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Psychological Parameters in Healthy Men

Tina Horbelt"*, Anna Lena Kahl', Frederike Kolbe', Susann Hetze?, Benjamin Wilde®, Oliver Witzke®* and Manfred Schedlowski'®

The rapamycin analogue everolimus (EVR) is a potent inhibitor of the mammalian target of rapamycin (mTOR) and clinically
used to prevent allograft rejections as well as tumor growth. The pharmacokinetic and immunosuppressive efficacy of EVR
have been extensively reported in patient populations and in vitro studies. However, dose-dependent ex vivo effects upon
acute EVR administration in healthy volunteers are rare. Moreover, immunosuppressive drugs are associated with neu-
roendocrine changes and psychological disturbances. It is largely unknown so far whether and to what extend EVR affects
neuroendocrine functions, mood, and anxiety in healthy individuals. Thus, in the present study, we analyzed the effects of
three different clinically applied EVR doses (1.5, 2.25, and 3 mg) orally administered 4 times in a 12-hour cycle to healthy
male volunteers on immunological, neuroendocrine, and psychological parameters. We observed that oral intake of medium
(2.25 mg) and high doses (3 mg) of EVR efficiently suppressed T cell proliferation as well as IL-10 cytokine production in ex
vivo mitogen-stimulated peripheral blood mononuclear cell. Further, acute low (1.5 mg) and medium (2.25 mg) EVR adminis-
tration increased state anxiety levels accompanied by significantly elevated noradrenaline (NA) concentrations. In contrast,
high-dose EVR significantly reduced plasma and saliva cortisol as well as NA levels and perceived state anxiety. Hence, these
data confirm the acute immunosuppressive effects of the mTOR inhibitor EVR and provide evidence for EVR-induced altera-
tions in neuroendocrine parameters and behavior under physiological conditions in healthy volunteers.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
M Everolimus (EVR) is a potent inhibitor of mTOR and clini-
cally used to prevent organ rejection and to fight tumor
growth. EVR is associated with neurobehavioral and psy-
chological changes in patient studies. However, the effects
of EVR under normal physiological conditions are unknown.
WHAT QUESTION DID THIS STUDY ADDRESS?

M What is the impact of clinically employed doses of EVR
on immunological, psychological and neuroendocrine pa-
rameters in healthy male individuals?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
M Our data demonstrate that oral intake of medium and
high doses of EVR suppressed T cell proliferation as well

Everolimus (EVR) is a macrolide rapamycin analogue initially
developed as an immunosuppressive drug with improved
pharmacokinetic properties, including increased solubility,
bioavailability, and reduced half-life in comparison to other
rapalogues.1'2 EVR efficiently inhibits the mammalian target

as IL-10 cytokine production in ex vivo mitogen-stimulated
PBMCs. Acute low and medium EVR administration in-
creased state anxiety and noradrenaline concentrations.
In contrast, high dose EVR reduced cortisol levels but did
not affect state anxiety levels.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

M These findings demonstrate a dose dependent impact
of EVR on state anxiety and neuroendocrine functions
under normal physiological conditons in healthy individu-
als providing important information for monitoring drug
efficacy and unwanted drug side effect for future clinical
studies employing immunopharmacotherapy with EVR.

of rapamycin (MTOR), a serine/threonine protein kinase and
substrate of the PI3K/Akt signaling pathway, crucial for the
regulation of cellular homeostasis, including cell growth,
proliferation, protein synthesis, cellular stress, and survival.®
Further, mTOR has been shown to play an essential role in
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innate and adaptive immune responses either by regulating
T cell and B cell proliferation and differentiation as well as
inflammatory cytokine and antibody production.>* So far,
EVR is the only clinically used mTOR inhibitor approved by
the US Food and Drug Administration (FDA) for the oral ad-
ministration and treatment of malignancies, including breast
carcinoma, gastrointestinal tract-derived neuroendocrine
tumors, renal cell carcinoma, and to prevent allograft rejec-
tion after heart, kidney, and liver tre1ns.p|antations.1’2'5

Pharmacokinetic studies with transplant recipients ob-
taining EVR either with 0.75 mg/dose or 1.5 mg/dose twice
a day combined with cyclosporin revealed maximal blood
concentration of 11.1 + 4.6 pg/L and 20.3 + 8.0 pg/L, respec-
tively, after 1 to 2 hours.®” The elimination half-life amounts
for 18-32 hours and steady-state is achieved between 4
and 7 days,.6’7 However, in patient studies, EVR intake is
frequently accompanied with other immunosuppressive
drugs like cyclosporin affecting the pharmacokinetic profile
of EVR.2 Pharmacokinetics derived from healthy probands
receiving a single 2 mg and 4 mg EVR dose revealed max-
imal EVR blood concentrations of 17.9 + 5.9 pg/L and
44.2 + 13.3 p/L, respectively, reached after 0.5 to 1 hour with
an elimination half-life of 32 hours®® and that single doses
up to 5 mg are well-tolerated.™

Experimental and clinical studies in animal models and
patients showed the potent immunosuppressive efficacy of
the rapamycin analogue EVR in vitro mediated by blocking
lymphocyte proliferation and in vivo by preventing rejec-
tions of transplanted organs.''~"* Further, impaired renal
function exerted by other medication regimens solely using
calcineurin inhibitors in patients improved after acute and
chronic treatment with EVR.">"'® However, in patient studies,
it is difficult to discriminate whether the examined effects
solely were induced by EVR because the patients usu-
ally obtain a combination therapy consisting of more than
one immunosuppressive drug.'"'"'® Accumulating clinical
evidence document that patients receiving immunosup-
pressive medication, including calcineurin inhibitors like
tacrolimus or cyclosporin A, frequently develop affective
and cognitive dysfunctions, such as depression or anxiety,
and exhibit neurotoxic side effects, including tremor and
peripheral neuropathy potentially manifesting in psychoses
and seizures.'®?? Although a growing body of studies in
experimental animal models and clinical trials documented
neurobehavioral effects exerted by mTOR inhibitors, the ob-
served findings are controversial. EVR treatment improves
neuropsychological deficits and autism in patients with tu-
berous sclerosis complex 2 and has beneficial effects on
memory and psychiatric symptoms in heart transplant re-
cipients.’® However mTOR inhibition also has been linked
to depressive and anxiety-like behavior in rodents and the
induction of euphoria followed by melancholy, mimicking
biopolar disorder in patients with breast cancer.>*?” These
observations indicate that mTOR inhibition is associated
with neurobehavioral and psychiatric symptoms but the im-
pact of comorbidities on the action of EVR is inconclusive
since the findings have been acquired from patient stud-
ies. Hence, so far, no data exist documenting whether and
to what extent clinically used doses of the mTOR inhibitor
EVR affect cellular immunosuppressive responses, central
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functions on behavioral, neuroendocrine and psychologi-
cal levels, and, thus, may contribute to central side effects,
including anxiety in healthy individuals. Against this back-
ground, the present study determined systemic blood levels
of EVR after an acute, four-time oral administration of three
different, pharmacological relevant doses of the drug along
with its effects on T cell specific cytokine production and
proliferation as well as behavioral and neuroendocrine pa-
rameters in healthy men.

METHODS

Study participants

Healthy male volunteers (n = 22) with a mean age of
28.18 + 0.69 (age range 22-32 years) and a body mass
index of 22.73 + 0.33 (range 20.99-25.13) were recruited
through public advertisement in the surrounding com-
munity. All participants had 12 years or more of formal
education, which is equivalent to a high school educa-
tion. All volunteers underwent an extensive physical and
psychiatric assessment (self-reported questionnaires
and interviews about their medical history) along with an
electrocardiogram, performed and subsequently evalu-
ated by physicians of the Department of Nephrology at
the University Hospital Essen. Furthermore, a full blood
examination, including assessment of renal, liver, and
thyroid parameters, was conducted. Detailed exclusion
criteria were described in Supplementary Materials.
Participants were completely informed about the study
protocol, which was approved by the local ethics com-
mittee for human investigations of the University Hospital
Essen (17-7500-B0O) and conducted according to the prin-
ciples of the Declaration of Helsinki. Additionally, as part
of a larger study, it was registered in the German Clinical
Trial Register (DRKS00017020). All probands gave writ-
ten informed consent and received 200 euros for their
participation. Due to ethical reasons, all participants of
this explorative pilot study had to be completely informed
about group allocation. Thus, samples collected from the
participants were not randomized and no blinding regard-
ing group assignment was applied. Participants of the
three groups (i.e., 1.5/2.25/3.0 mg) did not differ in age,
body mass index, or education (Table 1).

Study design

Study participants were assigned into three groups ac-
cording to the administered EVR dose: 1.5 mg (low),
2.25 mg (medium), and 3 mg (high) EVR per intake.
Application of the described EVR doses is based on pre-
scribed target trough levels, the findings derived from
patient studies and due to ethical reasons.®”'® We de-
signed and conducted this explorative pilot study against
the background of our research activities on behavioral
and neuroendocrine effects of immunosuppressive medi-
cation.?=3! The probands of the different groups received
4 oral EVR administrations in a 12-hour cycle over 3
consecutive experimental days (Figure 1). The study ex-
tended over 15 days. Blood was withdrawn from fasted
participants before the first EVR administration on day
1 (D1) at 9:00 am for baseline measurements, on day 3

(D3trough) at 6:30 am right before the last administration



Table 1 Sociodemographic, physiological, and psychological characteristics of the three study groups at baseline level
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EVR dose group, mg

1.5(n=6) 2.25(n=7) 3(n=6) P value
Age, years 27.83 + 3.66 27.86 + 3.24 28.83 + 3.55 N.S.
BMI, kg/m? 22.90 + 1.63 22.62 +1.64 22.66 + 1.54 N.S.
School education, > 12 years 100% 100% N.S.
Blood pressure systolic, nmHG 109.17 + 10.69 112.14 + 10.35 11417 + 4.92 N.S.
Diastolic, mmHG 78.33 + 12.91 80.00 + 5.77 82.50 + 6.12 N.S.
STAI trait 34.00 +5.29 34.57 +5.32 33.33+5.68 N.S.

Data are mean + SD. Differences between groups were analyzed by Mann-Whitney U test. No significant differences were detected (all P < 0.05).
BMI, body-mass-index; EVR, everolimus; N.S., not significant; STAI, State-Trait Anxiety Inventory.

and at 9:00 am, 2 hours after the last EVR administration
(D3, 4 as well as 5 and 12 days later on study days 8
(D8) and 15 (D15) to examine residual effects of the drug.
EVR blood concentrations have been quantified on D1 for
baseline levels, on D3, , to assess EVR trough blood
levels, on D3peak for peak blood concentrations, and on
D8 to verify that the drug was completely metabolized in
the circulation. Additionally, blood collected on D1, D3,
D8, and D15 was subjected to further analyses to deter-
mine the impact of EVR on cytokine production, immune
cell proliferation, and neuroendocrine hormones. Here,
D3 stands for 2 hours after the last oral EVR administra-
tion when EVR peak levels were detected (D3,,,).

Drugs

EVR (Certican) tablets were obtained from Novartis
Pharmaceuticals (Basel, Switzerland) and orally admin-
istered as described in the study design. For in vitro
studies, EVR (Cayman Chemicals, Ann Arbor, MI) has
been dissolved in dimethylsulfoxide (DMSO; Sigma-
Aldrich, Darmstadt, Germany) to a stock concentration
of 10 mM and stored as aliquots at —20°C. EVR stock
solution has been further diluted in phosphate-buffered
saline. Cells were treated with a final concentration of
10 nM EVR (DMSO 0.01%) for the indicated time points.

EVR plasma level

EVR plasma concentrations was determined in EDTA
anticoagulated whole-blood using validated liquid chro-
matography tandem mass spectrometry performed by a
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laboratory medicine department. The lower limit of quantifi-
cation for EVR in blood is 1 pg/L.

Isolation of human peripheral blood mononuclear
cells

Human peripheral blood mononuclear cells (PBMCs) were
isolated from at least six to seven healthy volunteers by
Ficoll density-gradient centrifugation, as previously de-
scribed,?® and documented in Supplementary Materials.

Cell culture and treatment

Freshly isolated PBMCs were cultured at defined density
ex vivo in growth medium and incubated at 37°C in 5%
CO, for the indicated times. Cultured PBMCs were stimu-
lated with either soluble, monoclonal, murine anti-human
CD3 antibody (50 ng/mL; LEAF Purified anti-human CDS3,
Klon HIT3a; BioLegend, San Diego, CA) alone or in com-
bination with murine anti-human CD28 antibody (50 ng/
mL; Ultra LEAF Purified anti-human CD28, Klon CD28.2;
BioLegend). Further, isolated PBMCs from D1 were
treated in vitro with 10 nM EVR (DMSO 0.01%; Cayman
Chemicals) in presence and absence of anti-CD3 for the
indicated time.

PBMC cytokine secretion

PBMCs (5 x 10° cells/mL) were seeded in 96-well flat-
bottom tissue culture plates and stimulated with 50 ng/mL
of soluble mouse anti-human CD3 monoclonal antibody
for 24 hours (37°C, 5% CO,). Afterward, cells were cen-
trifuged at 450x g for 5 minutes at 4°C and supernatants
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Figure 1 Study design. Three different EVR doses (1.5, 2.25, or 3 mg) were orally administered 4x in a 12-hour cycle to healthy men.
Blood and saliva samples were withdrawn before (day (D)1) and after (D3, D8, and D15) oral administration of EVR and subjected to

further analysis. EVR, everolimus.
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were collected, transferred to new tubes, and stored in
—80°C refrigerator for cytokine analyses. Interleukin (IL)-2
and IL-10 levels were assessed in culture supernatants
using commercial enzyme-linked immunosorbent assays
(BioLegend), according to the manufacturer’s instructions
on a FLUOstar Omega multi-mode microplate reader (BMG
LABTECH GmbH, Ortenberg, Germany). The detection limit
is 4 pg/mL and 2 pg/mL, respectively. Intra-assay and in-
ter-assay variances were 4.2% and 6.1% for IL-2 and 4.6%
and 6.9% for IL-10.

EdU proliferation assay of stained PBMCs

Proliferation of CD4" and CD8" T cells was determined by
flow cytometry using the Click-iT EdU Pacific Blue Flow
Cytometry Assay Kit (Thermo Fisher Scientific, Darmstadt,
Germany) according to manufacturer’s instructions and as
described in Supplementary Materials.

Endocrine parameters

Plasma noradrenaline (NA) levels were quantified using
commercial enzyme-linked immunosorbent assays
(Noradrenaline ELISAF2t Tack: | DN, Nordhorn, Germany;
Cortisol ELISA: IBL International, Hamburg, Germany) with
a detection limit of 0.6 ng/mL according to the manufac-
turer’s protocol. Intra-assay and inter-assay variances were
7.4% and 12.5%, respectively. Cortisol was determined in
plasma and saliva using commercial ELISA assays (IBL
International) according to the manufacturer’s handbook.
The detection limit is 0.005 pg/dL and 0.015 pg/dL, respec-
tively. Intra-assay and inter-assay variances were 4.8% and
5.9% for cortisol measurements in saliva and 5.6% and
6.9% for cortisol measurements in serum. Storage condi-
tions are described in Supplementary Materials.

Behavioral measures

Sociodemographic data were collected from all partici-
pants before the first study day. Trait anxiety was measured
before the start of the study with a validated psycholog-
ical questionnaire (i.e., the trait-version of the State-Trait
Anxiety Inventory). In the course of the study, heart rate
and blood pressure were measured before blood draws
(using a blood pressure gauge), and state anxiety was
assessed with the state-version of the State-Trait Anxiety
Inventory. Additionally, at the same time points, the Generic
Assessment of Side Effects questionnaire was conducted,
assessing psychological and medical indispositions. More
details are described in Supplementary Materials.

Statistical analysis

Nonparametric data analyses were performed using PASW
statistics (version 22; SPSS, Chicago, IL). Detailed descrip-
tions on statistical analysis are found in Supplementary
Materials.

RESULTS

EVR plasma levels during the study days
Circulating EVR levels were obtained in all participants of
the low-dose, medium-dose, and high-dose group at base-

line (D1), after EVR intake (D3 s well D3 levels)

trough a peak
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and on D8. EVR trough blood levels (P < 0.05) as well as
peak levels (P < 0.05) were significantly increased in all
three drug concentration groups with significantly more
pronounced increases in EVR peak levels in the high-dose
group compared with the low-dose and medium-dose
groups (P < 0.01 for both groups; Table 2). Although EVR
trough levels on D3 were significantly increased in the high-
dose group compared with the low-dose group (P < 0.05),
analyses revealed no statistical difference in EVR trough
levels between the medium-dose group compared with
low-dose and high-dose groups.

Medium-dose and high-dose EVR administration
suppressed CD4* and CD8* T cell proliferation and IL-
10 secretion in healthy men
One of the main objectives of this study was to determine
the efficacy of acute orally administration of clinically
used EVR doses on inhibition of T cell proliferation and
cytokine secretion in healthy men. The fluorescent acti-
vated cell sorting analysis revealed a marked significant
reduction in CD4" proliferative T cells on D3 and D8 in
the medium-dose and high-dose groups (all P < 0.05).
However, a significant reduction in CD8" proliferating T
cells on D8 (P < 0.05) but not on D3 was observed in the
high-dose group (Figure 2a). On D15, proliferation rates
of CD4* and CD8* T cells in all groups were restored to
baseline levels before EVR administration. In contrast,
low-dose administration of EVR (1.5 mg) did not affect
CD4" and CD8" T cell proliferation during all study days.
Differences between groups have only been detected for
CD4" T cells on D8 between the medium-dose and high-
dose groups (P < 0.05). Similar to the ex vivo conditions
but even more pronounced, anti-proliferative effects were
obtained in mitogen-stimulated drug-naive PBMCs that
were exposed to 10 nM EVR in vitro. Here, EVR signifi-
cantly suppressed CD4" and CD8" T cell proliferation by
90.60% and 79.41% (both P < 0.001) compared with mi-
togen-treated cells without EVR (Figure 2b).

Further, statistical analysis revealed a significant re-
duced IL-10 cytokine secretion from stimulated PBMCs in

Table 2 Circulating EVR levels during study days

EVR dose group, mg

Ceyrs HO/L 1.5 (n = 6) 2.25(n=7) 3(n=6)

Cgyr D1 <1 <1 <1

Cevi D3yrougn 2.02 £0.72 3.23+1.13 3.75+0.97
(35.81%)" (35.03%)" (25.73%)* *

Cevn D3 pear 5.95 + 2.04 8.19 + 3.07 17.67 + 8.04
(34.23%)* (37.45%)* (45.52%)* ## 88

Cgyg D8 <1 <1 <1

Data are mean + SD (percentage of coefficient of variation). Changes within
groups were analyzed by Wilcoxon-test, differences between groups by
Mann-Whitney U test. Significant changes were found within all groups
(*P < 0.05 vs. D1), whereas significant differences between groups were
detected only between the low-dose and high-dose groups for D3trough
(*P < 0.05) and D3, (*"P < 0.01) as well as between medium-dose and
high-dose for DSpeak ?§§P < 0.01). D1 = baseline; D3trough = 12 hours after
the third dose and right before the fourth dose; D3peak =2 hours after fourth
dose intake; D8 = 5 days after the fourth EVR administration.

Cpyg- everolimus concentration; D, days; EVR, everolimus.
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Figure 2 Effect of EVR on T cell proliferation. CD4* and CD8" T cell proliferation in peripheral blood mononuclear cells (PBMCs) that
were isolated before (day (D)1) and after (D3, D8, and D15) oral administration of EVR in participants of the low-dose (1.5 mg), medium-
dose (2.25 mg), and high-dose (3 mg) groups and treated with anti-CD3 and anti-CD28 (both 50 ng/mL) for 48 hours (a). CD4" and
CD8 ™ T cell proliferation in drug-naive PBMCs isolated on D1 and stimulated with anti-CD3 (50 ng/mL) in the presence (+) and absence
() of EVR (10 nM) for 48 hours (b). Data are represented as mean = SD. Differences were analyzed by Wilcoxon test. */*/3P < 0.05 vs.
D1 a, **P < 0.01, **P < 0.001 vs. unstimulated cells, “#P < 0.001 vs. treated cells b. EVR, everolimus.
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Figure 3 Effect of EVR on cytokine secretion from mitogen-stimulated PBMCs. IL-2 and IL-10 production levels released by PBMCs
that were isolated before (day (D)1) and after (D3, D8, and D15) oral administration of EVR in participants of the low-dose (1.5 mg),
medium-dose (2.25 mg), and high-dose (3 mg) groups and treated with anti-CD3 (50 ng/mL) for 24 hours a, b. IL-2 and IL-10 cytokine
secretion levels from naive PBMCs isolated on D1 and in vitro stimulated with anti-CD3 (50 ng/mL) in the presence (+) and absence
(-) of EVR (10 nM) for 24 hours (c, d). Data are represented as mean + SD. Differences were analyzed by Wilcoxon test. “#P < 0.05 vs.
D1 a, b; **P < 0.01, ***P < 0.001 vs. unstimulated cells, ##p < 0.001 vs. treated cells ¢, d. EVR, everolimus; PBMC, peripheral blood

mononuclear cells.
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Figure 4 Impact of EVR on systemic levels of neuroendocrine hormones. Noradrenaline plasma level (a) and cortisol concentrations
in plasma (b) and saliva (c) before and after oral administration of low-dose, medium-dose, and high-dose EVR in healthy men. Data
are expressed as mean + SD and analyzed by Wilcoxon test. #8p < 0.05 vs. day 1. EVR, everolimus.

participants of the low-dose, medium-dose, and high-dose
groups on D3 compared with baseline values on D1, respec-
tively (all P < 0.05). Secretion of IL-10 was already restored
to baseline measurements on D8 in PBMC supernatants
of the low-dose and medium-dose groups, whereas in the
high-dose group it was still significantly reduced on D8
(P < 0.0.5; Figure 3a). In contrast, T cell enriched PBMCs
derived from the high-dose group released significantly less
IL-2 on D8 in comparison to baseline values on D1 (P < 0.05),
whereas low-doses and medium-doses did not affect IL-2
secretion from anti-CD3 stimulated PBMCs during all study
days (Figure 3b). For IL-10, no differences between groups
were detected, whereas for IL-2 on D8 a significant differ-
ence between the medium-dose and high-dose groups was
found (P < 0.05). Interestingly, in vitro exposure of the mTOR
inhibitor EVR to anti-CD3 treated but drug-naive PBMCs
significantly decreased IL-2 as well as IL-10 production
compared with cells stimulated with anti-CD3 alone (both
P < 0.001; Figure 3c,d).

Acute EVR intake dose-dependently affected
noradrenaline and cortisol levels

The hypothalamic pituitary adrenal (HPA) axis and sympa-
thetic-adrenomedullary system are stimulated in response
to physiological stress resulting in increased glucocorti-
coid hormones and catecholamines (e.g., cortisol and NA
released by the adrenal cortex and glands/medulla).26 The
present findings showed significantly increased systemic
NA concentrations 2 hours after last oral administration of
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the low and medium EVR dose on D3 (both P < 0.05) in com-
parison to baseline levels on D1 (Figure 4a). The NA blood
levels were still elevated in the medium-dose group on D8
and significantly reduced in the high-dose group on D8
and D15 when compared to D1 (all P < 0.05). Furthermore,
NA levels of the medium-dose group were significantly
higher than those of low-dose and high-dose groups on D8
(P < 0.05). Interestingly, data revealed significantly reduced
plasma cortisol levels on D3 and D8 in the high-dose group
(Figure 4b), which was paralleled by significantly lower cor-
tisol levels analyzed in saliva on D3 (all P < 0.05; Figure 4c).

Acute EVR administration moderately increased state
anxiety levels without affecting subjectively perceived
side effects

Subjects of the high-dose group did not show significant
changes in state anxiety levels, whereas participants of
the low-dose and medium-dose groups showed slightly
increased state anxiety levels at D3 (P < 0.05) and in the
medium-dose group also at D15 (P < 0.05). Participants
of all three administration groups perceived side effects,
which they attributed to the intake of EVR. Nevertheless,
the number of participants who did perceive side effects
differed between groups. Only one of six in the low-dose
group reported medication attributed side effects, whereas
five of seven in the medium-dose group and three of six
in the high-dose group stated to perceive medication at-
tributed side effects. However, the summed symptom
count per measurement time point did not significantly



Table 3 State anxiety levels (STAI state) and subjectively perceived
side effects (GASE) of the three groups at all time points of
measurement

EVR dose group, mg

1.5(n=6) 2.25(n=7) 3(n=6)

STAI state

D1 34.00 +5.93 32.29 +3.35 35.00 +9.42

D3 38.67 = 7.12* 36.00 + 4.00* 34.67 + 4.97

D8 33.50 + 5.47 33.57 +5.38 35.40 +4.78

D15 37.50 + 9.65 35.86 + 4.88* 35.00 +5.48
GASE

D1 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00

D3 017 + 0.41 0.86 + 0.90 0.33 + 0.52

D8 0.83 +2.04 1.00 + 1.16 0.40 + 0.55

D15 0.67 + 1.63 1.00 +1.55 1.50 + 2.51

Data are mean + SD. Changes within groups were analyzed by Wilcoxon-
test, differences between groups by Mann-Whitney U test. Significant
changes were found for state anxiety levels within the low-dose and me-
dium-dose groups (‘P < 0.05 vs. D1), whereas no significant differences
between groups were detected. D3 = 2 hours after fourth dose intake.

D, days; EVR, everolimus; GASE, Generic Assessment of Side Effects;
STAI, State-Trait Anxiety Inventory.

differ between groups. Furthermore, as participants con-
sistently reported only a small number of side effects, none
of the groups showed a significant increase of perceived
medication-attributed side effects from baseline (D1) to D3,
D8, or D15 (Table 3).

DISCUSSION

The mTOR inhibitor EVR is clinically widely used in
transplantation medicine to prevent organ rejection and
as an anti-proliferative drug to fight tumor growth."?1®
However, studies on the pharmacokinetics together with
pharmacodynamic data of different doses of EVR in
healthy individuals do not exist. Because the knowledge
on dose-dependent effects exerted by EVR under phys-
iological conditions is crucial to better understand the
pharmacological action of this drug, we analyzed whether
and to what extent three different and clinically relevant
doses of EVR affect immunological, psychological, and
neuroendocrine parameters in healthy male individuals.
We observed that oral intake of medium (2.25 mg) and
high doses (3 mg) of EVR efficiently suppressed T cell
proliferation as well as IL-10 cytokine production in ex vivo
mitogen-stimulated PBMCs isolated from healthy volun-
teers. Although acute low (1.5 mg) and medium (2.25 mg)
EVR administration increased state anxiety and systemic
NA levels, high (3 mg) dose EVR intake revealed reduced
cortisol levels but did not affect perceived state anxiety.
Studies in animal models and patients demonstrated the
effective immunosuppressive action of EVR mediated
by inhibition of lymphocyte proliferation and by prevent-
ing graft rejections of solid organ transplantations."'34
However, comorbidities and the co-treatment of EVR with
other immunosuppressive drugs, like calcineurin inhibi-
tors and/or steroids, make it hard to discriminate whether
the examined effects solely were exerted by the action of
EVR."" Therapeutic EVR trough blood levels should be

Everolimus Effects on Psychoneuroimmune Level
Horbelt et al.

targeted between 3 and 8 ng/mL, which has been shown
to associate with reduced biopsy-proven acute rejection
and graft loss.® Our data revealed that the mean EVR
trough levels of the medium-dose and high-dose groups
obtained 12 hours after third but right before the last EVR
administration were above the therapeutic threshold of
3 ng/mL and, therefore, comparable to therapeutic treat-
ments.>® Although EVR has been systemically washed
out since study day 8, the observed anti-proliferative
effects even persist 5 days after the last EVR administra-
tion in the medium-dose and high-dose groups, whereas
for IL-10 suppression this was just the case in the high-
dose group. These findings suggest that higher doses
of EVR induce residual immunosuppressive effects even
when the drug is completely metabolized. IL-10 is known
as anti-inflammatory cytokine resulting in the inhibition
of pro-inflammatory factors. Thus, it plays an essential
role in the prevention of inflammatory and autoimmune
pathologies.®? However, some studies ascribed IL-10 also
pro-inflammatory properties that have been associated
with increased mitogen-driven T cell proliferation and
the induction of chemotaxis of cytotoxic T cells.®3=3% Our
data are consistent with findings of Bohler et al. showing
an efficient suppression of T cell derived IL-10 after EVR
treatment in stable renal-allograft recipients." As shown
in previous studies,’®3¢ we further examined a marked
inhibition of proliferative T cells and cytokine production
that were directly exposed to EVR in vitro confirming our
ex vivo observations. However, in contrast to previously
reported findings,"" the in vitro effects were even more
pronounced compared with ex vivo conditions after an
acute oral EVR administration in men although EVR con-
centrations were in a similar range. Thus, although orally
administered EVR did not directly affect IL-2 secretion,
in vitro exposure of the drug significantly reduced the
production of this pro-inflammatory cytokine. Thus, we
provide further proof for usage of T cell proliferation and
IL-10 production as efficient and valid ex vivo parameters
for a potent immunosuppressive action of the drug in fu-
ture research.

Although impaired mTOR signaling has been implicated
in neurocognitive dysfunctions and neurodegenerative
processes,?*3"%8 it remains uncertain whether and to
what extent clinically used doses of the mTOR inhibitor
EVR affect neurocognitive and psychological parameters
in healthy humans. Our data revealed that an acute EVR
administration with low and medium doses induced an in-
crease in state anxiety levels, whereas intake of the high
doses did not affect state anxiety. These findings indi-
cate that the induced changes in state anxiety apparently
depend on the administered EVR dosage. This notion is
supported by studies in rats showing that acute one-time
and repeated rapamycin treatment with low doses (1 mg/
kg) and high doses (3 mg/kg) resulted in anxiety-related
behavior probably induced by mTOR-independent mech-
anisms leading to hyperexcitability of the amygdala.2®%’
Moreover, anxiety (e.g., following a drug treatment) has
been associated with the perception of drug-induced
side effects.®¥4° The fact that participants hardly reported
medication-attributed side effects, although a significant
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increase of state anxiety was observed in the low-dose
and medium-dose groups, indicates that acute intake of
therapeutic EVR doses indeed does not induce subjec-
tively perceived side effects.

Anxiety, stress, and depression are directly linked to the
activation of the sympathetic nervous system reflected by
elevated release of NA and specific brain regions that, in
turn, stimulates the HPA axis and the release of cortisol.*'™3
Because we observed increased NA levels along with not af-
fected cortisol levels after acute EVR intake in the low-dose
and medium-dose groups, our data indicate that both EVR
doses might lead to an activation of the sympathetic adre-
nomedullary system probably not accompanied by changes
in HPA activity. In contrast, high-dose EVR treatment re-
duced plasma and saliva cortisol without directly affecting
NA level and state anxiety. Whether the reduction in NA
levels on D8 and D15 in the high-dose group was directly in-
duced by EVR or rather was mediated by secondary factors
(e.g., drug withdrawal (rebound effect)) has to be validated
in further experiments. Although plasma NA concentration
is a useful parameter to assess sympathetic nerve activ-
ity,44 more functional analyses (i.e., pupillometry, heart rate
variability, and/or salivary alpha-amylase activity),224%46
might provide more details on the effect of the different EVR
doses on sympathetic nerve activity in future research. We
observed dose-dependent ex vivo effects of EVR on cyto-
kine production on D3, however, this was not the case for
the assessed cortisol and NA levels. These findings indicate
specific thresholds for EVR blood concentration that asso-
ciate with changes in cortisol levels in saliva and plasma as
well as NA plasma levels compared with baseline values as-
sessed before drug intake.

Knowledge on the dose-dependent effects of EVR as
well as the cellular immunosuppressive actions will form the
basis for future applications of EVR in research protocols,
including immune conditioning paradigms. Taste immune
conditioning protocols have been demonstrated as effective
approaches in animals, healthy humans, and patients aiming
to enhance therapeutic potency of the used immunosup-
pressive compound, such as cyclosporin A, while reducing
drug doses along with its associated side effects.?830:3"
However, the knowledge whether these conditioning proto-
cols also work with the mTOR inhibitor EVR is highly limited
and the subject of future research.

Although outside the scope of the present study, a limita-
tion is that we could not detail the mechanisms via which EVR
exerted the examined effects. The rapamycin analogue EVR
has been developed as a potent and selective mTOR inhibi-
tor. Thus, mTOR-specific substrates, like the elF-4E-binding
protein (4E-BP1) and S6 kinase 1 (p70S6K1), are blocked
leading to G, cell cycle arrest and inhibition of cell prolifer-
ation.*” In vitro and ex vivo studies demonstrated that EVR
impairs cell proliferation in a dose-dependent and time-de-
pendent manner and might reduce cellular adrenocortical
cortisol secretion via inhibition of the mTOR signaling path-
way.*®*°0 These findings suggest that our observed effects
potentially were mediated via EVR induced mTOR inhibition
rather than by off target or secondary mechanisms. Although
the effects presented in our study were examined upon
an acute four times administration in healthy individuals,
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whereas patients usually were treated in the long-term or
even lifelong, our findings might provide important insights
in the action of EVR on neuroendocrine and psychological
parameters also under pathological conditions.

In conclusion, the present results provide evidence that
an acute oral exposure of EVR dose-dependently mediates
a potent inhibition of T cell proliferation, IL-10 suppression,
altered systemic levels of neuroendocrine hormones (i.e.,
cortisol and NA), and changes in state anxiety in healthy
probands. Furthermore, independent of the dosage, EVR
seems to induce subjectively perceived side effects only in
a minimal extent. Drawbacks of this explorative pilot study
are the limited number of study participants and that it was
conducted in men only. Taken together, our data not only
verify the application of T cell proliferation and IL-10 secre-
tion as valid parameters for an efficient immunosuppression
mediated by the mTOR inhibitor EVR in human studies
but rather provide indications for an impact of the drug on
behavior.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (Www.
cts-journal.com).
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