteronism.

Design.(i) Plasma aldosterone, corticosterone and angsotdhwere measured in mice
treated for 24 hours with vehicle or rapamycir). Biasma aldosterone levels after a saline
infusion test, plasma renin, 24-hour urine stefmdnone metabolome and hemodynamic
parameters were measured during an open-label stu/ patients with primary
aldosteronism before and after two-weeks of treatméth everolimus and after a two-week
washout period

Main outcome measure) Change in plasma aldosterone levels. (i) @gaim other steroid
hormones, renin, angiotensin Il and hemodynamiarpaters.

Results.Treatment of mice with rapamycin significantly desed plasma aldosterone levels
(P =0.007). Overall, treatment of primary aldostésanpatients with everolimus
significantly decreased blood pressu?e<(0.05) and increased renin leve?s{0.001) but
did not lead to a significant reduction in aldoster levels. However, prominent reduction of
aldosterone levels upon everolimus treatment wasrobd in 4 out of 12 patients.
ConclusionIn mice, mTORC1 inhibition was associated withuegtl plasma aldosterone
levels. In patients with primary aldosteronism, niRCL inhibition was associated with
improved blood pressure and renin suppressiordditian, mTORCL1 inhibition appeared to
reduce plasma aldosterone in a subset of patients.
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Systemic mTORCL1 inhibition decreases plasma aldosterone levels in mice and in a subset of patients
with primary aldosteronism.

INTRODUCTION

Primary aldosteronism (PA) is characterized by jpmapriately high and relatively
autonomous aldosterone production by the adrem&hcavhich results in hypertension,
sodium retention, suppression of renin and incebasgassium excretion. It is one of the
most frequent causes of secondary hypertensiomffgiting around 6% of the general
hypertensive population and up to 30% of hypertenpatients in specialized referral centers
(2). The most common causes of PA are bilateraredhyperplasia and aldosterone-
producing adrenal adenoma (APA).

Compared with age-, sex- and blood pressure-mafgaigents with essential
hypertension, patients with PA have an increas#dai cardio- and cerebrovascular
morbidity and mortality (3,4), structural and fuicial renal abnormalities (5,6) and
metabolic syndrome (7). Targeted treatment cangoresr at least partially reverse the
consequences of PA (8-10).

Depending on the subtype of PA, patient charadtesiand preference, treatment
comprises unilateral adrenalectomy or mineralocoidi receptor antagonists. However, not
all patients are suitable for surgery, and mine@icoid receptor antagonists can be
associated with intolerable side effects. Therefadelitional therapeutic options are of major
interest.

Although mutations in ion channels and ATPases h@en identified in a high
percentage of APA patients, the molecular mechaoisBA development remains poorly
understood (11,12). Recently, it has been demdesitthat the activity of the mammalian
target of rapamycin complex 1 (mTORC1) is commangreased in the adrenal glands of
patients with PA caused by both adrenal cortex fpipsia and aldosterone-producing
adenoma (13). Furthermore, treatment of adren@ebditells with an mTORCL1 inhibitor
decreases their steroid hormone production (13ad)proliferation (13-15), and increases
their apoptosis (16). Accordingly, mTORC1 inhibitidecreases adrenocortical carcinoma
growth in a mouse xenograft model (17).

Here, we analyze expression of mTORC1 compone®h and investigate whether a
systemic mTORC1 inhibition affects circulating adtlerone levels, blood pressure, and renin
suppression in mice and in patients with PA respeigt

MATERIALSAND METHODS

Animal experiments

All animal experiments were approved by the Kankem& eterinaramt of Kanton Basel-
Stadt (Basel, Switzerland). Mice were housed aC28°a conventional facility with a 12 h
light/12 h dark cycle. 13-16 weeks old C57BL/6J9/BJae, BALB/cJ mice (in-house
husbandry) were injected intraperitoneally withaiagycin (LC Laboratories, 2mg/kg of body
weight) or vehicle (5% PEG-400, 4% ethanol, and™®%en 80), and euthanized after 24
hours. Animals were injected and sacrificed betwsg®0 h and 1630 h. Only males were
used in this study.

Adrenal glands were homogenized in RIPA buffer aoihg Complete Proteinase
Inhibitor Cocktail and PhosSTOP phosphatase intilgiocktail (both from Roche). Equal
amounts of protein were separated by SDS-PAGEsfeared onto nitrocellulose
membranes, and probed with antibodies against S6K;pThr389 (Cell Signaling, #2780
and #9234) and actin (Millipore, #MAB1501).

Plasma steroid hormone levels were determinedssitded previously (18) and plasma
Angll levels were determined using Angll ELISA kRiotrend).
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Immunoblot and mass spectrometry analyses of APA and matched control adrenal cortex

samples

Quantification of MTORC1 activity and expressiomofORC1 components and proteins
involved in mTORC1 regulation in APA and controrewal cortex samples (Ctrl) of the
same adrenal is based on the analysis of immunabtbtnass spectrometry data obtained in
the course of other investigations (19).

Clinical study design and participants

This open-label, proof-of-concept study was coneldict the University Hospital Basel
between June 2017 and June 2018 and included Bhisavith PA diagnosed according to
current guidelines of the Endocrine Society (2)dikidnal eligibility criteria included age
>18 years and an office blood pressure < 160/90 mrildyg exclusion criteria were signs of
current infection, ongoing immunosuppressive tregiihor documented immunodeficiency,
clinically significant kidney or liver disease, wntrolled congestive heart failure, and
pregnancy or breastfeeding. Sample size was baselihecal and practical considerations
for a pilot study. Due to costs, development alia placebo was not affordable. All
participants provided written informed consent iafitee nature and possible consequences of
the study were explained. Subject characteristepeovided in Table 1.

The study was approved by the regional ethical ctteen(EKNZ 2015-400) and
Swissmedic (2017DR2062), and was conducted in daoge with the guidelines for Good
Clinical Practice and the Declaration of Helsinkne trial was registered at Clinicaltrials.gov
(NCT03174171).

Intervention

All participants received everolimus (Certican®;Mddis Pharma AG) 0.75mg orally twice a
day (b.i.d.) for 14 days. This dosing regimen ismawonly used in the clinic to prevent
allograft rejection in heart and kidney transplpatients, and has a well-described safety
profile.

Study Assessment

All participants attended a screening visit andusl visits (Figure 1). An additional visit
was planned to gather histological and clinicahdbadrenalectomy was performed after the
last saline infusion test. The dosage of beta-ldogckcentral alpha-2 agonists, angiotensin-
converting enzyme inhibitors, angiotensin receptockers and diuretics was maintained
unchanged for the duration of the trial. Where mjajplle, subjects were taken off
mineralocorticoid receptor antagonists at leaseéks before the baseline measurements.
When required, potassium was substituted orallyragrfor a serum potassium level»8.9
mmol/l.

Baseline measurements included standardized 7-@ag Iblood pressure measurements
(Model Omron M6 or Omron M400 ) performed as recanded by the European Society of
Hypertension (20), hemodynamic measurements usagan-invasive thoracic electrical
bioimpedance HOTMAN system (Hemo Sapiens Inc., Bamon, California, USA), 24 hour
urine collection for measurement of steroid hormomeabolites, baseline plasma
aldosterone as assessed with standardized recusdgm infusion test (2) and other
baseline plasma steroid hormone levels as mentibekdv (visit 2 and 3). The
measurements were repeated after 14 days of aneimtreatment (visit 5) and after a two-
week washout period (visit 6). In addition, plasavarolimus levels were measured (visit 4,
5 and 6) to ensure medication compliance.

Plasma aldosterone, renin, cortisol, adrenocorbpat hormone (ACTH),
dehydroepiandrosterone-sulfate (DHEA-S), testoster{l7)estradiol, everolimus level and
urine creatinine were measured at the routine &boy, Department of Clinical Chemistry,
University Hospital Basel, Switzerland. Aldosteram&s quantified using a competitive
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chemiluminescence immunoassay (LIAISON® Aldoster(R&EF] 310450), DiaSorin Inc.,
MN 55082, USA). Renin was measured by a non-corigetthemiluminescence
immunoassay (LIAISON® Direct Renin ([REF] 31047DjaSorin Inc., MN 55082, USA).
24-hour urinary steroid hormone metabolite levaldgsterone, tetrahydroaldosterone
(TH-Aldo), 18-hyroxycortisol, 18-hydroxycorticostare, 11-deoxycortisol, cortisol (F),
tetrahydrocortisol (THF), &-tetrahydrocortisold-THF), cortisone (E), tetrahydrocortisone
(THE), Sa-tetrahydrocortisonen¢ THE), B-cortol, a-cortolone -cortolone, corticosterone
and 11-dehydrocorticosterone and their tetrahydetaivolites, 11-deoxycorticosterone,
dehydroepiandrosterone (DHEA), progesterone;iytiroxyprogesterone, androsterone,
118-hydroxyandrosterone, androstenedione and testostewere determined as follows: for
enzymatic de-glucuronidation urinary samples (Olpwere pH adjusted with sodium acetate
buffer (1 ml, 0.1 M, pH 4.3) and incubated (2 h;Gpbwith B-glucuronidase from Helix
pomatia (80 plz 100 000 U/ml; Sigma-Aldrich) prior solid-phase rxtion (SPE). For
extraction of free urinary steroids by SPE, de-eongated urine samples (1.5 ml) and non-
treated urine (1 ml) samples were diluted with gsodacetate buffer (0.1 M, pH 4.3)
containing internal standard solution (aldosterde@ ng/ml), THF-D5 (750 ng/ml), F-D4
(300 ng/ml), E-D2 (300 ng/ml), 11-deoxycortisol-PE ng/ml), B-D8 (75 ng/ml),
testosterone-D2 (15 ng/ml), 17-OH-progesterone-I3® (hg/ml), androstenedione-D7 (45
ng/ml), DHEA-D6 (450 ng/ml), progesterone-D8 (73mb, etiocholanolone-D5 (300
ng/ml) and androsterone-D2 (450 ng/ml)) to a fi@lume of 2 ml. Samples were
centrifuged (10 min, 16 000 x g, 4 °C) and supemizt (1.5 ml) were transferred to Oasis
HBL SPE (60 mg, 3 cc; Waters) cartridges, precamutd with ethyl acetate and water (3 ml
each). Columns were washed with water/ammoniumdxyde (3 x 1 ml, 98/2, v/v),
methanol/water/ammonium hydroxide (3 x 1 ml, 20278/v/v) and water (3 x 1 ml).
Steroids were eluted with ethyl acetate (2 x 0.75 evaporated to dryness (1.5 h, 35°C) and
reconstituted in methanol (50 pl, 10 min, 4°C, 180®). Steroid content was analyzed by
ultra-performance liquid chromatography-MS/MS (URMS/MS) using an Agilent 1290
UPLC coupled to an Agilent 6490 triple quadrupolassispectrometer equipped with a jet-
stream electrospray ionization interface (Agileatfinologies). Analyte separation was
achieved within 19 min using a reverse-phase col(fmfpm, 2.1 mm x 150 mm; Acquity
UPLC BEH C18; Waters) and water-acetonitrile-forraaid (B: 95/5/0.1; v/v/iv) and (A:
5/95/0.1; v/vlv) as mobile phases. Data acquisiéind quantitative analysis was performed
by MassHunter (Version B.09.00, Agilent Technolayid etrahydrocortisol,dd
tetrahydrocortisol, tetrahydrocortisore,andp-cortolone 3-cortol, 11-deoxycortisol,
cortisol and cortisone were summarized as totalaglarticoid metabolites for analysis.
Small volumes and low 24-hour creatinine levelthefreturned urine recorded for some
patients indicated possible incomplete 24-hourectibn. To correct for this, we normalized
metabolite concentrations to the 24-hour creatinalee.

Study Endpoints
The predefined primary endpoint was change in pdaailtosterone in the standard
recumbent saline infusion test after 14 days of@iaus treatment as compared to baseline.
Predefined secondary endpoints were changes in syséwiic and diastolic blood pressure
during standardized home blood pressure measureotertge in cardiac index, changes in
serum potassium level and dose of potassium sutstif changes in 24-hour urine
aldosterone metabolites, and changes in plasma A@rth, cortisol, DHEA-S, testosterone
and (17)estradiol levels after 14 days of everofitreatment as compared to baseline.
Considering the moderate reproducibility of plasafdosterone in repeated saline
infusion tests (21) with a difference of the mebpd.4%, we defined responders as a
reduction o> 30% from baseline for our post-hoc analysis.
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Statistical Analysis

Data were analyzed using Prism v8.0 (GraphPad &odtinc). Discrete variables are
expressed as counts (percentages) and continunablea as medians with interquartile
ranges (IQR). Statistical analyses were perfornsagguMann-Whitney test (mouse
experiments) and nonparametric one-way ANOVA (Friad) with Dunnett’s post hoc test
(clinical study data)P-value <0.05 was defined as significant.

RESULTS

Increased activity of mMTORC1 in APA isnot caused by overexpression of mTORC1

componentsor itsregulators

Previous studies, including ours, reported increas@ORC1 activity in the majority of

APAs ((13,19,22); Figure 2A, B). To establish wteatthe observed increased mTORC1
activity is due to changes in expression of mTORGMhponents or proteins involved in
mTORCL1 regulation, we analyzed the results of dpemtitative mass spectrometry analysis
of 6 pairs of APA and matched control adrenal cos@mples (19). The expression of
mTORC1 components was not changed in any APA aedl{Zigure 2C). Three APAs
displayed increased expression of insulin recegomtdéor IGF2 receptor (Figure 2D).
However, these changes did not correlate with mTOREivity (Figure 2B). The expression
of AMPK components was not altered in APAs (FigRE). Adenomas expressed higher
levels of multiple proteins involved in mTORCL1 stilation in response to amino acids
(Figure 2F). However, the most pronounced changee wbserved in APAs not
characterized by increased mTORCL1 activity (Patiérdand 4). Thus, most likely, increased
expression of positive mTORC1 regulators is notuheéerlying cause of increased mTORC1
activity in aldosterone-producing adenomas. Fursihedies are required to determine
whether elevated mTORC1 activity observed in md3A# is due to common changes in
activities of known signaling pathways upstreanmdORC1.

Systemic inhibition of mMTORC1 decr eases plasma aldosterone levelsin mice

MTORCL1 inhibition decreases steroid hormone sexrétom primary adrenocortical cells
and adrenocortical cell lines (13,22). To assesstimdr mMTORC1 affects adrenal steroid
synthesis irvivo, we systemically treated mice with the mTORC1 infmibrapamycin and
assessed their plasma aldosterone and corticostiresls. Treatment with rapamycin (24
hours) reduced adrenal mMTORC1 activity (Figure 8AJ significantly reduced plasma
aldosterone level$>(= 0.007, Figure 3B). Plasma corticosterone lewaisi¢d to be lower in
rapamycin-treated animals, but the difference wastatistically significant (Figure 3B).
Aldosterone is regulated mainly by AngiotensinAhg Il). However, the levels of plasma
Ang Il did not change upon rapamycin treatmentFeg3C). Thus, systemic mTORC1
inhibition with rapamycin reduces circulating alterene levels independent of Ang II.
Whether rapamycin lowers plasma aldosterone leligdstly by affecting aldosterone
synthesis in the adrenal gland or indirectly byetiihg the expression of paracrine factors
regulating aldosterone synthesis and/or aldostemgtabolism requires further studies.

Systemic mTORC1 inhibition with everolimus decr eases plasma aldosterone levelsin some

primary aldoster onism patients

To assess whether systemic mMTORCL1 inhibition cdelttease aldosterone levels also in PA
patients, we designed an open-label, proof-of-conseidy on treatment of PA with the oral
mTORCL1 inhibitor everolimus. In this study, subgerdceived everolimus for two weeks and
their plasma steroid hormone levels, along witteotiiochemical and clinical parameters,
were assessed before and after treatment, assaflea a two-week washout period (Figure
1A). 14 patients with PA were enrolled, of whichddmpleted the study (Figure 1B). One
drop-out was due to a respiratory tract infectaomd another was due to acute pancreatitis
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requiring hospitalization with full recovery withbsequelae. The latter was reported as a
serious adverse event probably related to everslihd subjects reported mild to moderate
adverse events which were mainly skin or mucosahghks. Participant adherence was good,
as reflected by detectable plasma everolimus legisig the treatment.

Median post-infusion plasma aldosterone levels weraparable at baseline, after the
two-week everolimus treatment, and after the wasshetiod (Figure 4A). However, post-
hoc individual subject analysis allowed identifioatof 4 responders defined by&80%
reduction in plasma aldosterone levels after treatniFigure 4B). Importantly, aldosterone
levels in the responder cohort returned to thellessealues after the washout period (Figure
4B), indicating the causative effect of the treattm@he effect of everolimus appears to be
specific to aldosterone among the measured stemyidones, as no similar changes were
observed for cortisol (Figures 4C, D), testoster@tigures 5A, B), DHEA-S (Figures 5C, D)
or (17)estradiol (Figures 5E, F). The apparentcedn in plasma cortisol levels after the
washout period (Figure 4C) was most likely an actifdue to varying stress levels at repeated
visits and therefore not-treatment related. Theeplesi changes in aldosterone were not
accompanied by changes in plasma ACTH concentsafieigures 4E, F) or serum potassium
levels (Table 2). Thus, everolimus treatment appeatower plasma aldosterone in a subset
of PA patients independently of changes in ACThbatassium concentration. There was no
apparent correlation between age, gender, theigewg€hypertension, the presence of
hypokalemia or underlying cause of PA and everodimasponse. Thus, further studies are
needed to distinguish between potential resporatesnon-responders.

Everolimustreatment influences 24h urine steroid metabolome

To distinguish whether the treatment-associatededse in plasma aldosterone in the
responder cohort resulted from the decreased sgistbeenhanced metabolism, we
measured the levels of aldosterone and its majtalvobte, tetrahydroaldosterone (TH-Aldo)
in urine collected over 24 hours. Three respondisfgayed a marked decrease in urine
aldosterone and TH-Aldo levels upon everolimustineat (Figures 6A, B), suggesting
reduced aldosterone synthesis. It was impossilkdetermine changes in urine aldosterone
and TH-Aldo levels in theresponder due to the loss of the baseline sangitailar to
plasma measurement, no changes in median urinstatdae and TH-Aldo concentrations
were observed when patients were analyzed togéfigires 6A, B). Furthermore, no
consistent changes in urine cortisol, total glucticoid metabolites, testosterone 11
hydroxyandrosterone, and progesterone levels wesereed (Figures 6C, D, E, F, G).
Additionally, no changes were observed in the lee¢l11-deoxycorticosterone, 18-
hydroxylated cortisol and corticosterone or codteoone and its tetrahydro-metabolites.
Taken together, these data suggest that in a sobBét patients everolimus specifically
reduces aldosterone synthesis but does not showssstent effect on other adrenal steroids,
including those with mineralocorticoid effects.

Everolimustreatment decreases blood pressure

To assess whether everolimus treatment could |bleed pressure in PA patients, we asked
the study participants to take standardized homedopressure measurements during the
trial. Systolic and diastolic blood pressure measwants were significantly improved after
the everolimus treatment and returned to the besghlues after the washout period (Figures
7A, B). The observed changes in blood pressure imdependent of changes in cardiac
index (Figure 7C). Thus, everolimus treatment I@Ngood pressure in hypertensive PA
patients. Whether these changes are a consequieretkioed aldosterone levels requires
further studies.

Everolimustreatment attenuates renin suppression
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High aldosterone levels characteristic of PA leaduppression of renin, a protease secreted
by the renal glomeruli and involved in the reguatof angiotensin and aldosterone. We
evaluated whether everolimus treatment would redecm suppression. Indeed, plasma
renin concentrations were significantly increasierdahe everolimus treatment compared to
baseline (Figure 7D, E) although still remainethi@ suppressed range. Heart rate (Figure
7F), urine volume (Table 2) and copeptin, a mafiestress response and antidiuretic
hormone (ADH) release, remained unchanged (FigGje Thus, the effect of everolimus on
plasma renin concentration appears not to be dueltone depletion. Whether this effect is
due to subtle changes in aldosterone levels aadtien of everolimus outside adrenal glands
remains to be determined.

DISCUSSION

Plasma aldosterone levels decreased markedlyeaféeolimus treatment and returned close
to baseline after the washout period in 4 out oful3ects. This pattern was mirrored by
changes in urinary aldosterone and TH-Aldo lev&l®ngly suggesting a treatment-related
reduction in aldosterone synthesis in a subsefAgb&tients.

There may be several reasons why everolimus ditbmatr plasma aldosterone levels in
all subjects. First, mMTORCL1 is hyperactivated irstnbut not all, PA adrenals (13,22).
Second, everolimus-response might depend on tlieenat molecular event leading to PA
development and APAs differ considerably on a mdeaclevel (23). While transcriptome
and methylome analyses have revealed upregulatigan@s involved in the Wnt signaling
pathway (Figure 2A) in APAs with somatic mutationghe gene encoding KCNJ5 (23), the
molecular characteristics of APAs with less fredusamatic mutations are less well
described. Third, even though the genetic basisgoradic bilateral adrenal hyperplasia is
still poorly understood (24), germline variationsthe KCNJ5 gene might also play a role in
certain patients with bilateral adrenal hyperplg2&). Scholl et al. have reported that certain
macrolides can inhibit excessive aldosterone proclucaused by KCNJ5**fand
KCNJ5*®Rmutations (26). Thus, it is plausible that everelmwhich also has a macrolide
structure, might inhibit aldosterone productionyoinl adrenocortical cells harboring
particular KCNJ5 mutations or mutations in anoibarchannel(s). Further studies are
required to correlate responsiveness to everolinasment with molecular characteristics of
PA adrenal glands.

Although plasma aldosterone levels were prominemititiced only in 4 study
participants, we observed a general reduction idiamesystolic and diastolic blood pressure
and increased renin levels after the 2-week tre@tnvéh everolimus. It is possible that these
changes were related to subtle changes in aldogt@ancentrations that were not detected
by standardized recumbent saline infusion testeso&l metabolome assessment in 24-hour
urine. The saline infusion test might not be s@resiénough to evaluate modest changes in
aldosterone synthesis as the reproducibility oftéls¢ has been reported to be moderate (21)
under renin-angiotensin-aldosterone system (RAA& Il therapy. Furthermore,
everolimus has been reported to be associatechyitbrtension (27) rather than
hypotension. However, it is usually used at higheses and in combination therapies for
transplant and cancer patients. Reports on theteffeeverolimus alone on blood pressure
and the RAAS are scarce. Alternatively, everoliroogld affect the hypothalamus and
sympathetic nervous system activity and consedytlead to increased plasma renin
concentration (28). It should be noted that a &icgmt proportion of patients took beta
blockers and central alpha2-agonists which lowemrkevels and might have mitigated the
rise in renin. Nevertheless, this would not exptaia parallel fall in blood pressure. In
addition, as this study was not powered to deteahges in blood pressure, a further study
comprising a larger cohort and a longer treatmenbg is needed to elucidate potential
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effects of everolimus on the RAAS and blood pressand to fully understand the
differences between potential responders and ngperelers. Moreover, considering the
potential side-effects and the finding from a reaetrospective cohort study that only an
increase in plasma renin activity>a ug/L/h reverses the excess risk for cardiovascular
morbidity and mortality in PA as compared to essgihtypertension (29), the most
appropriate dosage or an mTORC1-inhibiting compawitk an improved efficacy and
safety profile should be investigated.

One limitation of our study is the single-arm opebel design and therefore only
changes from baseline can be reported. Furtherrtteeéncluded subjects had only mild
hypertension most likely due to diagnosis at eastiages of the disease resulting from an
increasing awareness for primary aldosteronismbaoddened indications for screening.
Therefore, the study population might not represiemtistorically described population with
primary aldosteronism which presented most ofteth wioderate to severe hypertension
(30,31).

In conclusion, we suggest that increased mTOR¢iyan APA is most likely due to
downstream signaling changes rather than to ovesegn of its components or canonical
positive regulators. We provide evidence that mTQR®ibition selectively lowers
aldosterone in mice and a subset of PA patientssaymificantly reduces blood pressure and
renin suppression in the tested patient cohort.fitddmgs highlight that the mTORC1
signaling pathway plays a relevant role in primalgosteronism.
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Figure1l. Clinical study design(A) Study timeline(B) Enrollment.

Figure 2. Increased activity of mTORC1 in APA isnot caused by over expression of
mTORC1 components or itsregulators. (A) Signaling upstream of mMTORC1. mTORC1
consists of mMTOR, mLST8, and RAPTOR and respondsdiverse set of inputs, most
notably growth factors, amino acids, and cellulzergy levels. Insulin and insulin-like
growth factors (IGFs) activate mTORC1 by bindingteir cognate receptors, which leads to
PI3K stimulation and PDK1-dependent Akt activatiBikt phosphorylates and inactivates
TSC2, a member of the TSC complex that functions @3 Pase-activating protein (GAP)
toward RHEB. GTP-bound RHEB binds and activates IRTQO (32). Amino acids stimulate
mTORC1 by modulating the activity of various pragand protein complexes that regulate
RAG heterodimers. Activated RAGs recruit mTORC1h®e lysosomal surface where it
interacts with RHEB. Amino acids are required for@RC1 activation in response to any
other signal (33)Energy stress (manifested as increased AMP/ATB)rstippresses
MTORCL1 signaling by activating AMPK, which in tumhibits RAPTOR and activates the
TSC complex. Bold font indicates protein comple¢@®). (B) mTORC1 activity in
aldosterone-producing adenomas (APAS). Levels gdS#240/244, a well-established
marker of mMTORCL1 signaling, were quantified in ARAd control adrenal cortex samples
(Ctrl) of the same patient by immunobl@E-F) Expression ofC) mTORC1 components
and proteins involved in mMTORC1 regulation(®y) growth factors(E) AMPK, and(F)
amino acids in APAs. Proteins were quantified inrAA&hd matched control adrenal cortex
samples by deep quantitative mass spectrometrieiRsonvere considered deregulated in
APA when they were differentially expressed by >fbla (P < 0.05, ANOVA-based t test)
or they were detected exclusively either in CtrA®A samples.

Figure 3. Systemic inhibition of mTORCL1 decr eases plasma aldoster one levelsin mice.

(A) Immunoblot evaluating levels of S6K-pThr389, théwated form of S6K, and direct
target of mMTORC1 signaling, in adrenal glands afertreated with vehicle or rapamycin for
24 hours(B) Plasma aldosterone, corticosterone @dAngiotensin Il levels in mice
treated with vehicle or rapamycin for 24 hours.@ate shown as mediamé= 4 to 8

animals per group. *P < 0.01 (Mann-Whitney test).

Figure 4. Systemic mTORCL1 inhibition with ever olimus decr eases plasma aldoster one
levelsin some primary aldoster onism patients. (A-D) Plasma hormone levels at the
baseline (V3, day 0), after a 2-week everolimuattrent (V5, day 15) and a 2-week wash-
out period (V6, day 28)JA) Overall, post-infusion plasma aldosterone levedsemnot
significantly changedR = 0.436) after a 2-week everolimus treatméaj},but a marked
reduction was observed in 4 subjects shown as melgps in red as opposed to non-
responders in greyC, D) This pattern was not observed for cortisol whiaswignificantly
lower after wash-outR = 0.017, post hoc adjust&d= 0.024).(E, F) The tendency of
reduced aldosterone levels and decreased corte&ohat reflected by changes in ACTIP<
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0.320). Data are shown with median and interq@aréihge (IQR). Data were analyzed with
nonparametric one-way ANOVA (Friedman) and Dunsgtbst hoc teshN = 10 due to
missing values at V6 for subject 11 and 12 for siidlamneN = 12 for cortisol and ACTH.P

< 0.05.

Figure5. Systemic mTORCL1 inhibition with everolimus does not influence sex

hormones. After a 2-week everolimus treatment, no significalminges were observed in
plasma testosterorf = 0.078,(A) men,(B) womer), DHEA-S(P = 0. 179,(C) men,(D)
womer) or (17)estradio(P = 0.843,(E) men,(F) womer). Data are shown with median and
IQR. N = 12. Data analysis with Friedman test. Subjet¢tElwshowed a marked decrease of
plasma aldosterone after everolimus treatment ar&ed as responders in red, non-
responders are marked in grey. Men and women angrsbeparately due to differing
reference ranges and variability of sex hormonesduhe menstrual cylce. DHEA-S =
dehydroepiandrosterone-sulfate.

Figure 6. Everolimus treatment influences 24h urine steroid metabolome. Steroid

hormone metabolites were normalized to 24-hourtcri@@ to account for possible
incomplete urine collection. The 24-hour excretdifA) aldosteroneR = 0.629),(B)
tetrahydroaldosteron® = 0.732),(C) cortisol @ = 0.100),(D) total glucocorticoid
metabolites (tetrahydrocortisolg-Betrahydrocortisol, tetrahydrocortisone,andp-

cortolone B-cortol, cortexolone, cortisol and cortisories 0.976),(E) testosteroneR =
0.470),(F) 11B-hydroxyandrosterond(= 0.470) andG) progesteroneR(= 0.117) were not
significantly different after a 2-week everolimusatment (V5, day 15) and a 2-week wash-
out (V6, day 28) as compared to baseline (V3, dag0bjects which showed a marked
decrease of plasma aldosterone after everolimasient are marked as responders in red,
non-responders are marked in grey. Data are shathmvedian and IQR. Data analysis with
nonparametric one-way ANOVA (Friedman) and Dunsgtbst hoc tesh = 11 as baseline
24-hour urine for steroid metabolome from subjew was not collected.

Figure 7. Everolimus treatment decr eases blood pressure and attenuatesrenin
suppression. (A-B) 7-day home blood pressure measurements shawgphificant decrease
in systolic P = 0.001, adjuste® = 0.011 day 15 vs. day 0 aRd>0.999 day 28 vs. day 0)
and diastoliciP < 0.026, adjuste® = 0.042 day 15 vs. day 0 aRd> 0.999 day 28 vs. day 0)
blood pressurgC) Cardiac index® = 0.179) was not significantly chang€d, E) Renin
increased significantly after everolimus treatm@x 0.0001, adjuste® = 0.001 day 15 vs.
day 0 and® = 0.023 day 28 vs. day Q) heart rateR = 0.168)and(G) Copeptin P =

0.937) showed no significant difference. Subjedtgcty showed a marked decrease of plasma
aldosterone after everolimus treatment are markedsponders in red, non-responders are
marked in grey. Data iD are shown with median and IQR. Data analysis withparametric
one-way ANOVA (Friedman) and Dunnett’s post hod.tss= 10 for blood pressure and
heart rateN = 11 for renin due to missing datd= 12 for cardiac index and copeptfi? <
0.05, ***P < 0.001.

Table 1. Demographic and clinical baseline characteristics of subjects. Discrete variables
are expressed as counts with percentages (%) amitwous variables as median with
interquartile range (IQR).

Characteristic

Sex
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- male,n (%) 7 (58%)

- female,n (%) 5 (42%)
Ethnicity

- caucasiam (%) 9 (75%)

- african,n (%) 3 (25%)

Age, years 49 (44-58)
Body mass index, kg/m 32.6 (26.3-35.4)
Duration of hypertension, years 2.5 (0.25-7)

7-day home blood pressure

- systolic, mmHg

132 (129-150)

- diastolic, mmHg

87 (80-94)

Number of antihypertensive drugs,

2.5 (1-5)

Lateralisation on adrenal venous samplim{f6)

6/10 (60%)

Histology

- aldosterone producing adenomg%) 3 (25%)
- bilateral adrenal hyperplasia(%) 4 (33%)
- micronodular hyperplasia, (%) 3 (25%)
- unknown,n (%) 2 (17%)
Hypokalemian (%) 10 (83%)

Potassium substitution, mmol/day

100 (60-140)

Plasma aldosterone, pmol/l

640 (504-1054)

Direct renin concentration, ng/l 0.7 (0.3-1.4)
Serum potassium, mmol/l 4.1 (3.7-4.3)
GFR, ml/min/1.73 100 (85-108)
HbAlc, % 5.5 (5.3-5.8)
Total cholesterol, mmol/l 4.98 (4.21-5.40)
LDL, mmol/Il 2.62 (2.25-3.08)
HDL, mmol/l 1.40 (1.16-1.54)
Triglycerides, mmol/l 1.8 (1.21-2.50)
CRP, mg/| 2.6 (1.3-4.9)

Table 2. Everolimus lowers plasma aldosterone sevesome primary aldosteronism

patients, decreases blood pressure and atteneaiassuppression

V 3 (day 0) V5 (day 15) V6 (day 28)
Basal plasma aldosterone (pmol/l) 640 (504-1054) 8 (@68-831) 675 (427-981)
Direct renin concentration (ng/l) 0.7 (0.3-1.4) 1057-4.7)*** 0.7 (0.2-3.9)*
Plasma cortisol (nmol/l) 238 (185-267) 214 (166298 167 (139-236)*
ACTH (pg/ml) 13.5 (8.4-22.3) 12.0 (6.2-21.8) 14814(19.1)
Copeptin (pmol/l) 6 (3.9-8.9) 6 (4.7-9.2) 5.7 (34)
Serum potassium (mmol/) 4.1 (3.7-4.3) 4.0 (3.9-4.2) 3.8 (3.7-4.0)
Potassium substitution (mmol/day) 100 (60-140) B1D140) 120 (60-140)
7-day home blood pressure
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Systolic (mmHg) 132 (129-150) 130 (125-140)* 1329-149)

Diastolic (mmHg) 87 (80-94) 84 (78-90)* 86 (82)95
Cardiac index (I/min/rf) 2.5 (1.6-3.4) 2.7 (2.4-3.3) 2.5 (1.5-2.9)
Heart rate (beats per minute) 55 (52-68) 61 (54-66) 63 (57-66)

Comparison of baseline measurements (V3, dayft@), & 2-week treatment with everolimus (V5, day a5d
after a 2-week wash-out period (V6, day 28). Datashown with median and IQR.P< 0.05, *** P < 0.001
versus baseline (Friedman test with Dunnett’s posttest).
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