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MTORC1 signaling as a biomarker in major
depressive disorder and its pharmacological
modulation by novel rapid-acting
antidepressants

Tomasz Cholewinski“=’, Diana Pereira"*’, Matthijs Moerland and Gabriel E. Jacobs

Abstract: Major depressive disorder (MDD) is a multifactorial psychiatric disorder with
obscure pathophysiology. A biomarker-based approach in combination with standardized
interview-based instruments is needed to identify MDD subtypes and novel therapeutic
targets. Recent findings support the impairment of the mammalian target of rapamycin
complex 1 (mTORC1) in MDD. No well-established biomarkers of mTORC1 disease- and
treatment-modulated activity are currently available for use in early phase antidepressant
drug (AD) development. This review aims to summarize biomarkers of mMTORC1 activity in
MDD and to suggest how these could be implemented in future early clinical trials on mTORC1
modulating ADs. Therefore, a PubMed-based narrative literature review of the mTORC1
involvement in MDD was performed. We have summarized recent pre-clinical and clinical
findings linking the MDD to the impaired activity of several key biomarkers related to mTORCI1.
Also, cases of restoration of these impairments by classical ADs and novel fast-acting
investigational ADs are summarized. The presented biomarkers may be used to monitor
pharmacological effects by novel rapid-acting mTORC1-targeting ADs. Based on findings in
the peripheral blood mononuclear cells, we argue that those may serve as an ex vivo model
for evaluation of mTORC1 activity and propose the use of the summarized biomarkers for

this purpose. This could both facilitate the selection of a pharmacodynamically active dose
and guide future early clinical efficacy studies in MDD. In conclusion, this review provides a
blueprint for the rational development of rapid-acting mTORC1-targeting ADs.
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Introduction

Major depressive disorder (MDD) is a multifac-
torial psychiatric disorder that is primarily charac-
terized by a sustained and pathologically depressed
mood and anhedonia and accompanied by distur-
bances in cognitive function, psychomotor activ-
ity, and vegetative symptoms. MDD is one of the
top four causes of years lived with disability
worldwide, and patients suffering from MDD are
at risk of suicidal behavior or death by suicide.!?
Besides, up to 30% of MDD patients fail to
respond to currently registered antidepressant
drugs (ADs), a majority of patients experience

unacceptable side effects or residual symptoms
despite antidepressant treatment, and therapeutic
effects with conventional monoaminergic ADs
only occur after several weeks.? The future devel-
opment of novel ADs for the treatment of MDD
should therefore pursue rapid mood improve-
ment that is associated with a more favorable effi-
cacy and safety profiles compared with currently
available drugs.

Currently, the classification of MDD is primarily
based on diagnostic criteria of the Diagnostic and
Statistical Manual of Mental Disorders (5th edition;
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DSM 5).4 Importantly, the most widely used
method to assess the severity of depressive symp-
toms and the response to pharmacological inter-
ventions in virtually all clinical MDD studies is
one or a combination of depression severity rating
instruments. These include the clinician-rated
Montgomery—-Asberg Depression Rating Scale
(MADRS) and the Hamilton Rating Scale for
Depression (HAMD), and the self-reported
Inventory of Depressive Symptomatology
(IDS-SR).>7 These instruments are composed of
scoring items that are predominantly derived from
the DSM diagnostic criteria, with the severity of
each item being rated using a 4- to 6-point Likert-
type scale, and ultimately resulting in a total
score.>7 Despite being useful in clinical practice
to track treatment response over time, the validity
of such phenomenology-based assessments
depends on various factors such as rater experi-
ence, MDD-mediated recall bias, and unintended
non-specific therapeutic effects as a result of inter-
actions with raters or the research team during the
study. Moreover, these instruments are not suffi-
cient to distinguish between different biological
subtypes or endophenotypes that may underlie the
heterogeneous MDD syndrome. Also, as these
have been validated using predominantly mono-
aminergic ADs, they might not be sufficiently sen-
sitive to grasp rapid dynamic central nervous
system (CNS) molecular changes induced by
drugs with novel mechanisms of action such as
N-methyl-D-aspartate receptor NMDAR) antag-
onists or o~amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor (AMPAR)
modulators. Clearly, there is a need for biomark-
ers that complement the current interview-based
evaluations, as biomarkers are expected to objec-
tify the effects of novel compounds in early phase
psychiatric drug development and ultimately per-
sonalized MDD treatments.?

Although neuroscience has contributed greatly to a
better understanding of the neurobiology of psychi-
atric diseases, the pathophysiology of MDD
remains largely obscure. Drug development for
MDD is currently still dominated by a phenome-
nological approach, which ultimately results in the
selection of heterogeneous patient populations for
inclusion in drug trials and may contribute to the
dilution of treatment effects with novel compounds.
A biomarker-based approach for MDD presents
obvious advantages, such as the identification of
patient subgroups that may benefit from drugs with
a specific mechanism of action (MOA) and the
drug development guided by pharmacological

biomarkers.?° Several different biomarkers have
been proposed, ranging from CNS-based cerebro-
spinal fluid (CSF) and neuroimaging profiles to
peripheral changes involving the neuroendocrine
system and inflammatory responses.® However, so
far, none of these biomarkers have been adequately
validated for application in the complementary
diagnosis and treatment of MDD, or in drug devel-
opment programs of novel ADs.?

An increasing number of molecular findings sug-
gests a relationship between stress-related synap-
tic dysfunction, one of the putative
pathophysiological factors in MDD, and inhibi-
tion of the mammalian target of rapamycin com-
plex 1 (mTORC1).19 Therefore, mMTORCI1 has
recently emerged as a novel surrogate target for
emerging rapid-acting ADs, as well as a potential
pharmacological and diagnostic biomarker in
drug development.!l-13  Although mTORCI
activity can readily be quantified in dissected
brains of laboratory animals, and molecular and
morphological changes can be linked to behavio-
ral response to AD treatment, this approach is not
feasible in living human subjects.!%15

This literature review, therefore, aims to summa-
rize the evidence for molecular mTORCI1 bio-
markers in MDD, and to suggest how these could
be implemented as pharmacological biomarkers
in future early clinical trials with rapid-acting
ADs that target the reversal of stress-related syn-
aptic dysfunction in MDD. Ultimately, develop-
ment of new ex vivo models may demonstrate the
mTORCI1-related pharmacological activity of
drugs by monitoring relevant biomarkers within
the signaling pathway.

mTORC1 involvement in MDD

mTOR signaling governs cell growth and metab-
olism. mMTOR complex is divided into two dis-
tinct multiprotein complexes named mTORCI1
and mTORC2. The signaling of both complexes
is intertwined as they share multiple proteins, that
is, mLST8, the Ttil/Tel2 complex, and
Deptor.1617 mTORC1 additionally associates
with the nonenzymatic scaffolding protein Raptor,
the inhibitory PRAS40, which itself is inhibited
by Akt, having in total six protein components.!8
mTORCI1 plays a central role in controlling cell
growth, protein synthesis, lipogenesis, energy
metabolism, and autophagy, whereas mTORC2
facilitates cell survival and cytoskeletal organiza-
tion.!® Activity of both complexes is modulated
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Figure 1. Graphical representation of neuronal mTORC1 signaling. Presented are the key elements

that regulate mTORC1 signaling and play a role in depression pathophysiology mediated by impaired
synaptogenesis. The crucial inputs regulating mTORC1 activity include amino acids, growth factors, stress,
energy and oxygen status, as well as several neurotransmitters and their receptors. A few targets of AD
are presented in a simplified form. The green pointed arrowheads indicate activation and the red flat
indicate inhibition. mTORC1-related biomarkers, upstream of, close relative to (NTORC1-proximall, farther
downstream of the mTORC1 (mTORC1-distal) are indicated in orange, green, and blue, respectively. For all
abbreviations, see list of abbreviations.

Figure adapted from previous studies.'0.13.1419-24 The figure was created with Biorender.com.

by growth factors, and mTORCI1 is additionally
affected by cellular energy status, oxygen, and
nutrients, such as glucose and amino acids.1419-24
Figure 1 shows a simplified representation of
major mTORCI signaling pathways. Under the
scope of this review, only the mTORCI signaling
is discussed in more detail.

mTORCI1 is of crucial importance in various
CNS-related physiological processes, where it is
primarily responsible for the regulation of neu-
ronal development, neurogenesis, and synaptic
plasticity.19:25-27 Synaptic plasticity is an adaptive

process that regulates synaptic strength, numbers,
and density by which neurons and circuits change
their excitability and connectivity. Such processes
help to adjust to developmental changes, such as
aging and environmental stimuli, for example,
learning and stress, which influence thoughts,
mood, and behavior.?8 It is hypothesized that
chronic stress-related mood disorders such as
(certain subtypes of) MDD may be associated
with loss of synaptic plasticity, which compro-
mises neuronal function.?6-2%3% The number of
synapses and the cell body size have been found to
be significantly decreased postmortem in the
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prefrontal cortex (PFC) of MDD patients.3! Such
structural neuronal changes are believed to nega-
tively influence modulatory effects and functional
connectivity within and between neuro-circuits
involved in the physiological regulation of emo-
tion, such as the PFC and subcortical structures,
hypothalamus, amygdala, and hippocampus
(HIP).3233 Alongside morphological changes,
PFC of postmortem MDD patients also exhibits a
significant reduction in expression of mTORCI1-
dependent translation initiation factors; mTOR,
p70S6K, and eIF4B, which may be involved in
the regulation of brain function and pathophysiol-
ogy of MDD .27:34

Animal models of chronic stress that exhibit
depressive-like behavior also show neuronal atro-
phy in the PFC and HIP as a result of reduced
expression levels of synaptic proteins.!422.35
Studies suggest that these changes are associated
with stress-induced prolonged excessive extracel-
lular glutamate, which causes excitotoxicity,
reduction of spine density, and synaptic strength
and overall dendritic atrophy within the PFC.36:37
Moreover, direct inhibition of mMTORCI1 through
overexpression of REDDI1 in rodents can induce
depressive-like symptoms without exposure to
stress.?? Similar observations are found in MDD
patients. Changes in postmortem brain tissue
morphology co-occur with decreased levels of
phosphorylated (phospho) mTORCI1-associated
molecules, such as mTOR, p70S6K, and riboso-
mal protein S6.13:14:22,38,39

These findings indicate a strong connection
between stress-related morphological changes in
the brain, depressive-like behavior, and reduction
of mMTORCI activity. Therefore, mMTORCI1 signal-
ing may be a putative (indirect) target for monitor-
ing ADs evaluated in a variety of mMTORCI1-related
biomarkers.

The role of mTORCT in the MOA of novel ADs

Recent pre-clinical discoveries, in the search for
novel therapeutic targets, indicate that mTORCI1
plays a crucial role in the rapid onset of antide-
pressant action. One of the emerging rapid-acting
ADs, with a MOA relying on mTORCI, is the
non-competitive NMDAR antagonist ketamine.40
Through inhibition of both presynaptic and post-
synaptic NMDARs, ketamine blocks the sponta-
neous activity of GABAergic interneurons, which
leads to an acute glutamate release and its bind-
ing to pro-synaptogenic AMPARs. Especially, the

GIuN2B subunit of NMDARs on GABAergic
interneurons is proposed to be essential for the
rapid antidepressant actions of ketamine.#! As
depicted in Figure 1, this mechanism leads to a
subsequent downstream mTORCI1 activation,
triggering synaptogenesis which contributes to
synaptic plasticity resulting in an antidepressant
effect.10:26 mTORC1-dependent effect of several
investigational ADs with a fast onset of action,
including ketamine, has been reported in multiple
pre-clinical studies. Table 1 summarizes
mTORCI]1-related molecules altered by chronic
stress exposure in pre-clinical studies and the
reversed effects after pharmacological treatment.
In all cases, the investigational ADs reversed the
stress-induced depressive-like behavior.

In the PFC of animal models, acute ketamine
treatment was able to reverse the chronic stress-
induced deficits in phospho-mTOR, p70S6K,
and 4E-BP1, as well as the expression of PSD95
and glutamate/AMPA receptor subunit, GluR1,
responsible for synaptic plasticity.12-15:22,35,39:42 A
similar effect on phospho-p70S6K was observed
in the HIP alongside an increased dendritic spine
density in the dentate gyrus.** Ketamine could
also lower the level of phospho-eEF2K, which
inhibits translation elongation.*®* When adminis-
tered 1week prior a corticosterone treatment,
ketamine prevented corticosterone-induced defi-
cits of PSD95 and GluR1 in the HIP.>* The
mTORCI1-dependent action of ketamine was also
demonstrated after pretreatment with a selective
mTORCI1 inhibitor, rapamycin, which blocked
any effect of ketamine on the levels of phospho-
mTOR, 4E-BP1, PSD95, and GluR1 as well as
on animal behavior, compared with a non-pre-
treated group.3:5>

Besides the rapid increase of phospho-mTOR and
PSD95, a single dose of ketamine led to an increase
of brain-derived neurotrophic factor (BDNF) in
the PFC and the HIP.43:45-47:49,50 Interestingly, this
effect was abolished by rapamycin.*3 A long-term
ketamine treatment led to less methylation of the
BDNF gene in the PFC, which increased its trans-
lation and BDNF protein levels.5!

In contrast to ketamine, as a rapidly acting AD,
conventional ADs such as sertraline require
chronic administration to decrease depressive-
like behavior that corresponds to increased BDNF
in rodent PFC.5%:57 Chronic antidepressant treat-
ment activates a transcription factor CREB which
regulates transcription of BDNF.58

journals.sagepub.com/home/tpp


https://journals.sagepub.com/home/tpp

T Cholewinski, D Pereira et al.

Table 1. Potential mMTORC1-related biomarkers in animal model of MDD after pharmacological treatment. Summarized are
mTORC1-related biomarkers, which are close relative to mTORC1 (mTORC1-proximal), farther downstream to mTORC1 (mTORC1-
distal], and upstream to mTORC1. Presented data are based on pre-clinical studies in animals subjected to chronic stress paradigms
in which the pharmacological treatment deemed successful, unless stated otherwise.

References Biomarker (time after dosing)
mTORC1-proximal mTORC1-distal Upstream AD Rapid- Drug class/
acting target
Kato and colleagues' mTOR (ph, 1h) PSD95 (pr, 24 h) Ketamine Yes NMDA receptor
antagonist
p70S6K (ph, 1h) GluR1 (pr, 24h)
4EBP1 (ph, 1h)
Pazini and colleagues?2  mTOR (ph, 1h) PSD95 (pr, 30 min) Ketamine Yes NMDA receptor
antagonist
p70S6K (ph, 1h) BDNF (pr)
Pazini and colleagues*? PSD95 (pr, 1h) Ketamine Yes NMDA receptor
antagonist
BDNF (pr, Th)
Fraga and colleagues® p70S6K (ph, 1h) Ketamine Yes NMDA receptor
antagonist
Li and colleagues' mTOR (ph, 30 min) PSD95 (pr, 2h) Akt (ph, Th) Ketamine Yes NMDA receptor
antagonist
p70S6K (ph, 30min]  GLuR1 (pr, 2h) ERK (ph, 1h)
4LEBP1 (ph, 30min)
Li and colleagues® PSD95 (pr, 2days) Ketamine Yes NMDA receptor
antagonist
GluR1 (pr, 2days)
Liu and colleagues' mTOR (ph, 1h) Akt (ph, 1h) Ketamine Yes NMDA receptor
antagonist
p70S6K (ph, 1h) ERK (ph, 1h)
GSK-3B (ph,
1h)
Fukumoto and mTOR (ph, 30min) Ketamine Yes NMDA receptor
colleagues'? antagonist
Tang and colleagues® p70S6K (ph, 2days)  PSD95 (pr, 2days) Akt (ph, 2days)  Ketamine Yes NMDA receptor
antagonist
4LEBP1 (ph, 2days) GlR1 (pr, 2days) ERK (ph,
2days)
Liu and colleagues*® PSD95 (pr, 2days) Ketamine Yes NMDA receptor
antagonist
BDNF (pr, 2days)
Bcl2/Bax (pr, 2days)
Zhou and colleagues#*  mTOR (ph, 30 min) BDNF (pr, 30 min) Ketamine Yes NMDA receptor
antagonist
Yang and colleagues?’ mTOR (ph, 30min) BDNF (pr, 30 min) Ketamine Yes NMDA receptor
antagonist
Beurel and GSK-3B (ph, Ketamine Yes NMDA receptor
colleagues*® 30min) antagonist
Autry and colleagues?? eEF2K (ph, 30 min) BDNF (pr, 30 min) Ketamine Yes NMDA receptor
antagonist
(Continued)
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Table 1. (Continued)

References Biomarker (time after dosing)
mTORC1-proximal mTORC1-distal Upstream AD Rapid- Drug class/
acting target
Silva Pereira and BDNF (mRNA, 2h) Ketamine Yes NMDA receptor
colleagues®® antagonist
Ju and colleagues®' BDNF (meth DNA, Ketamine No NMDA receptor
23days) antagonist
Pazini and colleagues?, mTOR (ph, 1h) PSD95 (pr, 1h) Creatine Yes Ergogenic
Pazini and colleagues*? guanidine-like
compound
p70S6K (ph, 1h) BDNF (pr, 1h)
Kato and colleagues'® mTOR (ph, 1h) PSD95 (pr, 24 h) NV-5138 Yes Leucine analog
p70S6K (ph, 1h) GLR1 (pr, 24h)
4EBP1 (ph, 1h)
Li and colleagues' mTOR (ph, 1h) PSD95 (pr, 6h) Akt (ph, 1h) Ro 25-6981 Yes NMDA receptor
NR2B-subunit
p70SéK (ph, 1h) GluR1 (pr, 6h) ERK (ph, 1h) antagonist
4EBP1 (ph, Th)
Fukumoto and mTOR (ph, 30min) BDNF** (pr, 1h) ERK** (ph, 1h) (2R,6R)-HNK Yes Ketamine
colleagues'? metabolite
Voleti and colleagues® mTOR (ph, 1h) Akt (ph, 1h) Scopolamine Yes Muscarinic
receptor
p70S6K (ph, 1h) antagonists
Voleti and colleagues®? ~ mTOR (ph, 1h) Akt (ph, 1h) Telenzepine Yes Muscarinic
receptor
p70SéK (ph, 2h) ERK (ph, 1h) antagonists
Fogaca and p70S6K (ph, 24h) PSD95 (pr, 24 h) ERK** ([ph, 1Th)  d-methadone  Yes Opioid
colleagues!
GluR1 (pr, 24h)
BDNF** (pr, 1h)
Autry and colleagues’ eEF2K (ph, 30 min) PSD95 (pr, 30 min) MK-801/ Yes NMDA receptor
dizocilpine antagonist
BDNF (pr, 30 min)
Suzuki and mTOR ** [ph, 1h) BDNF** (pr, 1h) Akt** (ph, Th) TAK-137 Yes AMPA receptor
colleagues® potentiator
p70S6K ** (ph, 1h) ERK** [ph, 1h)

Pr, protein; ph, phosphorylated protein; meth DNA, gene methylation; min, minute; h, hour; d, day; w, week. For all other abbreviations, see list of abbreviations.

*Animals not exposed t

**Biomarker measured in cortical cell culture.

o stress.

BDNF is essential for neuroplasticity and brain
development. It is initially transcribed into two
forms, proBDNF and mature BDNF, which acti-
vate different processes. proBDNF, expressed
constitutively in low levels, binds to neurotrophin

receptor P75 (p75NTR) and leads to disrupted
plasticity, whereas mature BDNF undergoes neu-
ronal activity dependent release and binds to
TrkB. Therewith, mature BDNF positively regu-
lates translation of i.a. synaptic proteins through
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activation of the PI3K—-Akt pathway, followed by
activation of mTORCI1, as shown in Figure 1.10
Moreover, proBDNF contains a common single-
nucleotide polymorphism (SNP), Val66Met,
which hinders its processing to the mature form.
A summary of the role of BDNF in the patho-
physiology and treatment of MDD is provided in
a recent review.?” As demonstrated by several
studies, inhibition of BDNF by infusion of BDNF
neutralizing antibodies or a knock-in of Val66 Met
blocks any antidepressant and molecular effect of
investigational ADs.!2:13:59 Taken together, a
rapid elevation of mature BDNF upon fast-acting
AD administration can be considered a potential
biomarker signifying mTORCI activity, given its
dependence on mTORCI1 and its co-occurrence
with other mTORC]1-related biomarkers.

In addition, an increase of apoptosis, indicated by
i.a. a lower ratio between the pro-apoptotic B-cell
lymphoma 2 (Bcl2) and anti-apoptotic Bcl-2-
associated X protein (Bax) in the HIP of rats sub-
jected to chronic unpredictable stress (CUS), was
alleviated 24 h after ketamine treatment.%
Considering that energy stress regulates apoptosis
through mTORCI1 (Figure 1), and direct inhibi-
tion of mMTORCI1 leads to altered neuronal cell
death in developing mice, Bcl2: Bax ratio may
also be related to mTORCI1-mediated action of
ketamine.%0-61

Stress-induced deficits of several mTORCI1-
related molecules were also reversed by different
investigational drugs that exhibit rapid antide-
pressant-like effects in pre-clinical animal behav-
ior studies. Similar to ketamine, a leucine analog
(NV-5138) and an NMDAR NR2B-subunit
antagonist (Ro 25-6981), both increased phos-
pho-mTOR, p70S6K, and 4E-BP1 and expres-
sion of PSD95 and GluR1.13:14 Interestingly, the
increase in PSD95 and GluR1 was observed with
a 5-23h delay compared with mTOR, p70S6K,
and 4E-BP1, confirming that PSD95 and GluR1
are modulated by mTORCI1, as depicted in
Figure 1.13:14 A similar result was observed after
creatine, an ergogenic guanidine-like compound,
which increased phospho-mTOR and p70S6K
and PSD95 and BDNF protein levels in the
HIP.4243 In a different pre-clinical study, treat-
ment with muscarinic receptor antagonists, either
scopolamine or telenzepine also rapidly increased
phospho-mTOR and p70S6K.>? Treatment with
d-methadone, an opioid, increased p70S6K,
PSD95, and GluR1 in PFC and BDNF levels in
in  ovitro cortical cells.!! A non-competitive

NMDAR antagonist dizocilpine, also known as
MK-801, decreased phospho-eEF2K and
increased BDNF levels in the same fashion as
ketamine in an animal model.#® A ketamine
metabolite, (2R,6R)-HNK, also increased phos-
pho-mTOR in rat PFC and BDNF levels in
vitro.12 Moreover, an AMPAR potentiator (TAK-
137) rapidly increased phospho-mTOR and
p70S6K and BDNF levels in vitro.>3

Interestingly, the aforementioned investigational
ADs targeting mTORCI1 also lead to a rapid
increase in phosphorylated molecules upstream of
the mTORCI1, Akt, and ERK in the PFC of animal
models and in i virro experiments,!1:1214,15,39,52,53
The activity of the mTORC1-inhibiting GSK-3f3
was also found to be decreased after ketamine treat-
ment.!>* These observations suggest that the sign-
aling pathways linked to mTORCI1 are also worth
investigating alongside the mTORCI1 to better
understand the MOA of the novel ADs.

Conclusively, a significant body of experimental
evidence provides support for the involvement of
mTORCI1 in the MOA of investigational rapid-
acting ADs. Monitoring of mTORC1 activity
through the evaluation of molecular biomarkers
could, therefore, provide a helpful insight into
novel ADs of which the MOA is not fully
elucidated.

CNS-based mTOR-related MDD biomarkers

Postmortem human brain

Animal models have enabled us to thoroughly
study the molecular effects of investigational
CNS drugs at the cellular level directly in dis-
sected brain tissue combined with behavioral
experiments. Whereas evidence for the role of
mTORCI1 in the activity of ADs can be easily
obtained from animals, the same kind of mecha-
nistic data are much more difficult to obtain from
humans, where we are limited to postmortem
brains and the CSF. Therefore, to date, there are
merely a handful of clinical studies focused spe-
cifically on mTORCI1-related molecules in rela-
tion to MDD. Table 2 contains a summary of
postmortem studies that indicate differences in
levels of mTORCI1-related molecules between
MDD patients and controls.

One prominent postmortem study has reported a
significant reduction of mTOR, p70S6K, eIF4B,
and phospho-elF4B in the PFC of MDD
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Table 2. mTORC1-related biomarkers detected centrally in postmortem human brain. Summarized are the measured levels of
mTORC1 components in postmortem brain tissue of depressive patients.

References Biomarker Tissue Baseline biomarker Sample size (m/f) AD p*
C/P © P
Jernigan and colleagues® mTOR PFC 0.616 +0.055/0.42 + 0.062 10/2 10/2 Yes/ser, flu, par, 0.0017
amit
Jernigan and colleagues3 P70S6K PFC 0.54 = 0.046/0.37 + 0.042 10/2 10/2 Yes/ser, flu, par, 0.001
amit
Jernigan and colleagues3 elF4B PFC 0.78 + 0.14/0.26 + 0.102 10/2 10/2 Yes/ser, flu, par, 0.0039
amit
Jernigan and colleagues® Phospho- PFC 2.18+0.36/1.18 + 0.322 10/2 10/2 Yes/ser, flu, par, 0.0004
elF4B amit
Feyissa and colleagues®? PSD95 PFC 0.91+0.15/0.54 +0.12 11/3 11/3 Yes/ser, flu, par,  <0.05
amit
Karege and colleagues®? GSK-3B PFC 7.6+23/11.6+2.55 5/5 5/5 NR 0.002
Karege and colleagues?3 Akt PFC 27.3+9.0/18.8+5.1b 5/5 5/5 NR 0.002
Martins-de-Souza and Akt Brain NR 8/4 13/11 NR 0.02
colleagues®*
Ota and colleagues?? REDD1 PFC ~1/~1.7¢ NR NR NR 0.012
Dwivedi and colleagues®® BDNF PFC 1.61-+0.39/0.94 + 0.222 17/4 1" NR <0.001
Dwivedi and colleagues®® BDNF HIP 1.71+ 0.44/1.04 + 0.207 17/4 11 NR <0.001
Karege and colleagues®® BDNF PFC 17.5+3.0/13.8 + 2.6¢ 8 7 DF <0.002
Karege and colleagues®® BDNF PFC 17.5+3.0/17.9 + 2.9¢ 8 7 Yes/NR 0.36 NS
Karege and colleagues®¢ BDNF HIP 24.5+3.6/17.7 +2.94 8 7 DF <0.002
Karege and colleaguesét BDNF HIP 24.5+3.6/23.3+2.2d 8 7 Yes/NR 0.36 NS
Chen and colleagues¢’ BDNF HIP ~20/~35¢ 153 15 Yes/NR 0.09 NS
Dwivedi and colleagues$® BDNF mRNA PFC 606.8+ 139.5/352.2 + 133.9f 17/4 11 NR <0.001
Dwivedi and colleagues®® BDNF mRNA HIP 2049.4 + 642.8/1075.1 = 200.6f 17/4 11 NR <0.001

C, healthy control; P, patient; m, male; f, female; DF, drug free; NR, not reported; NS, not significant; amit, amitriptyline; ser, sertraline; par,
paroxetine; flu, fluoxetine. For all other abbreviations, see list of abbreviations.
aProtein levels normalized to actin.

bKinase activity expressed in pmol/min/mg of brain tissue.

¢Fold change relative to control.

dAmount of protein expressed in ng/g brain tissue.

eProtein immunoreactivity.

fmRNA level relative to neuron-specific enolase (NSE) mRNA.

*All presented p values are statistically significant unless indicated otherwise.

patients.34 In the same group of deceased patients,
also the level of synaptic protein PSD95 was
lower compared with healthy controls.6%2
Moreover, BDNF was lowered in MDD as
reported by three independent studies.55-67
BDNF protein level was lowered in the PFC and

HIP of drug-free MDD patients relative to healthy
control. However, there was no significant differ-
ence from patients who received (classic) antide-
pressant treatment.% A similar result was observed
in a different study, where a lower BDNF was
measured in the HIP of unmedicated MDD
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patients, compared with medicated ones.%”
BDNF protein, as well as mRNA expression, was
also reduced in PFC and HIP of patients in a
study, where, unfortunately, the drug type was
not reported.®> The activity of Akt was found to
be lowered and the inhibitory GSK-3f and
REDDI1 increased in depressive patients.2263,64

As can be seen in Table 2, the common problems
with the presented studies are (1) the very narrow
window between the biomarker levels measured
in patients and controls, and (2) the relatively
small sample sizes and not equal male: female
ratios due to unavailability of donor tissue. Also,
medication use within a study varies between
patients, and some studies do not report such
information. Therefore, it is not possible to dif-
ferentiate between true disease-related and drug-
related effects.

CSF

Despite that the CSF provides the closest approx-
imation of the CNS and can be obtained from
living subjects, to date, no attempts have been
made for a systematic evaluation of mTORCI-
related molecules in this matrix. The only bio-
marker related to mTORCI1-signaling that has
been researched is BDNF, however with incon-
sistent outcomes. Levels of CSF BDNF in MDD
patients were found to be notably lower than in
healthy controls. Citalopram treatment led to a
reduction in MADRS and HAMD scores, coin-
ciding with trends of increasing CSF BDNF.
However, the presented control group was not
matched to the patients and the observed changes
were not statistically significant.®® Stronger evi-
dence was presented in a different study, which
reported lower BDNF levels in MDD patients
and a significant correlation between BDNF lev-
els and severity of depression.®® In two other
studies, no significant differences were found in
CSF nor plasma BDNF levels between depressed
and control subjects, and no effect of ADs was
observed.”%7! The ratio of the BDNF pro-peptide
to the total protein level in CSF of male MDD
patients was found to be significantly lower than
in male controls; however, the mature BDNF lev-
els alone were below the limit of detection. This
difference was not found in female subjects,
which may be explained by the difference in gene
methylation between sexes.”> 74

Overall, notwithstanding the limitations, these
findings suggest that the activity of mTORCI in

the CNS is impaired in MDD patients. Therefore,
it is safe to assume that restoration of mTORCI1
activity, upon an AD treatment, signified by rele-
vant biomarkers, could serve as an indication of
its molecular MOA.

Peripheral mTOR-related MDD biomarkers

Peripheral blood

Reminiscent to the CNS, a limited number of pub-
lications report peripheral alterations in the expres-
sion or activity of mTORC1-related molecules in
MDD. Table 3 presents studies that report altera-
tions in peripheral levels of mTORCI1-related mol-
ecules after pharmacological treatment.

In a study involving a treatment-resistant depres-
sion patient, treatment with ketamine was found
to cause an acute increase in phospho-mTOR in
peripheral blood mononuclear cell (PBMCs).
This change coincided with a decrease in MADRS
and HAMD scores.”> However, this observation
should be interpreted with caution as this study
was conducted on only one patient, besides lack-
ing a healthy control.”> Another study, performed
in an adequate number of subjects, supports part
of previous outcomes by showing increased
phospho-GSK-3p in platelet-rich plasma of
MDD patients compared with controls. In the
same study, the phospho-GSK-3f decreased after
monoaminergic AD treatment and correlated
with lowered HAMD scores.8!

Several authors showed evidence of accelerated
apoptosis in PBMCs of patients with mood disor-
ders, which may be triggered by an impaired
activity of mTORCI1. Indicators of apoptosis
such as elevated expression levels of several cell
death-regulating proteins such as Bax in
T-lymphocytes and a higher release of reactive
oxygen species have been reported in depressed
patients relative to healthy controls.”87°
Therewith, the Bcl2: Bax ratio was significantly
decreased in PBMCs and specifically CD14+
leukocytes of depressed patients.”%:80 Combined
with the findings in animal models of chronic
stress, where the (mMTORCI1-activating) ketamine
increased the Bcl2: Bax ratio, these observations
imply that Bcl2: Bax ratio could serve as an indi-
cator of mMTORCI activity.4>

Despite the lack of well-grounded evidence, the
available limited clinical findings suggest that
alterations in mTORC1-related signaling can be
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detected in the periphery and especially in the
PBMCs.

BDNF

Being closely related to the regulation of brain
function and morphology, BDNF expression has
been extensively explored in MDD animal stud-
ies. Likewise, numerous attempts have been made
to use peripheral BDNF either as a complemen-
tary diagnostic biomarker of MDD or to monitor
the pharmacological effects of ADs in humans.
Due to the positive association to mTORCI sign-
aling, as described in the context of pre-clinical
studies, BDNF could be considered as a marker
of mTORCI1 activity. Supplementary Table S1
summarizes the evidence of peripheral detection
of BDNF found in the literature.

Serum BDNF. The levels of serum BDNF in sub-
jects suffering from MDD were repeatedly
reported to be lower compared with healthy con-
trols.29:73,77,82-94 However, several studies did not
demonstrate any differences.8%95-98

As shown in Table 4, in the studies in which the
effect of ADs was tested, the serum BDNF
increased alongside a decrease in HAMD or
MADRS scores after treatment with several differ-
ent classic ADs.29:85,87,89,90,99-101 AJgo, ketamine (see
Table 3) caused an increase of serum BDNF and
an amelioration of symptoms in MDD patients.””
Following the pre-clinical observations, the eleva-
tion of serum BDNF required chronic dosing of
several weeks with classic ADs, in contrast to keta-
mine after which BDNF was elevated in serum
within 1week after dosing.”” As mentioned before,
this is accounted by the difference between the rela-
tively fast mTORCI1-related BDNF elevation and
the slower CREB-mediated elevation.>®

The inconsistencies in the BDNF-based discrimi-
nation between MDD patients and healthy con-
trols are of concern. These can be attributed to
the fact that BDNF is ubiquitously expressed and
the circulating protein originates from several
sources including neurons, as it can pass the
blood-brain barrier, as well as platelets.106:107
BDNF in the blood is mainly stored at high levels
in platelets that store and release continuously in
plasma and after activation due to a traumatic
injury or in serum during clotting.107

Plasma BDNF. Overall, the literature on BDNF
levels in plasma shows the same picture as serum

BDNF, with a decreased BDNF level in MDD
patients compared with healthy controls.94108-110
Plasma BDNF was also found increased after
chronic AD treatment (Table 4), and as fast
as 2h after a single ketamine administration
(Table 3).76:102,103 Interestingly, responders to
the treatment had a higher baseline plasma
BDNF than treatment-resistant patients.

Contradicting results were reported by other
studies, in which no differences in plasma BDNF
levels were found between MDD patients and
controls.”l-111 Moreover, in a different study, ket-
amine reduced the MADRS scores but did not
affect plasma BDNF.112

BDNF in peripheral cells. In line with the observa-
tions based on plasma and serum, BDNF (mRNA)
expression was found to be significantly decreased
in PBMCs of MDD patients, when compared
with healthy controls.%0:105:113,114 The same was
reported for adult as well as pediatric depressed
patients.!!> An 8- and 12-week escitalopram treat-
ment normalized the decreased BDNF expression
in leukocytes from MDD patients who responded
to the treatment.%%195 In a different study, how-
ever, despite reduced neurotrophins, such as glial
cell line—derived neurotrophic factor, no signifi-
cant difference in the expression levels of BDNF
mRNA was found between patients with MDD
and healthy subjects.!1°

It is also worth noting that the epigenetic regula-
tion of the BDNF gene may play an important
role in depressive disorders. Two independent
studies in MDD patients found a significantly
enriched methylation of BDNF promoter, which
represses gene transcription, along with impaired
BDNF expression in PBMCs.!14117 The same
correlations between BDNF methylation and
prevalence of MDD, bipolar disorder, or schizo-
phrenia were found in multiple other stud-
ies.7%74117-121 Methylation of the BDNF gene was
found to be sex-dependent with a higher degree
in male subjects in schizophrenia and bipolar dis-
orders.”>7* Moreover, an elevated BDNF meth-
ylation was observed in parallel in the PFC and
peripheral muscle tissue of deceased BD patients,
which correlated with the values measured in
PBMC:s of living patients.”#

However, it has to be noted that just like the eval-
uation of depression severity in most studies, the
levels of BDNF were measured at only one time-
point after weeks-long antidepressant therapy.
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(Continued) Because of this, it cannot be deter-
mined whether the used therapy has a slow or
rapid effect on BDNF. Moreover, levels of BDNF
protein in the periphery differ among sexes and
are sensitive to circadian rhythm, which is not
accounted in most of the studies, considering that
the samples are never obtained longitudi-
nally.71:111,122,123 - Algo, expression of BDNF is
regulated by i.a. glucocorticoid receptors, and
depends therewith on activity of the hypotha-
lamic-pituitary-adrenal axis (HPA-axis).!?* The
discrepancies between different studies may be
also explained by an earlier treatment as most of
the enrolled patients used ADs in the past. This
makes it even more difficult to distinguish
between the drug- and disease-related effects.

Importantly, BDNF blood alterations are not
MDD-specific as those are also found in several
other disorders such as bipolar disorders or
schizophrenia.®® Still, peripheral BDNF can be
used to recognize a common BDNF and
mTORCI1-mediated pathophysiology shared by
disorders in which synaptic plasticity and
mTORCI1-mediated pharmacological effect
play an important role.

Summary and discussion

We aimed to identify and summarize potential
molecular biomarkers of mTORCI activity in
MDD and to suggest how these could be imple-
mented in future early clinical trials with rapid-
acting ADs that target the reversal of stress-related
synaptic dysfunction in MDD.

The current interview-based MDD severity rat-
ing instruments are prone to bias and are not suf-
ficiently sensitive to the downstream molecular
effects of emerging rapid-acting ADs. Therefore,
a complementary biomarker-based approach is
needed to unravel neurobiological mechanisms
underlying different MDD endophenotypes and
to link these to the molecular actions of ADs. Pre-
clinical and clinical data support the involvement
of mMTORCI signaling in the pathophysiology of
MDD, as well as being a molecular target of clini-
cally effective monoaminergic ADs. mTORCI1-
related molecules could, therefore, serve as
potential biomarkers of an mTORCI-related
endophenotype in MDD on one hand, and phar-
macological biomarkers for antidepressant action
of rapid-acting ADs specifically on the other
hand. Here, we present and clarify the

relationship between mTORC1 and MDD and
the effect of AD treatment based on the available
evidence.

There is abundant evidence of mTORCI1-medi-
ated regulation of neuronal development and
especially synaptic plasticity.1%:2526 Deficits in
synaptic plasticity followed by a decreased num-
ber of synapses and cell body size in neuro-cir-
cuits involved in the physiological regulation of
emotion have been linked to the pathophysiology
of MDD.3! On top of that, postmortem studies in
MDD patients show deficits in the expression
of several mTORCI-related molecules (see
Table 2).22,34,62-65,67,94 Pre-clinical studies on ani-
mals exposed to challenges such as CUS confirm
those morphological and cell-based findings in
humans.13:14:22,35,38,39 Moreover, a multitude of
pre-clinical studies demonstrate a clear correla-
tion between antidepressant effects and restora-
tion of the impaired mTORCI activity in animals
after administration of investigational and con-
ventional ADs (see Table 1).12-15,35,39,45-47,49
Together, these findings demonstrate mTORCI1
involvement in both the pathophysiology of MDD
and the therapeutic effects of not only investiga-
tional rapid-acting but also conventional ADs.
In vivo quantification of the activity of mMTORCI1-

related molecules could therefore serve as
pharmacological biomarkers in clinical AD
development.

Based on postmortem studies, mTOR, p70S6K,
elF4B, phospho-eIF4B, PSD95, and BDNF, all
lowered in the PFC of MDD patients, could be
considered as potential mTORC1-related MDD
biomarkers (see Table 2).3%:62:65-67 Yet, to be
applicable in a clinical trial setting, the biomark-
ers should be also available in matrixes proximal
to the CNS that can be sampled in living subjects,
such as CSF.

There is some human evidence indicating that
decreased phospho-mTOR in PBMCs has a
potential to recognize mTOR-related MDD
endophenotypes.”> Moreover, the occurrence
of apoptosis in the PBMCs signified by a low-
ered Bcl2: Bax ratio could serve the same pur-
pose.”8:80 These biomarkers could be also used
to monitor the effect of pharmacological treat-
ment in general and rapid-acting antidepres-
sants in particular, provided that the mTORC1
signaling is involved.?>-0:105 Qbviously, this
stresses the need to identify patient subtypes
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within DSM categories that might benefit from
mTORCI1 modulation. However, the existing
literature does not report any studies focused
specifically on mTORCI1-related molecules in
the CSF, emphasizing the need for such clinical
studies.

To date, BDNF is the most prominently
researched mTORCI1-related molecule with a
potential to be used as a peripheral biomarker.
However, BDNF levels in peripheral plasma,
serum, or PBMCs suffer from high intraindi-
vidual variability attributable to many factors
such as circadian rhythm, HPA-axis activity, an
unidentifiable source of the free circulating
protein as well as the possible occurrence of the
Val66Met SNP.27,71,90,105—107,111,113—115,117,122—124
Measuring BDNF directly in the periphery
without taking into account the factors that
contribute to its variability, such as the pres-
ence of platelets in serum, is of a low informa-
tive value. Therefore, an ex vivo approach is
needed.

The findings in the PBMCs suggest that patient-
or healthy volunteer (HV)-derived material could
be considered as a valuable ex vivo model to
study the molecular effect of novel mTORCI1-
targeting ADDs.78:80,90,105,113-115,117 Application of
an ex vivo model provides a simplified represen-
tation of a complex system, in which any external
stimuli, such as HPA-axis activity or circadian
rhythm, can be controlled or eliminated.
Therefore, in theory, all of the presented bio-
markers could be used to study mTORCI1 activ-
ity ex vivo (see Tables 2 and 3).

We argue that PBMCs may serve as a peripheral
model for evaluation of physiological pathways
involved in mental pathologies, given the strong
physiological resemblance in relevant pathways
between circulating immune cells and brain
cells.125:126 Also, in a recent drug development
program, PBMCs served as a matrix for the eval-
uation of the pharmacological activity of
mTORCI1-targeting ADs.!2” Conceptually, the

presented mTORCI-related biomarkers (see
Tables 2 and 3) can be used to establish an ex vivo
challenge model based on HV-derived PBMCs.
In such a model, the mechanistic profile of
mTORC1 signaling responses to targeted
mTORC1 impairment by known inhibitors, such
as rapamycin, should be defined. Once estab-
lished, it can be implemented in early clinical
investigation of mTORCI1-targeting ADs. Here,
the mechanistic profile of mTORCI1 signaling
responses to such ADs could be defined, follow-
ing exposure to (CSF-based) pharmacokinetic
concentration relevant to iz vivo safety studies on
HYV. Ultimately, ex vivo methodology could con-
tribute to a more precise selection of pharmaco-
logically active dose for early first-in-patient
studies.

In conclusion, based on an extensive literature
review, we identified several biomarker candidates
for monitoring mTORCI1 activity in humans.
These can be already implemented to study the
mechanistic profile of mTORCI1 responses to
investigational ADs in ex vivo settings. Once vali-
dated, these biomarkers may also facilitate both
identification of altered mTORCI1 signaling in
MDD and dynamic pharmacological effects by
rapid-acting, novel mTORCI-targeting ADs.
From a drug development perspective, such bio-
markers can aid selection of ‘mTORCI1 impaired’
MDD (sub)populations, to characterize the phar-
macodynamics of novel ADs that target mTORC1
on a molecular level, and to ultimately relate phar-
macology to behavioral effects in the context of a
pathophysiological cascade of events.!?8 This
approach could be of particular value for early clin-
ical proof-of-pharmacology (safety) and proof-of-
mechanism (pharmacodynamic) trials. Here the
availability of such biomarkers would facilitate not
only an efficient selection of a pharmacodynami-
cally active dose or dosing regimen for proof-of-
concept studies but also provide guidance to future
efficacy studies in psychiatric patient populations.
Herewith, this review is a first step toward the
rational development of rapid-acting mTORCI-
targeting ADs.
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List of abbreviations

Abbreviation

Definition

4EBP1
5-HT
AD

Akt
AMPAR
AMPK
Bax
Bcl2
BDNF
CNS
CREB
CSF
CUS
Deptor
DSM 5
eEF2K
elF4B
elF4E
ERK
FKBP12
GABA
GATOR
GluN2B
GluR1
GSK-3pB
HAMD
HIP
HPA-axis
IDS-SR
IGF
IRS
LKB1

Eukaryotic initiation factor 4E binding protein
Serotonin

Antidepressant drug

Protein kinase B (PKB)
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor
AMP-activated protein kinase

Bcl-2-associated X protein

B-cell lymphoma 2

Brain-derived neurotrophic factor

Central nervous system

Cyclic adenosine monophosphate response element-binding protein
Cerebrospinal fluid

Chronic unpredictable stress

DEP-domain containing mTOR-interacting protein
Diagnostic and Statistical Manual of Mental Disorders, 5th edition
Eukaryotic elongation factor-2 kinase

Eukaryotic translation initiation factor 4B
Eukaryotic translation initiation factor 4E
Extracellular signal-regulated kinase
FK506-binding protein of 12kDa

Gamma aminobutyric acid

GAP activity toward Rags

Glutamate receptor subunit epsilon-2

Glutamate receptor subunit 1

Glycogen synthase kinase-3

Hamilton Rating Scale for Depression
Hippocampus
Hypothalamic-pituitary-adrenal axis

Inventory of Depressive Symptomatology
Insulin-like growth factor

Insulin receptor substrate-1

Liver Kinase B1

[Continued)
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List of abbreviations

Abbreviation

Definition

MADRS Montgomery—,&sberg Depression Rating Scale

MDD Major depressive disorder

mLST8 Mammalian lethal with Sec13 protein 8

MOA Mechanism of action

mTOR Mammalian target of rapamycin

mTORC1/2 Mammalian target of rapamycin complex 1/complex 2

NMDAR N-methyl-D-aspartate receptor

p70S6K Ribosomal protein Sé kinase

p75NTR To neurotrophin receptor P75

PBMC Peripheral blood mononuclear cell

PDCD4 Programmed cell death 4 protein

REE Prefrontal cortex

PI3K Phosphatidylinositol-3-kinase

PRAS40 Proline-rich Akt substrate of 40kDa

PSD95 Postsynaptic density protein 95

Rag Ras-related GTPases

Raptor Regulatory-associated protein of TOR

REDD1 Regulated in development and DNA damage responses 1

RSK1 Ribosomal Sé6 kinase

S6 Ribosomal protein S6

SKAR S6K1 aly/REF-like target

SNP Single-nucleotide polymorphism

SNRI Serotonin-norepinephrine re-uptake inhibitor

SSRI Selective serotonin re-uptake inhibitor

TCA Tricyclic antidepressant

TrkB Tropomyosin-related kinase B receptor

TSC1/2 Tuberous sclerosis complexes 1 and 2

Tti1/Tel2 TELO2 Interacting Protein 1

VDCC Voltage-gated calcium channel
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