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Immunotherapies revolutionised the treatment of several

disorders but show specific side-effect profiles which

frequently involve psychological symptoms. Long term

interferon-alpha (IFN-alpha) therapy can cause wide-ranging

psychiatric side-effects from fatigue, insomnia, anxiety to full-

blown depression. This treatment-emergent depression shares

several symptoms with major depressive disorder (MDD) with a

predominance of somatic/neurovegetative symptoms, and can

be treated with antidepressants. However, this experience

directed research to inflammatory mechanisms in MDD. MDD

has been confirmed as a heterogeneous disorder with a

subgroup of patients suffering from low-grade chronic

inflammation and frequently resistant to traditional

antidepressant treatment. Thus future research should develop

strategies to identify those MDD patients who could benefit

from drugs acting through inflammatory pathways.
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Introduction
Immunotherapy is a special biological therapy targeted at

activating the innate immune system to fight infections or
www.sciencedirect.com 
cancer, or downregulate immune response in case of auto-

immune disorders or allergies. Immunotherapies that boost

immune response against tumour cells or viruses are fre-

quently associated with early neurovegetative symptoms

characterised by fatigue, psychomotor slowing, anorexia

and pain [1]. These symptoms show a significant overlap

with the manifestations of the so-called sickness behav-

iour, caused by the activation of proinflammatory cytokines

during infections and including symptoms of fatigue, an-

hedonia, low mood, social isolation and irritability [2].

Sickness behaviour is considered an adaptive response

to promote healing by reducing energy expenditure to-

wards not necessary activities and decreasing exploratory

behaviour, thus it resembles a behavioural pattern very

similar to anxiety and depressive symptoms. Depressive

components including anhedonia, heightened pain sensi-

tivity, and social avoidance are meant to conserve energy to

fight the infection, while the anxious components were

developed to avoid further conflicts which might have

negative outcome on the healing process [3,4��]. Thus,

an evolutionary advantageous behavioural effect of im-

mune response, which enhances survival, is also a disturb-

ing side effect of life saving immunotherapies leading to

significant suffering, burden and loss of quality of life, and

thus limiting the completion of the treatment course.

Because of the sharp increase in the number of different

immunotherapies and their indications in the present

review we focus on the psychological side effects of the

most frequently investigated interferon-alpha (IFN-alpha)

treatment and shortly summarise the side effects of the

newly developed immune checkpoint blocking agents.

Proinflammatory cytokines in the therapy:
IFN-alpha
Interferons are a superfamily of proinflammatory cyto-

kines that play a role in host defence mechanisms. IFN-

alpha is a natural cytokine which has a synthetic version:

IFN alpha-2b. IFN-alpha and IFN alpha-2b bind to

interferon type-1 receptors, activating a signal transduc-

tion pathway leading to the expression of multiple genes

responsible for inhibition of tumour cell growth and

proliferation [5]. IFN-alpha is widely used in antiviral,

for example, hepatitis C [6], and antitumor therapies such

as malignant melanoma or hairy cell leukaemia [7,8].

Psychological symptoms during IFN-alpha therapy

Besides early neurovegetative symptoms which manifest

in the majority of patients during the first weeks of IFN-

alpha treatment as fatigue, pain and anorexia, long-term
Current Opinion in Pharmacology 2016, 29:97–103
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IFN-alpha treatment often causes a wide variety of psy-

chiatric side-effects, such as depression, fatigue, insom-

nia, anxiety, and cognitive disturbances [1]. 10–40% of

patients additionally develop a full depressive disorder

syndrome that can include suicidal ideation, aboulia, lack

of motivation, social withdrawal, guilt, anhedonia, irrita-

bility, anxiety, and crying [9]. Mania, delirium, and psy-

chosis are further but less common side effects of IFN-

alpha treatment. Approximately 30–70% of hepatitis C

virus-infected patients treated with IFN-alpha experi-

ence different degrees of depression. Most of them suffer

from mild or moderate depressive symptoms, while se-

vere major depression occurs in about 15% [10].

In addition to these similarities, the symptom profile

(Table 1) of treatment-emergent depression and natu-

rally occurring major depressive episode show some

distinctions [11]. Namely, during long-term IFN-alpha

treatment patients reported more severe weight loss and

decreased activity, while feeling of guilt was less promi-

nent compared to medically healthy depressed subjects

[12]. This observation was supported by a recent finding

which suggested that risk genetic variant in the IL-6 gene

more specifically increased depressive symptoms mea-

sured by the Zung Self-rating Depression Scale com-

pared to the Brief Symptom Inventory, suggesting that

inflammatory risk mechanisms are more responsible for

somatic/neurovegetative symptoms than cognitive-emo-

tional signs of depression [13]. Furthermore, newly

developed immune checkpoint inhibitors, such as anti-

cytotoxic T-lymphocyte anti-gen 4 (CTLA-4) antibodies

or humanised immunoglobulins against programmed

death 1/ligand 1 (PD-1/PD-L1) which also enhance

tumour-specific immune activity are associated with a
Table 1

Symptom profile of sickness behaviour, major depressive disorder, 

immune checkpoint inhibitors

Symptom domain Symptom Sickness 
behaviour 

MDD

Mood depressed mood x xxx
 anhedonia x xxx
 guilt  x 
 suicidal thoughts  x 
Anxiety tension/irritability x x 
 fear x x 
Cognitive memory/concentration  x 
 decision making  x 
Somatic/neurovegetative appetite x   x   
 sleep xx   x   
 psychomotor 

retardation  
xx x 

 fatigue xx x 
 pain x x 
MDD: major depressive disorder, IFN -alpha: interferon alpha treatmen
checkpoint inhibitor treatment, x: symptom is present, number of x: do

MDD: major depressive disorder, IFN-alpha: interferon alpha treatment, ICI:

of x: dominance of symptoms.
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new category of side effects called ‘immune-related

adverse events’ (irAE), in which the most frequent

symptom is fatigue [14]. However, treatment-induced

depression has not been detected in relation to these new

drugs [15].

Distressing and frequently untreated depression is a

major contributor to dosage reductions or treatment dis-

continuations during IFN-alpha therapy and consequent-

ly increases the risk of ineffective treatment outcome or

relapse [16,17]. Thus, it is of great clinical importance to

investigate the mechanism underlying IFN-alpha-in-

duced depression and possible preventive strategies.

Potential mechanisms of IFN-alpha-treatment-induced

depressive symptoms

IFN-alpha is a strong activator of the proinflammatory

cytokine system by increasing the peripheral concentra-

tion of interlekin-6 (IL-6), interleukin 1-beta (IL-1b) and

tumour necrosis factor-alpha (TNF-a) [18]. Recent neu-

roimaging findings showed that acute administration of

IFN-alpha elicited an instant and profound decrease in

brain functional network connectivity which resulted in

changes in mood and cognitive symptoms [19��]. In

addition, long-term IFN-alpha treatment was associated

with increased glutamate level in the basal ganglia and

dorsal anterior cingulate cortex (dACC) [20] which might

explain the previously reported increased ACC activation

and impaired error processing in IFN-alpha treated

patients [21].

However, remain the question how the cytokine imbal-

ance in peripheral plasma samples, induced by IFN-alpha

treatment, could spread into the brain which is protected
IFN-alpha induced depression, and psychological side effects of

 IFN-α ICI 

 xxx  
 (x)  

(x)  
(x)  
xx  
xx  
x  
x  

 xxx    
 x    

xxx  

xxx xxx 
xxx  

t, ICI: immune 
minance of symptoms 

 immune checkpoint inhibitor treatment, x: symptom is present, number

www.sciencedirect.com



Depression and immune therapies Kovacs et al. 99
by the blood–brain barrier (BBB) (Figure 1). There are

three main proposed pathways how inflammatory activa-

tion can reach the brain to exert its effect on mood. First,

cytokine molecules can cross the BBB in some areas using

specific transport proteins, and also by non-specific trans-

port in the circumventricular organs, including the area

postrema, or the subfornical organ. Second, afferent nerve

fibres (e.g. vagus) can also carry the inflammatory signals

to the brain when inflammatory cytokines bind to cyto-

kine receptors and transmit these signals into the central

nervous system [22]. Third, there is a cellular pathway

where whole activated immune cells can reach the

brain with the help of CC-chemokine ligand 2 (CCL2),

and CXC-chemokine ligand 1 (CXCL1). Peripherial

cytokines, such as TNF, can induce the transport by
Figure 1
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activating the microglial production of these chemokines,

and also by inflammatory stimulated astrocytes [23]. Post

mortem studies of suicide victims who also suffered from

depression revealed increased CCL2 expression and mac-

rophage numbers in the perivascular space, suggesting

increased transport of activated immune cells into the

brain in depressive state [24].

Decreased neural plasticity

Besides activated cells crossing the BBB, microglial cells

which have the original purpose of fighting infections

inside the CNS also produce cytokines such as TNF-a

and IL-1b. Overactivation of microglial cells is commonly

reported in association with depressive states. Prolonged

elevation of cytokine levels inside the brain can induce
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atment, recent negative life events or chronic pain induces depression-

 cross the blood–brain barrier (BBB), and reach the central nervous

e microglial cells, producing attracting chemokines, and facilitating the

lial cells can also be activated by psychosocial stress. The
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neural apoptotic pathways through their effect on nuclear

factor kB (NF-kB) and brain-derived neurotrophic factor

(BDNF), resulting in impaired neuronal plasticity, and

promoting depression-specific morphological alterations

[25].

Decreased neurotransmitter availability

Proinflammatory cytokines can also influence neural plas-

ticity through the activation of indolamine-2,3-dioxygen-

ase (IDO) which is the rate limiting enzyme of kynurenine

production. IDO is an enzyme which converts tryptophan

into kynurenine, thus competing for tryptophan with the

serotonine pathway [26]. Lower tryptophan availability

itself can cause depressive symptoms under experimental

conditions, but lower serotonergic function is also com-

monly found in depressed individuals.

Increased neurotoxicity

Besides the lower amount of tryptophan left for serotonin

synthesis, activation of the kynurenine pathway also pro-

duces potentially neurotoxic metabolites. For example,

quinolinic acid which is elevated in post-mortem de-

pressed suicide victims’ brain acts as an N-methyl-D-

aspartate (NMDA) receptor agonist, and also contributes

to disturbances in glutamate reuptake and release from

astrocytes, leading to excitotoxic neuronal damage [27].

Interesting to note that IDO hyperactivity correlated with

long-term depression-specific symptoms (depressed mood,

anxiety) but not with early neurovegetative symptoms

(pain, fatigue, anorexia) during cytokine therapy [28].

Increased oxidative stress

Inflammatory activation is also accompanied by increased

production of radical oxygen (ROS) and radical nitrogen

species (RNS). The activity of tetrahydrobiopterin (BH4)

which is necessary for monoamine synthesis, is reduced by

oxidative radicals, suggesting lower synthesizing capacity

in the presence of inflammation. These oxidative sub-

stances are damaging for DNA, fatty acids, and proteins

alike especially in neural cells which are the most vulner-

able to oxidative stress. Alterations in neural cell mem-

brane structure, serotonin binding capability, and

intracellular signalling mechanisms due to oxidative stress

all contribute to impaired serotonergic activity and tissue

damage. Furthermore, superoxide anion radicals (SAR)

behave as a co-substrate of IDO causing superinduction of

the kynurenine pathway in the presence of excessive

oxidative stress, thus oxidative radicals and kynurenine

seems to form a self-enhancing loop which reduces the

survivability of neuronal cells greatly [29].

Difference between the mode of action of IFN-alpha and

immune checkpoint inhibitors

Although both IFN-alpha and immune checkpoint inhi-

bitors increase tumour specific immune response their

psychological side-effect profiles are strikingly different.

It has been recently demonstrated that CTLA-4 antibodies
Current Opinion in Pharmacology 2016, 29:97–103 
(e.g. ipilimumab) decrease the number of regulatory

Treg cells through non-classical monocytes [30]. Nonclassi-

cal or patrolling monocytes are responsible for clearing up

the consequences of inflammation at the vascular endo-

thelium and maintaining the integrity of the BBB thus they

might decrease expansion of the inflammation into the

central nervous system [31]. PD-1/PD-L1 antibodies (e.g.

nivolumab and pembrolizumab, both approved in 2014)

increase effector T cell activity within tissues or tumours

where cells express PD-1/PD-L1 which tends to be low in

the brain [14,32].

Risk factors of psychological side effects during IFN-

alpha treatment

It has been observed that behavioural effect of inflamma-

tion shows differences between patients. Thus knowl-

edge of risk factors for developing depression would be

useful in clinical practice to prevent such adverse effects

[33]. One major risk factor is presence of psychiatric

disorders, especially depression in the medical history

possibly because of shared biological mechanisms. For

example, it has been demonstrated that increased preva-

lence of depression in females might be explained by the

greater sensitivity of females to inflammatory signals both

at the biochemical and behavioural level [34].

Potential genetic risk factors

Genetic variants that have been implicated in depression

like the serotonin transporter gene functional promoter

polymorphism (5-HTTLPR) [35,36], or other serotonin

(e.g. HTR1A) or inflammatory (e.g. IL-6, COX-2, TNF-
alpha) pathway related genetic variants increase the risk

of developing psychological side effects during IFN-

alpha treatment [33,37]. Furthermore, several genetic

variants throughout the interferon a/b signalling pathway

[38��], and genetic variants in the IL-6, IL-1b or nitric

oxide synthase-1 (NOS1) genes increase depressive and

anxiety symptomatology, especially in the presence of

psychosocial stressors in general populations [13,39�,40].

Psychosocial stress

It has been consistently reported that psychosocial stress is

a potent inductor of inflammatory response both in ani-

mals and humans [41,42]. Sterile stressors, like negative

life events, are able to activate inflammosomes, a complex

cytosolic protein cascade with the original role in pathogen

host-defence reaction. The main products of inflammo-

somes are inflammatory cytokines such as IL-1B, Il-6,

TNF-a, and CRP [22,43]. These cytokines are considered

to be one of the most stable biomarkers for depression. In

addition, stress exerts not only an acute but a long-term

effect on inflammation. For example, childhood trauma

permanently upregulates proinflammatory cytokines,

probably through epigenetic changes [25,44]. In addition,

patients with sensitized stress response pathways are more

vulnerable to interferon IFN-alpha-induced depression.

For example, patients who responded to a first dose of
www.sciencedirect.com
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IFN-alpha with hyperactivity of the hypothalamic-pitui-

tary-adrenal axis (HPA) were significantly more likely to

develop major depression during treatment than patients

with modest stress system responses to the initial injection

[45].

Social support as a protective factor

It is important to note that social support is able to

decrease the risk of depression both in a general popula-

tion and in patients treated with immunotherapies [46].

Social support has been associated with decreased HPA

activity and glucocorticoid concentration [47,48], with

diminished dACC activity after social stressor [48], and

with decreased proinflammatory cytokine production dur-

ing stress [49]. Indeed, melanoma patients with increased

social support were less likely to develop depressive

symptoms during low-dose IFN-alpha treatment [50�].

Prevention of IFN-alpha induced psychological

symptoms

Screening and evaluation of risk factors such as psychiat-

ric history, genetic polymorphisms, premorbid elevations

in inflammatory cytokines, or social support may help to

initiate personalized prevention therapy in those who are

likely to develop psychiatric side effects during IFN-

alpha treatment [9]. Multiple studies found that prophy-

lactic and concurrent treatment with selective serotonin

reuptake inhibitors (SSRIs) successfully reduced the

incidence and severity of major depression in patients

with chronic hepatitis C infection or malignant melanoma

treated with IFN-alpha-2b [51�]. In addition, preliminary

studies suggest that a diet rich in omega-3 polyunsaturat-

ed fatty acids which promote anti-inflammatory processes

in the body and may also process mood-stabilising effects

thus may prevent somatic depressive symptoms in cyto-

kine-treated patients [52]. However, it is interesting to

note that (non IFN-alpha induced) major depressive

patients with an elevated inflammatory biomarker profile

typically respond poor to standard antidepressant or anti-

psychotic treatment [53].

Conclusions of experience with immune-influencing

agents for treating major depressive disorder

Introduction of immunotherapies have not only advanced

the treatment of tumours, virus infections, autoimmune

diseases and allergies but also shed light on the patho-

mechanism of depression. Now it is increasingly accepted

that major depressive disorder is a heterogeneous condi-

tion concerning both its manifestation and its underpin-

nings, and covers several distinct ethiopathologic routes,

one of them being chronic low grade-inflammation, that

converge to the emergence of similar symptoms [4��].
Indeed, SSRI-type antidepressants are able to counteract

the effect of inflammatory mechanisms of depression to a

certain degree. For example there is experimental evi-

dence that release of TNF-a, NO, and IL-6 from micro-

glial cells in response to IFN-g administration can be
www.sciencedirect.com 
impaired by certain SSRI-type antidepressants [54], and

they are able to shape the immune response in the

peripheral immune cells as well [55�]. However, as men-

tioned above, an elevated inflammatory biomarker profile

predicts poor treatment response to first choice (typically

SSRI) antidepressants. For example, patients with higher

C-reactive protein levels improved better on nortriptyline

compared to escitalopram [56]. Thus, patients who are

refractory to standard antidepressant pharmacotherapies

should be screened for inflammatory biomarkers to adjust

their treatment. Supporting the alternative therapeutic

approach there are studies reporting cyclooxygenase and

nitric oxide synthase inhibitors exerting antidepressant-

like activity [29]. In addition, minocycline, an antibiotic

substance with capability to reduce microglial activation

was able to restore hippocampal neurogenesis and thus a

potential candidate in depression treatment [57]. More-

over, TNF-a antagonist infliximab showed a higher re-

duction of depression scores compared to placebo in

patients with treatment-resistant depression and higher

CRP levels [58]. Thus drugs targeting the inflammatory

biological pathways might be a way forward in a subset of

depressed patients who do not improve on standard

antidepressant treatment.

Conflict of interest
David Kovacs is an employee of Gedeon Richter Plc.

Medical Division, but the company did not provide any

funding, or had any further role in the preparation of the

article. The other authors did not declare any conflicting

interests.

Acknowledgements
This work was supported by the Hungarian Academy of Sciences (MTA-SE
Neuropsychopharmacology and Neurochemistry Research Group); National
Development Agency (KTIA_NAP_13-1-2013-0001) Hungarian Brain
Research Program — Grant No. KTIA_13_NAP-A-II/14; and by the
Hungarian Academy of Sciences and the Hungarian Brain Research
Program — Grant No. KTIA_NAP_13-2-2015-0001 (MTA-SE-NAP B
Genetic Brain Imaging Migraine Research Group). Xenia Gonda is recipient
of the Janos Bolyai Research Fellowship of the Hungarian Academy of
Sciences. The funding bodies funded the work but had no additional role in
the writing of this review.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Capuron L, Gumnick JF, Musselman DL, Lawson DH,
Reemsnyder A, Nemeroff CB, Miller AH: Neurobehavioral effects
of interferon-alpha in cancer patients: phenomenology and
paroxetine responsiveness of symptom dimensions.
Neuropsychopharmacology 2002, 26:643-652.

2. Dantzer R: Cytokine-induced sickness behaviour: a
neuroimmune response to activation of innate immunity. Eur J
Pharmacol 2004, 500:399-411.

3. Raison CL, Miller AH: The evolutionary significance of
depression in Pathogen Host Defense (PATHOS-D). Mol
Psychiatry 2013, 18:15-37.
Current Opinion in Pharmacology 2016, 29:97–103

http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0295
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0295
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0295
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0295
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0295
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0300
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0300
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0300
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0305
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0305
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0305


102 Immunomodulation
4.
��

Miller AH, Raison CL: The role of inflammation in depression:
from evolutionary imperative to modern treatment target. Nat
Rev Immunol 2015, 16:22-34.

This paper demonstrates that an evolutionary advantageous process,
namely behavioural changes during inflammation, is an important patho-
mechanism in the development of social stress-induced depression.

5. Sabel MS, Sondak VK: Is there a role for adjuvant high-dose
interferon-alpha-2b in the management of melanoma? Drugs
2003, 63:1053-1058.

6. Lin FC, Young HA:, Interferons: Success in anti-viral
immunotherapy. Cytokine Growth Factor Rev 2014, 25:369-376.

7. Alexandrescu DT, Ichim TE, Riordan NH, Marincola FM, Di
Nardo A, Kabigting FD, Dasanu CA: Immunotherapy for
melanoma: current status and perspectives. J Immunother
2010, 33:570-590.

8. Pestka S: The interferons: 50 years after their discovery, there
is much more to learn. J Biol Chem 2007, 282:20047-20051.

9. Lotrich FE: Psychiatric clearance for patients started on
interferon-alpha-based therapies. Am J Psychiatry 2013,
170:592-597.

10. Schaefer M, Capuron L, Friebe A, Diez-Quevedo C, Robaeys G,
Neri S, Foster GR, Kautz A, Forton D, Pariante CM: Hepatitis C
infection, antiviral treatment and mental health: a European
expert consensus statement. J Hepatol 2012, 57:1379-1390.

11. Norcini Pala A, Steca P, Bagrodia R, Helpman L, Colangeli V,
Viale P, Wainberg ML: Subtypes of depressive symptoms and
inflammatory biomarkers: an exploratory study on a sample of
HIV-positive patients. Brain Behav Immun 2016.

12. Capuron L, Fornwalt FB, Knight BT, Harvey PD, Ninan PT,
Miller AH: Does cytokine-induced depression differ from
idiopathic major depression in medically healthy individuals?
J Affect Disord 2009, 119:181-185.

13. Kovacs D, Eszlari N, Petschner P, Pap D, Vas S, Kovacs P,
Gonda X, Bagdy G, Juhasz G: Interleukin-6 promoter
polymorphism interacts with pain and life stress influencing
depression phenotypes. J Neural Transm (Vienna) 2016,
123:541-548.

14. Postow MA, Callahan MK, Wolchok JD: Immune checkpoint
blockade in cancer therapy. J Clin Oncol 2015, 33:1974-1982.

15. Kovacs P, Panczel G, Borbola K, Juhasz G, Liszkay G:
Psychological changes in melanoma patients during
ipilimumab treatment compared to low-dose interferon alpha
therapy — a follow-up study of first experiences. Pathol Oncol
Res 2014, 20:939-944.

16. Baraldi S, Hepgul N, Mondelli V, Pariante CM: Symptomatic
treatment of interferon-alpha-induced depression in hepatitis
C: a systematic review. J Clin Psychopharmacol 2012, 32:531-543.

17. Garbe C, Radny P, Linse R, Dummer R, Gutzmer R, Ulrich J,
Stadler R, Weichenthal M, Eigentler T, Ellwanger U et al.: Adjuvant
low-dose interferon {alpha}2a with or without dacarbazine
compared with surgery alone: a prospective-randomized
phase III DeCOG trial in melanoma patients with regional
lymph node metastasis. Ann Oncol 2008, 19:1195-1201.

18. Raison CL, Capuron L, Miller AH: Cytokines sing the blues:
inflammation and the pathogenesis of depression. Trends
Immunol 2006, 27:24-31.

19.
��

Dipasquale O, Cooper EA, Tibble J, Voon V, Baglio F, Baselli G,
Cercignani M, Harrison NA: Interferon-alpha acutely impairs
whole-brain functional connectivity network architecture — a
preliminary study. Brain Behav Immun 2015.

An elegant pharmacological brain MRI study demonstrated that the first
dose of IFN-alpha in hepatitis C patients can disconnect functionally
coupled brain regions within hours.

20. Haroon E, Woolwine BJ, Chen X, Pace TW, Parekh S, Spivey JR,
Hu XP, Miller AH: IFN-alpha-induced cortical and subcortical
glutamate changes assessed by magnetic resonance
spectroscopy. Neuropsychopharmacology 2014, 39:1777-1785.

21. Capuron L, Pagnoni G, Demetrashvili M, Woolwine BJ,
Nemeroff CB, Berns GS, Miller AH: Anterior cingulate activation
Current Opinion in Pharmacology 2016, 29:97–103 
and error processing during interferon-alpha treatment. Biol
Psychiatry 2005, 58:190-196.

22. Miller AH, Maletic V, Raison CL: Inflammation and its
discontents: the role of cytokines in the pathophysiology of
major depression. Biol Psychiatry 2009, 65:732-741.

23. D’Mello C, Le T, Swain MG: Cerebral microglia recruit
monocytes into the brain in response to tumor necrosis
factoralpha signaling during peripheral organ inflammation. J
Neurosci 2009, 29:2089-2102.

24. Torres-Platas SG, Cruceanu C, Chen GG, Turecki G, Mechawar N:
Evidence for increased microglial priming and macrophage
recruitment in the dorsal anterior cingulate white matter of
depressed suicides. Brain Behav Immun 2014, 42:50-59.

25. Cattaneo A, Macchi F, Plazzotta G, Veronica B, Bocchio-
Chiavetto L, Riva MA, Pariante CM: Inflammation and neuronal
plasticity: a link between childhood trauma and depression
pathogenesis. Front Cell Neurosci 2015, 9:40.

26. Vecsei L, Szalardy L, Fulop F, Toldi J: Kynurenines in the CNS:
recent advances and new questions. Nat Rev Drug Discov 2013,
12:64-82.

27. Tavares RG, Tasca CI, Santos CE, Alves LB, Porciuncula LO,
Emanuelli T, Souza DO: Quinolinic acid stimulates
synaptosomal glutamate release and inhibits glutamate
uptake into astrocytes. Neurochem Int 2002, 40:621-627.

28. Raison CL, Demetrashvili M, Capuron L, Miller AH:
Neuropsychiatric adverse effects of interferon-alpha:
recognition and management. CNS Drugs 2005, 19:105-123.

29. Leonard B, Maes M: Mechanistic explanations how cell-
mediated immune activation, inflammation and oxidative and
nitrosative stress pathways and their sequels and
concomitants play a role in the pathophysiology of unipolar
depression. Neurosci Biobehav Rev 2012, 36:764-785.

30. Romano E, Kusio-Kobialka M, Foukas PG, Baumgaertner P,
Meyer C, Ballabeni P, Michielin O, Weide B, Romero P, Speiser DE:
Ipilimumab-dependent cell-mediated cytotoxicity of
regulatory T cells ex vivo by nonclassical monocytes in
melanoma patients. Proc Natl Acad Sci U S A 2015,
112:6140-6145.

31. Thomas G, Tacke R, Hedrick CC, Hanna RN: Nonclassical
patrolling monocyte function in the vasculature. Arterioscler
Thromb Vasc Biol 2015, 35:1306-1316.

32. Sunshine J, Taube JM: PD-1/PD-L1 inhibitors. Curr Opin
Pharmacol 2015, 23:32-38.

33. Smith KJ, Norris S, O’Farrelly C, O’Mara SM: Risk factors for the
development of depression in patients with hepatitis C taking
interferon-alpha. Neuropsychiatr Dis Treat 2011, 7:275-292.

34. Moieni M, Irwin MR, Jevtic I, Olmstead R, Breen EC,
Eisenberger NI: Sex differences in depressive and
socioemotional responses to an inflammatory challenge:
implications for sex differences in depression.
Neuropsychopharmacology 2015, 40:1709-1716.

35. Juhasz G, Gonda X, Hullam G, Eszlari N, Kovacs D, Lazary J,
Pap D, Petschner P, Elliott R, Deakin JF et al.: Variability in the
effect of 5-HTTLPR on depression in a large European
population: the role of age, symptom profile, type and intensity
of life stressors. PLoS One 2015, 10 e0116316.

36. Lotrich FE, Ferrell RE, Rabinovitz M, Pollock BG: Risk for
depression during interferon-alpha treatment is affected by
the serotonin transporter polymorphism. Biol Psychiatry 2009,
65:344-348.

37. Udina M, Moreno-Espana J, Navines R, Gimenez D, Langohr K,
Gratacos M, Capuron L, de la Torre R, Sola R, Martin-Santos R:
Serotonin and interleukin-6: the role of genetic
polymorphisms in IFN-induced neuropsychiatric symptoms.
Psychoneuroendocrinology 2013, 38:1803-1813.

38.
��

Mostafavi S, Battle A, Zhu X, Potash JB, Weissman MM, Shi J,
Beckman K, Haudenschild C, McCormick C, Mei R et al.: Type I
interferon signaling genes in recurrent major depression:
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0310
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0310
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0310
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0315
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0315
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0315
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0320
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0320
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0325
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0325
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0325
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0325
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0330
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0330
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0335
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0335
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0335
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0340
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0340
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0340
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0340
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0345
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0345
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0345
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0345
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0350
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0350
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0350
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0350
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0355
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0355
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0355
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0355
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0355
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0360
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0360
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0365
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0370
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0370
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0370
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0375
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0380
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0380
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0380
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0385
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0390
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0390
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0390
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0390
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0395
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0395
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0395
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0395
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0400
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0400
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0400
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0405
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0405
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0405
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0405
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0410
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0410
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0410
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0410
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0415
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0415
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0415
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0415
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0420
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0420
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0420
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0425
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0425
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0425
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0425
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0430
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0430
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0430
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0435
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0435
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0435
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0435
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0435
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0440
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0445
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0445
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0445
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0450
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0450
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0455
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0455
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0455
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0460
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0460
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0460
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0460
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0460
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0465
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0465
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0465
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0465
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0465
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0470
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0470
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0470
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0470
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0475
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0475
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0475
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0475
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0475
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0480
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0480
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0480


Depression and immune therapies Kovacs et al. 103
increased expression detected by whole-blood RNA
sequencing. Mol Psychiatry 2014, 19:1267-1274.

This study used whole genome expression data and pathway analysis
methods to show that interferon a/b signalling pathway is upregulated in
recurrent MDD patients compared to controls.

39.
�

Kovacs D, Eszlari N, Petschner P, Pap D, Vas S, Kovacs P,
Gonda X, Juhasz G, Bagdy G: Effects of IL1B single nucleotide
polymorphisms on depressive and anxiety symptoms are
determined by severity and type of life stress. Brain Behav
Immun 2016, 56:96-104.

A further support that genetic variants in the inflammatory pathway,
namely polymorphisms in the IL1B gene, increase the risk of depressive
and anxiety symptoms in the face of stressful life events.

40. Sarginson JE, Deakin JF, Anderson IM, Downey D, Thomas E,
Elliott R, Juhasz G: Neuronal nitric oxide synthase (NOS1)
polymorphisms interact with financial hardship to affect
depression risk. Neuropsychopharmacology 2014,
39:2857-2866.

41. Deinzer R, Granrath N, Stuhl H, Twork L, Idel H, Waschul B,
Herforth A: Acute stress effects on local Il-1beta responses to
pathogens in a human in vivo model. Brain Behav Immun 2004,
18:458-467.

42. Maes M, Song C, Lin A, De Jongh R, Van Gastel A, Kenis G,
Bosmans E, De Meester I, Benoy I, Neels H et al.: The effects of
psychological stress on humans: increased production of pro-
inflammatory cytokines and a Th1-like response in stress-
induced anxiety. Cytokine 1998, 10:313-318.

43. Iwata M, Ota KT, Li XY, Sakaue F, Li N, Dutheil S, Banasr M,
Duric V, Yamanashi T, Kaneko K et al.: Psychological stress
activates the inflammasome via release of adenosine
triphosphate and stimulation of the purinergic type 2X7
receptor. Biol Psychiatry 2016, 80:12-22.

44. Danese A, Moffitt TE, Pariante CM, Ambler A, Poulton R, Caspi A:
Elevated inflammation levels in depressed adults with a
history of childhood maltreatment. Arch Gen Psychiatry 2008,
65:409-415.

45. Capuron L, Raison CL, Musselman DL, Lawson DH, Nemeroff CB,
Miller AH: Association of exaggerated HPA axis response to
the initial injection of interferon-alpha with development of
depression during interferon-alpha therapy. Am J Psychiatry
2003, 160:1342-1345.

46. Capuron L, Ravaud A, Miller AH, Dantzer R: Baseline mood and
psychosocial characteristics of patients developing
depressive symptoms during interleukin-2 and/or interferon-
alpha cancer therapy. Brain Behav Immun 2004, 18:205-213.

47. Giesbrecht GF, Poole JC, Letourneau N, Campbell T, Kaplan BJ,
Team APS: The buffering effect of social support on
hypothalamic-pituitary-adrenal axis function during
pregnancy. Psychosom Med 2013, 75:856-862.

48. Eisenberger NI, Taylor SE, Gable SL, Hilmert CJ, Lieberman MD:
Neural pathways link social support to attenuated
neuroendocrine stress responses. Neuroimage 2007,
35:1601-1612.
www.sciencedirect.com 
49. Moieni M, Irwin MR, Jevtic I, Breen EC, Cho HJ, Arevalo JM, Ma J,
Cole SW, Eisenberger NI: Trait sensitivity to social
disconnection enhances pro-inflammatory responses to a
randomized controlled trial of endotoxin.
Psychoneuroendocrinology 2015, 62:336-342.

50.
�

Kovacs P, Panczel G, Balatoni T, Liszkay G, Gonda X, Bagdy G,
Juhasz G: Social support decreases depressogenic effect of
low-dose interferon alpha treatment in melanoma patients. J
Psychosom Res 2015, 78:579-584.

Social support as a positive environmental effect is able to moderate the
depressogenic effect of activation in the pro-inflammatory cytokine path-
way, possibly by acting through overlapping biological processes.

51.
�

Sarkar S, Schaefer M: Antidepressant pretreatment for the
prevention of interferon alfa-associated depression: a
systematic review and meta-analysis. Psychosomatics 2014,
55:221-234.

This review demonstrated that preventive antidepressant treatment dur-
ing IFN-alpha therapy effectively prevented IFN-associated depression in
all patients irrespective of pre-existing psychiatric symptoms, thus can be
offered to all patients.

52. Chang JP, Lai HC, Yang HT, Su WP, Peng CY, Galecki P,
Walczewska A, Pariante CM, Su KP: Polyunsaturated fatty acids
levels and initial presentation of somatic symptoms induced
by interferon-alpha therapy in patients with chronic hepatitis C
viral infection. Nutr Neurosci 2015.

53. Pariante CM: Neuroscience, mental health and the immune
system: overcoming the brain-mind-body trichotomy.
Epidemiol Psychiatr Sci 2015:1-5.

54. Leonard BE: Impact of inflammation on neurotransmitter
changes in major depression: an insight into the action of
antidepressants. Prog Neuropsychopharmacol Biol Psychiatry
2014, 48:261-267.

55.
�

Di Rosso ME, Palumbo ML, Genaro AM: Immunomodulatory
effects of fluoxetine: a new potential pharmacological action
for a classic antidepressant drug? Pharmacol Res 2016,
109:101-107.

This review emphasises that the antidepressant fluoxetine effectively
modulates the function of peripheral immune cells and may have a role
in antitumor T-cell activity.

56. Uher R, Tansey KE, Dew T, Maier W, Mors O, Hauser J,
Dernovsek MZ, Henigsberg N, Souery D, Farmer A et al.: An
inflammatory biomarker as a differential predictor of outcome
of depression treatment with escitalopram and nortriptyline.
Am J Psychiatry 2014, 171:1278-1286.

57. Husain MI, Chaudhry IB, Rahman RR, Hamirani MM, Qurashi I,
Khoso AB, Deakin JF, Husain N, Young AH: Minocycline as an
adjunct for treatment-resistant depressive symptoms: study
protocol for a pilot randomised controlled trial. Trials 2015,
16:410.

58. Raison CL, Rutherford RE, Woolwine BJ, Shuo C, Schettler P,
Drake DF, Haroon E, Miller AH: A randomized controlled trial of
the tumor necrosis factor antagonist infliximab for treatment-
resistant depression: the role of baseline inflammatory
biomarkers. JAMA Psychiatry 2013, 70:31-41.
Current Opinion in Pharmacology 2016, 29:97–103

http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0480
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0480
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0485
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0485
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0485
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0485
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0485
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0490
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0490
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0490
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0490
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0490
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0495
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0495
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0495
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0495
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0500
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0500
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0500
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0500
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0500
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0505
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0505
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0505
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0505
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0505
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0510
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0510
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0510
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0510
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0515
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0515
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0515
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0515
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0515
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0520
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0520
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0520
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0520
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0525
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0525
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0525
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0525
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0530
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0530
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0530
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0530
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0535
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0535
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0535
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0535
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0535
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0540
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0540
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0540
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0540
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0545
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0545
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0545
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0545
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0550
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0550
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0550
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0550
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0550
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0555
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0555
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0555
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0560
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0560
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0560
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0560
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0565
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0565
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0565
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0565
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0570
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0570
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0570
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0570
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0570
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0575
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0575
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0575
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0575
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0575
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0580
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0580
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0580
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0580
http://refhub.elsevier.com/S1471-4892(16)30057-1/sbref0580

	Psychological side effects of immune therapies: symptoms and pathomechanism
	Introduction
	Proinflammatory cytokines in the therapy: IFN-alpha
	Psychological symptoms during IFN-alpha therapy
	Potential mechanisms of IFN-alpha-treatment-induced depressive symptoms
	Decreased neural plasticity
	Decreased neurotransmitter availability
	Increased neurotoxicity
	Increased oxidative stress
	Difference between the mode of action of IFN-alpha and immune checkpoint inhibitors

	Risk factors of psychological side effects during IFN-alpha treatment
	Potential genetic risk factors
	Psychosocial stress
	Social support as a protective factor

	Prevention of IFN-alpha induced psychological symptoms
	Conclusions of experience with immune-influencing agents for treating major depressive disorder

	Conflict of interest
	References and recommended reading
	Acknowledgements


