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Gene expression studies in Depression
development and treatment: an overview of the
underlying molecular mechanisms and biological
processes to identify biomarkers

Nicole Mariani®', Nadia Cattane?, Carmine Pariante®' and Annamaria Cattaneo®>*

Abstract

A combination of different risk factors, such as genetic, environmental and psychological factors, together with
immune system, stress response, brain neuroplasticity and the regulation of neurotransmitters, is thought to lead to
the development of major depressive disorder (MDD). A growing number of studies have tried to investigate the
underlying mechanisms of MDD by analysing the expression levels of genes involved in such biological processes.
These studies have shown that MDD is not just a brain disorder, but also a body disorder, and this is mainly due to the
interplay between the periphery and the Central Nervous System (CNS). To this purpose, most of the studies
conducted so far have mainly dedicated to the analysis of the gene expression levels using postmortem brain tissue as
well as peripheral blood samples of MDD patients. In this paper, we reviewed the current literature on candidate gene
expression alterations and the few existing transcriptomics studies in MDD focusing on inflammation, neuroplasticity,
neurotransmitters and stress-related genes. Moreover, we focused our attention on studies, which have investigated
MRNA levels as biomarkers to predict therapy outcomes. This is important as many patients do not respond to
antidepressant medication or could experience adverse side effects, leading to the interruption of treatment.
Unfortunately, the right choice of antidepressant for each individual still remains largely a matter of taking an
educated guess.

Introduction

Major depressive disorder (MDD) is a complex psy-
chiatric disorder characterized by low mood, anhedonia,
feelings of guilt or low self-worth, disturbed sleep or
appetite, low energy and suicidal ideation". It is one of
the main causes of disability worldwide and is a major
contributor to the overall global burden of disease®.

The combination of genetic, environmental and psy-
chological factors is believed to be the cause of MDD. In
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fact, for instance, environmental factors, such as stressful
and traumatic events, can affect not only biological sys-
tems restricted to the brain, but also pathophysiological
pathways within the entire body*>. Well-established
evidence suggests deregulation in the inflammatory
response, in the hypothalamus-pituitary-adrenal (HPA)
axis and in several neuronal systems in the pathogenesis
of MDD®’. As such, acute and chronic stress have been
proposed to trigger the dysregulation of these systems and
to lead to the development of MDD?. Hence, biological
systems such as immune system, stress response, brain
neuroplasticity and the regulation of neurotransmitters
seem to be the ones more involved in MDD.

To date, different approaches have been used to
understand the molecular mechanisms underlying MDD.
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Among the others, gene expression is being used in a
large number of studies to analyse the expression of
dozens of genes in MDD.

To this purpose, most of the studies conducted so far
have mainly investigated the gene expression levels using
postmortem brain tissue’ as well as peripheral blood
samples of MDD patients. While the use of brain tissue is
limited and has several limitations due to the influence of
agonal and postmortem factors on gene expression
levels'®, the use of peripheral blood samples seems to
have multiple advantages. Indeed, peripheral blood
samples allow to collect large sample sizes, to obtain a
fast RNA stabilization, as well as the isolation of specific
cell subtypes, such as peripheral blood mononuclear
cells (PBMCs) or leukocytes and to monitor the patients’
well-being.

The association between the brain and the periphery
has been demonstrated several years ago by Sullivan and
colleagues'', who have shown genes shared among whole
blood and 16 brain tissues, where 60% of transcripts were
expressed in the whole blood and in at least one tissue of
the central nervous system (CNS). In detail, both whole
blood and brain tissues have similar expression of genes
relevant to MDD such as genes encoding for neuro-
transmitter receptors and transporters, growth factors,
hormones and cytokines. In addition to these data, tran-
scriptional profiling in peripheral blood has allowed the
discovery of possible biomarkers for patients with psy-
chiatric and neurological disorders including patients
affected by MDD'* !4,

Based on this, we reviewed the current literature on
candidate gene expression in MDD, mainly focusing on
genes related to inflammation, neuroplasticity, neuro-
transmitters, stress response and treatment outcomes. We
have also included a few existing transcriptomics studies,
which identified changes in gene expression levels by
using a hypothesis-free approach.

Blood gene expression alterations in MDD have been
already reviewed in 2013"° by our group. Although in the
paper by Hepgul et al. we focused on inflammation, GR
functionality and neuroplasticity, we did not report gene
expression studies in relation to treatment outcome. Since
in these last years a large body of studies has investigated
gene expression alterations in association with MDD from
2013 to date, also including treatment outcomes, we have
seen the need for a more up-to-date review.

Inflammation-related genes

In recent years, several studies have suggested an
increased inflammatory response in MDD, indicated by
altered levels of pro- and anti-inflammatory cytokines'®”.
Furthermore, other studies have linked several auto-
immune diseases, such as multiple sclerosis, rheumatoid
arthritis, multiple sclerosis and inflammatory bowel
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diseases, with MDD, suggesting a very strong relationship
between inflammation and MDD'®'?, However, although
it is well known that depression can influence immune
responses and vice versa, the underlying molecular
mechanisms are still unclear.

Among all the molecules involved in the immune
response, cytokines, known as chemical messengers
between immune cells, represent the most important key
players in mediating depressive symptoms. They include
various groups of molecules produced, upon stimulation
by pathogens or dysfunctional cells, by immune cells of
the periphery as well as cells of the central nervous system
such as microglia, astrocytes, oligodendrocytes. Moreover,
also neurons can release cytokines and chemokines as
well as respond to them through cytokine and chemokine
receptorszo.

For this reason, also taking into account that cytokines
can cross the blood—brain barrier*', they may represent a
potentially useful biomarker resource relating to mood
disorders.

Several components of the immune system, including
the Toll-like receptors (TLRs), their intracellular signaling
molecules and their related pro-inflammatory transcrip-
tion factors such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and interferon
regulatory transcription factor 3 (IRF3) play crucial roles
in the production of pro-inflammatory cytokines,
including Interleukin (IL)-1b and IL-18*%

To investigate the role of inflammation in MDD, several
studies available so far have measured the mRNA levels of
genes involved in inflammation in the peripheral blood
and postmortem brain tissues of patients with MDD (see
Table 1). For example, the study conducted by Rizavi et al.
in 2016* indicated an increased expression of pro-
inflammatory cytokines and their receptors in the lym-
phocytes of depressed patients as compared to control
subjects, proposing an abnormal expression not only of
genes encoding for pro-inflammatory cytokines, but also
of genes encoding for their membrane-bound receptors in
MDD. Moreover, Momeni et al.>* showed higher mRNA
levels of an adaptor protein (ASC), correlated with absent
in melanoma 2 (AIM2) gene, in peripheral blood of
depressed patients. AIM2 is a component of inflamma-
somes, which can trigger caspase-1 via ASC following a
pathogen-associated molecular pattern (PAMP) or
danger-associated molecular pattern (DAMP) recogni-
tion. Therefore, the activation of caspase-1 can trigger the
induction of IL-1 and IL-18, two important pro-
inflammatory cytokines. Similarly, the Genome-Based
Therapeutic Drugs for Depression (GENDEP) project
showed that the mRNA expression of inflammation-
related genes, such as IL-1b, macrophage inhibiting factor
(MIF) and tumor necrosis factor (TNF) are higher in non-
responders depressed patients before treatment®”.
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and 5-HT3A receptors in PBMCs of patients with MDD,
and found that depressed patients have higher 5-HTR2A
mRNA levels than healthy subjects.

Finally, in the Biodep study®® we have recently shown
that drug-free and treatment-resistant depressed patients
not only have higher pro-inflammatory cytokines/che-
mokines, but we have also shown an increased expression
of the P2X purinoceptor 7 (P2RX7). P2RX7 has a crucial
role in the activation of the inflammatory processes and it
is ubiquitously expressed among cells of the immune
system, including microglia cells®. Additionally, its
expression has been identified in neuronal cells, where it
can regulate the function of different neurotransmitters
relevant to MDD*’.

Overall, these studies have shown a positive correla-
tion between an upregulated expression of pro-
inflammatory molecules and MDD, suggesting that
inflammation is one of the key factors involved in the
pathogenesis and progression of MDD. Moreover, these
studies suggest the utility of inflammation-related gene
expression levels as biomarkers for MDD treatment
response.

Neuroplasticity

In addition to increased inflammatory levels, to date,
several studies have demonstrated an impairment of
neuroplasticity in MDD*"*?, For example, alterations in
synaptic and morphological plasticity have been reported
in patients with MDD**~**, Numerous studies have also
tried to understand the intracellular mechanisms under-
lying these alterations and their role in MDD (see
Table 2). Evidence indicates that multiple neurotrophic/
growth factors, such as brain-derived neurotrophic factor
(BDNF) and glial cell-line-derived neurotrophic factor
(GDNF) play a key role in neural plasticity*®*”. BDNF is,
in fact, involved in proliferation, migration, differentiation
and survival of neurons in humans*®. This finding has
been confirmed by Hong et al.*’, who examined the
mRNA levels of BDNF and the mitogen-activated protein
kinase 1/2 (MEK1/2), an immediate activator of the
MEK-ERK pathway mediated by BDNF, in the leukocytes
of MDD patients and healthy controls. Interestingly, the
authors have shown decreased mRNA levels of BDNF and
MEK]1 in depressed patients as compared with controls,
supporting the involvement of BDNF and MEK1 in the
pathogenesis of MDD.

Furthermore, vascular endothelial growth factor
(VEGE), a neurotrophic and an angiogenic growth factor,
has been implicated in different physiological processes
such as angiogenesis, neuroprotection, neuronal survival,
regeneration, growth, differentiation and axonal out-
growth®°=2, Different studies have proposed that changes
in VEGF expression levels can be linked to mood dis-
orders, including MDD>*°°,
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A well-known oxygen-sensitive transcriptional acti-
vator of VEGF, the hypoxia inducible factor-1 (HIF-1), is
induced by hypoxia, ischemia and by the activation of
the expression of different genes such as VEGF, ery-
thropoietin (EPO), glucose transporter-1,3 (GLUTL,3),
lactate dehydrogenase-A (LDHA), phosphoglycerate
kinase 1 (PGK1), 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase-3 (PFKFB3), insulin-like growth
factor-2 (IGF-2) and BCL2/adenovirus E1B 19 kDa
interacting protein 3 (BNip3). Moreover, it contributes
to angiogenesis, erythropoiesis, glucose metabolism, cell
proliferation/survival and apoptosis®®>’. According to
this background, Shibata et al.”® investigated the mRNA
expression levels of HIF-1 (a and P) and its target genes
(VEGF, GLUT1, PGK1, PFKFB3 and LDHA) in periph-
eral white blood cells of patients affected by MDD and
bipolar disorder (BPD). The authors found increased
expression levels of HIF-1, VEGF, PFKFB3, GLUT],
PGK1 and LDHA in MDD subjects as compared to the
control group.

Moreover, the neuronal membrane glycoprotein M6a
(GPM6A), a member of the myelin proteolipid protein
(PLP/DM20) family, plays an important role in stress
response in different animal models®>®°. Based on this
notion, Fuchsova et al.®* hypothesized that alterations in
the expression of the stress responsive neuroplasticity-
related genes, such as the members of the PLP family,
could be involved in the aetiology of MDD. They
demonstrated that, GPM6A mRNA levels were sig-
nificantly reduced in the hippocampus of depressed
suicides. Conversely, GPM6B, but not PLP1, was down-
regulated. All these findings suggest that changes in the
balance between mRNA levels of all the studied genes
could lead to significant alterations in the neuronal con-
nectivity causing pathological behaviours. According to
the authors, these findings suggest that reduced GPM6B
expression could contribute to oligodendrocyte misfunc-
tion linked with MDD.

Several studies have also suggested that the Transcrip-
tion factor 4 (TCF4) gene is involved in the early differ-
entiation of neurons, is related to memory efficiency®,
and affects the immune response of the brain®***, Mos-
sakowska-Wéjcik et al.®> analysed the mRNA and protein
levels of TCF4 in blood of MDD patients and healthy
subjects. TCF4 expression at both the mRNA and protein
level was decreased in patients with MDD when com-
pared with controls, suggesting that reduced mRNA and
protein levels of the TCF4 gene might result in the wor-
sening of cognitive functions, which could alter the
development or course of MDD.

Furthermore, in 2012 Ziemianska et al. showed that
neuropsin (NP), a kallikrein gene-related endoprotease,
has an important role in neuroplasticity processes,
including intracellular signal cascades and regulation of
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gene expression that are involved in long-term synaptic
plasticity®®. In this regard, Bobinska et al.®” have com-
pared the gene expression levels of NP gene in peripheral
blood samples of a group of MDD patients and healthy
subjects, showing that the expression levels of the human
NP gene were significantly higher in MDD patients than
in controls. According to the authors, a possible expla-
nation of these results could be the young age of the
examined individuals in both groups, in fact other studies
have shown that NP expression levels gradually decrease
in the cerebral cortex during ageing®®.

Altogether, the presented studies have shown that a
dysregulation of neurotrophic/growth factor systems such
as BDNF and VEGF as well as of other genes involved in
the regulation of neuroplasticity can underlie the devel-
opment of cognitive impairment, often observed in MDD.

Neurotransmitters

Research over the years has attempted to define the
relationships between specific neurotransmitters in the
brain and specific symptoms of MDD. Indeed, it has been
proposed that different neurotransmitters may regulate
different brain functions, neurochemical mechanisms, and
subsequently, specific antidepressant drugs could target
symptom-specific neurotransmitters®, MDD has been
widely linked to imbalances in the brain with regard to the
neurotransmitters serotonin, norepinephrine and dopa-
mine and, recently, another neurotransmitter, glutamate,
has been also implicated in MDD.

Interestingly, it has been shown that the release of
some neurotransmitters, including the release of nora-
drenaline, serotonin, GABA, glutamate, and dopamine, is
facilitated by the activated a-7 nicotinic acetylcholine
receptor (a7 nAChR) via the increased permeability to
cations, including Ca(2+)"°. A7 nAChR is coded by the
Cholinergic Receptor Nicotinic Alpha 7 Subunit
(CHRNA?7?) gene, which is partially duplicated by a chi-
meric gene, CHRFAM7A. On these bases, Kunii et al.”*
(Table 3) have investigated the expression of CHRNA7
and CHRFAM7A in the dorsolateral prefrontal cortex in
a large cohort of patients with schizophrenia, BPD and
MDD. They found that the expression levels of CHRNA7
were significantly increased in MDD patients as com-
pared with all other groups. Similarly, the expression of
CHRFAMT7A was significantly elevated in all diagnostic
groups, especially in the MDD group, as compared with
the healthy group and the ratio of CHRFAM7A/
CHRNA?7 levels was significantly different between the
diagnostic groups, suggesting an aberrant function of
nAChRs in mental illnesses.

Moreover, norepinephrine has a role in the recognition
and response to stressful situations, and it has been
suggested that an aberrant norepinephrinergic system
could lead to an increased vulnerability to MDD’
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Dopamine plays an important role in regulating our drive
to seek out rewards, as well as our ability to obtain a sense
of pleasure. Low dopamine levels could help to explain
why people suffering from MDD do not show the same
sense of pleasure’®. 5-HT is a monoamine involved in a
number of physiological processes, and MDD appears, in
part, to be a result of diminished activity of the serotonin
system®, 5-HT is both a neurotransmitter and a neuro-
modulator that regulates different pathophysiological
aspects of MDD, including mood, sleep, energy balance
and immunity’*~7°,

While the role of these three neurotransmitters (nor-
epinephrine, dopamine and 5-HT) in MDD has been
studying for many years’’, the implication of glutamate in
this psychiatric disorder has been recently discovered.
Indeed, a growing body of data shows that abnormalities
of the glutamate system lead to altered behaviours that
correlate with psychiatric disorders, including MDD"®,
Glutamate is an excitatory neurotransmitter that is widely
distributed in the brain, exerting its effects through the
stimulation of several glutamate receptor (GluR) subtypes.
These include the 2-amino-3-(3-hydroxy-5-methyl-iso-
xazol-4-yl) propanoic acid (AMPA), N-methyl-D-
aspartate (NMDA), kainate (KAR) and metabotropic
(mGIuR) receptors”®. Four studies have mainly analysed
mRNA expression in postmortem brain tissues of gluta-
mate receptors and transporters (Table 3).

For instance, Gray et al.®* have tested the hypothesis
that GIuR gene expression is altered in the dorsolateral
prefrontal cortex (DLPFC) in MDD in a large cohort of
postmortem subjects from three diagnostic groups: MDD
suicide, MDD non-suicide and a group of controls with
no history of psychiatric disorders. They have reported
higher expression levels of a number of GluR genes in the
DLPFC of MDD patients as compared to controls. In
particular, they have found higher expression levels of
GRIN1, GRIN2A-D, GRIA2-4, GRIK1-2, GRM1, GRM4,
GRM5 and GRM?7 in female patients as compared to male
patients with MDD. In contrast, GRM5 expression levels
were lower in male MDD patients than in male controls
and, finally, in all sample (both male and female) when
MDD suicides were compared with MDD non-suicides,
GRIN2B, GRIK3 and GRM2 were expressed at higher
levels in the suicide subjects. Taken together, these data
indicate that a disruption of the glutamate system occurs
in the DLPFC of patients with MDD, above all in those
who completed suicide. According to the authors, this
disruption may be more severe in female patients.

In addition, because of several studies indicate that the
locus coeruleus (LC) has a major role in the origin of
clinical MDD and possibly suicide, Chandley et al.®'
examined the gene expression levels of glutamate recep-
tors, NMDA and AMPA in postmortem noradrenergic
LC neurons from subjects with MDD (most of which died
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by suicide) and matched to healthy controls. They eval-
uated the expression of all NMDA receptor subunit genes
in the LC and for the remaining glutamate receptor genes,
including the AMPA, kainate and metabotropic glutamate
receptors, examining only those that demonstrated mea-
surable gene expression in the mouse LC, according to the
Allen Brain Atlas, an online publicly available resource
that integrates gene expression and connectivity data with
neuroanatomical information for the mouse, human and
non-human primate®”*?, They found elevated expression
levels of genes encoding specific ionotropic NMDA
receptor subunits and specific metabotropic receptors in
both MDD and control subjects. Specifically, the authors
found highly expressed GRIN1 subunit, moderate gene
expression levels of GRIN2A, GRIN2B, GRIN2D subunits
and lower levels of GRIN2C and GRIN3A subunits. The
functional NMDA receptor complex is made of a glycine
binding NR1 subunit combined with at least one of
the other glutamate binding NR2 or NR3 subunits.
Although the NMDA receptor complex is permeable to
both potassium and calcium, calcium is essential in acti-
vating the PI3K and CREB cell-signalling pathways that
distinguish the NMDA family of receptor signalling from
the other ionotropic glutamate receptors®*®, This is
particularly intriguing since, in the same work, Chandley
and colleagues®' observed elevations in NMDA receptor
subunit gene expression in MDD patients when compared
to controls, but no expression changes in the moderately
expressed GluAl receptor (GRIA1) or the highly expres-
sed GluA2 (GRIA2) and GluA4 (GRIA4) of the AMPA
ionotropic family, nor in any of the receptor subunits
(GRIK1, GRIK3 and GRIK5) from the kainate ionotropic
class of receptors. Moreover, they have found an increase
in expression levels of two metabotropic glutamate
receptor genes (GRM5, GRM4) in LC neurons from MDD
subjects in comparison to normal control subjects.
Earlier, in 2013, the same authors®® examined the
expression of three glutamate-related genes (two gluta-
mate transporters, SLC1A3 and SLC1A2, and an encoding
glutamine synthase GLUL) concentrated in glia, and of a
glia gene (GFAP) in postmortem tissues from men with
MDD and from matched healthy controls. They found
evidence of astrocyte dysfunctions in the LC region in
individuals with MDD, which included reduced expres-
sion levels of SLC1A3, SLC1A2 and GFAP, together with
lower GFAP protein levels, and reduced density of GFAP-
positive astrocytes. This study provided a direct evidence
of astrocyte pathology in LC, indicating that glia cell
abnormalities reported in more superior/rostral brain
regions®>® extend to the brainstem and may contribute
to the pathology of the monoamine systems in MDD.
Similarly, Oh et al.®® studied the role of the glutamate
transporters (SLC1A2 and SLC1A3) in the dorsolateral
prefrontal cortex of MDD subjects. Using data from the

Page 11 of 23

Stanley neuropathology consortium integrative database
(SNCID®), they analysed the mRNA levels of the gamma-
aminobutyric acid-synthesizing enzyme (GAD1) and
investigated a possible linkage between changes in
SLC1A2 and GAD1 expression levels. They observed that
the expression levels of GAD1 and SLC1A2 were lower in
the DLPFC of subjects with MDD as compared to con-
trols and, that GAD1 mRNA levels were significantly
associated with SLC1A2 mRNA expression levels in the
same area in the group of MDD patients.

All the above-mentioned studies have demonstrated
the involvement of several neurotransmitters in the
pathogenesis of MDD. Particularly, they not only have
consolidated the role of serotonin, dopamine and nor-
epinephrine, but also shown abnormalities of the gluta-
mate system. In fact, these studies have observed that the
pathophysiology of MDD is associated with dysfunctions
in the glutamatergic system, and with alterations in the
mechanisms regulating the clearance and metabolism of
glutamate in brain areas mediating cognitive—emotional
behaviours.

Stress-related mechanisms

Stress and/or trauma are associated with dramatic
increases in the risk of developing depressive disorders™.
The stress response system is linking the CNS and the
endocrine system and it allows responding to short-term
and long-term stressors. The key neuroendocrine com-
ponent of this response to stress is the HPA axis, which
acts as an interface between cognitive and non-cognitive
stressors processed in the CNS and in the peripheral
endocrine response system’’. To understand the
mechanisms of stress response, several studies have
assessed the mRNA levels of genes involved in the stress
response in patients with MDD (see Table 4). It is well
known that the glucocorticoid receptor (GR) plays a
crucial role in mediating the negative feedback regulation
of the HPA axis”>*® and, recently, several studies have
investigated the GR expression levels and functionality in
patients with MDD. To this purpose, Roy et al.”* have
studied the mRNA levels of stress-related genes, such as
BDNF, Nuclear Receptor Subfamily 3 Group C Member 1
(NR3C1 or GR), FK506 Binding Protein 5 (FKBP5), Cor-
ticotropin Releasing Hormone Binding Protein (CRHBP),
and Corticotropin Releasing Hormone Receptor 1
(CRHR1) in PBMC of MDD patients and their matched
controls. NR3C1 encodes the GR, which can function
both as a transcription factor that binds to glucocorticoid
responsive elements (GRE) in the promoters of gluco-
corticoid responsive genes by activating their transcrip-
tion, and as a regulator of other transcription factors.
FKBP5 is a co-chaperone of hsp90, which regulates GR’s
sensitivity, whereas BDNF expression is regulated by GR.
The authors have found a reduction in the expression
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been carried out to identify and validate biomarkers
involved in the antidepressant treatment response
(Table 5). This might open the door to personalized
medication and, thus, might improve treatment efficacy
and reduce side effects.

In order to provide evidence supporting a personalized
medicine approach for the treatment of MDD, Cattaneo
et al.”® analysed the blood mRNA expression levels of 15
candidate genes across three biological systems, such as
the GR complex, inflammation and neuroplasticity that
have been more consistently described as abnormal
in MDD'®. To this purpose, they examined a well-
characterized group of MDD patients from the GENDEP
study'®"'%%, before and after 8 weeks of treatment with
one of two pharmacologically different antidepressants:
the selective serotonin reuptake inhibitor, escitalopram
and the tricyclic noradrenaline reuptake inhibitor, nor-
tryptline. Cattaneo and her team measured the tran-
scriptional levels of the following genes: FKBP-4, FKBP5
and GR, for the GR complex; IL-1a, IL-1b, IL-4, IL-6, IL-7,
IL-8, IL-10, MIF and TNF-a, for the inflammatory system;
BDNF, p11 and VGF (non-acronymic), for neuroplasticity.
Data showed a dissociation between genes that predict
treatment response (‘predictors’) and genes that change
longitudinally in patients who respond (‘targets’) to anti-
depressant treatment. Specifically, among the 15 genes,
only higher levels of three inflammation-related genes,
IL-1b, MIF and TNF-a, predict a lack of response to
antidepressants, even if a successful antidepressant
response is not associated with a reduction in the levels of
these genes. In contrast, a successful antidepressant
response is associated with a reduction in the levels of the
inflammation-related gene, IL-6, and of the GR-associated
gene, FKBP5, as well as with an increase in the
neuroplasticity-associated genes, VGF and BDNF.

Following this study, our group has carried out the
largest non-interventional study so far investigating
candidate mRNA gene expression in depressed patients
characterised by their current depressive symptoms and
by their response to antidepressant treatment®®, As
previously mentioned, we have found that treatment-
resistant and drug-free depressed patients have an
increased inflammasome activation (higher pro-
inflammatory  cytokines/chemokines and P2RX7
mRNAs expression) and glucocorticoid resistance (lower
GR and higher FKBP5 mRNAs expression); whereas
responsive patients were alike controls except for having
lower CXCL12.

According to the neurotrophic hypothesis of MDD, an
association between effects on neuroplasticity and clinical
response to antidepressant drug therapy has been sug-
gested by several studies. For example, Breitfeld et al.'%?
have tried to identify a possible association between
functional biomarkers related to neuroplasticity effects of
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antidepressants with treatment response and resistance in
patient-derived lymphoblastoid cell lines (LCLs) from
the STAR*D study. Specifically, they identified five
potential biomarkers that have been associated with cell
proliferative effects of antidepressants (ex vivo) or with
LCL donor’s clinical response/remission in antidepressant
drug therapy: transcription factor 7-like 2 (TCF7L2),
frizzled class receptor 7 (FZD7), wingless-type
MMTYV integration site family member 2B (WNT2B),
p-glycoprotein (ABCB1) and sulfotransferase 4Al
(SULT4A1). Interestingly, the most notable differences in
the expression levels between responder- and treatment
resistance-derived LCLs were observed for WNT2B,
FZD7 and ABCB1. ABCBI1 is the most studied member of
the ATP-binding cassette (ABC) transporter family and it
plays a key role in cellular detoxification and transmem-
brane transport across the blood-brain barrier. The
allocrite spectrum includes neurotoxic agents (such as
glucocorticoids, drugs and xenobiotics) and hence,
ABCBI has neuroprotective effects resulting in a possible
increased response to antidepressants. WNT2B and FZD7
are elements of the canonical WNT signalling pathway
regulating neurogenesis, synaptic plasticity and dendritic
arborization'*, While FZD7 inhibits the WNT signalling,
WNT2B and chronic antidepressant treatment activate
this pathway resulting in increased neurogenesis. Alto-
gether these effects might be responsible for enhanced
neuronal plasticity and likely for remission from MDD.

Moreover, the serotonin transporter has been linked to
MDD in candidate gene studies and in gene-to-
environment interaction studies, hence it plays a key
role in MDD pathophysiology'*>'%. The serotonin
transporter protein (SLC6A4) is the main target of many
antidepressants, although the relationship between
pathophysiology and therapeutic effects of anti-
depressants is still not clear'*”'%, Based on previous
studies on SLC6A4 mRNA gene expression variation in
peripheral tissues, Belzeaux et al.'® explored whether
SLC6A4 mRNA could be a target biomarker of anti-
depressant treatment during a major depressive episode
that varies between the baseline and the 30-week follow-
up period in responder patients. Interestingly, decreased
expression levels of SLC6A4 were observed in responder
patients across a 30-week follow-up, whereas non-
responder subjects showed increased mRNA levels of
SLC6A4. Conversely, healthy controls exhibited a stable
pattern of SLC6A4 mRNA expression across the 30-week
follow-up period. These data support that the serotonin
transporter protein, the main target of many anti-
depressants, could be a valid target biomarker in MDD
patients for a personalized medicine approach.

As suggested by our results in responder and non-
responder patients, gene expression variation of selected
genes, monitored across a long period of time, could be
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informative of clinical evolution and potential relapses or
recurrences.

Another interesting hypothesis of MDD suggests that
the inflammasome is a central mediator by which psy-
chological and physical stressors could contribute to the
development of the disorder''®. In this regard, the study
performed by Alcocer-Gémez et al.''!' examined this
hypothesis to determine whether NLRP3 inflammasome
could be activated in PBMC from MDD patients and to
shed light on the implication of mitochondrial oxidative
stress. Furthermore, they studied the effects of ami-
triptyline, a tricyclic antidepressant drug, on NLRP3
inflammasome activation. The authors found that MDD
patients showed reduced serum levels of IL-1b and IL-18,
and a significant reduction in NLRP3 and caspase-1
activation. Moreover, they observed that the association
between the Beck’s Depression Inventory (BDI) scores
and IL-1b and IL-18 serum levels was reduced when
controlling for antidepressant treatment, suggesting that
antidepressants can modulate the inflammation levels.

Another promising candidate in the field of pharma-
cological treatment options regarding MDD is repre-
sented by the mitochondrial translocator protein (TSPO),
a 5-helical transmembrane protein located in the outer
mitochondrial membrane''?, It plays an important role in
neurosteroid synthesis and in systemic endocrine regula-
tion, with implications in the pathophysiology of immune,
inflammatory, neurodegenerative, neoplastic and psy-
chiatric diseases''®. Interestingly, Sarubin et al.''* inves-
tigated the effects of antidepressant treatment on TSPO
expression levels in platelets obtained from 37 patients
suffering from MDD, analysing TSPO levels in depressed
patients before and after 6 weeks of antidepressant
treatment. A significant change in TSPO levels over
6 weeks of treatment was observed within the complete
sample of MDD patients. Interestingly, responders
showed a greater reduction in TSPO levels as compared
to non-responders. These results are in contrast with the
hypothesis of the authors, expecting to find increased
TSPO levels during antidepressant therapy along with a
decrease in depressive symptoms. Therefore, they con-
cluded that TSPO expression in platelets cannot be con-
sidered an appropriate biomarker for the analysis on the
course of MDD.

Overall, the above studies have shown that patients who
responded to the antidepressant therapy had restored
levels of inflammation-related genes, such as IL-6 and IL-
1b, of stress-related genes, including FKBP5, as well as of
neuroplasticity-associated genes, such as VGF and BDNF.

Whole-genome transcriptome assays
High-throughput technologies such as microarrays

allow to explore the expression levels of the whole gen-

ome and the identification of changes in gene expression
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by using a hypothesis-free approach. In the last decade,
several studies have used these technologies to identify
gene expression differences related to MDD (Table 6).
Together with the hypothesis-driven approach, mainly
based on the analysis of candidate genes expression levels,
transcriptomics studies can allow the identification of new
biomarkers associated with MDD that can help the
development of novel intervention strategies and the
introduction of personalized medicine.

Recently, Hepgul et al.''® investigated whether gene
expression changes in peripheral blood of patients with
Hepatitis C at the baseline are associated with the future
development of IFN-a-induced MDD (before IFN-a
administration) and identified longitudinal changes in
gene expression from baseline to treatment week (TW) 4
and TW24 following IFN-« treatment, in those subjects
who did or did not develop MDD. Specifically, at the
baseline, 73 genes were differentially expressed between
patients who later developed MDD and those who did
not. At TW4, 592 genes, primarily IFN-a-responsive
genes, were significantly modulated in the whole sample;
most of these genes were modulated only in patients who
developed MDD, with an enhancement in inflammation-,
neuroplasticity- and oxidative stress-related genes. Similar
results were observed at TW24. These data clearly indi-
cate that patients who develop IFN-a-induced MDD have
an augmented biological sensitivity to IFN-a. Beyond the
IEN-a treatment, the identified transcriptomics signature
could be used as a biomarker for the early identification of
individuals at high risk of developing MDD or to generate
molecular targets for the discovery of new therapeutic
strategies in MDD.

Another microarray study carried by Hennings et al.''®,
performed on peripheral blood samples collected at the
admission and after 2 and 5 weeks of treatment from
MDD male patients remitters and non-responders, iden-
tified 127 transcripts significantly associated with the
treatment response. The authors also analysed these
transcripts in an independent replication sample of 142
depressed in patients confirming that lower expression of
retinoid-related orphan receptor alpha (RORa), germinal
centre expressed transcript 2 (GCET2) and chitinase 3-
like protein 2 (CHI3L2) on admission was associated with
beneficial treatment response. In addition, leukocyte-
specific protein 1 (LSP1) significantly decreased after
5 weeks of treatment in MDD responder patients.

Furthermore, in another interesting study, Duric
et al."’” provided new evidence that disruption of synaptic
and glutamatergic signalling pathways contributes to the
pathophysiology of MDD by examining the genetic profile
of micro-dissected subfields of postmortem hippocampus
from MDD subjects. The authors found a significant
dysregulation of synaptic function/structure related genes
Synaptosome Associated Protein 25 (SNAP25), Disks
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large homolog 2 (DLG2), Microtubule-associated protein
1A (MAP1A) and 2-amino-3-(5-methyl-3-ox0-1,2-oxa-
zol-4-yl) propanoic acid receptor subunit genes GLURI1
and GLUR3.

Finally, a recent study''® has performed genome-wide
gene expression analyses in depressed patients pro-
spectively divided in responders and non-responders to an
8-week trial of escitalopram treatment. The authors have
found two genes exhibiting an increase in their mRNA
expression levels in the non-responders group: CHN2 and
JAK2. Specifically, CHN2 could alter the hippocampal
neurogenesis, whereas JAK2 activates both innate and
adaptive immunity, indicating that these genes could be
possible candidate predictors of the treatment response.

The above studies not only have confirmed previous
findings (such as an association between abnormalities in
the immune and stress response as well as in neuroplas-
ticity and neurotransmitters pathways and MDD), but
they have also shown the huge advantage of performing
whole-genome transcriptome assays to identify pathways
and molecular mechanisms that are altered in MDD by
using a hypothesis-free approach.

Peripheral blood

Tissue
PBMC

18 genes had higher expression levels in the group of early
Increased mRNA expression of CHN2 and JAK2 in the non-

remitters versus non-remitters.

Main findings
responders group.

Conclusions

In this review we have presented several studies which
have investigated the expression levels of different genes
in MDD patients, mostly obtained from whole blood but
also from isolated mononuclear cells, isolated monocytes
and postmortem brain tissues. Altogether these studies
have identified a pattern of altered expression in several
genes belonging to different biological systems such as
inflammation, neurotransmission, HPA axis and neuro-
plasticity supporting data shown in our previous review
published in 2013 by Hepgul et al."®.

In addition, to provide evidence supporting a perso-
nalized medicine approach to the treatment of MDD,
we have reviewed studies that have analysed changes in
gene expression levels associated with the treatment
response. This association suggests that the gene
expression approach, both hypothesis-driven and
hypothesis-free, is particularly relevant from a clinical
point of view as it allows to identify biomarkers that can
help in the personalization of therapy and in the future
development of novel intervention and treatment
strategies.

Several studies have suggested that changes in gene
expression measured in the blood mirror gene expression
alterations occurring in the brain'""''* and a recent review
of transcriptomic studies suggests that between 35% and
80% of known transcripts are present in both brain and
blood tissue samples''®. Moreover, Yan and colleagues
have demonstrated the presence of an extracellular RNA
at similar level both in the brain as well as in plasma

samples'*’,

Array-Based Gene
Expression Analysis

Methods
profiling assays

methylphenidate and citalopram, citalopram and placebo or
211 MDD patients treated with escitalopram 112 healthy

methylphenidate and placebo

Sample
controls

MDD major depressive disorder, PCR polymerase chain reaction, HCV hepatitis C virus, rDD recurrent major depression.

Eyre et al. 2016'?* 35 MDD patients: 24 remitters 11 non-remitters randomized to  RNA expression

Table 6 continued
Ju et al. 2019'%7
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Another important aspect to consider is that peripheral
blood biomarkers should be considered also in a different
way. Indeed, in the clinical setting it is more important the
clinical predictive value of a molecule instead of demon-
strating the presence of its levels in a similar way both in
the periphery and in the brain. In this context, inflam-
matory mediators, especially when measured in terms of
mRNA levels, are a great example of how they can be used
as predictors of treatment response in patients with MDD
without being worried about the presence of similar levels
in the brain. Hence, blood could serve diagnostic/prog-
nostic purposes for MDD through profiling peripheral
gene expression levels in blood cells'"'*!.

On the other hand, it is important to consider the dif-
ficulties in finding appropriate biomarkers, considering
the heterogeneity of MDD. Indeed, some of the alterations
associated with the disease might be influenced by several
factors including childhood trauma, sex differences, life-
style and demographic variables. For instance, it has been
shown that trauma in childhood can lead to long-lasting
effects on peripheral inflammation later in life, such as
increased pro-inflammatory cytokine levels'*>'**, More-
over, it has been shown that, although depressive symp-
toms are associated with inflammation, this association is
highly influenced by race and gender'**. Therefore, large
cohorts characterized by all these factors could allow the
identification of peripheral biomarkers associated with
specific endophenotypes of depression and associated
with specific clinical variables known to influence also
treatment response.

Altogether, these data have shown that the measure-
ment of gene expression levels can be particularly
helpful in the clinical setting, for an early prediction of
treatment response in MDD patients. Indeed, as widely
discussed in this review, mRNA biomarkers can predict
the antidepressant response when measured at baseline
or they can be useful in monitoring the efficacy of the
treatment when measured during the therapy. This
could lead to an improvement in the antidepressant
response not only with a benefit for depressed patients,
but also with a reduction of the associated health
care costs.

However, to our knowledge, no gene expression bio-
markers have been translated into the clinical practice yet,
since most of the available studies have often used assays
that are laboratory-specific and that are mainly based on a
relative rather than absolute quantification.

Briefly, the relative quantification method compares
the expression levels of a target gene in one group to
those in an another group, for example patients to
controls, using internal controls (housekeeping genes)
for normalization. However, this relative gene expression
based approach, although helpful in the identification
and prioritization of novel biomarkers associated with
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antidepressant treatment, cannot be reflected as a rou-
tine into the clinical practice.

Conversely, an absolute gene expression quantifica-
tion based approach could represent the best one to be
implemented in the clinical setting, as it may help
clinicians to predict and monitor the antidepressant
response in a shorter time. Indeed, the absolute quan-
tification is based on a standard curve, which is pre-
pared from samples of known template concentration.
Then, the concentration of any unknown sample can be
determined by simple interpolation of its signal into this
standard curve. Interestingly, because of these standard
parameters, absolute mRNA values allow to establish
given thresholds that are more likely to be individually
measured and that are more comparable across differ-
ent laboratories. For example, in a possible clinical
setting scenario, the quantification of an absolute
expression of certain biomarkers that, like cytokines,
can predict the treatment response, can provide real-
time information on the status of those biological fac-
tors that can influence treatment response. For example
patients whose absolute mRNA values of pro-
inflammatory cytokines are below the suggested cut-
off could receive standard care treatment with con-
ventional antidepressant drugs, whereas patients with
absolute mRNA values higher than the suggested cut-
off could be early directed toward more assertive anti-
depressant strategies, with patients receiving from the
beginning a combination of antidepressant drugs, or
adjuvant therapies such as anti-inflammatory drugs to
pushdown the inflammatory status making the anti-
depressant therapies more efficacius.

Thus, an absolute quantification of gene expression
biomarkers could avoid exposing depressed patients to
unnecessary pharmacological strategies based on a try-
and-error approach.

In conclusion, the absolute quantification of gene
expression biomarkers represent the best approach to focus
on in the next few years, to implement gene expression
measurement in the clinical setting.
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