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Foreword

I am an ideal person to write this Foreword because Immuno-Psychiatry is the per-
fect solution for anyone wondering where the cutting edge of psychoneuroimmu-
nology is now. Once upon a time, I fancied myself on that same cutting edge, but as 
the years have passed and other scientific pursuits have largely lured me away, I’ve 
felt increasingly out of touch, and diminished thereby. Like many of us in science 
who started out with time to read, write, and think, I now find myself consumed by 
far less interesting administrative duties. Agreeing to write the Foreword for 
Immuno-Psychiatry provided me with a “work-related” mandate to read the book, 
and I am happy to report that I now feel far less diminished.

It may seem hard to believe that not so long ago no one thought the brain and the 
immune system had anything to do with each other. I went to a leading medical 
school in the late 1980s specifically to be a psychiatrist. For that reason, I dozed 
through much of our immunology class. It was so patently unrelated to my interests. 
No big surprise that I didn’t make the brain–immune connection. But in retrospect, 
it is surprising that so few scientists in those times realized how similar both sys-
tems were in terms of their evolutionary mandates. Both the central nervous system 
(CNS) and immune system evolved to maximize the ability of organisms to avoid 
risk and benefit from opportunity, and—crucially—both are the systems par excel-
lence that learn from experience and remember the past to better cope with the future.

Then, of course, with the discovery that the brain could influence immune func-
tion, psychoneuroimmunology (PNI) was born. I remember writing a Foreword for 
an edition of Psychoneuroimmunology at the turn of the twenty-first century. While 
that large volume had some material on the impact of the immune system on the 
brain, the vast bulk of the text focused on the impact of the brain on immunity, a 
discovery still somewhat startling at that late date. We were just then discovering the 
impact of inflammation on brain and behavior and the notion of this type of power-
ful bottom-up causality was still a bit suspect.

How times have changed. Immuno-Psychiatry provides an update on the field’s 
original top-down direction of influence in a chapter by Giacobbe et  al. on the 
impact of prenatal and early life stress on immune system programing across the life 
span, especially as this programing relates to the risk for mental illness. But other-
wise the focus of Immuno-Psychiatry is on the pathways by which the immune 
system influences the brain and the behavioral states that result from this influence.
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Like an archeological dig, the various layers of this discovery are on display in 
Immuno-Psychiatry. Once animal models demonstrated that inflammatory cyto-
kines produced a syndrome highly concordant with syndromes induced by stress, 
the search was on in the 1990s for evidence that something similar happened in 
humans. This led to repeated observations that patients with psychiatric condi-
tions—especially major depressive disorder—demonstrated increased levels of 
cytokines and other immune modulators compared to healthy control subjects. 
These findings on peripheral biomarkers are updated and discussed in chapter 5 on 
“Cytokines as Biomarkers In psychiatric disorders: Methodological Issues” and 
“Complement Pathway in the Risk for Schizophrenia,” as well as in chapters 13 to 
21 discussing associations between inflammation and various neuropsychiatric con-
ditions. Another implication of the inflammation-to-brain connection that was 
seized upon early in the field’s development was the realization that this connection 
might account for the strong association between medical illness and psychiatric 
morbidity. This observation is admirably updated and mechanistically expanded in 
chapter 3 on “Immunity as a Common Risk Pathway for Psychiatric and Medical 
Comorbidity” by Rosenblatt and McIntyre and chapter 1 on “Auto-Immune 
Disorders and Infections as Risk Factors for Mental Disorders” by Sonja Orlovska 
Waast and Michael Benros.

It is a truism that association is not causation. Just showing that cytokines and 
other immune biomarkers are altered in psychiatric conditions does not prove that 
these alterations are causing the conditions. From various perspectives, much of the 
remainder of Immuno-Psychiatry is dedicated to demonstrating the biological path-
ways and factors by which immune signaling can change brain function and thus 
contribute to mental illness causation. As is so often the case, the evidence is stron-
ger in animal models than in human animals, but all in all the book makes a compel-
ling case that the immune system and brain really do form a unified biological 
system relevant to human mental health.

Two discoveries in the last decade have really brought this home for me. Much 
work was done in the 1990s and early 2000s on the question of how peripheral 
immune activity could signal across the blood–brain barrier (BBB). Neural and 
circulating routes were identified. Cytokines seemed perhaps able to cross at 
leaky areas of the BBB, but that was about it. We held onto the myth that brain and 
the peripheral immune system were neighbors, not family. Then came the discov-
ery of a functional meningeal lymphatic system in humans that directly connects 
CNS and peripheral immunity in ways that defy a generation’s worth of immune 
privilege.

I was also struck by discoveries discussed in a chapter I had a minor hand in writ-
ing, “Role of the T cell Network in Psychiatric Disorders.” Much early work in PNI 
was directed toward understanding the impact of the brain in general—and stress in 
particular—on circulating T cell subsets. Nowhere has the subsequent reversal of 
causality been more impressive than in our growing realization that the balance of 
power between peripheral T cells and the brain favors the T cells. I find no discovery 
in PNI more astounding than the fact that these cells home to the brain and/or the 
meninges in the context of stress and from that position secret cytokines (e.g., 

Foreword



vii

interleukin- 4) that are essential for adaptive stress responses. Truly the immune 
system, although mostly located outside the cranium, is a key player in perceptions 
of reality most essential for survival and reproduction.

I was pleased to see that Immuno-Psychiatry includes chapters that reflect devel-
opments on the cutting edge of immune physiology or that stray a bit from the 
straight and narrow in terms of subject matter. The chapter by Robert Dantzer and 
colleagues brilliantly describes the developing field of immunometabolism, which I 
applaud both for its direct relevance to cancer and for the fact that alone among the 
topics in this book it touches directly on the need for evolutionary, and not just 
proximal, understandings of why immune–brain interactions are the way they are.

I thought about evolutionary considerations repeatedly as I read the excellent 
chapter 19 that asks “Is Suicide a Systemic Disorder?” by Courtet and colleagues. As 
Dantzer et al. discuss in chapter 16, although no one likes to be sick, sickness behav-
ior evolved as a strategy for surviving and/or avoiding infection. Unpleasant, but 
adaptive. We and others have argued that depression—which shares so many symp-
toms with sickness—may have evolved out of sickness and may have been adaptive 
for similar reasons. But what could possibly be adaptive about the fact that inflam-
mation seems to drive suicide? Why would inflammatory processes promote a desire 
for death at a moment when the immune processes in the body are valiantly working 
to keep the person alive? This conundrum speaks to the need for including more 
evolutionary theory, not just in Psycho-Immunology, but the field of PNI as a whole.

In terms of straying off the straight and narrow, I was pleased to see chapters on 
diet and inflammation and exercise and inflammation, as well as two chapters 
addressing various aspects of the gut microbiome.

Finally, and most appropriately, Immune-Psychiatry ends with chapters on treat-
ment implications of the immune–brain connection. Chapters examining the poten-
tial effects of immune modulators for depression and psychosis are generally 
even-handed and informative although perhaps a bit overly optimistic by my read-
ing of the data in this area. I think many of us thought in the heady days of the 2000s 
that anti-inflammatory strategies would show themselves to be all-purpose antide-
pressants. However, all studies that have most rigorously tested this possibility have 
come up short, despite positive meta-analyses of non-steroidals and such. It now 
appears that only a subgroup of depressed individuals with chronically elevated 
inflammation will benefit from anti-inflammatory treatments, and indeed that many 
patients with MDD and lower levels of inflammation may actually be harmed—at 
least in comparison to placebo—by these same treatments.

With these thoughts I end this Foreword, and do so with some excitement to see 
what the next issue of Immuno-Psychiatry will bring. Certainly, we will learn things 
in the next decade that will greatly expand our current understanding. And one 
hopes this expansion will be especially fulsome in terms of translating knowledge 
of immune–brain interactions into new and effective therapies for the wide range of 
mental disorders in which the immune system is implicated.

 Charles L. RaisonMadison, WI, USA
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1Autoimmune Diseases and Infections 
as Risk Factors for Mental Disorders

Sonja Orlovska-Waast and Michael Eriksen Benros

1.1  Introduction

With a lifetime prevalence of one-third [1, 2], mental disorders represent a major 
disease burden and understanding the etiology of mental disorders is crucial in order 
to improve treatment. Emerging evidence indicates that immunopathological mech-
anisms might play a role in the development of mental disorders in subgroups. 
Inflammation is inherent to autoimmune diseases, and infections and increased lev-
els of inflammation have been found in a broad range of mental disorders. Studies 
have consistently shown associations between autoimmune disease and mental dis-
orders as schizophrenia spectrum disorders [3–6], affective disorders [5, 7–9], eat-
ing disorders [10–12], ADHD [13], and PTSD [14]. Large epidemiological studies 
have consistently shown associations between a broad range of infections with most 
mental disorders [15] including both affective disorders [7, 16, 17] and schizophre-
nia spectrum disorders [3, 17].

Elevated levels of particularly peripheral blood markers of inflammation [18] 
and also increased permeability of the blood–brain barrier (BBB) [19] have been 
found in schizophrenia, major depressive disorder, and bipolar disorder. Moreover, 
elevated levels of cerebrospinal fluid (CSF) IL-6 and IL-8 have been shown to be 
increased in psychosis suggesting elevated levels of neuroinflammation [19]. Of 
particular interest is that anti-inflammatory treatment has shown beneficial effects 
on depression [20, 21] and schizophrenia [22–24] which holds clinical utility of 
identifying individuals with immunological contribution to their psychiatric 
symptoms that would be more likely to benefit from additional treatment targeting 
the immune response.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71229-7_1&domain=pdf
https://doi.org/10.1007/978-3-030-71229-7_1#DOI
mailto:sonja.orlovska-waast@regionh.dk
mailto:benros@dadlnet.dk
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The purpose of this review is to give an overview of key findings from relevant 
studies investigating autoimmune diseases and infections as risk factors for mental 
disorders.

1.2  Linkage Between Autoimmune Diseases 
and Mental Disorders

1.2.1  Autoimmune Diseases and Schizophrenia 
Spectrum Disorders

The temporal association between schizophrenia and autoimmune diseases has in 
several large-scale epidemiological studies been shown to be bidirectional [3–6, 9]. 
A Danish register-based study including 39,076 persons with a new schizophrenia 
spectrum disorder diagnosis found a 45% increased risk of schizophrenia in persons 
with a hospital contact for an autoimmune disease [3]. Another Danish epidemio-
logical study based on 20,317 cases with schizophrenia found that the risk of schizo-
phrenia was increased by 40% within the first 4 years after the diagnosis of the 
autoimmune disease and by 30% following the first 4  years suggesting that the 
association cannot only be explained by ascertainment bias [5]. An epidemiological 
study based on Taiwanese data with 10,811 persons with schizophrenia found the 
incidence of schizophrenia following a diagnosis of an autoimmune disease to be 
increased by 72% compared to persons without an autoimmune disease [6]. 
Conversely, a Danish nationwide register-based study based on 39,364 persons with 
schizophrenia spectrum disorders found an increased risk of the subsequent devel-
opment of one or more autoimmune diseases by 53% [9]. Other epidemiological 
studies based on, respectively, Taiwanese registers including 10,811 in-patients with 
schizophrenia [4] and Swedish registers with 5278 persons with schizophrenia [25] 
also found the risk of several autoimmune diseases to be increased compared to 
controls. A recent meta-analysis found similar results with an increased risk of psy-
chosis by 1.43 in persons with nonneurological autoimmune diseases and a risk for 
non-neurological autoimmune diseases of 1.55 in persons with psychosis [26]. The 
meta-analysis found significant positive associations for pernicious anemia, pem-
phigoid, psoriasis, celiac disease and Graves’ disease and significant negative asso-
ciations for ankylosing spondylitis and rheumatoid arthritis [26].

A higher risk of schizophrenia spectrum disorders has been found in persons 
with thyrotoxicosis [3, 5] and autoimmune thyroiditis [6], while an increased risk 
of Graves’ disease was also found in persons with schizophrenia [4] and the prev-
alence of hypothyroidism was higher in persons with schizophrenia compared to 
controls [25]. Several studies found bidirectional associations between psoriasis 
vulgaris and schizophrenia spectrum disorders [3–5, 27–29]. Furthermore, per-
sons with psoriasis and comorbid cerebrovascular and chronic pulmonary disease 
have been shown to have a further increased risk for schizophrenia compared to 
persons with psoriasis without this comorbidity suggesting that a higher inflam-
matory burden might contribute to the development of schizophrenia [27]. 

S. Orlovska-Waast and M. E. Benros
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Moreover, studies have both found a significantly elevated [3, 5] and decreased 
[30] risk of schizophrenia spectrum disorders in persons with type 1 diabetes. 
However, other studies did not find a significant association in any direction [6, 
25, 31]. Celiac disease has been found to increase the risk of schizophrenia spec-
trum disorders [3] and nonschizophrenic psychosis [32], and the risk of celiac 
disease has also been shown to be increased after the diagnosis of schizophrenia 
[4]. Interestingly, a systematic review on the effects of a gluten-free diet in per-
sons with schizophrenia showed that 6 of the 9 included studies found improve-
ment of functioning and symptom severity [33]. However, other studies did not 
find celiac disease to increase the risk of schizophrenia [32, 34]. Varying results 
have also been found for other autoimmune gastrointestinal diseases where one 
study found an increased risk of schizophrenia in persons with Crohn’s disease 
[5], while others did not find an increased risk for schizophrenia in persons with 
Crohn’s disease or ulcerative colitis [34].

Rheumatoid arthritis is one of the only autoimmune diseases where a large 
amount of studies have found a significant negative bidirectional association with 
schizophrenia [4, 9, 35, 36], confirmed by a meta-analysis with the finding of an 
overall negative association between psychosis and rheumatoid arthritis [26]. A 
decreased risk of nonautoimmune musculoskeletal disorders has also been found in 
persons with schizophrenia [35, 36] suggesting that underreporting of somatic 
symptoms in persons with schizophrenia might explain the finding of a negative 
association. Nonetheless, one study found a significantly elevated risk of the subse-
quent development of schizophrenia in persons with rheumatoid arthritis [6], while 
others did not find a significant association [3, 5, 25, 37].

1.2.2  Autoimmune Diseases and Affective Disorders

Several epidemiological studies have found the risk of developing an affective dis-
order to be increased by 20–98% in persons with autoimmune diseases [5, 7, 38]. A 
large Danish epidemiological study including 91,637 persons with a new-onset 
diagnosis of affective disorders found a 46% increase in the risk of unipolar depres-
sion and 25% for bipolar disorder in persons with autoimmune disease [7]. 
Moreover, a study based on Taiwanese registers including 936 cases of new-onset 
bipolar disorder found a 98% increase in the likelihood of developing bipolar disor-
der in individuals with systemic autoimmune diseases [38]. Another study found 
that the risk of bipolar disorder was increased by 70% within the first 4 years after 
the diagnosis of the autoimmune disease and by 20% following the first 4 years 
indicating that it is unlikely that the association is only due to ascertainment bias 
[5]. However, as with schizophrenia, studies have indicated a bidirectional associa-
tion between affective disorders and autoimmune disease. Hence, large-scale Danish 
register-based studies have found the risk of developing an autoimmune disease to 
be increased by 25% in persons with unipolar depression (N = 145,217) [8] and by 
71% in persons with bipolar disorder [9]; the risk was still significantly elevated 
more than 11 years following the diagnosis of unipolar depression [8].

1 Autoimmune Diseases and Infections as Risk Factors for Mental Disorders
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Epidemiological studies have both found evidence of an increased risk of unipo-
lar depression and bipolar disorder in persons with SLE [7, 38, 39] but also of an 
increased risk of SLE in persons with unipolar depression [8], even though a 
Swedish register-based study did not find a higher prevalence of SLE in persons 
with bipolar disorder [25]. A clinical study following 326 female persons with SLE 
found a lifetime prevalence of 47% for major depressive disorder (MDD) and 6% 
for bipolar 1 disorder [40]; the SLE diagnosis had preceded the MDD diagnosis in 
61.1% of the persons, while this percentage was 44.4% for bipolar 1 disorder [40]. 
Regarding rheumatoid arthritis, a Taiwanese register-based study found a bidirec-
tional association between rheumatoid arthritis and depression [41]. Other epide-
miological studies have found that the risk of bipolar disorder [38, 39] and unipolar 
depression [39] was increased in persons with rheumatoid arthritis confirmed by a 
meta-analysis showing that depression was more common in persons with rheuma-
toid arthritis than in healthy individuals [42]. The prevalence of rheumatoid arthritis 
has also been shown to be increased in persons with bipolar disorder [25]. Moreover, 
the risk of unipolar depression and bipolar disorder has been shown to be increased 
in persons with thyrotoxicosis and Graves’ disease [7], while a higher prevalence of 
hyperthyroidism was also found in persons with bipolar disorder compared to 
healthy controls [25]. Moreover, in a clinical study based on 71 persons, the authors 
found autoimmune thyroiditis in 38.5% of the persons with unipolar depression, 
30.8% in persons with BD, and 10.5% in persons with schizophrenia [43]. Also, a 
significantly higher proportion of the patients with mood disorders had pathologi-
cally increased levels of anti-TPO compared with the persons with schizophrenia 
[43]. Nevertheless, a survey based on 30,175 participants with assays of thyroid 
function did not find an association between the presence of serum anti-TPO and the 
prevalence of self-reported depression [44]. Celiac disease has been found to 
increase the risk of unipolar depression and bipolar disorder in an epidemiological 
study [7]. Furthermore, a meta-analysis including 18 studies found that depression 
was more common in persons with celiac disease compared with healthy controls, 
even though there was no difference when compared with persons with other 
somatic illnesses [45]. The risk of unipolar depression [7] and bipolar disorder [7, 
38] has in epidemiological studies been shown to be increased in persons with 
Crohn’s disease even though the reverse association between unipolar depression 
and Crohn’s disease has also been found [8]. Furthermore, studies found that per-
sons with unipolar depression had an increased risk of developing type 1 DM, MS, 
psoriasis vulgaris, and primary adrenocortical insufficiency [8], while the risk of 
unipolar depression and bipolar disorder was also found to be increased in persons 
with the mentioned autoimmune diseases [7].

1.2.3  Autoimmune Diseases and Other Mental Disorders

Regarding eating disorders, epidemiological studies based on Swedish (N = 26,454 
persons with eating disorders) [10], English (N  =  14,454) [12], and Danish 
(N = 3914) [11] registers have found a bidirectional association with autoimmune 
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disease, even though the risk of autoimmune disease following eating disorders 
primarily was increased in females in one study [10]. A study based on the Finnish 
registers found the risk for having an autoimmune disease to be increased 2.13-fold 
in persons with eating disorders (n = 2342) before the initiation of the psychiatric 
treatment, while the risk for having an autoimmune disease after the start of the 
treatment for an eating disorder was not significant [46].

Regarding ADHD, a Danish register study found an increased risk of ADHD 
(N = 23,645) following the diagnosis of an autoimmune disease [47]. Norwegian 
(N = 63,721 persons with ADHD) [13] and Taiwanese (N = 8201) [48] epidemio-
logical studies found an increased risk for the comorbidity between ADHD and 
psoriasis [13], ankylosing spondylitis, autoimmune thyroid disease, and ulcerative 
colitis [48]. In the Norwegian study, the risk for ulcerative colitis and Crohn’s dis-
ease was only significantly increased in females and the risk for Crohn’s disease 
was found to be significantly decreased in males [13].

A study investigating 203,766 veterans diagnosed with PTSD found an increased 
risk of a subsequent diagnosis of an autoimmune disease [14]. Interestingly, the 
relationship did not seem to be bidirectional since in the veterans with autoimmune 
diseases, the study found a significantly decreased risk of subsequently developing 
PTSD [14].

1.3  Linkage Between Infections and Mental Disorders

1.3.1  Infections and Schizophrenia Spectrum Disorders

Infections have also been associated with schizophrenia spectrum disorders in sev-
eral epidemiological studies [3, 9, 17, 49, 50]. A large Danish register study found 
hospital contact for infections to increase the risk of schizophrenia by 60% with the 
highest risk being observed after sepsis and hepatitis infections [3]. The number of 
infections increased the risk in a dose–response manner, and in individuals with 
autoimmune disease and three or more infections, the risk of schizophrenia was 
increased by 3.4 times [3]. A Swedish study found that childhood hospital admis-
sion for infections increased the risk of later development of nonaffective psychosis 
with bacterial and CNS infections during preadolescence giving the largest risk 
[49]. A preceding meta-analysis found childhood CNS viral (but not bacterial) 
infections to increase the risk of developing adult schizophrenia by 2.12, even 
though some heterogeneity was found between the studies [51].

A meta-analysis including both studies based on analyses of blood, CSF, and 
brain tissue found significant associations between schizophrenia and infections 
with Human herpes virus 2, Borna disease virus, Human endogenous retrovirus W, 
Chlamydophila pneumoniae, Chlamydophila psittaci, and Toxoplasma gondii [52]; 
several other meta-analyses have confirmed the association with Toxoplasma gondii 
[53–56]. A meta-analysis including studies with healthy controls found a signifi-
cantly higher risk of signs of Toxoplasma gondii infection in recent-onset schizo-
phrenia compared with chronic schizophrenia [53], while another meta-analysis did 
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not find this difference [55]. One study reported increased levels of Cytomegalovirus 
IgG in both serum and the CSF of 38 antipsychotic naïve persons with recent-onset 
schizophrenia compared with 73 healthy controls [57]. However, a review reported 
that results have been varying regarding Cytomegalovirus serum and CSF studies 
and that only one of nine studies of postmortem brain tissue from persons with 
schizophrenia found signs of Cytomegalovirus DNA in the brain [58]. A meta- 
analysis did not find evidence for an association between Herpes simplex virus 1 or 
Human herpes virus 6 detected in serum or brain tissue and schizophrenia [56]. In 
thread with these findings, a systematic review reported Herpes simplex virus 1 or 
2 antibodies in the CSF of up to 69% of cases, but in studies comparing with various 
control groups, there was no difference between cases and controls [19].

Interestingly, a Danish study demonstrated multiplicative interaction between 
having a diagnosis of schizophrenia and hospital contact for infections on the risk 
of developing an autoimmune disease [9] indicating that infections could represent 
a common risk factor for autoimmune disease and schizophrenia.

1.3.2  Infections and Affective Disorders

In a large Danish epidemiological study with 93,637 new-onset cases of mood dis-
orders, hospital contact for infections increased the risk of developing unipolar 
depression by 63% and bipolar disorder by 61% with the highest risk after hepatitis 
infection, sepsis, and urogenital infections [7]. There was a dose–response relation-
ship with the number of infections and a synergistic effect of having both infection 
and autoimmune disease on the risk of mood disorders [7]. Another study with 1285 
children found that infection during the first year of life increased the OR of devel-
oping major depression in youth by 3.9 [59], even though the study design was 
based on parent report and comprised a risk of recall bias.

Meta-analyses have not found association between Toxoplasma gondii and MDD 
[53, 60], while the risk of Toxoplasma gondii has been found to be increased in 
bipolar disorder [53, 61]. A Taiwanese register study investigated 48,010 persons 
with enterovirus infection before the age of 18 years and found an increased risk of 
subsequent unipolar depression, although the results were only significant for 
enterovirus infections specifically involving the CNS [62]. Small studies based on 
blood samples have both reported increased frequency of Borna disease virus in 
persons with mood disorders [63], while others did not find significant signs of 
Borna disease virus compared with controls [64–66]. A register study based on pri-
mary care contacts in the UK including 103,307 persons with MDD found that 
previous contacts for infections with influenza virus increased the risk of develop-
ing depression by 30% [67]. Another study measured antibody titers against influ-
enza and corona virus and found significantly higher levels in persons with mood 
disorders than in healthy controls [68]. The risk of depression in persons with hepa-
titis C infection has in a meta-analysis been found to be increased by 2.30 times 
[69]. This association might be due to interferon therapy for the treatment of hepa-
titis C [70] or alcohol and substance abuse; however, a study adjusting for these 
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factors still found an increased risk of recurrent brief depression in persons with 
chronic hepatitis C infection [71].

Conversely, a large Danish epidemiological study based on 142,169 persons with 
depression showed an increased risk of 61% for subsequent hospital contact with 
infections [16]; however, there was no temporal effect and the risk was increased 
throughout the first 11 years after the depression diagnosis [16]. Also, a study based 
on registers from Denmark and the UK found that the risk of having a previous 
diagnosis of depression in persons with herpes zoster was significantly increased 
compared with healthy controls [72]. Moreover, it has been shown that individuals 
with both autoimmune disease and hospital contacts for infections seem to have an 
additive risk increase for bipolar disorder [9].

1.4  Streptococcal Infection and the Risk of Mental 
Disorders—The PANDAS Hypothesis

The hypothesis regarding Pediatric Autoimmune Neuropsychiatric Disorders 
Associated with Streptococcal infections (PANDAS) remains controversial and 
debated [73]. The hypothesis suggests that in a subgroup of children with 
obsessive- compulsive disorder (OCD) and tic disorders the symptoms are caused 
by a preceding throat infection with group A β-hemolytic streptococcal bacteria 
[73]. The association is suggested to be caused by molecular mimicry where anti-
bodies produced to attack the streptococcal bacteria cross-react with the basal 
ganglia of the brain resulting in neuropsychiatric symptoms [74]. This is sup-
ported by studies finding autoantibodies directed against the basal ganglia in the 
serum of some children suggested to have PANDAS [75, 76] even though other 
studies were not able to replicate these findings [77–79]. A large-scale Danish 
epidemiological study including 638,265 persons tested for streptococcal throat 
infection found that both streptococcal and nonstreptococcal throat infections 
increased the risk of all mental disorders including OCD and tic disorders, with 
the risk of OCD and a combined group of all mental disorders being more ele-
vated after a streptococcal infection than after a nonstreptococcal throat infection 
[80]. Other studies have found that both the onset and worsening of OCD and tic 
disorders can be associated with nonstreptococcal infections [81–84]. However, a 
recent meta-analysis including some of the hitherto most robust prospective stud-
ies investigating PANDAS was not able to confirm the core criterion of PANDAS 
which is a higher rate of temporally associated streptococcal infections and neu-
ropsychiatric exacerbations in PANDAS cases [85]. In the meta-analysis, 
PANDAS cases in general had more neuropsychiatric exacerbations than controls 
with OCD or tic disorders or healthy controls, suggesting that the PANDAS defi-
nition might represent a group of patients with more severe psychiatric illness 
[85]. These findings altogether might rather support the concept of Pediatric 
Acute-onset Neuropsychiatric Syndrome (PANS) [86], which is also considered 
to be a postinfectious condition but with broader diagnostic criteria without 
restriction to streptococcal infections.
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1.5  Possible Pathophysiology

Infections have been shown to increase the permeability of the BBB [87] making 
the CNS susceptible to immune cells, pro-inflammatory cytokines, and other pos-
sibly harmful substances from the peripheral blood. Infections have also been shown 
to have the ability to penetrate and invade the CNS directly, possibly after reaching 
a certain threshold level [87]. These conditions might lead to an inflammatory state 
in the brain which has been suggested to play a role in the development of psychotic 
and affective disorders. In thread with these findings, a recent meta-analysis found 
signs of an increased permeability of the BBB in persons with psychosis and affec-
tive disorders and increased CSF levels of IL-6 and IL-8, even though the latter 
finding was not significant for affective disorders [19]. Moreover, infections are 
prime candidates for triggering autoimmunity, for example, through molecular 
mimicry with the production of autoantibodies directed against the body’s own tis-
sue [88]. In periods of BBB disruption, circulating autoantibodies might enter the 
CNS and cause or worsen inflammatory processes. Animal studies have also found 
that the presence of brain-reactive antibodies in the peripheral blood might induce 
neuropsychiatric symptoms when the permeability of the blood–CNS barrier is 
increased [89]. This might also explain the synergistic effect on the risk of develop-
ing schizophrenia spectrum disorders [3] and mood disorders [7] of having both an 
autoimmune disease and prior hospital contact for infections. In line with this, auto-
immune diseases with suspected presence of brain-reactive antibodies have been 
found to be a larger risk factor for both schizophrenia spectrum disorders [3] and 
mood disorders [7] rather than autoimmune diseases without suspected presence of 
brain-reactive antibodies.

Moreover, the term sickness behavior refers to the typical behavior related to 
having a viral or bacterial infection resulting from the production of pro- 
inflammatory cytokines with symptoms of loss of interest, reduced energy and 
appetite, and affected sleep and cognition [90]. Since these symptoms represent an 
interesting overlap with some main symptoms of depression, it has been suggested 
that a prolonged sickness behavior due to infections can develop into depression in 
vulnerable individuals [90].

Several epidemiological studies have pointed toward possible underlying genetic 
mechanisms for the association between autoimmune disease and schizophrenia [5, 
9, 91]. Some studies found a family history of schizophrenia, in persons with a per-
sonal history of schizophrenia, to increase the risk of developing an autoimmune 
disease [9, 91]. Conversely, others found that a family history of an autoimmune 
disease increased the risk of developing schizophrenia [5]. However, a GWAS study 
investigating shared genetic susceptibility loci between autoimmune disease and 
schizophrenia was not able to support a genetic overlap in common SNPs between 
the two disorders [92]. One study found that a family history of bipolar disease did 
not seem to increase the risk of autoimmune disease [9]. Other epidemiological 
studies found that a family history of autoimmune disease [93] and specifically 
maternal autoimmune disease showed significant association with ADHD in the 
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offspring [47, 94]. A Danish study also found that maternal thyroid abnormalities 
increased the risk of ADHD and autism spectrum disorders in the offspring [95]; 
there was no association with paternal thyroid dysfunction, and the associations 
were only seen for maternal thyroid dysfunction diagnosed after birth as to prior to 
birth indicating that the child has been exposed to abnormal levels of thyroid hor-
mone during pregnancy [95] with a possible disturbance of neurodevelopment. 
Others found that a maternal history of rheumatoid arthritis and celiac disease 
increased the risk of autism spectrum disorders in the offspring, while thyrotoxico-
sis decreased the risk [96]. Individuals with a family history of autoimmune or 
autoinflammatory disease had a risk of developing an eating disorder of up to 
48% [11].

Furthermore, confounding factors such as BMI, smoking, and diet might also 
explain the found associations between autoimmune disease, infections, and mental 
disorders since these lifestyle factors could be common risk factors. However, very 
few studies investigating the association between inflammation and mental disor-
ders take these aspects into account which is a limitation and should be considered 
in future studies.

1.6  Conclusion and Perspectives

A large amount of evidence points toward an association between autoimmune dis-
orders and infections and schizophrenia spectrum disorders, affective disorders, and 
other mental disorders. Possible pathophysiological mechanisms might be an 
increased permeability of the BBB, circulating brain-reactive autoantibodies and 
neuroinflammation resulting in the development of psychiatric symptoms. The syn-
ergistic effect of having both an autoimmune disease and prior hospital contact for 
infections on the increased risk of developing both schizophrenia spectrum disor-
ders [3] and mood disorders [7] speaks in favor of underlying biological mecha-
nisms. Genetic aspects might also play a role. However, the association between 
autoimmune disorders and mental disorders is rather consistently shown to be bidi-
rectional indicating that confounding factors, e.g. BMI and smoking, at least partly 
could explain the association. Future studies are needed in order to clarify if the 
association between infections and autoimmune disorders and mental disorders is 
causal or rather an epiphenomenon. Regardless, the knowledge we have so far 
clearly indicates that screening for somatic diseases and particularly autoimmune 
diseases and infections in psychiatry, preferably based on CSF in combination with 
serum, is essential in order to improve the health condition of persons with mental 
disorders. Continued research in the field is important to increase our understanding 
of the etiology of mental disorders, which can prompt a range of new treatment 
options in psychiatry. This would give the opportunity to identify a subgroup of 
persons with mental disorders with an abnormal and increased immunological 
response who would profit from targeted treatment.
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2.1  Introduction

Stress is the natural response to a perceived physical or psychological threat, trig-
gered in order to re-establish the homeostasis with the environment. Acute stress 
first results in the activation of the sympathetic nervous system (SNS) and the 
release of adrenaline and noradrenaline in the circulation, followed by the endocrine 
response of the hypothalamus–pituitary–adrenal (HPA) axis. Both of these have 
long been known to influence the regulation of the immune system [1]. While glu-
cocorticoids produced by the HPA axis are commonly anti-inflammatory and 
dampen immune overactivation, repeated stress causes immune cells to mobilise to 
the possible site of injury to prepare for upcoming danger and to adopt a pro- 
inflammatory phenotype related to the development of glucocorticoid resistance [2, 
3]. This is also observed in the context of social and psychological stressors, as 
illustrated by the increase of pro-inflammatory cytokines interleukin (IL)-6 [4] or 
IL-1β [5] measured in the periphery of participants upon exposure to a stressful 
event like the Trier social stress test (TSST). In this context, the release of glucocor-
ticoids by the HPA axis and of noradrenaline by the SNS increases the transcription 
of pro-inflammatory factors and the consequent production of chemokines [6].

Importantly, the immunomodulatory effects of stress have consequences more 
widespread than simple changes in circulating cytokines levels [7]: glucocorticoids 
have been shown to affect haematopoiesis in the bone marrow, which receives ner-
vous inputs from the SNS together with organs crucial for the maturation of immune 
cells like the spleen and lymph nodes [8]. Together, glucocorticoids and 
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SNS-induced catecholamine secretion promote a shift towards myeloid lineage 
cells production [9, 10].

The immune system is divided into two arms, innate and adaptive, which accom-
plish different functions, and develops accordingly. The innate immune system rep-
resents the first line of defence against injury or infection and reacts to a very wide 
range of threats because it does not require previous exposure to them. It is com-
posed of a variety of cells such as macrophages, mast cells and neutrophils, all of 
which originate from myeloid stem cells in the bone marrow [11]. For the most part, 
the development of these cells occurs in utero but their inflammatory response 
remains notably shifted towards a lower pro-inflammatory profile after birth and 
during the first few years of childhood before reaching maturation [12]. This phe-
nomenon is a protective process to avoid a reaction against the mother’s antigens 
and has been thought to maintain cytokines, IL-12 and interferon gamma (IFN-γ), 
for instance, at lower levels until adolescence [13].

Signals of the innate immune system, including cytokines and chemokines, and 
antigen-presenting cells trigger the adaptive immune system, which has the ability 
to eliminate and recognise extremely specific antigens. The main adaptive cells, B 
and T lymphocytes, both rise from the bone marrow, but the latter undergo an exten-
sive maturation and selection process in the thymus [11]. Due to the necessity to 
encounter pathogens to acquire an immunological memory, characterised by the 
expression of antigen-specific receptors on the surface of lymphocytes, the number 
of adaptive immune cells peaks after birth and does not reach full maturation until 
adolescence [14].

Because of its sensitivity to external and environmental elements during the 
developmental period, the immune system could be affected by psychosocial fac-
tors such as prenatal or early life stress in a long-lasting manner. Many biological 
factors are already known to influence immune reactions: the transfer of maternal 
antibodies through the placenta provides antimicrobial protection but can also lead 
to autoimmune diseases [15, 16]. Epigenetic changes, for example, in the methyla-
tion of the glucocorticoid receptor, are observed in consequence of childhood 
trauma and might contribute to immune changes [17]. In turn, these play a role in 
psychiatric disorders, especially in the patients who present increased inflammation 
markers, namely cytokines IL-6 and IL-1β [18], and disruption of processes ranging 
from the HPA axis feedback loop [19] to neuroplasticity [20–22].

Unsurprisingly, prenatal stress and early life stress have been reported to have 
repercussions well into adulthood, notably on mental health [23]. Stress during 
pregnancy and childhood, including negative life events or trauma, has been associ-
ated with increased risk of developing disruptive behaviour disorder [24] schizo-
phrenia [25], depression [26] or anxiety [27] and with their related biological 
correlates, such as cortisol response [28]. This indicates a role for psychosocial 
influence during those crucial periods of development. For instance, maternal men-
tal illness has also been shown to increase the risk of developing psychopathological 
disorders for the child [29], via both immune system overactivation and physiologi-
cal stress response [30, 31]. Because psychiatric disorders have widely been associ-
ated to alterations of the immune system [32], we will focus on psychosocial stress 
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in the healthy population to disentangle its effects on the immune system from those 
of a pre-existing psychopathology.

Taken together, evidence strongly demonstrates the tight relationship existing 
between stress and the immune system. Nonetheless, their influence on the innate 
and adaptive immune systems needs to be further disentangled. Data tend to present 
the adaptive immune system as more sensitive to external factors due to its longer 
maturation period. But when mental disorders are considered, the innate immune 
system has been the most thoroughly investigated. We will thus compare the effects 
of prenatal and childhood stress, including changes in family structure, deaths, vio-
lence or abuse, on the innate and adaptive immune systems of general and healthy 
human populations over the course of the whole lifetime, excluding studies on par-
ticipants suffering from psychopathological conditions (Table 2.1). In order to facil-
itate this comparison, the first part of each section will target molecules related to 
both the innate and adaptive immune systems, such as IL-1β or TNF-α. They are 
produced by cells across the whole immune system but are most often observed 
during an inflammatory state and have been referred to as monokines due to their 
association with monocytes of the innate immune system [33]. The second part of 
each section will focus on lymphocytes and molecules classically related to the 
adaptive immune system [34] (Fig. 2.1).

2.2  Prenatal Stress

2.2.1  Innate and Adaptive Immune System

Four studies measured the consequences of maternal stress on the activity of the 
innate and adaptive immune systems of infants at birth. In newborns, higher mater-
nal prenatal perceived stress was associated with elevated levels of IL-6 and IL-8 in 
umbilical cord blood (UCB). In the same study, stressful life events during preg-
nancy related to the partner or health increased IL-1β and IL-6, or IL-8, respectively, 
but not TNF-α [35]. Cumulative stressful circumstances, including perceived com-
munity violence and neighbourhood conditions, over the whole course of pregnancy 
were also related to increased secretion of TNF-α and IL-8 and decreased produc-
tion of IL-10 by UCB mononuclear cells upon ex vivo stimulation with various 
antigens, including peptidoglycan (PG) and lipopolysaccharide (LPS) [36]. In con-
trast, higher composite stress score, taking into account prenatal maternal stress, 
exposure to violence and prenatal negative life events, did not influence the meth-
ylation of the promoters of IL-8, IL-6 and TNF-α in UCB [37]. The mode of deliv-
ery, if linked to decreased endocrine stress response in mothers and newborns, such 
as caesarean section [38], decreased natural killer cells (NKC) in venous cord blood 
compared to vaginal delivery [39].

Four studies investigated changes related to prenatal stress lasting into child-
hood, and one investigated them into adulthood. In 6-month-old infants, prenatal 
maternal stress was found to correlate on a trend level with the concentration of 
serum IL-12 [40]. In 1-year-old boys but not girls, a major life stressor experienced 
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by their mother during pregnancy, such as a separation or the death of a close family 
member, authors found elevated the inflammation composite score, based on nasal 
wash IL-6, TNF-α and IL-1β concentrations [41]. In 13-year-old adolescents, a 
positive correlation was found between the level of hardship experienced as the 
consequence of a natural disaster during pregnancy and the cytokines IL-6, TNF-α 
and IL-1β in blood [42]. In middle-aged adults, the group whose mothers had expe-
rienced high prenatal adversity, such as death of a family member or low socio- 
economical status (SES), was found to have higher serum levels of the inflammatory 
C-reactive protein (CRP) in comparison with the low and medium prenatal adver-
sity groups [43].

2.2.2  Adaptive Immune System

Three studies measured the activity of the adaptive immune system at birth. In new-
borns, when comparing a mode of delivery associated with a lower endocrine stress 
response in mothers, such as caesarean section, with a vaginal delivery, T lympho-
cyte subsets were found to differ in UCB. Specifically, the caesarean section deliv-
ery group had lower UCB helper T lymphocytes, and naïve T lymphocytes were 
lower, whereas in the vaginal delivery group cytotoxic T lymphocytes and memory 
T lymphocytes were higher [39]. When mothers reported higher trait anxiety and 
more numerous stressful life events related to health while they were pregnant, 
UCB monocytes of newborns produced increased levels of IL-4 and IL-5, both 
secreted by type 2 helper T (Th2) lymphocytes [35]. In line with this, a group where 
mothers had experienced higher cumulative stressful circumstances, including dif-
ficult neighbourhood conditions or economic strain, had elevated Th2 IL-13 cyto-
kine upon stimulation of UCB mononuclear cells with dust mite antigen. The 
secretion of type 1 helper T (Th1) IFN-γ cytokine was decreased after incubation of 
cells from the same infants with phytohemagglutinin (PHA) and control [36].

Regarding the influence of prenatal maternal stress on the adaptive immune sys-
tem after birth, two studies focused on outcomes during childhood and one on out-
comes in adulthood. In 6-month-old but not 2-month-old infants whose mother 
reported stress and worrying thoughts while they were pregnant, more IFN-γ and 
IL-4 were secreted by peripheral blood mononuclear cells (PBMCs) in response to 
hepatitis B and tetanus antigen stimulation, respectively [40]. In another study, the 
level of hardship experienced by mothers as the consequence of a natural disaster 
occurring during pregnancy correlated positively with the PHA-induced production 
of Th2 cytokines IL-4 and IL-13  in whole-blood cultures of 13-year-old adoles-
cents. This correlation was not significant for Th1 cytokines, IL-2 and IFN-γ. The 
level of hardship was also negatively correlated with the total count of lymphocytes, 
as well as the number of CD4+ helper T lymphocytes, while only a trend was found 
with B lymphocytes [42]. In young adults with mothers having experienced stress-
ful life events during pregnancy, such as relationship conflicts or severe illness of a 
close person, increased levels of IL-4, IL-10 and IL-6, as well as a decreased IFN-γ 
to IL-4 ratio, were produced after stimulation of PBMCs with PHA [44].
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2.3  Childhood Stress

2.3.1  Innate and Adaptive Immune System

Six studies investigated the consequences of childhood stress, including childhood 
trauma and maltreatment, on the innate and adaptive immune systems of children 
and adolescents. In 3–5-year-old children, a higher number of stressors and trau-
mas, like family separation and severe accidents, but not maltreatment status were 
associated with increased level of saliva IL-1β, but not CRP [45]. However, in 
9–16-year-old victims of bullying [46], and in 16-year-old victims of separation 
trauma and sexual abuse, there was a positive trend for an increase in high-sensitive 
CRP (hsCRP) in blood [47]. In 15–19-year-old adolescents, early life adversity, 
including low SES and family disruptions, was related to an increased inflammatory 
cluster score, composed of LPS-induced monocyte IL-6 secretion and glucocorti-
coid sensitivity [48]. In 17-year-old pregnant adolescents, neither childhood physi-
cal, emotional or sexual abuse, nor childhood neglect influenced blood IL-6 and 
CRP [49]. In 9-year-old children, having a history of physical, psychological or 
sexual maltreatment did not cause changes in NKC and CD14+/CD45+ monocyte 
count in PBMCs [50].

The effects of childhood stress on the activity of the innate immune system were 
examined by eight studies in young adults. Most studies did not find an association 
between physical, emotional or sexual abuse during childhood as well as early sepa-
ration from parents and elevated CRP [51–53] or hsCRP [54] in plasma, serum or 
blood. However, when faced with household childhood adversity or maltreatment 
before the age of 11 years old, participants were found to have increased blood CRP 
and hsCRP [55, 56]. With respects to cytokines, childhood physical, emotional or 
sexual trauma was reported to elevate the plasma concentration of TNF-α in one 
study [53], while another did not observe any changes in serum TNF-α levels after 
the TSST [52]. Similarly, these types of trauma were associated with higher IL-6 in 
plasma [57] or saliva [58] but not serum [52] after the TSST and with decreased sali-
vary IL-6 promoter methylation [58] and increased protein plasma concentration at 
baseline [53]. Early life adversity defined as separation from biological parents 

Innate immune
system

Myeloid cells

IL-8
TNF-α

IFN-α IFN-γ

TNF-βIL-23

IL-12

IL-1

IL-10

IL-6

IL-5 IL-4

IL-13 IL-9
IL-2

Adaptive immune
system

Lymphocytes

Fig. 2.1 Common cytokines associated and produced by the innate (left) and adaptive (right) 
immune systems. IFN-α interferon alpha, IFN-γ interferon gamma, IL-10 interleukin 10, IL-12 
interleukin 12, IL-13 interleukin 13, IL-1β interleukin 1 beta, IL-2 interleukin 2, IL-4 interleukin 4, 
IL-5 interleukin 5, IL-6 interleukin 6, IL-8 interleukin 8, IL-9 interleukin 9, IL-23 interleukin 23, 
TNF-α tumour necrosis factor alpha, TNF-β tumour necrosis factor beta
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followed by adoption did in contrast not affect blood IL-6 but decreased LPS-
induced IL-6 secretion in monocytes separated from the same sample popula-
tion [51].

Seven studies investigated populations of middle-aged adults. In some but not all 
studies [59], various childhood traumas, including parental separation, sexual, 
physical, or emotional abuse, increased plasma CRP [60–62]. These traumas did not 
appear to influence serum nor blood CRP [63, 64]. However, plasma or serum IL-6 
concentrations were consistently higher across these studies [60, 62] although an 
effect of ethnicity was reported [63]. Additionally, childhood trauma only increased 
the serum expression of the adhesion molecules sICAM-1 and E-selectin in the 
African American subgroup [63]. In participants having experienced physical, emo-
tional or sexual trauma, the pro-inflammatory transcription factors activator protein 
1 (AP-1), GATA, signal transducer and activator of transcription 1 (STAT1), c-AMP 
response element-binding protein (CREB) and glucocorticoid receptor (GR) showed 
a greater activity after the TSST. In the same group, genes characteristic to CD16+ 
monocytes also showed an increased expression after the TSST [65].

Four studies focused on elderly populations. Family deaths or difficult life cir-
cumstances, such as parents using drugs or repeating a year at school, were associ-
ated with elevated CRP and hsCRP in blood only if they had taken place in childhood 
but not adulthood [66, 67], while abuse did not affect hsCRP [68]. Childhood 
trauma, including physical, sexual or emotional abuse, was linked with higher 
serum levels of IL-6 in two studies [68, 69]. Serum TNF-α was also reported to be 
elevated in one study [69], but not the other [68].

2.3.2  Adaptive Immune System

Only three studies reported findings on the adaptive immune system in children who 
had a history of childhood stress. In a group of physically, emotionally or sexually 
abused 9-year-old children, PBMCs activated helper T lymphocytes and activated 
cytotoxic T lymphocytes were more numerous than in the control group. No differ-
ence was found with respect to the absolute lymphocyte count, nor in various 
CD45+ lymphocytes subtypes [50]. In 9–14-year-old children, being adopted or 
physically maltreated was associated with elevated saliva antibodies against the her-
pes simplex virus type 1 (HSV1) [70]. However, in 16-year-old adolescents, having 
experienced traumatic childhood life events, including separation or abuse, did not 
increase antibodies against HSV1, Epstein–Barr virus or cytomegalovirus in blood 
samples [47].

Three studies analysed the effects of childhood stress on the adult adaptive 
immune system of young adults. In adopted participants, less early activated cyto-
toxic T lymphocytes and more HLA-DR+ total T lymphocytes, cytotoxic and helper 
T lymphocytes were detected in PBMCs separated from the same sample popula-
tion compared with controls. The CD25 marker, commonly upregulated upon T 
lymphocyte activation, was also found to be significantly elevated on cytotoxic T 
lymphocytes and marginally more present on helper T lymphocytes and total T 
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lymphocytes. In contrast, there was no difference in the proliferation of T and B 
lymphocytes upon PHA or pokeweed mitogen (PWM) stimulation, nor in their 
IFN-γ secretion, although IL-6 production was lower [51]. Additionally, in a differ-
ent subset of adopted participants from the same cohort, a trend was reported for a 
lower count of T helper 17 lymphocytes (Th17), which presented increased CD57 
senescence marker and was associated with higher cytomegalovirus titres [71]. In a 
population of women, childhood abuse group was found to have a reduction in telo-
mere length found in peripheral memory cytotoxic T lymphocytes at a follow-up 
3-month postpartum [72].

One study investigated adaptive immune system changes in elderly. In a popula-
tion with a history of childhood adversity, including death of a parent or severe 
marital problems, telomere length was reported to be reduced in PBMCs [69].

2.4  Discussion

In order to discuss the effects of stress on the immune system, this chapter gathered 
evidence on both innate and adaptive arms of the immune system after prenatal and 
childhood stress. Overall, prenatal stress most consistently increased IL-8 at birth, 
while it elevated the cytokines IL-6, IL-1β and TNF-α in studies measuring innate 
and adaptive immune activation later in life. Prenatal stress was also linked with the 
production of Th2 lymphocytes-associated cytokines, such as IL-4, IL-5 and IL-13 
at birth. With regard to childhood stress, both the innate and adaptive immune sys-
tems were reported to have increased activation, although often in specific sub-
groups. Generally, IL-6 was increased and the most consistent changes in CRP after 
childhood trauma were observed in middle-aged and elderly populations. The adap-
tive immune system was generally reported to have a dampened activity, with more 
markers of T lymphocyte senescence and reduced levels of adaptive cytokines.

When stress occurred prenatally, the adaptive immune system was more consis-
tently affected than the innate immune system. While acute innate cytokines were 
related to maternal stress in some studies [36, 42], they were not in all of them [37] 
which strongly contrasts with findings regarding the increase in Th2-related cyto-
kines [35, 42, 44]. Nonetheless, these results support the observation that newborns 
naturally have an immune reaction shifted towards an anti-inflammatory profile [73] 
and suggest that that the activity of Th2 lymphocytes remain exacerbated later in 
life. Pro-inflammatory cytokines are produced by leucocytes and Th1 lymphocytes 
alike and are for this reason usually less present at birth and require interaction with 
antigens from the environment [73], which might explain the greater heterogeneity 
across studies when looking at individual molecules, although a generally increased 
activation is reported until adolescence.

Regardless of the time point at which immune activity was measured, it also 
appeared that major prenatal stressors that were more concrete or physical, such as 
the consequences of a natural catastrophe [42], a stressful delivery [39] or violence 
[36], were more predictive of immune overactivation than stress scores in general 
[37, 44]. A possible explanation to this is that the former is likely more closely 
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related to the type of stress experienced in innate fear situations and the latter to the 
type of stress observed in states of anxiety. Furthermore, even though they are 
tightly associated, fear and anxiety are distinct concepts with respective neural acti-
vation patterns [74] and might therefore trigger different immune reactions. One 
study previously demonstrated that mice lacking mature T and B lymphocytes 
showed a more pronounced innate fear behaviour after predator odour exposure but 
did not express more anxiety in conditioning tasks [75]. This supports the existence 
of distinct relationships between the immune system and fear and anxiety and might 
need to be further investigated.

In children and adolescents with childhood trauma, individual cytokines were 
reported to be increased more often than the general inflammatory marker CRP [45, 
49]. This seemingly weaker inflammatory activation could be due to the fact that the 
innate reactions have mainly reached maturity in childhood [14] and are less sensi-
tive. It might thus be interesting to compare this against adaptive activation in this 
population since few studies report such data. Interestingly, the elevated innate 
immune system markers IL-6 and CRP were less present in young adults with a his-
tory of childhood trauma [51–53] but were in middle-aged [60, 62, 63] and older 
adults [66, 67]. This might indicate that childhood trauma does not affect innate 
immune reactions deeply and over time in the general population, which is in con-
tradiction with results from a meta-analysis reporting that the impact of childhood 
trauma on CRP was significantly more pronounced in clinical populations [76]. 
These discrepancies could, however, be due to the meta-analysis using clinical and 
general samples, as well as the lack of age distinction. The commonly termed 
“inflamm-ageing” phenomenon might also affect the results in older participants 
and reflect natural changes of the immune system associated with age [77], rather 
than the trauma they endured as children.

A limitation of this chapter that must be taken into consideration and might also 
further explain these differences is the mental health of the participants. Childhood 
trauma is known to increase the risk of developing mental health disorders [26], 
which was partially reflected in the studies in this chapter. While the participants 
were part of the general population and were not clinically suffering from psychiat-
ric disorders, it was nonetheless reported that some samples had significantly 
increased anxiety or depression symptom scores when comparing childhood stress 
and control groups. Only very few studies controlled for these scores in their analy-
ses [46, 70] and reported an effect of childhood trauma that remained significant. 
However, it is difficult to fully exclude the influence of mental health on the results 
of the other studies and further emphasises the need to fully take this into account 
in order to obtain a clearer picture of the impact of childhood on the immune system.

Another notable trend in findings is that markers of senescence in T lymphocytes 
are more present in adults after childhood trauma or adversity, as, for example, with 
increased CD57 [71] and reduction in telomere length [72]. Senescence of cells is 
commonly observed with age, where more T lymphocytes become unable to prolif-
erate and shift towards a low pro-inflammatory profile [78, 79], but more recently 
also in anxiety, where shorter leucocyte telomere length has been detected [80]. 
Whether stress during childhood could cause an accelerated senescence of immune 
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cells remains to be determined, the link between anxiety and senescence has been 
demonstrated with obesity-induced senescence of glia causing anxiety-like behav-
iour in mice [81]. Given the well-established bidirectional relationship between 
stress and the immune system, it is conceivable to hypothesise that stress could 
reciprocally lead to senescence of T lymphocytes.

In summary, stress can impact both the innate and adaptive arms of the immune 
system, although differently depending on the stress time point. Overall, the pro-
duction of cytokines associated with innate immune cells was more clearly affected 
by prenatal stress, but ageing of T lymphocytes was observed as a consequence of 
childhood stress. Nevertheless, it is difficult to draw a clear picture with respects to 
specific molecules even though stress has undeniable effects on the immune system. 
Indeed, the variety of makers is extremely wide, and most importantly, there is an 
evident interplay between the innate and adaptive immune systems. They influence 
each other constantly and can produce identical molecules, rendering their conse-
quences extremely complex to disentangle. Thus, it is important that future studies 
replicate findings regarding particular cells or markers of the immune system and 
take into account its evolution throughout life. Better understanding of the presented 
differences could lead to improved predictions of the immune phenotype associated 
with specific types of stress and through this, more targeted identification of popula-
tions at risk for immunopsychiatric disorders.
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3Immunity as a Common Risk Pathway 
for Psychiatric and Medical Comorbidity

Joshua D. Rosenblat and Roger S. McIntyre

3.1  The Association Between Psychiatric and Chronic 
Medical Conditions

“Comorbidity” is defined as the simultaneous presence of two chronic conditions in 
a single person [1]. Replicated epidemiological studies have demonstrated a clear 
association between psychiatric and medical conditions with high rates of comor-
bidity [2–4]. The US National Comorbidity Survey Replication (NCS-R), a rigor-
ously designed national epidemiological study, revealed that comorbidity between 
chronic medical and psychiatric disorders is the rule rather than the exception; 
~70% of adults with a psychiatric disorder had at least one general medical disorder, 
and ~30% of those with a medical disorder had a comorbid psychiatric condition  
[4, 5]. Indeed, almost all psychiatric disorders are associated with increased rates of 
medical comorbidity and vice versa. Given the high rates of comorbidity, an entire 
subspeciality within psychiatry has been created with this focus in mind. This sub-
speciality has a variety of different titles, including consultation–liaison psychiatry, 
psychosomatic medicine and medical psychiatry [5]. The establishment of this 
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subspecialty field further emphasizes the high prevalence and importance of medi-
cal comorbidity in psychiatry [6].

Severe and persistent mental illness (SPMI), such as schizophrenia, bipolar dis-
order (BD) and severe treatment-resistant major depressive disorder (MDD), have 
been most strongly associated with high rates of medical comorbidity [7]. As the 
association between schizophrenia, MDD, BD and medical comorbidity has been 
more clearly established, these disorders will be the focus of the current chapter, 
while acknowledging that other common disorders, such as anxiety and related dis-
orders, are also associated with increased rates of medical comorbidity, albeit to a 
lesser degree [5].

Classic inflammatory conditions include autoimmune disorders, such as sys-
temic lupus erythematosus (SLE), inflammatory bowel disease (IBD), psoriasis, 
rheumatoid arthritis (RA), multiple sclerosis (MS), thyroiditis, autoimmune hepati-
tis, myocarditis and asthma. However, inflammation has been strongly implicated in 
most major chronic medical conditions as a key pathogenic factor, including cardio-
vascular disease, diabetes mellitus, cerebral vascular disease and chronic pain con-
ditions [8, 9]. As such, when considering the role of inflammation, a plethora of 
chronic medical conditions may be considered, not only autoimmune conditions.

Major depressive disorder (MDD), especially severe treatment-resistant depres-
sion (TRD), has been associated with inflammatory medical comorbidities [4]. 
Estimates of MDD in chronic medical illness have been consistently reported to be 
greater than twofold higher than the general population [10]. Further, the presence 
of multiple medical conditions (e.g. “multimorbidity”) appears to be associated 
with even higher rates of depression and poorer medical and psychiatric outcomes 
[11, 12].

Autoimmune disorders, such as IBD, SLE, psoriasis and RA, have been strongly 
linked to MDD, with MDD prevalence rates of 10–30% [13–22]. Inflammatory neu-
rological disorders are also strongly linked with increased rates of MDD, with an 
estimated lifetime prevalence of 20–40% across stroke, epilepsy, multiple sclerosis 
(MS), traumatic brain injury (TBI) and Parkinson’s disease (PD) [23–26]. 
Significantly elevated rates of MDD are also observed with cancer (lifetime preva-
lence of MDD of 10–20%), diabetes (6–20%), cardiovascular diseases (15–25%), 
human immunodeficiency viruses (HIV; 25–40%) and chronic obstructive pulmo-
nary disease (COPD; 20–30%), all of which have strong immunologic components 
to their pathophysiology.

Similarly, BD has been associated with increased rates of several medical comor-
bidities compared to healthy controls and vice versa (Kupfer, 2005). Notably, the 
increased prevalence of medical comorbidities, particularly cardiovascular disease, 
is primarily responsible for the 10- to 20-year decrease in life expectancy in BD 
compared to the rest of the population [27]. Increased rates of IBD, SLE, autoim-
mune thyroiditis, psoriasis, Guillain–Barré syndrome (GBS), autoimmune hepati-
tis, MS and RA have all been observed in patients with BD [17, 28–33]. BD has also 
been strongly associated with increased rates of cardiovascular disease, diabetes 
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and obesity [33–35], which all have strong inflammatory components to their patho-
physiology and also predict poorer clinical outcomes and decreased life expectancy.

Schizophrenia has been associated with increased rates of early mortality sec-
ondary to medical comorbidity with medical conditions often underrecognized and 
undertreated [36]. Life expectancy is 13 to 30 years earlier in patients with schizo-
phrenia compared to the general population [36]. This premature mortality is sec-
ondary to increased rates of cardiovascular disease primarily, as well as increased 
rates of cancer and diabetes [2, 37]. Indeed, schizophrenia has been strongly associ-
ated with increased rates of cardiovascular disease, diabetes, inflammatory neuro-
logical conditions and cognitive disorders, suggesting a strong link between 
psychotic disorders and inflammatory conditions [2, 37].

Taken together, psychiatric disorders are clearly associated with increased rates 
of medical comorbidity. Further, in chronic medical illnesses, MDD, BD and 
schizophrenia are all also associated with poorer medical outcomes, increased 
health care utilization, decreased treatment adherence and poorer health-related 
quality of life [7, 23, 38–40]. Increased all-cause mortality and disease progression 
have been associated with comorbid psychiatric illness; however, a causal relation-
ship has never been clearly established [38, 39]. With these high rates of comorbid-
ity and significant implications for prognosis and treatment, understanding the 
mediating and moderating factors of comorbidity is of great importance. Herein, we 
discuss further the potential role of immune dysfunction for observed comorbid-
ity trends.

3.2  Immune Dysfunction as a Common Risk Pathway 
for Psychiatric and Medical Comorbidity

The aforementioned studies provide strong evidence for an association between 
psychiatric and inflammatory medical conditions. However, causation has yet to be 
definitively established. In favour of a causal bidirectional association is the repli-
cated observation that acute flares of inflammatory conditions (e.g. flare of MS or 
IBD, etc.) are associated with acute worsening of psychiatric symptoms [30, 37, 
41]. Similarly, psychiatric deterioration is associated with flare-ups of medical 
comorbid conditions. As discussed in other chapters, immune-brain pathways pres-
ent as biologically plausible mechanisms linking acute worsening of medical and 
psychiatric symptoms. Further, numerous shared genetic, epigenetic and psychoso-
cial risk factors, such as adverse childhood experiences, may increase the risk of 
immune dysfunction which would in turn increase the risk of developing both medi-
cal and psychiatric disorders in a given individual [42, 43].

Autoimmune disorders are the prototypic inflammatory conditions with immune 
dysfunction as the key etiological factor driving the onset and progression of the 
disorder. In autoimmune diseases, the immune system falsely recognizes normal 
host tissue as pathogenic and launches an immune response to destroy this tissue. At 
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the local site of inflammation, immune cells will attempt to induce cell death and 
clearance of the tissue [44]. This local response also increases inflammatory cyto-
kine levels systemically leading to an increased level of inflammatory processes 
throughout the body, including in the brain, leading to psychological effects, such 
as “sickness behaviours” [45]. While distal tissues will not be destroyed to the same 
extent as the site of the local inflammatory response, the subtler effects of low-grade 
systemic inflammation on off-target areas (e.g. the brain) have been increasingly 
recognized as important [46].

Most chronic medical conditions and autoimmune disorders are associated with 
chronic low-grade inflammation with acute-on-chronic “flare-ups” (e.g. relapse and 
recurrence of signs and symptoms) associated with increased signs and symptoms 
of the illness [44]. For example, psoriasis flares are associated chronic mild increases 
in inflammatory marked with markedly elevated inflammatory markers during a 
flare. While the psoriatic plaques present on the skin due to a local inappropriate 
inflammatory response, the increased pro-inflammatory cytokines are circulated 
systemically through the lymphatic and circulatory system and may have significant 
off-target effects on the central nervous system, potentially leading to mood, anxi-
ety, cognitive and even psychotic symptomatology [47]. These effects are observed 
through increased psychological symptoms, primarily anxiety, depression, fatigue 
and cognitive dysfunction during flare-ups of numerous disorders, such as psoriasis, 
MS, IBD and SLE [17, 18, 26, 48].

While autoimmune disorders are the prototypic inflammatory conditions, many 
other medical comorbidities have immune dysfunction as a key factor in their patho-
physiology, such as cardiovascular disease. Specifically, SPMI have been strongly 
associated with increased rates of cardiovascular disease, diabetes and obesity, 
which have all have immune dysfunction as central to their pathophysiology [2, 7, 
36, 40]. For example, in cardiovascular disease, inflammations play a key role in the 
propagation of atherosclerotic plaques [49]. Type II diabetes mellitus has also been 
recognized as an inflammatory condition associated with chronic low-grade inflam-
mation that is predictive of the progression of disease [50]. Central obesity has also 
been shown to be inflammatory in nature as excess adipose tissue produces adipo-
kines and cytokines which chronically increase systemic levels of inflammation 
[51]. The increased coprevalence of these specific disorders with schizophrenia, BD 
and MDD provides further support for immune mechanisms mediating and moder-
ating the association between psychiatric and medical comorbidities.

As discussed in other chapters, increases in inflammatory cytokines can have 
profound effects on brain function and neuronal signalling [52]. Indeed, numerous 
pathways exist where immune overactivation can lead to significant psychiatric 
symptoms via changes in monoamine levels and microglial overactivation leading 
to neuronal apoptosis and destruction of key brain circuits controlling mood and 
cognition [53]. Of note, however, numerous other factors are likely at play, such as 
overlapping psychosocial factors, behavioural factors (e.g. smoking, alcohol, seden-
tary lifestyle) and iatrogenic factors (e.g. psychiatric and medical adverse effects of 
medications) [54, 55].
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3.3  Treatment Implications

Given that inflammation is likely a key pathophysiological nexus between psychiat-
ric and medical comorbidity, targeting inflammation may potentially provide 
disease- modifying effects for both disease processes simultaneously [1, 46]. 
Understanding the factors that mediate or moderate the bidirectional interaction 
between psychiatric and medical comorbidities may serve to improve both medical 
and psychiatric outcomes. Towards this end, numerous anti-inflammatory agents 
have been evaluated in the treatment and prevention of mood and psychotic disor-
ders [56]. Additionally, the use of anti-inflammatory agents has also been consid-
ered with specific symptom clusters, such as fatigue, cognitive function and 
anhedonia [57–59]. As inflammation is a transdiagnostic target, it may be that trans-
diagnostic symptom domains, such as cognitive function and anhedonia, may be 
more appropriate targets compared to targeting specific disorders [58, 60, 61].

Meta-analytic level data have suggested that anti-inflammatories may have anti-
depressant effects, at least in a subset of patients with immune dysfunction, such as 
patients with inflammatory conditions. In a meta-analysis assessing the effects of 
anti-inflammatory agents in the acute treatment of MDD, significant antidepressant 
effects were observed [62]. Thirty randomized clinical trials (RCTs) with a total of 
1610 participants were identified and included in this meta-analysis. The overall 
pooled analysis suggested that anti-inflammatory agents reduced depressive symp-
toms (moderate effect size of 0.55) compared with placebo. Higher response (risk 
ratio (RR) 1.52) and remission rates (RR 1.79) were seen in the group receiving 
anti-inflammatory agents compared to placebo. Subgroup analysis demonstrated 
efficacy in both the monotherapy and adjunctive treatment groups. Subgroup analy-
sis of nonsteroidal anti-inflammatory drugs, omega-3 fatty acids, statins and mino-
cycline, respectively, demonstrated significant antidepressant effects, however, with 
significant heterogeneity in results with both positive and negative studies identi-
fied. This meta-analysis replicated and expanded upon similar previous meta- 
analyses demonstrating antidepressant effects of immune modulating agents 
[56, 63].

Similarly, anti-inflammatory agents have been evaluated in BD samples. In a 
meta-analysis conducted by our group, we identified ten RCTs assessing the acute 
antidepressant effects of adjunctive anti-inflammatory agents in the treatment of 
bipolar depression [64]. Eight RCTs (n  =  312) assessing adjunctive NSAIDs, 
omega-3s, N-acetylcysteine (NAC) and pioglitazone were included in the quantita-
tive analysis. The overall pooled effect size of adjunctive anti-inflammatories on 
depressive symptoms was 0.40 (95% confidence interval  −  0.14 to −0.65 
(P = 0.002)), indicative of a moderate and statistically significant antidepressant 
effect compared to conventional therapy alone. Notably, manic/hypomanic induc-
tion was equivalent to the control group. This proof-of-concept for anti- inflammatory 
agents for BD has been established in other meta-analyses and RCTs as well, how-
ever, has yet to be demonstrated in phase III trials [63].
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Significant interest in anti-inflammatory agents for psychotic disorders has also 
been assessed with promising results. A recent meta-analysis examined anti-inflam-
matory agents (aspirin, celecoxib, omega-3 fatty acids, oestrogen, selective oestro-
gen receptor modulator, pregnenolone, NAC, minocycline, davunetide and 
erythropoietin) as augmenting treatments for schizophrenia. Sixty-two RCTs 
including a total of 2914 participants were included [65]. Significant moderate over-
all effects were found for anti-inflammatory agents for reducing total, positive and 
negative symptom scores in the Positive and Negative Syndrome Scale. Cognitive 
improvements were significant with minocycline and pregnenolone augmentation 
therapy. General functioning was significantly enhanced by overall anti- 
inflammatory agents. A previous meta-analysis had similar conclusions, however, 
emphasized that some, but not all agents with anti-inflammatory properties showed 
efficacy [66]. Effective agents were aspirin, oestrogens, minocycline and 
NAC. Subanalysis also revealed greater beneficial results on symptom severity in 
first episode psychosis, suggesting the potential importance of targeting the immune 
system early on in the trajectory of illness [66].

An important limitation of all the aforementioned meta-analyses is the small 
sample sizes used for the individual RCTs; clinical trials have primarily been phase 
II proof-of-concept studies rather than more definitive phase III RCTs required to 
establish efficacy for a new indication (e.g. use of anti-inflammatory agents for a 
psychiatric indication). As such, despite the promising results, anti-inflammatory 
agents are not indicated for psychiatric disorders as further larger phase III RCTs 
are still required to confirm or refute efficacy.

While there is significant promise in the use of anti-inflammatories in psychiatry 
as discussed further in other chapters, no single anti-inflammatory agent has been 
robustly demonstrated to have beneficial effects. However, inflammatory subgroups 
are the one to presumably benefit most. Patients with inflammatory comorbidities 
are likely to fall in this category. As such, anti-inflammatory agents might be most 
helpful in reducing psychological symptoms for patients with inflammatory comor-
bidities. For example, anti-inflammatory agents have demonstrated benefits for 
depressive symptoms in patients with psoriasis [67], IBD [41] and MS [68].

Outside of the biological implications of psychiatric and medical comorbidity, 
system level changes are also important and may have a role in modifying treatment 
outcomes [1]. As high rates of comorbidity are known, routine screening with care 
pathways may be considered in patients with inflammatory conditions who are at 
greater risk of psychiatric conditions and vice versa [10]. Indeed, numerous disor-
der specific clinics have adopted routine screening practices [69–71]. However, 
screening is only of benefits when a clear pathway to further assessment and treat-
ment is in place. Collaborative care models have been established to integrate medi-
cal and psychiatric care, given the substantial overlap observed and recognition of 
reciprocally poorer outcomes with comorbidity [72, 73].
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3.4  Conclusions

Medical and psychiatric disorders have tremendously high rates of comorbidity 
with numerous factors mediating and moderating the co-occurrence of disorders. 
Immune dysfunction presents as one key biological nexus that may be both a cause 
and effect of medical and psychiatric disorders, likely contributing to the high rates 
of comorbidity observed. As such, the immune system presents as a promising 
novel treatment target that may serve to simultaneously improve medical and psy-
chiatric outcomes. However, use of anti-inflammatory agents for psychiatric disor-
ders has yielded mixed results, and it remains unclear which specific immune 
modulating agents are beneficial and which specific subgroup of patients (based on 
symptoms, disorders, biomarkers, etc.) may benefit from immune treatments. Future 
longitudinal research to establish more clearly the mechanisms at play and effective 
means to modify immune-mediated pathological changes are needed to improve 
outcomes for this difficult to treat population with comorbid psychiatric and medi-
cal conditions.
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4Magnetic Resonance Imaging 
Measures of Neuroinflammation 
in Psychiatry

Maria A. Di Biase, Jordan A. Chad, and Ofer Pasternak

4.1  Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is a powerful noninvasive technique that can 
provide diverse measures of brain structure and function. Many detailed resources 
regarding MRI physics are available (e.g., see [1, 2]). In brief, MRI applies a strong 
magnetic field that causes hydrogen nuclei in the brain to align with the direction of 
the field and to precess at a certain frequency that depends on the magnetic field 
strength. The signal used to create MR images is generated by transmitting a radio-
frequency (RF) pulse (electromagnetic energy) at the precession frequency, which 
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is absorbed by hydrogen nuclei. Subsequently, hydrogen nuclei release the energy, 
which is detected by receiver coils and transformed into images. The energy from 
nuclei is released through an exponential decay process at different rates, governed 
by relaxation times known as T1 and T2. The relaxation times depend on the environ-
ment and interaction between molecules, which varies across tissues.

A range of MRI contrasts can be obtained by modifying imaging sequences and 
their parameters, as well as by combining data from several acquisitions. The result-
ing contrasts and measures can identify different processes and pathologies in the 
brain. Here, we specifically discuss MRI measures that can probe aspects of neuro-
inflammation—a dynamic multicellular reaction to restore tissue homeostasis (as 
described in Chap. 1).

4.2  Anatomical MRI Measures of Neuroinflammation

Anatomical MRI provides contrast that is weighted by relaxation times (i.e., T1 or 
T2) of different tissues [1, 2]. T1 values relate to the physicochemical properties of 
macromolecules (such as proteins and phospholipids) and to macromolecular vol-
ume in general. T1-weighted images provide high contrast between gray matter, 
white matter, and cerebrospinal fluid (CSF) and are thus useful for segmenting these 
broad tissue types as well as measuring their respective volumes. T2 values relate to 
molecular motion and interactions between neighboring molecules. Accordingly, T2 
values are similar for gray and white matter, but higher in CSF and pathologies 
associated with excess water within tissue, such as vasogenic edema.

4.2.1  T2-Weighted MRI

T2-weighted MRI (Fig. 4.1a) forms part of routine clinical practice for identifying 
and monitoring brain lesions that are accompanied by vasogenic edema such as in 
multiple sclerosis (MS), stroke, and brain injuries, where T2 hyperintensities reflect 
accumulated water content (prolonged T2 values) [3]. As it is difficult to readily 
discern hyperintense lesions from CSF, T2-weighted MRIs typically use fluid atten-
uation inversion recovery (FLAIR) sequences, which mitigate the effect of CSF to 
enhance hyperintensities [4]. FLAIR methods are commonly used to highlight 
hyperintensities associated with MS pathology. By contrast, hyperintensities 
encountered in psychiatric populations are subtle, albeit have been detected in 
schizophrenia [5], bipolar disorder [6], and depression [7], as well as several child-
hood neuropsychiatric disorders [8].

In such cases where hyperintensities are visually imperceptible (spatially con-
strained and/or subtle), quantifying the T2 relaxation times may increase sensitivity 
to mild variations compared to qualitative visual inspection of T2-weighted images. 
To this end, multiple T2-weighted images are acquired with different echo times 
and are fit to the T2 exponential decay model. If neuroinflammation is present, 
higher T2 values are expected, as vasogenic edema increases extracellular water 
content, and the T2 of free water is greater than that of tissue. Several studies have 
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reported prolonged T2 values in predominantly white matter of individuals with 
schizophrenia compared to healthy controls [9, 10].

While prolonged T2 is often interpreted as neuroinflammation, it may reflect any 
change in water distribution (e.g., cerebral blood volume [11]) or in iron content 
[12, 13]. Therefore, caution is advised in extrapolating cellular or extracellular 
interpretations from T2 findings. Interpretations of prolonged T2 also vary within the 
context of psychiatry research. For example, studies in bipolar disorder have inter-
preted prolonged T2 as reflecting vascular disruption [6], while studies in schizo-
phrenia have construed prolonged T2 as reflecting excessive interstitial water due to 
microstructural degeneration [9, 10]. To overcome challenges in specificity and elu-
cidate potential sources underlying prolonged T2 signals, studies have attempted to 
fit the T2 decay curve to multiple compartments, such as free water and 
macromolecular- bound (myelin) water [14]. While this innovative approach can 
yield greater pathological specificity, it requires denser signal sampling (i.e., length-
ier scan times) and elaborate mathematical fittings, which are not entirely stable.

Despite the aforementioned challenges of specificity, T2 hyperintensities and 
quantitative T2 values demonstrate high sensitivity to neuroinflammatory processes 
and may therefore rise in popularity for investigations in psychiatry.

4.2.2  Contrast-Enhanced MRI

T1-weighted images are less sensitive to water content changes than T2-weighted 
images. However, a contrast agent can be used to increase sensitivity of T1-weighted 
images to other features of neuroinflammation. For example, gadolinium (Gd) is a 
nontoxic paramagnetic contrast-enhancement agent that can be injected during a T1 
scan. The interaction between Gd and hydrogen nuclei shortens the T1 (and to a 
lesser extent, T2) and, in turn, amplifies Gd signals in T1-weighted images (Fig. 

a b c d

Fig. 4.1 Identifying neuroinflammation with anatomical MRI. Images from a relapsing–remitting 
MS patient. (a) T2-weighted (T2w), (b) Gd-enhanced T1-weighted (T1w), (c) ultrasmall super-
paramagnetic particles of iron oxide (USPIO)-enhanced T1w, and (d) USPIO-enhanced T2w maps 
from a relapsing–remitting multiple sclerosis patient demonstrate a large inflammatory lesion. The 
Gd enhancement reflects BBB breakdown, which is overlapping with USPIO enhancement (i.e., 
hyperintensity in T1w, and hypointensity in T2w) reflecting concomitant macrophage invasion. At 
the same time, the T2-hyperintensity suggests co-occurrence of vasogenic edema. Figure modified 
with permission from Tourdias and Dousset [29]
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4.1b). As Gd molecules cannot pass an intact blood–brain barrier (BBB), increased 
signal outside blood vessels indicate BBB breakdown [15], which can result from 
neuroinflammation (e.g., accumulation of Aβ along brain blood vessels may cause 
vascular inflammation and BBB dysfunction) and/or induce neuroinflammatory 
processes (e.g., leaky BBB promotes macrophage infiltration) [16, 17]. Gd-enhanced 
T1-weighted images have been used to characterize active lesions in MS (e.g., [18]) 
and brain tumors (e.g., [19]), but are less useful for characterizing neuroinflamma-
tory processes in conditions where the BBB remains intact [20]. Gd-enhanced con-
trast is rarely applied to examine neuropathology in psychiatric disorders. The only 
schizophrenia study (to our knowledge) using Gd-enhanced contrast did not detect 
any discrete changes in BBB integrity in individuals with schizophrenia, although 
the sample size may have been too small (n = 10) to reveal significant differ-
ences [21].

Since this preliminary study, newer contrast agents and acquisitions have been 
developed, which may increase sensitivity to subtle BBB dysfunction (for a review, 
see [22]). For example, ultrasmall superparamagnetic particles of iron oxide 
(USPIO) have been developed as contrast agents for T1- and T2-weighted images 
(Fig. 4.1c, d), which may complement Gd signals [23]. Due to their physical proper-
ties and small size (≈30 nm), USPIOs act as blood pool agents that are taken up by 
phagocytic cells (monocytes/macrophages), enabling direct information of immune 
cell infiltration. Studies in tumors (e.g., [24]) and MS (e.g., [25]) show that USPIO 
provides greater lesion enhancement than conventional Gd and therefore may detect 
subtle changes in vascular integrity. Another recent development provides noninva-
sive assessment of cerebral blood flow (i.e., without injecting contrast agents) via 
arterial spin labeling [26–28], although this approach may be less sensitive com-
pared to contrast-based techniques.

Overall, added value may be gained by utilising contrast-enhanced MRI to cap-
ture immune dysregulation associated with BBB dysfunction.

4.3  Magnetization Transfer Imaging (MTI) Measures 
of Neuroinflammation

Magnetization Transfer Imaging (MTI) provides contrast based on the concentra-
tion of hydrogen nuclei bound to macromolecules relative to unbound hydrogen 
nuclei in free water. Under the assumption that inflammation increases extracellular 
water content, a decrease in the relative bound pool is considered a putative marker 
of inflammation.

MTI techniques exploit the fact that hydrogen nuclei bound to macromolecules 
experience off-resonance frequencies (due to variations in local magnetic fields) 
compared with unbound (free) hydrogen nuclei. The bound hydrogen nuclei interact 
with unbound hydrogen nuclei through chemical processes of diffusion and cross- 
relaxation [30]. MTI applies an initial preparation RF pulse at an off-resonance 
frequency such that it only excites the bound pool. Through chemical interactions, 
this magnetization is partially transferred from the bound pool to the unbound pool. 
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Thus, when the standard resonance RF pulse is subsequently applied, the unbound 
pool is already partially saturated, and the magnetization transfer can be measured 
by comparing the signal obtained in this acquisition with the signal obtained in 
another acquisition without the preparation pulse.

While the MTI contrast is qualitatively similar to a T1-weighted contrast, which 
is also sensitive to physiochemical environments, MTI provides a unique quantita-
tive metric, namely the magnetization transfer ratio (MTR), which measures the 
ratio between the bound and unbound water pools [31]. Elevated water content by 
inflammatory processes leads to lower MTR values, as seen in MS patients with 
edema [32, 33]. MTI studies in psychiatry have reported lower MTR values in the 
cingulum bundle of individuals with schizophrenia relative to healthy controls [34]. 
Furthermore, lower MTR values have been observed in individuals with affective 
disorders, particularly in callosal and limbic brain regions [35–37]. More elaborate 
MTI models can provide measures of the cross-relaxation rate between bound and 
unbound water pools, as well as the volume fraction of each pool [38, 39]; however, 
these models have not been applied in psychiatry neuroimaging investigations.

The relative presence of bound and unbound protons probed by MTI can provide 
complementary information to anatomical MRI measures for detecting putative 
neuroinflammation. However, similar to T2-weighted hyperintensities, MTI cannot 
yield direct or specific measures of inflammation. For instance, neuropathological 
[31] and translational animal studies [40, 41] have shown that MTI-derived metrics 
relate both to features of demyelination (i.e., less macromolecules) and to inflam-
mation. Further experimental studies are needed to confirm the sources of MTI 
variation to enable more specific conclusions within disease-specific contexts.

4.4  Diffusion MRI Measures of Neuroinflammation

Whereas anatomical MRI and MTI index the relative presence of accumulated 
water, diffusion MRI measures the direction and amplitude of water motion. This is 
achieved by acquiring multiple images, each with a magnetic gradient applied along 
a given direction and by sensitizing the MRI signal to water molecule displacement 
along that direction [42]. Mathematical models can be applied to the diffusion MRI 
signal to extract quantitative metrics. The most common model employed in diffu-
sion MRI is the diffusion tensor imaging (DTI) model [43]. DTI models diffusion 
as a 3D spherical ellipsoid (tensor), where the ellipsoid shape and orientation pro-
vide information about underlying white matter microstructure and the direction of 
white matter fibers. A variety of scalar measures can be derived from the diffusion 
tensor, such as the mean diffusivity (MD), which represents the average amplitude 
of diffusion within a voxel. DTI measures have shown high sensitivity and clinical 
utility across numerous neurological and psychiatric illnesses [44]. The MD mea-
sure was the first proposed diffusion MRI proxy for neuroinflammation, as higher 
diffusion coincides with higher water content in inflammatory injuries [45] and MS 
lesions [46, 47].
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4.4.1  Free-Water Imaging

A fundamental limitation of DTI measures is that, like T2 and MTI measures, they 
are inherently non-specific. Fluctuating MD signals can result from a variety of 
underlying processes, including inflammation or alterations in tissue microstructure 
[46, 47]. A more recent diffusion MRI method called free-water imaging attempts 
to address this issue by modeling diffusion with a two-compartment model: (a) the 
tissue compartment, modeled by a tensor, and (b) the free-water (FW) compart-
ment, modeled as isotropic free diffusion [48], which captures extracellular water 
molecules that are free to diffuse, such as those found in CSF, blood and large 
enough pockets of interstitial fluid. FW is thus expected to provide a more specific 
diffusion MRI measure of vasogenic edema, characterized by extracellular fluid 
accumulation. Although direct validation studies are not yet available, initial sup-
port linking FW to inflammation derives from a recent animal study, which observed 
excess FW in the adult rat progeny of immune-challenged mothers (Fig. 4.2a). 
Importantly, the maternal immune activation model employed by this study is 
known to induce a robust neuroinflammatory response in the immune-challenged 
progeny reflected in increased levels of brain [50] and peripheral [51] proinflamma-
tory cytokines as well as excessively activated microglia [52–56].

Free-water imaging has been applied to examine schizophrenia pathophysiology. 
A preliminary study observed widespread FW elevations in individuals with first epi-
sode psychosis (FEP) compared to controls [57] (Fig. 4.2b). These findings were since 
replicated in a larger sample of individuals presenting with FEP [58]. Interestingly, 
increased FW levels were not detected in individuals with prolonged illness duration, 
termed ‘chronic schizophrenia’ [59]. It was thus postulated that excess FW parallels 
acute psychosis onset or relapse. Consistent with this hypothesis, excess FW was 
observed in a subset of chronic schizophrenia patients presenting with (state-related) 
delusions compared to both chronic patients with remitted delusions and healthy con-
trols [60]. The hypothesized time course of excess FW arising amid acute psychoses 
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Fig. 4.2 Increased free water (FW). (a) Rats exposed to a prenatal immune challenge exhibit 
increased FW (blue) throughout callosal, external capsule, and striatal regions throughout the 
white matter skeleton (green) [49]. (b) Individuals with a first episode of psychosis showed a wide-
spread increase in FW values (dark blue) throughout the white matter skeleton (green). Additionally, 
a focal reduction in free-water corrected (tissue-specific) fractional anisotropy (red) was found in 
frontal white matter. Figure (a) reproduced with permission from Di Biase and colleagues [49] and 
(b) from Pasternak and colleagues [57]
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accords with the neuroinflammatory hypothesis that acute psychosis coincides with 
increased neuroinflammatory events [61]. Thus, while FW is not a direct measure of 
neuroinflammation, it may serve as a neuroinflammatory- linked biomarker for acute 
illness phases in schizophrenia. Applications of FW imaging in other psychiatric pop-
ulations are underway; for example, widespread excess FW was recently reported in 
individuals with chronic bipolar disorder [62].

Aside from free-water imaging, FW can be extracted from diffusion MRI with 
models such as neurite orientation dispersion and density imaging (NODDI) [63]; 
diffusion basis spectrum imaging [64]; and multiple fascicle models [65]. The first 
of these—a variant of NODDI—has been applied to examine free-water levels in 
schizophrenia, which identified excess white matter FW in these individuals [66]. 
The tentative reproducibility of FW findings across studies, image acquisitions, and 
compartmental models lends support to its use in psychiatry for indexing putative 
neuroinflammatory processes linked to diffusional flow in blood, interstitial fluid, 
and CSF.

4.5  Magnetic Resonance Spectroscopy (MRS) Measures 
of Neuroinflammation

All of the aforementioned MRI modalities can examine whole-brain, voxelwise or 
regional inflammatory processes. Alternatively, magnetic resonance spectroscopy 
(MRS) probes molecular signatures of inflammation within specific regions or vox-
els. As mentioned above, nuclei in different chemical environments precess at dif-
ferent frequencies. As such, hydrogen nuclei that belong to different metabolites 
experience different frequency shifts (chemical shift). 1H MRS quantifies metabo-
lite concentrations based on the spectra of chemical shifts from the collection of 
hydrogen nuclei in a specified region [67]. The most prominent peak in 1H MRS 
spectra is water, as the relative concentration of water to brain metabolites is about 
10,000:1. Water can be suppressed from the spectra to enhance other peaks, and 
further spectral editing can reveal the presence of metabolites with relatively low 
concentrations, such as gamma-aminobutyric acid (GABA) (Fig. 4.3).

MRS studies have primarily targeted the following seven metabolites to examine 
neuroinflammatory processes in psychiatric disorders (refer to Table 4.1): (a) 
N-acetyl aspartate (NAA); (b) myo-inositol (MI); (c) choline (Cho); (d) creatine 
(Cr); (e) glutamate (Glu); (f) glutamine (Gln); and (g) glutathione (GSH).

NAA is the most dominant peak in the water suppressed 1H MRS spectra and is 
located solely in neurons and not glial cells. As such, NAA is widely accepted as a 
neuronal marker. A large meta-analytic review of over 60 studies using 1H MRS to 
measure NAA in schizophrenia concluded that NAA levels are reduced in broad- 
ranging regions of the brain in patients compared to controls [69]. Reduced NAA 
has further been reported in major depressive disorder [70] and bipolar disorder 
[71], suggesting that neuronal dysfunction may reflect a common pathophysiologi-
cal feature across neuropsychiatric disorders. However, the precise function of NAA 
remains undetermined.
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Fig. 4.3 Identifying molecular signatures of neuroinflammation with MRS. Representative MR 
spectra are displayed, as well as T1w images showing the brain voxel locations of spectra obtained 
from an individual with schizophrenia. Glutamate (Glu), glutamine (Gln), and gamma- aminobutyric 
acid (GABA) are shown with their concentration ratio to creatine. Point-Resolved Spectroscopy 
(PRESS) and difference-edited spectra are scaled equal. NAA = N-acetylaspartate. Reprinted with 
permission from Stan and colleagues [68]

Table 4.1 MRS-probed Metabolites Involved with neuroinflammatory processes

Proton MRS 
metabolite

Putative inflammatory 
marker Neuroinflammatory phenomena

N-acetyl 
aspartate 
(NAA)

Neuronal viability and 
integrity

Neuronal degeneration, which may precede or 
follow neuroinflammatory events

Myo-inositol 
(MI)

Myeloid/glial cell 
activation, proliferation 
or signaling

Glial cell activation, which forms part of an immune 
response to infections or trauma in the brain

Choline 
(Cho)

Cell membranes 
turnover

Choline levels, where higher levels attenuate 
neuroinflammatory processes and suppress oxidative 
stress

Creatine (Cr) Energy metabolism Anti-inflammatory effects through inhibiting TNF-a
Glutamate 
(Glu)

Glutamate 
neurotransmitter 
release

Glutamate–glial–cytokine interactions. For  
example, glial cell activation could result in excess 
glutamate by decreasing the capacity of glial 
transporters to buffer and clear glutamate
cell proliferation and apoptosis

Glutamine 
(Gln)

Glutamate synthesis

Glutathione 
(GSH)

Antioxidant defense
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In addition to absolute NAA concentration, NAA is commonly reported relative 
to Cr or Cho, and decreases in the concentration ratios of these metabolites are also 
frequently reported across neuropsychiatric disorders. The biological interpretation 
of concentration ratios warrants caution, given the distinct functions and regional 
specificity of these metabolites. In particular, concentrations of Cho and Cr are two- 
to three-fold higher in glial cells compared to neurons [72]. The total creatine (tCr) 
peak includes both creatine and phosphocreatine, reflecting levels of cellular energy 
metabolites, while Cho is a marker of cell membrane metabolism and cellular turn-
over [73]. Given the complexity of these markers in isolation, concentration ratios 
(i.e., NAA/Cr and NAA/Cho) may be challenging to interpret, particularly in a psy-
chiatric setting where disease mechanisms remain unclear.

In recent years, cumulative evidence has demonstrated glial alterations in neuro-
psychiatric disorders. MI is thought to be a marker of astrocytes and plays important 
roles in calcium-mediated glutamatergic signaling and maintenance of metabolism 
[74]. Whereas increases in MI concentration could reflect classic inflammatory 
responses, including glial cell activation, gliosis, or hyperosmolarity, decreases 
could reflect the converse—glial cell dysfunction due to reduced cell proliferation 
and signaling (e.g., reduced glutamate clearance from the synaptic cleft leading to 
glutamate excitotoxity) or hypoosmolarity. A recent meta-analysis reported a small 
but significant reduction in MI concentration in the medial prefrontal cortex of indi-
viduals with schizophrenia compared to controls [74]. In addition to schizophrenia, 
reduced MI is commonly reported as spatially distributed in childhood autism [75]. 
Conversely, MI is elevated in individuals with bipolar disorder; complementarily, 
reduced MI has been proposed as a measure of lithium treatment response [76].

Glial-mediated inflammation can disturb equilibrium in cortical excitation/inhi-
bition, which is maintained by Glu and Gln—amino acid neurotransmitters concen-
trated in gray matter. Glu is the most abundant neurotransmitter and plays key roles 
in various neurodevelopmental processes including neural migration, differentia-
tion, and metabolism. However, excessive glutamate action, induced, for example, 
by activated glia, could contribute to excitotoxicity and produce psychiatric pheno-
types. Furthermore, activation of NMDA receptors by excessive Glu can trigger 
glial-mediated inflammation, which further perpetuates a neuroinflammatory cycle. 
The majority of Glu is synthesized by Gln, and hence, increased Gln may beget 
increased glutamatergic activity. At high MRI field strengths, 1H-MRS can provide 
concentration estimates for Glu and Gln in isolation, but at lower field strengths, 
Glu and Gln signals are combined to yield Glx (i.e., Glx = Glu + Gln). Elevated 
levels of glutamatergic indices (Glu, Gln, Glx, Glu/Gln) have been reported in the 
medial prefrontal cortex and basal ganglia of medication-naïve schizophrenia indi-
viduals, and decreases have been reported following treatment and with increasing 
age/illness progression [77, 78]. Both higher and lower Glu concentrations have 
been reported in select brain regions in childhood autism [75] and affective disor-
ders [79, 80]. Decreased Glu and Gln could indicate altered synaptic activity, altered 
glutamate receptor functioning, abnormal glutamine–glutamate cycling, or dys-
functional glutamate transport [78].
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Glu is also used by the brain to synthesize glutathione (GSH), a major antioxi-
dant involved in cell proliferation and apoptosis. GSH is highly concentrated in glia 
[81] and has thus become a popular putative index of neuroinflammation in psychia-
try research [82]. A recent meta-analysis identified elevated GSH in bipolar disor-
der, but reduced GSH in schizophrenia in the anterior cingulate cortex, possibly 
suggesting divergent mechanisms in the cortical antioxidant system between psy-
chotic and affective diagnoses [82]. These findings are notably consistent with ele-
vated MI in bipolar disorder and reduced MI in schizophrenia, indicating that MI 
and GSH may provide complementary markers of glial function.

On one hand, MRS is limited by poor spatial resolution and minimal brain cover-
age, but on the other, it provides specific molecular signatures of neuroinflammation 
within such regions. One possibility to address poor spatial resolution (by virtue of 
large voxel size) is to increase scanning acquisition times; however, this may be 
unfeasible due to lengthy scan durations required by standard MRS acquisitions (up 
to ~10 min for 5 cm3 voxel size depending on the acquisition technique). If scan 
time permits, applying additional magnetic gradients can achieve multivoxel MRS 
and, in turn, resolve the spectra in 2D or even 3D, capturing potential variation in 
the cellular dynamics of inflammation across distinct brain regions [83]. Moreover, 
MRS can be combined with MRI-based molecular imaging approaches, such as 
molecular labeling with contrast agents, to target specific facets of neuroinflamma-
tion [84].

4.6  Conclusions

MRI is paving the way for noninvasive, in-vivo measurement of putative neuroin-
flammatory processes. In recent years, psychiatry research has applied a range of 
inflammation-linked measures—T2 hyperintensities and values, magnetization 
transfer ratios, diffusional free water, and putative markers of neuronal and glial 
dysregulation—to advance our knowledge regarding immune dysregulation in neu-
ropsychiatric illness.

MRI-derived measures of neuroinflammation are increasingly applied to exam-
ine schizophrenia and affective disorders. These studies have shed light on regional 
variation of putative neuroinflammatory effects. For example, lower MTR values 
(elevated water content relative to macromolecules) are circumscribed to the cingu-
lum in schizophrenia and spatially dispersed in affective disorders. In contrast, 
larger areas of T2 hyperintensities are seen in individuals with schizophrenia relative 
to those with affective disorders. Furthermore, MRI studies have begun to elucidate 
the clinical relevance of putative inflammatory markers. For example, excess free- 
water movement is seen in early psychosis and in acute delusional states, which 
lends support to the neuroinflammatory hypothesis of acute psychosis. Lastly, the 
use of MRS has led to unprecedented insights regarding specific inflammatory pro-
cesses, such as neuronal dysfunction (e.g., reduced N-acetyl aspartate, NAA) and 
glial dysfunction (e.g., reduced myo-inositol, MI), which were traditionally viewed 
as pathologies of classical neurodegenerative conditions.
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The MRI measures reviewed in this chapter probe various aspects of neuroin-
flammation, such as accumulated water content (T2-weighted MRI) and, more spe-
cifically, water content relative to macromolecules (MTI), increased water diffusion 
(diffusion MRI), and BBB dysfunction (Gd-enhanced T1-weighted MRI). It is 
important to note, however, that these measures are not specific to inflammation but 
instead reflect a combination of molecular, cellular, geometric, and artefact-related 
factors that govern each signal. For instance, T2-hyperintensities indicate accumu-
lated water content, which may derive from a variety of inflammation-related (e.g., 
vasodilation, swollen glia, BBB dysfunction) and tissue-related (e.g., demyelination 
leading to increased extracellular water) sources. As such, future work will benefit 
from animal models to validate interpretations, as well as multimodal MRI 
approaches that can deconstruct potential pathologies. To this end, measures of 
water content can be combined with magnetic resonance spectroscopy to probe spe-
cific molecular signatures of inflammation (e.g., MI) and neuronal pathology (e.g., 
NAA) within brain regions exhibiting excess free water. Furthermore, water-linked 
measures in conjunction with perfusion measures, such as arterial-spin labeling and 
contrast-enhanced measures, could further distinguish whether excess water arises 
from blood vessel breakdown or enlarged interstitial space. Lastly, MRI data could 
be measured alongside positron emission tomography (PET) using specific radioli-
gands for the translocator protein (TSPO) to concurrently index putative microglial 
activation. Collectively, these multimodal approaches may help to localize neuroin-
flammatory processes, pinpoint pharmacological targets, and differentiate patient 
subsets for clinical trials.

It will be crucial moving forward to assess whether neuroinflammation-linked 
MRI measures can predict symptom/functional outcomes and treatment response in 
psychiatry. Given the established sensitivity of these measures to psychiatric disor-
ders, as well as their ease of access and use, it stands to reason that immune-related 
MRI measures hold enormous potential for enhancing diagnostic and prognostic 
efforts in psychiatry.
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5.1  Biomarkers in Psychiatry: Why Do We Need Them?

According to the National Institutes of Health (NIH), a biomarker is “a characteris-
tic that is objectively measured as an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses to a therapeutic intervention” 
[1]. The NIH has identified five major types of biomarkers [2]: susceptibility bio-
markers that measure the risk of developing a given disease in asymptomatic indi-
viduals; diagnostic biomarkers that enable detection or confirmation that 
symptomatic individuals are affected with a given disease; prognostic biomarkers 
that predict the likelihood of a clinical event such as disease recurrence or progres-
sion to occur in patients previously diagnosed with a given disease; predictive bio-
markers that predict the likelihood of a beneficial or adverse effect to occur in 
response to a medical treatment; and monitoring biomarkers that reflect the nature 
and the severity of symptoms at a given time. Of note, in contrast to monitoring (or 
“state”) biomarkers, susceptibility, diagnosis, prognosis, and predictive biomarkers 
are all independent on symptomatic changes and are therefore referred to as “trait” 
biomarkers [3].

In contrast to other fields of medicine, and despite extensive research to identify 
neuroimaging, electroencephalography, or blood-based biomarkers, neither trait nor 
state biomarkers are currently available in psychiatry. In schizophrenia (SCZ) for 
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example, there is currently no biomarker to identify asymptomatic individuals who 
are at risk of presenting with SCZ later in life, to confirm that a symptomatic indi-
vidual is affected with SCZ, or to predict response to treatment, relapse, or weight 
gain in a patient with SCZ treated with a given antipsychotic. Likewise, there is 
currently no biomarker that could be used to measure the severity of specific posi-
tive or negative symptoms in a patient with SCZ. Would such biomarkers be avail-
able, they could help clinicians to answer some of the simplest questions to which 
they are faced in their daily practice. For example:

• Will this recently diagnosed 23-year old patient with SCZ respond to olanzapine 
at the lowest possible dose, or should I prescribe a higher dose?

• The symptoms of this 30-year-old patient should be managed with olanzapine, 
but this antipsychotic often induces weight gain. I am afraid she would discon-
tinue her treatment if this happens. Should I prescribe ziprasidone instead of 
olanzapine since weight gain is less common in patients treated with ziprasidone?

• This 40-year-old patient exhibits residual negative symptoms whatever antipsy-
chotic he was given for the past 5 years. Could an add-on treatment with an anti- 
inflammatory drug help?

5.2  Cytokines as Biomarkers in Psychiatric Disorders: Why It 
Makes Sense?

Cytokines are a large group of small soluble proteins that are produced by various 
cells in the body including immune and nonimmune cell types [4]. All cytokines 
function by binding to specific cell surface receptors, which initiates a cascade of 
intracellular signals that result in an altered pattern of gene expression. While cyto-
kines have been classified in superfamilies, families, and subfamilies, this classifi-
cation may not always provide information on their biological function or 
mechanisms of action. For example, the name “interleukin” was initially given to 
cytokines that were produced by leukocytes and acted on leukocytes. However, it 
has since been found that many interleukins (IL) are produced by a wide variety of 
cells, which renders this term meaningless. The term “chemokine” has been applied 
to cytokines with chemotactic activity that exert their biological effects by interact-
ing with G protein-linked transmembrane receptors. Cytokines of the Tumor 
Necrosis Factor (TNF) family are soluble proteins that are released by extracellular 
proteolytic cleavage of type II transmembrane proteins that contain a TNF homol-
ogy domain. Other cytokines, such as interferons (IFN), have been classified based 
on the type of receptor through which they signal. Because most cell types express 
several cytokine receptors, cytokines are expected (and were actually demon-
strated) to interact with each other in complex ways that may be additive, synergis-
tic, or antagonistic or may involve the induction of one cytokine by another. Last 
but not least, most cytokines are pleiotropic which refers to their ability to address 
multiple targets and physiological effects. To summarize, while cytokines are well 
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known for their role as regulatory and effector molecules of the immune system, 
they play a much broader role and regulate almost all physiological functions in 
the body.

There is ample evidence that immune dysfunction, and more specifically inflam-
mation, is associated with severe psychiatric disorders such as SCZ, Bipolar 
Disorder (BD), Major Depressive Disorder (MDD), and autism spectrum disorder. 
Thus, the prevalence of autoimmune and allergic diseases in patients with mental 
disorders and/or their primary and secondary family members is higher compared 
with the general population [5]. Also, autoreactive antibodies directed to brain and 
central nervous system proteins are detected more frequently in patients with psy-
chiatric disorders than healthy controls. Patients with severe psychiatric disorders 
often exhibit altered levels of cytokines in serum, plasma, and Cerebro Spinal Fluids 
(CSF) compared to sex- and age-matched healthy controls [6]. Last but not least, 
cancer patients treated with recombinant IFN-α often exhibit a mood/cognitive syn-
drome [7], and preclinical studies showed that administration of IL-1α or TNF-α 
induces depression-associated behavioral changes in mice [8]. Based on these latter 
results, many authors have proposed to use cytokines in biological fluids as diagnos-
tic or prognostic biomarkers in psychiatric disorders.

5.3  Cytokines as Biomarkers in Psychiatric Disorders: What 
Has Been Done So Far?

Studies aimed at identifying cytokine biomarkers in psychiatric disorders have 
relied on clinical data and biological samples collected within the framework of 
naturalistic cohorts or Randomized Clinical Trials (RCT). Study samples varied 
between several dozens and several hundreds of volunteers. Clinical data such as 
sex, age, height, weight, past medical history, past and current treatments, tobacco 
smoking and alcohol drinking habits, as well as clinical scores relevant to the study 
objectives were recorded at baseline and at different time points. Biological samples 
and other clinical parameters such as heart rate and arterial pressure were collected 
at baseline and sometimes at later time points. Samples were eventually analyzed 
for the levels of various cytokines (see below) as well as other relevant analytes such 
as vitamin D [9], total and Low-Density Lipoprotein (LDL) cholesterol [10], 
C-reactive protein [11], and neurotransmitter metabolites. In a typical study, several 
dozens to several hundreds of categorical and continuous variables were collected 
at a given time point, with missing data occurring frequently. While most papers 
reported data on a single study sample, others used data from independent cohorts 
allowing for external validation. According to a widely cited research paper pub-
lished in 2001 by Doug Laney, the 3Vs, i.e., volume, variety, and velocity, are three 
defining properties or dimensions of “big data” [12]. Volume refers to the amount of 
data, variety refers to the number of types of data, and velocity refers to the speed 
of data processing. Therefore, most studies aimed at identifying cytokines as bio-
markers in psychiatric disorders DO NOT fall into the category of “big data”; i.e., 
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datasets are measured in megabytes to a few gigabytes rather than in terabytes or 
petabytes.

Early studies aimed at identifying cytokines as biomarkers in psychiatric disor-
ders have attempted to identify combinations of cytokines that could discriminate 
patients diagnosed with a given psychiatric disorder and healthy controls. These 
data have been summarized in several meta-analysis [13–20]. Other studies have 
focused on two groups of patients diagnosed with two different diseases, i.e., MDD 
and BD [21], or diagnosed with the same disease but exhibiting different symptoms 
[22, 23] or disease outcome [24, 25]. Unfortunately, and despite hundreds of papers 
in this field, no single cytokine, or combination of cytokines, has emerged as a bio-
marker that would be robust enough to be used in clinical settings. Here, we will 
argue that this failure may have been due at least in part to overlooked methodologi-
cal issues not only for preparation, storage, and analysis of the biological samples 
but also for statistical analysis of the datasets. We will also propose some guidelines 
for future studies and advocate for the adoption of common Standard Operating 
Procedures (SOPs).

5.4  Biological Fluid and Matrix: Which One to Choose?

Cytokines can be detected in most biological fluids including the blood and the 
CSF. However, because venipuncture (to collect blood) is more acceptable in clini-
cal practice than lumbar puncture (to collect CSF), most studies focusing on cyto-
kines as biomarkers in psychiatric disorders have relied on blood-derived matrices 
such as plasma and serum. In most cases, an evacuated tube system (e.g., Becton- 
Dickinson Vacutainer®) is commonly used to collect blood in interchangeable glass 
or plastic tubes that contain either anticoagulants such as sodium citrate, heparin, 
EDTA or fluor for plasma preparation, or silica nanoparticles to activate coagulation 
for serum preparation. Tubes are then placed in a bench-top centrifuge and spun 
down to separate plasma or serum from insoluble materials. Plasma or serum are 
then transferred into cryogenic storage tubes and stored frozen at −80  °C until 
assessed for cytokine content using Ligand Binding Assays (LBA).

While serum and plasma samples are prepared daily in all clinical centers world-
wide, differences in SOPs may have a significant impact on cytokine measurements 
as extensively reviewed elsewhere [26]. Serum is the liquid fraction of whole blood 
that is obtained after it has coagulated. It is prepared by leaving the blood undis-
turbed at room temperature for 30–60 min, by separating the clot from the liquid 
component (serum) by centrifugation in a refrigerated centrifuge and by immedi-
ately transferring the serum into a clean polypropylene tube using a Pasteur pipette. 
While most manufacturers of collections systems for serum samples recommend 
30–60 min at room temperature for the clot to form, the longer the samples sit at 
room temperature, the more likely they are to experience cell lysis and the eventual 
release of intracellular cytokines that could contaminate the serum.

For plasma preparation, whole blood is collected into commercially available 
tubes that have been treated with different anticoagulants such as EDTA (lavender 
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tops), citrate (light blue tops), or heparin (green tops). The cells are immediately 
removed by centrifugation, and the supernatant (plasma) is transferred into a poly-
propylene tube. While heparinized tubes are indicated for some applications, hepa-
rin is often contaminated with endotoxin which can stimulate white blood cells to 
release cytokines. More generally, each anticoagulant can impact the protein 
makeup in the plasma and more specifically the abundance of individual cytokines. 
As a result, plasma prepared from blood collected in the presence of EDTA, citrate, 
and heparin, may contain different levels of cytokines. Likewise, cytokine levels 
measured in serum and plasma could be very different [27, 28]. This is a particularly 
relevant issue for cytokines which are present in low pg/mL to subpg/mL levels 
in blood.

5.5  Serum and Plasma Samples: How to Handle Them?

Because serum and plasma samples are almost never assessed immediately for cyto-
kine content, they should be stored for a certain period of time. As many other pro-
teins, cytokine stability is expected to be both temperature-sensitive and 
temperature-dependent. A recent paper reviewed the results of 23 peer-reviewed 
articles which published data on the storage and freeze/thaw stability of 33 different 
cytokines and chemokines. Surprisingly, while the temperature at which serum and 
plasma samples are handled and stored and the number of freeze–thaw cycles a 
specimen undergoes have a major impact on the stability of some cytokines such as 
IL-4, IL-5, and IL-1RA; others such as IL-9, CCL11, and CXCL10 [29] appear to 
be remarkably stable. To stay on the safe side, investigators are therefore advised to 
process samples as quickly as possible, to use ice or cold packs for transport and 
handling steps, to initially partition serum and plasma specimens into small vol-
umes to avoid multiple freeze–thaw cycles, to store samples at −80 °C or below and 
to use caution in interpreting cytokine concentration results after an extended period 
of storage.

5.6  Cytokine Measurements: Which Ligand Binding Assay 
to Choose?

Cytokine levels can be measured in serum and plasma using various LBAs which all 
rely on the binding of the cytokine of interest to a “capture” monoclonal Antibody 
(mAb) and on the detection of the bound cytokine by and enzyme-conjugated 
“detector” mAb. LBAs used to detect cytokines include the conventional Enzyme- 
Linked Immuno Sorbent Assay (ELISA) and other platforms with improved assay 
sensitivity such as Erenna® (Singulex), Imperacer® (Chimera Biotec GmbH), Ella™ 
(Protein Simple), Simoa HD-1 Analyzer™ (Quanterix), and ViBE® (Bioscale). 
Several multiplex immunoassay platforms which offer the possibility of simultane-
ously measuring the levels of several cytokines are also available including the 
bead-based immunoassays Luminex™ (Bio-Rad) and the BD™ Cytometric Bead 
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Array (BD Biosciences), the microtiter plate-based arrays V-plex™ (Mesoscale 
Discovery) and QPlex™ (Quansys BioSciences), and the slide-based array 
FastQuant™ (Vigene Tech).

Several papers aimed at comparing the performances of different immunoassays 
have been published [28, 30–32]. While inter-assay and intra-assay precision, ana-
lytical assay sensitivity, Frequency of Endogenous Analyte Detection (FEAD), and 
parallelism [33] differ from one platform to another for a given cytokine, they also 
differ from one cytokine to another on a given platform. For example, when serum 
samples from 10 MDD patients were analyzed for different cytokines, IL-4 levels 
measured using the Luminex™ and V-Plex™ platforms were above the Lower 
Limit Of Detection (LLOD) in 100% and 17.5% of the samples, respectively. In 
striking contrast, IL-15 was detected in all samples using the V-Plex™ platform but 
in none of them using the Luminex™ platform [28]. Furthermore, the absolute cyto-
kine concentrations measured by the two platforms were often substantially differ-
ent and exceeded tenfold for IL-6, IL-10, IL-17A, and TNF and 200-fold for 
IL-12p70 in plasma and/or sera [28]. Lastly, compared to the Luminex™ platform 
which provides three logs of linear dynamic range for most cytokines, it is up to five 
logs for the V-Plex™ platform, thereby reducing the need to run multiple dilutions. 
So, which LBA should be used to identify soluble biomarkers in psychiatric disor-
ders? Compared to monoplex immunoassays, multiplex immunoassay platforms 
offer the possibility of simultaneously measuring the levels of several cytokines 
using a small volume of sample and at an affordable price. Multiplex immunoassays 
should therefore be preferred to monoplex immunoassays. Furthermore, because 
each platform detects at least some cytokines better than others, it may be worth 
analyzing the same samples on two different platforms in parallel. This would allow 
more cytokines to be detected in all samples which is a great advantage in discovery 
studies. On another but related topic, investigators should be aware that calibrators 
provided by different manufacturers are not always measured at the same concen-
tration when tested on different platforms [34]. In other words—and in the absence 
of “gold standard calibrators”—the concentrations given by the different immuno-
assays should be regarded with caution.

5.7  Coefficients of Variation: Why They Should 
Be Measured?

Studies aimed at identifying cytokines as biomarkers in psychiatric disorders almost 
always require several immunoassays to be run sequentially. To ascertain the reli-
ability of the results, serial dilutions of the calibrators (recombinant cytokines) 
should be prepared and run in duplicates within each immunoassay, so that the 
Coefficients of Variation (CVs) can be calculated. In general terms, the CV is a 
measure of the variability of the data and is defined as the Standard Deviation (SD) 
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of a set of measurements divided by the mean of the set. Both intra-assay and inter-
assay CVs can and should be calculated to reflect the performance of the assay in 
the hands of the user. For a given cytokine, CVs are calculated for each concentra-
tion of the calibrator that fall within the range of concentrations in the tested bio-
logical samples. The intra-assay and inter-assay CVs are the mean value of the CVs 
calculated for each concentration of the calibrator within each assay and between 
different assays, respectively. While there is no consensus on acceptable values for 
CVs, most authors consider that intra-assay and inter-assay CVs should be lower 
than 10% and 15%, respectively. While higher CVs may reflect various human and 
instrument errors (inaccurate pipetting technique, splashing of reagents between 
wells, inconsistent sample handling, uncalibrated pipettes, uncalibrated plate read-
ers, etc.), cytokine concentrations measured in these assays should not be trusted 
and the assays should therefore be repeated.

5.8  Undetectable Cytokines: How to Handle Them?

Cytokines are typically present in low to subpg/mL levels in human blood, even 
when sensitive immunoassays are used. It is, therefore, common that cytokine mea-
surements fall below either the Lower Limit Of Detection (LLOD) or the Lower 
Limit Of Quantification (LLOQ) in at least some samples. In general terms, the 
LLOD is the lowest quantity of an analyte that can be distinguished from the absence 
of that analyte (a blank value), but not necessarily quantified as an exact value, 
under the stated conditions of the assay. The LLOQ is the lowest concentration of 
an analyte in a sample which can be quantitatively determined with suitable preci-
sion and accuracy under the stated conditions of the assay. In practice, most authors 
define the LLOD as the lowest concentration of the analyte in the calibration curve 
whose readout is higher than 2.5 SD above that of the blank [35]. While several 
methods have been proposed to estimate the LLOQ, it is often defined as the lowest 
concentration of the calibrators for which the intra-assay CV is lower than 20%. 
While there is no consensus on the procedure to follow when cytokine measure-
ments fall below the LLOD in some samples, some authors exclude cytokines from 
downstream analysis when they are below the LLOD in more than 10% of the sam-
ples. For the other cytokines, samples that fall below the LLOD should be given a 
substituted value (a process called imputation), but there is again no consensus on 
the method that should be used for this. Many authors impute to samples with mea-
surements below the LLOD the value of half the LLOD threshold, but others have 
used different methods for imputation such as the Kaplan–Meier method (for cen-
sored data), generalized Wilcoxon test, and weighted quantile regression imputation 
[36]. Whatever methods authors use to deal with measurements that are below the 
LLOD should be clearly reported in the Material and Methods section of their man-
uscript. Unfortunately, this is not always the case.
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5.9  Missing Data: How to Handle Them?

All studies aimed at identifying cytokines as biomarkers in psychiatric disorders 
require the collection and processing of demographic and clinical data such as sex, 
age, height, weight, smoking and drinking habits, diet, past medical history, current 
treatments, and clinical scores. Unfortunately, missing data are a common occur-
rence for most medical studies and should be processed before carrying out statisti-
cal analysis. Briefly, there are two ways to process missing data: listwise deletion 
and imputation [37]. In the listwise deletion method, a patient is excluded from the 
analysis if any single value is missing. The resulting dataset is referred to as “com-
plete case.” If values are missing at random, then listwise deletion does not intro-
duce any bias, but it does decrease the power of the analysis by decreasing the 
effective sample size. In the imputation method, missing data are substituted with 
values based on other available information. Ideally, these replacements should not 
lead to significant changes in the distribution and composition of the dataset. 
Currently the best method for missing data imputation is through multiple imputa-
tion [38, 39]. In practice, several versions of the same dataset are created, analyzed, 
and then combined. When performed correctly, multiple imputation reduces bias, 
improves validity, increases precision, and results in robust statistics which are 
resistant to outliers (very high or very low data points). Some of the most commonly 
used software for creating multiple imputations in continuous, categorical, or mix-
ture of continuous and categorical variables are the R packages “mice,” “hmsic,” 
“norm,” “cat,” and “mix.”

5.10  Descriptive Statistics: What to Look at?

Descriptive statistics describe the basic features of a dataset. They are broken down 
into measures of central tendency, i.e., mean, median and mode, and measures of 
variability, i.e., range, quantiles, variance, and SD. Two other features are important 
to consider because they could have an impact on downstream statistical analysis: 
data distribution and outliers.

Data distribution is a function which shows all the possible values of the data and 
how often they occur. In some cases, the data fit a normal distribution which makes 
it easier to analyze in downstream analysis (of note, many methods are available to 
test the normality of observed data). If the data do not follow a normal distribution, 
it is possible to apply a range of transformations, such as the logarithmic function, 
to yield a normal distribution. Whatever the case, determining whether the data are 
normally distributed or not is critical as this determines which statistical test can be 
used in downstream analysis, for example, to determine if the means of two sets of 
data are significantly different from each other. Of note, cytokine levels in blood 
almost never follow a normal distribution. Log transformation helps for some cyto-
kine datasets but not all.

Outliers are rare data points that differ significantly from other values in a 
dataset. They can be of two kinds: univariate and multivariate. Univariate outliers 
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can be found when looking at a distribution of values in a single feature space, 
e.g., a blood concentration of LDL cholesterol of 250 mg/dL. Multivariate outliers 
can be found in a n-dimensional space, e.g., the levels of several cytokines in a 
given serum sample that all fall in the upper 1% percentile. Identifying and han-
dling outliers is critical because they could interfere with downstream statistical 
analyses. While there is no general rule to define outliers, many statistical meth-
ods are available to identify extreme values such as Z-Score, Probabilistic and 
Statistical Modeling, Principal Component Analysis (PCA), Proximity-Based 
Models, and Information Theory Models. Outliers may be due to either human 
(data entry errors, data extraction or executing errors, experimental errors, data 
processing errors) or measurement (instrument error) errors. They may also cor-
respond to a true value that reflects the natural interindividual variability in the 
measurement. Unfortunately, it is not always possible to tell apart the outliers that 
are due to an error from the others. Whatever the case, authors may decide to 
remove the outlier (and eventually use multiple imputation to replace the value), 
exclude the patient, or do nothing (and eventually use statistics that are robust to 
outliers).

Despite the impact of both data distribution and outliers on downstream analysis, 
these two issues are almost never discussed in papers that deal with medical datasets 
in general and cytokine datasets in particular. Furthermore, and although all authors 
report some descriptive statistics, these are often incomplete and therefore preclude 
the reader from capturing the complete characteristics of the dataset.

5.11  Univariate Analysis: Why We Should NOT Use Them?

The classical approach to identify biomarkers in psychiatric disorders is to perform 
statistical univariate tests, analyzing each cytokine separately. Various univariate 
methods are commonly used, including the Student’s t test and ANalysis Of 
VAriance  (ANOVA) both in its two-way or multiway (MANOVA) versions. 
However, those tests assume that the variance among the groups should be approxi-
mately equal (homogeneity of variance) that cytokines are independent of each 
other within each individual and that the data are normally distributed which may 
not always be the case even following transformation. While there are some non-
parametric counterparts to these tests, like the Mann–Whitney U test and the 
Kruskal–Wallis H test with fewer assumptions to comply, the independence of vari-
ables is still a requirement and this is clearly not the case for cytokines. Additionally, 
univariate analysis does not allow for adjustment for variables that could impact the 
level of cytokines like sex, age, and smoking habits.

In a statistical hypothesis test, the significance probability or p-value denotes the 
probability that an extreme result will actually be observed if the null hypothesis is 
true [36]. It is common to use a threshold for statistical significance and set the type 
I error (the rejection of a true null hypothesis or a false positive) to p = 0.05, to 
decide if the result is likely to be random. However, along with publication bias, 
selective data analysis and selective reporting of outcomes focusing on the p-value 
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in a statistical analysis seems to be at the core of the lack of reproducibility of a 
great number of published results [40]. The p-value is often used without realizing 
that the statistical power of a study is in most cases too low for p to assist the inter-
pretation of the data and so that it is usually a poor test of the null hypothesis. A 
small sample that is not a satisfactory representation of the population under study 
will influence the p-values, and astonishingly, even when statistical power is close 
to 90%, the p-value is not stable and changes in subsequent replication studies. An 
alternative is to report the effect sizes estimates and their precision with confidence 
intervals [41–45].

Another issue is inherent to the parallel analysis of many cytokines. Multiple 
comparisons increase the probability that a spurious association is found and there-
fore the risk of type I errors. As an example, if twenty cytokines are measured in two 
groups of individuals, the null hypothesis is likely to be rejected just by chance for 
one cytokine if the significance threshold is set to p < 0.05 [46, 47]. With the aim of 
dealing with multiple comparisons, several authors including Bonferroni, Tukey, 
Scheffe, Dunnett, Newman-Keuls, and Ryan have developed Family-Wise Error 
Rate (FWER) procedures to adjust p-values or p-value thresholds to control for 
false positives while maintaining statistical power. For example, the False Discovery 
Rate (FDR) was introduced in the 90s as a less conservative approach that offers a 
balance between the number of true and false positives. It produces a q value, simi-
lar to the p-value, as a measure of statistical significance that is interpreted in terms 
of the FDR rather than the false positive rate [48].

To summarize, authors who aim at identifying biomarkers in psychiatric disor-
ders should abandon univariate methods and exclusively use multivariate methods 
that can both take into consideration the correlation structure of the data and achieve 
the best compromise between the predictive ability (accomplished through the use 
of variable selection procedures) and exhaustivity [47].

5.12  Multivariable Analysis: Why Should We Use Them?

In recent years, there has been a surge in data-driven methodologies that can be used 
alone or in combination with previous knowledge to identify biomarkers in medi-
cine in general and in psychiatry in particular [49]. The problem of selecting bio-
markers from a pool of candidates can be seen as a variable selection problem in 
which variables are not independent of each other and do not always follow a nor-
mal distribution. A widely used method in variable selection is regression with step-
wise selection [50], where the choice of predictive variables is carried out by going 
through a series of automated steps and is based on their statistical significance. At 
each step, candidate variables are evaluated one by one typically using univariate 
statistics. While regression with stepwise selection has been used in some papers in 
psychiatry [51], authors interested in cytokine biomarkers should step away from 
stepwise because of its many drawbacks: highly biased parameter estimates, incor-
rect standard errors, underestimated p-values due to multiple comparisons, and 
inconsistencies among model selection algorithms [52].

O. Khalfallah et al.



77

Several advanced multivariate methods have been used to analyze datasets in 
psychiatry in general and cytokine datasets in particular. These methods are catego-
rized under the umbrella of supervised or unsupervised learning [49]. In contrast to 
supervised learning in which the algorithm builds a mathematical model from a set 
of data that contains both the input and the output variables, unsupervised learning 
is a type of self-organized learning that helps find previously unknown patterns in 
dataset without preexisting labels. With some noticeable exceptions [53, 54], most 
studies aimed at identifying biomarkers in psychiatric disorders have been based on 
supervised learning. There are two main types of supervised learning problems: 
classification that aims at predicting a class label, e.g., being responder or not to an 
atypical antipsychotic and regression that aim to predict a numerical value, e.g., a 
clinical score. Models are learned on training datasets with the algorithm using 
input variables (age, sex, smoking and drinking habits, blood cytokine levels) to 
predict the outcome class/value (output variable). The fitted model is subsequently 
used to predict the output in a test set based solely on the input variables. The per-
formances of the model are evaluated by comparing the predicted output values 
with the known true values in the test set. Both classification and regression prob-
lems may have one or more independent variables of any data type, numerical, or 
categorical.

Two examples of supervised learning methods are Partial Least Squares regres-
sion (PLS) (when the outcome is numerical) and Partial Least Squares Discriminant 
Analysis (PLS-DA) (when the outcome is categorical). PLS first identifies a small 
set of input variables that are linear combinations of the original variables and then 
fits a linear model via least squares to the new variables. PLS makes use of the out-
put variable in order to identify new features [55]. PLS is robust when the number 
of clinical and biological variables vastly exceeds the number of individuals (the p 
>> n problem) and when some input variables are dependent on each other (which 
is the case with cytokines). However, one drawback of PLS-based approaches is that 
they often overfit and may not perform well on external datasets [55].

Other examples of supervised learning methods are penalized regression meth-
ods in which a penalty term is added to the log-likelihood function. While these 
methods were originally developed to handle high dimensional datasets, they can 
also be used with datasets that only contain several hundreds of patients and vari-
ables. Penalization results in the shrinkage of regression coefficients toward zero 
reducing model overfitting [56, 57]. Regression models that use L1 and L2 regular-
ization techniques are called Least absolute shrinkage and selection operator (Lasso) 
and Regression Ridge (RR), respectively. Another model called Elastic Net (EN) 
uses both L1 and L2 regularization techniques allowing grouped selection of cor-
related variables [57]. In contrast, Lasso selects only one variable from the group of 
correlated variables seemingly at random, ignoring the relevance of other covari-
ates. Of note, penalized regression methods are sensitive to outliers, but robust esti-
mation methodologies are now available for EN [58]. Penalized regression methods 
have only begun to be used to identify blood biomarkers in psychiatry. For example, 
Bahn and her coworkers have used Lasso to identify 20 protein analytes (among 87) 
that discriminated patients with BD from healthy individuals with excellent 
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predictive performances [Area Under the Curve (AUC) = 0.90] [59]. The same 
research group also used Lasso to analyze proteomic data (147 peptides from 77 
proteins) from two independent collections of first-onset drug-naive SCZ patients 
and controls. The predictive performances of these models were good (AUC > 0.80) 
in both the discovery and the validation cohort [60].

Another supervised method is the bootstrap-enhanced EN [61] that combines 
nonparametric bootstrap with penalized regression to perform variable selection. 
The bootstrap-enhanced EN computes a Variable Inclusion Probability (VIP) which 
is the percentage of bootstrap resamplings in which a coefficient is estimated as dif-
ferent from zero. The VIP can be interpreted as the probability of including each 
variable in the model. After deciding on a threshold, the VIP can be used to select 
variables for further analysis [62]. Estimation of the prediction error is usually com-
puted using resampling methods, such as leave-one-out, parametric, and nonpara-
metric bootstrap, as well as repeated cross-validation methods and holdout [63]. 
Alternatively, postselection inference such as measuring p-values and confidence 
intervals could be performed in a different dataset [64]. We have recently applied 
the bootstrap-enhanced EN to identify a combination of cytokines that could dis-
criminate BD and MDD patients in two independent study samples: a first cohort of 
133 patients (among whom 40 with BD and 93 with MDD) and a second cohort of 
204 patients (among whom 82 with BD and 122 with MDD) [65]. We measured the 
serum levels of 26 cytokines in all patients at baseline and applied the bootstrap- 
enhanced EN to these two datasets. Five and four cytokines with a VIP > 80% were 
identified in the first and the second datasets, respectively, with two being identified 
in both. The two models had a good predictive value (AUC = 0.8).

Lastly, supervised learning methods based on Artificial Neural Networks (ANNs) 
seem to have a promising future to identify biomarkers in psychiatric disorders [66]. 
Many different ANNs architectures have been developed, but they are basically an 
interconnected group of nodes in multiple layers in which the input and output 
nodes have clinical meaning [67]. While ANNs typically outperform other super-
vised learning methods when analyzing large datasets, they have also been success-
fully used to discriminate osteoarthritis and rheumatoid arthritis patients and healthy 
individuals using serum levels of 38 cytokines [68]. However, one problem with 
ANNs is that they learn a model too well when trained on relatively small datasets, 
a phenomenon called overfitting. Therefore, at the moment with the small datasets 
available, models generated using ANNs often fail to fit additional data or predict 
future observations reliably.

5.13  Unsupervised Methods: What for?

Unsupervised learning involves using methods to describe or extract relationships 
in data. Unsupervised learning uses only input data without output/outcome vari-
ables, and the performance cannot be compared to known labels/values. There are 
many types of unsupervised learning, but the most commonly used are clustering 
methods that allow to find groups in the data, projection methods that involves 
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reducing the dimensionality of the data, and visualization that involves graphing or 
plotting data in different ways. Unsupervised clustering methods generally fall into 
two categories: hierarchical in which a dendrogram is derived with partitions of the 
data at all possible cluster levels and partitional where optimal clusters are found for 
a single k number of clusters. The most well-known hierarchical algorithms are 
single-link and complete-link, and the most popular and simplest partitional algo-
rithm is “K-means” [69, 70]. Because unsupervised learning methods are designed 
to find previously unknown patterns in datasets [69], why would they be useful to 
identify biomarkers in psychiatric disorders? A good example is a very elegant 
study in which unsupervised learning methods were used to analyze functional 
Magnetic Resonance Imaging (fMRI) in a large multisite sample (n = 1188) of 
patients with depression [53, 54]. Data showed that patients with depression could 
be subdivided into four neurophysiological subtypes (“biotypes”) defined by dis-
tinct patterns of dysfunctional connectivity in limbic and frontostriatal networks. 
Clustering patients on this basis enabled the development of diagnostic classifiers 
(biomarkers) with high (82–93%) sensitivity and specificity for depression subtypes 
in multisite validation (n = 711) and out-of-sample replication (n = 477) datasets. 
More recently, we have used unsupervised clustering methods to analyze cytokine 
data in 348 patients with first episode psychosis. This allowed for the identification 
of two subsets of patients that exhibited high and low levels of five pro- inflammatory 
cytokines, respectively. Further analysis showed that belonging to the “inflamed” 
subset was associated with increased odds of exhibiting severe negative symptoms 
after treatment with an atypical antipsychotic.

5.14  Model Performances: How to Measure Them?

Whatever the approach for biomarker identification, the performances of a model 
can be summarized using several metrics such as the Area Under the Receiver 
Operating Characteristics curve (AUROC), the specificity, the sensitivity, the accu-
racy, the Positive Predictive Value (PPV), the Negative Predictive Value (NPV), and 
the Brier score. Methods for evaluating a model’s performance are divided into two 
categories: namely holdout and cross-validation. Both methods use a test set (i.e., 
data not seen by the model) to evaluate model performance. Cross-validation is a 
technique that involves partitioning the original observation dataset into a training 
set, used to train the model, and an independent set used to evaluate the analysis. In 
holdout evaluation, the dataset is randomly divided into three subsets: a training set, 
a validation set, and a test set. If a model fits to the training set much better than it 
fits the test set, overfitting is probably the cause. Holdout evaluation is considered to 
provide an unbiased estimate of learning performance.

Whatever method is used to evaluate the performance of a model on a given 
dataset, and because models tend to perform better on data on which they were 
constructed than on new data, it is of uttermost importance to assess how well the 
results of a predictive model generalize to an independent dataset, a process called 
external validation [71]. While this was done in a few studies aimed at identifying 
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cytokines that discriminated patients with MDD [72, 73], BD [59], or SCZ [60, 74] 
from healthy individuals, these are more the exceptions than the rule.

5.15  Clinical Applications: Think Thoroughly

Apart from methodological issues, and as already pointed by Rothschild in his com-
mentary entitled “A blood test for depression?” [75], both practitioners and research-
ers should think thoroughly about clinical applications before embarking in costly 
and time-consuming studies. For example, one may wonder what cytokine-based 
blood tests could add to the diagnosis and treatment of patients who already met 
criteria for SCZ, BD, or MDD? Would these diagnostic tests be more specific and 
sensitive than diagnosis by a board-certified psychiatrist or other health professional 
using DSM-5 criteria? Would they provide added value beyond what a trained clini-
cian can do without the test? In contrast, if a cytokine-based blood test could influ-
ence health choices by clinicians for improved health care, e.g., predict whether the 
patient will respond to a given treatment before it is prescribed or predict risk in 
asymptomatic patients, it would definitively be worth it.
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6.1  Introduction

6.1.1  The Concept of Psychoneuroimmunology

The idea that endogenous factors are responsible for the cognitive, affective, and 
behavioral dysfunction in major depression can be traced to antiquity. Hippocrates, 
about 400 BC, formulated the concept of Black Bile which he considered to be the 
cause of melancholia. This was associated with the autumn season in Europe and 
possibly a consequence of seasonal affective disorder.

Some 500 years later, the Roman physician Galen wrote that Black Bile (De 
Atrabile) described the depressive phenotype. This concept was further developed 
by the Oxford physician Robert Burton in his sixteenth-century monograph “The 
Anatomy of Melancholy” which also suggested that the symptoms of melancholia/
depression are caused by an excess of Black Bile, an endogenous factor that affects 
the brain and causes “fear, sorrow, dullness, and heaviness that troubles the imagi-
nation.” Burton considered melancholia/depression to be the disease of scholars due 
to their “sedentary life and excessive exertion of the brain.”

The pathophysiological concept of depression changed radically in the late nine-
teenth century when specialized disciples came to dominate medicine, and the more 
holistic and integrated aspects were largely ignored. The immune system was 
largely considered to be confined to the peripheral areas while the brain was consid-
ered to be an immune-privileged organ.
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The current situation has changed in the past 25 years with evidence that inflam-
mation involves changes in both peripheral organs and the brain. It is now apparent 
that small, but constant, rises in inflammatory mediators (termed chronic, low-grade 
inflammation) underlies the pathophysiology of major psychiatric disorders [1, 2] 
and also has important evolutionary significance [3]. The purpose of this contribu-
tion is to outline the possible mechanisms, whereby pro-inflammatory cytokines 
contribute to the depressive phenotype.

6.2  Neuroinflammation and Depression

The term “Neuroinflammation” is broadly used to describe immune-related pro-
cesses within the central nervous system. Neuroinflammation occurs widely in both 
psychiatric and neurological diseases, brain injury, and severe psychological stress. 
In these situations, the innate immune cells in the brain, particularly the microglia 
which are the resident macrophages, are activated to produce cytokines, chemo-
kines, and other inflammatory factors in response to the inflammatory stimulus. 
Whereas transient inflammatory stimuli are usually beneficial to the brain, chronic 
inflammation is maladaptive and profoundly affects neuronal plasticity and brain 
homeostasis [4].

There is ample clinical evidence that pro-inflammatory cytokines such as inter-
leukin (IL-) 1, IL-6, and tumor necrosis factor-alpha (TNF-alpha) are raised in the 
serum of depressed patients [5, 6]. In addition, there is evidence that the inflamma-
tory cytokine interferon-alpha, used therapeutically to treat hepatitis C and malig-
nant melanoma, precipitates a depressive state in otherwise nondepressed patients 
[7]. These changes are ascribed to the endocrine and neurotransmitter changes as a 
consequence of the cytokine challenge [8].

In addition to the cytokine changes in depression, soluble cytokine receptors and 
plasma acute-phase proteins (such as alpha-1 acid glycoprotein and C-reactive pro-
tein) are also raised which results from the direct action of IL-6 on the liver. Effective 
antidepressant treatment generally (but not always!) attenuates these changes 
[9, 10].

The population of immune cells also changes in depression which reflects the 
increase in the inflammatory factors. Thus, there is an increase in the number of 
T-helper, T-memory cells, and activated T and B cells which act as a source of the 
plasma cytokines [11, 12]. The rise in the tissue concentrations of pro-inflammatory 
cytokines is associated with a decrease on the anti- inflammatory cytokines (such as 
IL-4 and IL-10). This implies that the pro-inflammatory Th-1 produced cytokines 
predominate over the anti-inflammatory Th-2 cytokines. Following effective antide-
pressant therapy, balance is usually established between the pro-and anti-inflamma-
tory cytokines, a change which has been ascribed to the action of the Th-3 cytokine 
transforming growth factor-alpha (TGF-3) which is raised following effective anti-
depressant treatment [13].

The inflammatory changes found in depression occur in peripheral organs and 
the brain parenchyma. The pattern recognition receptor family, in particular the 
nod-like receptor-3 (NLRP-3) inflammasome, is of importance in initiating the 
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pro- inflammatory cytokine response in the microglia. There is evidence that the 
density of the microglia is increased in depression and in schizophrenia [14], and 
the activated cells released not only pro-inflammatory cytokines but also inflam-
matory mediators such as prostaglandin E2 and nitric oxide as a consequence of 
the activation of cyclooxygenase 1 and 2 together with inducible nitric oxide syn-
thase. Effective antidepressant treatment has been shown in some studies to reduce 
the concentration of PGE2  in the serum [15] which is raised in the serum and 
cerebrospinal fluid of untreated depressed patients [15]. As a result of the chronic 
exposure of the brain to inflammation, structural changes occur particularly in the 
frontal cortex and subcortical areas which have been implicated in depression 
[16]. This raises the question whether it is possible to prevent or even reverse 
these neurodegenerative changes by pharmacological interventions, thereby pro-
viding a novel target for the treatment of depression [17].

6.3  The Importance of Stress in the Link Between 
the Immune, Endocrine, and Neurotransmitter Systems

Clinical and experimental studies have demonstrated that acute stress and chronic 
stress are associated with neuroinflammation in depression [18, 19]. Chronic stress 
is commonly associated with depression and may trigger a depressive episode, 
exacerbate an existing episode, and significantly affect the course of the disorder  
[20]. Psychosocial stressors are known to initiate microglial activation in the hip-
pocampus and many of the areas associated with the pathophysiology of depres-
sion, thereby providing a link between the stress axis and the disorder [21, 22]. 
Stress activates the macrophages and microglia by stimulating toll-like receptors 
(TLR’s) on immune cells. This results in the activation of nuclear factor-kB (NF-
kB) to liberate pro-IL-1 beta and TNF-alpha [23].

Stress activates both the HPA and the autonomic nervous system (ANS). 
Activation of the sympathetic branch of the ANS also occurs in the brain leading to 
an activation of the locus coeruleus and the release of noradrenaline. The increase 
in the activity of the SNS causes an imbalance in the ANS function and a reduction 
in the activity of the vagal nerve. As acetylcholine has an anti-inflammatory action 
in the brain [24], the reduction in the central cholinergic activity indirectly enhances 
the impact of inflammation. Chronic stress also precipitates resistance of the gluco-
corticoids receptors which are widely distributed throughout the body including the 
immune cells and the brain. This shifts the balance from glucocorticoid signaling to 
inflammation thereby leading to an increase in inflammatory factors despite the 
presence of elevated glucocorticoids [25].

In the periphery, stress activates visceral fat in addition to the macrophages. This 
provides an additional source of pro-inflammatory cytokines, chemokines, adipo-
kines, leptin, resistin, and acute-phase proteins. Leptin occupies a central role in the 
regulation of food intake, a process linked to the activation of the dopaminergic 
system in the nucleus accumbens. In the nondepressed person, the dopaminergic 
system is implicated in maintaining the hedonic state and is assumed to be malfunc-
tion in anhedonia which is associated with chronic depression. Thus, the activation 
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of leptin by pro-inflammatory cytokines provides a possible link between the 
changes in metabolism and central neurotransmitter function.

The metabolic effects of the glucocorticoids, which are an integral part of the stress 
response, initiate glucogenesis, mobilization of fatty acids, and, in the brain, a reduc-
tion in the synthesis of neurotrophic factors such as brain-derived neurotrophic factor 
(BDNF). This results in a decrease in neuronal repair [26] and contributes to the neu-
rodegenerative changes in brain structure. In addition to the desensitization of the 
glucocorticoids receptors, chronic stress also results in insulin receptor hyposensitiv-
ity, an event which contributes to the cause of type 2 diabetes which frequently accom-
panies chronic depression [27]. Functional insulin insensitivity arises as a consequence 
of the glucocorticoids decreasing the insulin-mediated expression of the glucose 
transporter GLUT4 resulting in a reduction in the transport of glucose into the brain 
and peripheral cells [27]. Thus, chronic stress associated with depression is directly 
associated with insulin resistance, glucose intolerance, and type 2 diabetes [28].

6.4  The Role of the Inflammasome in the Link Between 
Inflammation and Depression

Recently, attention has been focused on some specialized inflammatory signaling 
pathways that initiates the resulting cytokine responses in neuroinflammation. In 
this context, NLRP3, a member of the pattern recognition receptor family and found 
in microglia, has shed new understanding of the role of pro-inflammatory cytokines 
in depression [29].

NLRP3 is a cytosolic receptor protein that recognizes danger signals that activate 
macrophages and microglia, thereby facilitating the release of IL-1 beta and IL-18 
which are key cytokines involved in initiating inflammatory responses. When the 
NLRP3 is activated, the resulting complex is called the inflammasome. This struc-
ture activates caspase-1, which synthesizes and releases IL-1 and IL-18 from their 
inactive precursors. Despite the limitation of studies, there is now evidence that the 
inflammasome plays a role in depression [30]. Although studies in depression have 
so far been restricted to NLRP3, it is known that there are different types of inflam-
masome located in neurons and astroglial cells which may also be involved in the 
inflammatory responses in depression [31]. In order to better understand the role of 
the inflammasome in neuroinflammation, it is important to consider the pattern rec-
ognition receptors and their roles in the immune system [32–35].

6.4.1  Natural Immune System and Pattern 
Recognition Receptors

The recognition of various danger signals reaching the organism by the innate 
immune system takes place through various pattern recognition receptors.

Pattern recognition receptors are classified as; (a) Toll-like receptors (TLR), (b) 
NOD-like receptors (NLR), (c) C-type lectin receptors (CLR), (d) Retinoic 
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acid- inducible gene (RIG) -like receptors (RIG), (e) Absent in melanoma-2 (AIM-2)—
like receptors (ALR). Some of the pattern recognition receptors function in the recog-
nition of signals reaching the extracellular environment by localization in the cell 
membrane (e.g., TLRs); some members are located at the intracellular level and are 
activated in the presence of danger stimuli reaching the cell (e.g., NLRs). Activation 
of pattern recognition receptors produces and releases pro-inflammatory mediators in 
order to eliminate the danger associated with pathogen/damage or restore tissue integ-
rity. Although activation of the template recognition receptors is a defense mechanism 
that protects the organism against the danger stimulus in the first stage, chronic activa-
tion of these receptors is associated with the initiation of inflammatory diseases and 
associated pathophysiological processes [36]. TLRs are the human homologue of the 
TLRs, first described in Drosophila [37, 38]. Of the different types of pattern recogni-
tion receptors involved in initiating inflammation, the TLRs and NLRs have been 
implicated in depression. These will therefore be considered in more detail. Activation 
of TLRs leads to nuclear translocation of NF-κB to produce inflammatory mediators 
such as TNF-α, IL-6, and pro-IL-1β. TLRs play a role in the production of active 
IL-1β and IL-18 in coordination with NLRs, another pattern recognition receptor fam-
ily located in the cell cytosol [36, 39].

6.4.2  NLR Family and Inflammasomes

NLR family can be activated by various pathogen and danger stimuli in the natural 
immune system. In this respect, it is an important family of pattern recognition 
receptors involved in initiating both pathogen-related and sterile inflammation 
responses [40]. NLRs located in the cell cytosol are composed of three basic struc-
tures. They carry a leucine rich repeat structure (LRR) at the carboxy-terminus, a 
nucleotide-binding oligomerization domain (NACHT) at the center, and a protein–
protein interaction portion at the amino-terminus that can vary according to the 
subtype [40]. In the NLR family, five different subtypes have been identified 
(NLRA, NLRB, NLRC, NLRX, and NLRP). Among these five members, NLRPs, 
also known as pyrin structure, are the largest and most well-known NLR family that 
can create an inflammasome structure. NLRP members known to form inflamma-
tory structure are NLRP1, NLRP2, NLRP3, NLRP6, and NLRP7; in addition, 
NLRC4 is also known to form inflammasome structure [39, 40].

The molecular structure of NLRPs is normally inactive in the cell. LRR at the 
C-terminal, NACHT at the central and N-terminal protein–protein interaction consists 
of three different parts of the pyrin structure [40]. Activation of NLRPs in the presence 
of a hazard stimulus results in the multiprotein complex structure (~700 kDa) by bind-
ing to ASC and pro-caspase-1 to the structure [36, 40]. The multiprotein complex of 
this oligomeric structure is called inflammasome. It is responsible for the initiation of 
the production and release of pro-inflammatory cytokines IL-1β and IL-18, leading to 
caspase-1 activation. İnflammasome-mediated caspase-1 activation may also initiate 
the process that activates the programmed cell death of pyroptosis [36–41].
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6.4.3  CNS Inflammasomes

Although the role of inflammasomes in the organism’s natural immune system 
responses is partially elucidated, only a few of them could be identified in the CNS 
[35]. The best-defined CNS inflammasomes are NLRP1, NLRP2, NLRP3, and 
AIM2 [39, 42–46].

NLRP1 is the first type of inflammasome to be expressed in the CNS neurons 
[42, 44] where it functions in the recognition of damage and pattern-related hazard 
signals. NLRP1 is demonstrated to be involved in spinal cord injury, traumatic brain 
injury, and stroke [47].

NLRP2 inflammasome which is widely distributed in the organism which is 
thought to play a role in astrocytes mediated neuroinflammation responses [46]. It 
has been shown that NLRP2 inflammasome is activated in ATP-induced astrocyte 
cells, accompanied by increased production of caspase-1 and IL-1β. The molecular 
organization of NLRP2 is similar to NLRP3. Inflammasome activation occurs as a 
result of binding of ASC and pro-caspase-1 to the structure [36, 48].

NLRP3 inflammasome is the most studied NLRP inflammasome which is char-
acterized by its ability to recognize almost all types of distress signals [49]. It is 
known to most commonly expressed in microglia in the CNS [45, 50]. NLPP3, ASC 
and pro-caspase-1 binding occurs due to activation of the inflammasome. Caspase-1, 
on the other hand, initiates the conversion of active IL-1β and IL-18 from the bio-
logically inert pro-IL-1β and pro-IL-18 [49].

AIM2 inflammasome is a different type of structure which is activated by the 
recognition of the bacterial, viral, and bilayer DNA molecules by the cytosolic 
AIM2 receptor [36, 47]. It is known that in the CNS it is expressed in neurons [43]. 
It has been shown to be activated by DNA released from dying cells in traumatic 
brain injury, followed by increased production of caspase-1 and IL-1β. AIM2 
inflammation in cortical neurons occurs when pro-caspase-1 and ASC molecules 
are incorporated into the structure. AIM2 inflammasome is also known to induce 
programmed cell death pyroptosis in cortical neurons [36, 47].

6.4.4  Inflammasome Activation

As mentioned above, the immune responses are due to activation of the inflamma-
sone. This begins when recognition receptors perceive danger stimuli within the 
organism. Hazard stimuli leading to activation of inflammasomes are divided into two 
as pathogens-related molecular patterns (PAMP) and damage-related molecular pat-
terns (DAMP) [30, 31, 51]. Typical PAMPs known to cause activation of muramyl 
dipeptide, bacterial flagellin, bacterial LPS, lethal toxin, bacterial RNA, DNA, viral 
RNA, β-glucan, zymosan, and hemozoin due to bacterial, viral, fungal, or protozoal 
infections can be listed [51]. DAMPs, also known as sterile inflammatory activators, 
may be endogenous molecules released from dying or damaged cells in cases of cell 
damage, necrosis, or exogenous molecules that are ingested into the organism from 
outside and induce sterile inflammation. Endogenous DAMPs include ATP, uric acid 
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crystals, cholesterol crystals, HMGB1, β-amyloid, hyaluronan, and glucose. The best-
known exogenous DAMPs are UV radiation, asbestos, silica, and aluminum sulfate 
[39, 51].

Inflammasome is known to be activated by various DAMPs and PAMPs in 
structures other than CNS, while our knowledge of how this activation occurs 
within the CNS is still very limited [31]. The most potent inflammasome activator 
in the CNS has been shown to be increased extracellular ATP due to neuronal 
damage and stress [35, 47]. For example; hippocampal ATP levels were increased 
in rats exposed to immobilization stress; this was followed by activation of NLRP3 
inflammasome and an increase in IL-1β production [52]. In another study, it has 
been shown that NLRP2 inflammasome is activated as a result of exogenous ATP 
application to human astrocyte cells [46]. It is known that high extracellular K + 
ion causes inflammasome activation in neurons and astrocytes due to opening of 
pannexin-1 channel. Amyloid-β plaques deposited in the brain have been reported 
to be microglial NLRP3 inflammasome activator, and based on these findings, 
NLRP3 inflammasome has become a possible therapeutic target for Alzheimer’s 
disease [45, 53]. Another sterile activator in the CNS is saturated free fatty acid 
palmitate. It is known that palmitate leads to activation of NLRC4 inflammasome 
expressed in astrocytes [54]. In addition, reactive oxygen radicals are among the 
important inflammasome activators in CNS [55]. The ability to activate NLRP 
inflammasome in the presence of danger signals reaching the cell; two-stage sig-
nal transmission. The first stage involves the detection of the PAMP/DAMP 
ligands (e.g., LPS) by TLRs (particularly TLR-4) on the cell surface [29, 35]. This 
first step in which TLR-4 activation takes place is called the stimulation/firing 
phase [56]. As a result, transcription factor of NLRP, pro-IL-1β, and pro-IL-18 
precursor cytokines is transcribed by activating NF-κB transcription factor. In the 
second stage, inactivated NLRP activates oligomerizes and binds with ASC and 
pro-caspase-1 to form the inflammasome complex. For this process, a second sig-
nal is required to reach the cell cytosol. During second signal, extracellular ATP 
is activated by purinergic 2X7 (P2X7) receptors located in the cell membrane. As 
a result, K + ion output occurs from the cell and low intracellular K + levels cause 
NLRP activation [49, 56]. In this stage, the activation of inflammasome activates 
the proteolytic caspase-1 and produces active and mature forms of IL-1β and 
IL-18 from pro-IL-1β and pro-IL-18 [39].

In addition to P2X7 receptors, P2X4 receptors and pannexin-1 channel activa-
tion are thought to play a critical role in the formation of inflammatory activation 
[57, 58] Following stress, trauma, or brain injury, ATP is released into the extra-
cellular environment from dying cells to stimulate P2X4 receptors that are more 
susceptible than P2X7 activation by ATP [59]. Activation of P2X4 receptors 
results in the release of K + ions from the cell, and high extracellular K + levels 
lead to the opening of the pannexin-1 channel. Activation of the pannexin-1 chan-
nel contributes to further elevation of ATP levels in the extracellular environment. 
Further increases in extracellular ATP mediated by P2X4 receptors and pan-
nexin-1 channel activation are stimulated by P2X7 receptors, resulting in increased 
K + output from the cell. A positive feedback in the form of “ATP-induced ATP 
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release” with the ongoing cycle of pannexin-1 channel-P2X7 receptor activation 
occurs, and this cycle leads to further decrease of intracellular K + levels [31, 60]. 
It is still not known how low intracellular K + levels lead to activation of inflam-
masome [36]. In addition to inflammation-induced change, increased mitochon-
drial-induced reactive oxygen derivatives occur in cellular stress states, as well as 
various DAMPs in the phagocytosed crystal or particulate structures (such as sil-
ica uric acid crystals) cause lysosomal rupture leading to inflammasome activa-
tion [35, 39, 49, 61] (Fig. 6.1).

a

b

Fig. 6.1 Structure of NLRP3 inflammasome (a) and Illustration of the NLRP3 inflammasome 
pathway (b). Toll-like receptors (TLRs) can be phosphorylated by pathogen-associated molecular 
patterns (PAMPs) and/or danger-associated molecular patterns (DAMPs) which leads activation of 
NF-κB and transcription of NLRP3, proIL-1β, and proIL-18 (Signal-1). Extracellular ATP can 
induce potassium efflux through P2X7 receptors, which activates NLRP3 inflammasome 
(Signal-2). Environmental irritants form intracellular crystalline and/or particulate structures lead-
ing to lysosomal rupture also may lead NLRP3 inflammasome activation. (Modified from [62])
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6.4.5  Pathologies Associated with Inflammasome Activation

The ability of NLRP inflammasomes to be activated by a wide variety of hazard 
signals whether exogenous or endogenous or pathogenic activations plays a role in 
the pathologies. In this context, metabolic and cardiovascular diseases such as obe-
sity, type 2 diabetes, atherosclerosis, crystal-induced diseases such as gout, arthritis, 
exposure to environmental irritants, and various pathogen infections, especially 
autoimmune and autoinflammatory diseases, are among the main pathologies asso-
ciated with activation of inflammasome [48, 63]. The importance of activation of 
inflammasome in host defense against pathogens in the organism has come to the 
fore as the first discovered inflammasome activators are PAMPs such as LPS, pep-
tidoglycan, bacterial DNA, and bacterial and viral RNA.  In mice whose NLRP3 
gene was deleted, the susceptibility to Streptococcus pneumonia, Vibrio vulnificus, 
Candida albicans, and influenza A virus infections has been shown to increase [48]. 
The protective roles of NLRP3 inflammation activation are known to occur in 
chronic intestinal inflammatory diseases that are characterized by deterioration of 
the epithelial barrier in the intestinal tract and immune responses to beneficial bac-
teria [48, 64]. Protective models of NLRP3, NLRP6, NLRC4, ASC, and pro- 
caspase- 1 have been demonstrated in colitis models where epithelial integrity is 
experimentally impaired [64]. In another study, it was reported that changes in 
intestinal microbiota composition that play a role in the development of inflamma-
tory bowel diseases are reduced by the activity of the NLRP6 inflammasome [48]. 
In contrast to its protective roles in pathogen-induced inflammatory responses, acti-
vation of inflammasome is a disease factor involved in pathogenesis processes in 
various autoimmune and inflammatory component disorders accompanied by ster-
ile inflammation [39, 65, 66].

6.4.6  The Link Between the Inflammasome Activation 
and the Metabolic Syndrome in Depression

High glucose levels associated with metabolic diseases such as obesity, type 2 dia-
betes, increased fatty acids such as increased palmitate due to high-fat diet, obesity, 
and islet amyloid polypeptide deposits in Alzheimer’s disease are potent activators 
of NLRP3 inflammasome [56, 67, 68]. Based on this information, it is thought that 
inhibition of NLRP3 inflammasome may be a potential target in the treatment of 
diabetes. In support of this concept, some oral antidiabetic drugs, such as glyburide 
and glibenclamide, inhibit NLRP3 [29, 39, 56].

6.4.7  The Inflammasone in Neurological Disorders

Although research in this field is still limited, various studies have shown the role of 
different inflammasome structures in the pathologies associated with neurodegen-
eration such as traumatic brain injury and multiple sclerosis and particularly in 
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Alzheimer’s disease [47]. Alzheimer’s disease is a progressive and neurodegenera-
tive disease characterized by accumulation of amyloid-β plaques and neurofibrillary 
tangles. Studies have shown that increased activation of microglia and triggered 
IL-1β-mediated neuroinflammation responses occur in Alzheimer’s disease [69, 
70]. In vitro cell culture studies show that amyloid plaques induce IL-1β release by 
activating NLRP3 inflammation in microglia cells [45, 53]. However, NLRP3 is not 
the only type of disease-related NLR in Alzheimer’s disease [47]. For example, it 
has been suggested that NLRP1 gene expression is high in mice with genetic 
Alzheimer’s model and some mutations in the gene may contribute to the etiology 
of the disease [71, 72]. In another study, NLRC4 and ASC expressions were reported 
to be high in postmortem brain tissues of sporadic Alzheimer’s patients. In the same 
study, the activation of NLRC4 inflammasome caused by stimulation of isolated 
astrocyte cells with saturated fatty acid palmitate has been shown to increase IL-1β 
release and amyloid production in primary neurons [54]. In the light of these find-
ings, it has been suggested that activation of astrocyte NLRC4 inflammasome may 
play a role in the pathogenesis of Alzheimer’s disease [39].

6.4.8  Activation of Inflammasome by Stress and Depression

Recently, the involvement of the NLRP3 inflammasome pathway in depression has 
received attention. The potential relationship between stress and depression and 
activation of inflammasome was first noted by Iwata et al. [29]. Since 2014, experi-
mental studies have been widely reported [29, 73–82], modified from Sahin Ozkartal 
[39], and a detailed summary is presented in Table 6.1.

In a study on mice, depressive-like behaviors in an acute inflammatory depres-
sion model induced by bacterial LPS were associated with activation of NLRP3 
inflammasome [81]. It has been reported that brain NLRP3, ASC, caspase-1, and 
IL-1β gene expressions of mice considered to develop depression after acute LPS 
administration were increased compared to control group [81]. In addition, LPS 
administration has been shown to increase IL-1β protein expression. In the study, it 
was shown that irreversible caspase-1 inhibitor treatment reduced depressive-like 
behaviors in mice [81]. In another study of the same group, it was shown that serum 
IL-1β and IL-6 levels were increased by activating NLRP3 inflammasome in dien-
cephalon in chronic burnout syndrome model where LPS and swimming stress were 
applied together. In the case of deletion of the NLRP3 gene, it was found that behav-
ioral level improved and caspase-1 and IL-1β levels decreased in the diencephalon 
[83]. Thus, transgenic mice undergoing 30 days of chronic restraint stress did not 
show compulsory swimming, sucrose preference, social interaction, and nutrient 
consumption, which were accepted as the basic criteria of depression-like behavior. 
In addition, NLRP3 and IL-1β levels, which have been shown to increase in hippo-
campus and prefrontal cortex in healthy mice, and microglia activation have been 
shown to be unchanged in transgenic mice. In a subsequent study, deletion of the 
NLRP3 gene reported that depression did not occur and spontaneous anxiety-related 
depressive phenotype and the NLRP3 and IL-1 levels were unchanged [39, 74, 102].
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In 2016, Iwata et al. demonstrated that stress induced increased extracellular ATP 
secretion in the brain led to activation of inflammasome via P2X7 receptor stimula-
tion [52]. In this study, acute immobilization stress was applied to rats for 1 h result-
ing in an increase in and hippocampal ATP, glutamate, IL-1β, and TNF-α levels as 
monitored by microdialysis. Hippocampal NLRP3 levels were also examined. As 
ATP is activated, increased cytokine release by stress while the NLRP3 activity is 
suppressed. This is associated with improved stress-induced anhedonia and anxiety 
behaviors. Thus, it would appear that stress triggers innate immune responses, most 
likely through the ATP/P2X7 receptor/NLRP3 inflammasome cascade, which may 
be of potential therapeutic importance [39, 52].

NLRP3 activation has also been investigated using the learned helplessness 
model of depression in mice, where it has been shown that the activation of the 
inflammasome in hippocampal tissue is accompanied by various inflammatory 
mediators such as chemokine, cytokines, and increased glycogen synthase kinase 
(GSK)-3β activity [96]. After the deletion of the TLR4 gene and the application of 
a GSK-3β inhibitor, it was shown that activation of cytokine and activation of 
NLRP3 inflammasome caused by stress was not achieved. Therefore, it was thought 
that GSK-3β and TLR4 signaling pathways may play a role in stress-induced neu-
roinflammation [96]. In another study, the prenatal stress model was used and has 
been shown that depressive-like behaviors develop in adulthood; this is accompa-
nied by activation of prefrontal cortex NLRP3 inflammasome and increased inflam-
matory mediators [97]. In the same study, the application of fractalkine (CX3CL1), 
an endogenous chemokine, has been shown to reduce anti- inflammatory effect and 
improve depressive behavior in adult rats exposed to prenatal stress by reducing 
activation of NLRP3 inflammasome and neuroinflammatory responses [97]. In 
another study in which NLRP3 inflammasome activation was examined in vivo and 
in vitro, the effects of fluoxetine were investigated [103] and shown to attenuate the 
inflammatory response [39].

In in vitro studies, the effects of fluoxetine following a LPS challenge and in vitro 
ATP have been investigated in macrophage and microglia cells. Following fluoxetine, 
NLRP3 inflammasome activation, reactive oxygen derivatives, the protein kinase 
pathway, and IL-1β release have been shown to decrease. In studies of the chronic 
unpredictable mild stress (CUMS) model following 5 or 6 weeks of fluoxetine treat-
ment, activation of the NLRP3 inflammasome and cytokine responses occurs [80, 
90, 91, 103], thereby demonstrating that fluoxetine can regulate both central and 
peripheral NLRP3 inflammasome activation [103]. Pan et al. [78] also studied NLRP3 
inflammasome activation in the CUMS depression model developed and studied the 
effects of 12 weeks chronic stress on the inflammasome inflammatory mediators in 
the prefrontal cortex. NLRP3 and inflammasome activation occurred in the prefrontal 
cortex of rats exposed to chronic stress. NLRP3, ASC, caspase-1, and levels of IL-1β 
and NF-κB were increased due to inflammasome activation. NLRP3, caspase-1, and 
NF-κB protein expressions were increased in stressed rats, while there are no sig-
nificant changes in ASC levels. IL-1β protein levels significantly increased by acti-
vation of NLRP3 inflammasome in prefrontal cortex in stressed rats, but there is no 
significant change in CSF and serum levels. In addition to protein expression, gene 
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expression levels of NLRP3 and IL-1β were investigated and a significant increase 
was reported in the stress group. In addition, it has been shown that the activation 
of NLRP3 inflammasome caused by stress is accompanied by microglial activation. 
In this study, 6-week chronic administration of fluoxetine has been shown to signifi-
cantly reduce elevated IL-1β levels and suppress NLRP3 activation in the prefrontal 
cortex and prevent microglia activation [78]. By using the same model, activation of 
NLRP3 inflammasome has been shown to occur in mice [77]. Increased levels of hip-
pocampal NLRP3, caspase-1, and IL-1β in mice exposed to chronic stress for 7 weeks 
and developed depression were evaluated as an activation of inflammasome pathway 
[77]. Stress was also shown to increase IL-1β levels in serum. In addition to IL-1β, 
the changes in hippocampal gene expression of pro-inflammatory cytokines and anti-
inflammatory cytokines such as TNF-α and IL-6 were also investigated. Stress has 
been shown to increase hippocampal IL-1β, TNF-α, and IL-6 gene levels, while IL-10 
levels have been reported to decrease. In addition, CD11b immunoreactivity, which 
is one of the indicators of microglia activation, was examined and immunoreactivity 
findings indicating microglia activation were found in stress groups. ATP-sensitive 
potassium channel opener, iptakalim, and fluoxetine treatments have shown that anti-
depressant effects, reduced the activation of hippocampal NLRP3 inflammasome 
which was increased by stress and suppressed cytokine responses and microglia- 
mediated neuroinflammation thereby contributes to hippocampal neurogenesis [77]. 
In another study, it was reported that hippocampal NLRP3, caspase-1, ASC and IL-1β 
protein and serum IL-1β and corticosterone levels were increased by the CUMS 
model, and both behavior and molecular changes could be regulated in case of chronic 
caspase-1 inhibitor [82]. In 2016, subchronic restraint stress was created for 7 days 
and NLRP3 inflammasome activation was examined in hippocampus and prefrontal 
cortex [79]. NLRP3, ASC, caspase-1, and NF-κB inflammasome components were 
used to evaluate the activation of NLRP3 inflammasome, and various pro- and anti-
inflammatory cytokine levels were examined. In this study, NLRP3 inflammasome 
activation occurred in the hippocampus and prefrontal cortex of stress-exposed rats 
and increased pro-inflammatory cytokine levels (TNF-α, IFN-γ, IL-6, IL-2, IL-17) 
have been shown. In addition, the levels of anti- inflammatory cytokines such as IL-4 
and IL-10 were found decreased in stress group. The findings showed that stress trig-
gers inflammatory responses in both CNS and peripheral circulation and leads to acti-
vation of NLRP3 inflammasome [79]. It has also been shown that CUMS-induced 
anhedonia in rats was coupled with upregulated mRNA levels of NLRP1, NLRP3, 
ASC, caspase-1, IL-1β, and IL-18  in hippocampus which were downregulated by 
chronic imipramine treatment and suggested that the activation of not only NLRP3 
but also NLRP1 inflammasome together may be involved in chronic stress-induced 
depression [104]. Involvement of P2X7R in the pathogenesis of depression is inves-
tigated with administration of selective P2X7R antagonist Brilliant Blue G (BBG) 
in a rat model of CUMS for 6 weeks. While NLRP3 gene expression levels were 
unchanged in rats exposed to the CUMS protocol, expression levels of other inflam-
masome pathway factors NLRP1, caspase- 1, ASC, NF-κB, IL-1β, IL-6, and P2X7R 
were found to be increased. The results of this study has shown that suppression of 
inflammasome-related neuroinflammatory responses and involvement of NLRP1 in 
depression [93]. In addition to the abovementioned models of depression created by 
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stress or LPS administration, it has been also observed that inflammasome activation 
is associated with different experimental models such as depression-like behaviors 
and estrogen deficiency due to ovariectomy [39, 98, 99, 105].

6.4.9  Clinical Studies That Demonstrate the Effects 
of Antidepressants on NLR Activity

Compared to experimental studies, clinical findings are very limited. Activation of 
NLRP3 inflammasome was first reported in patients with major depression in a 
clinical trial published in 2014 [73]. NLRP3 and caspase-1 expressions and associ-
ated IL-1β and IL-18 serum levels were found to be higher in peripheral blood 
mononuclear cells isolated from depressed patients compared to healthy individu-
als. In the same study, it was shown that NLRP3 activation and associated cytokine 
responses decreased in patients treated with amitriptyline for at least 10 months 
[73]. In another clinical study conducted in patients with depression, AIM2 levels 
did not change significantly in depressed patients, while ASC levels have been 
shown to increase [100]. Although the possible role of AIM2 inflammasome activa-
tion in depression was ruled out with these findings, the importance of the increase 
in ASC levels of other NLR members (NLRP1, NLRP3, NLRC4) constituting 
inflammation formation was emphasized [39, 100].

However, a recent study by Momeni et al. [100] of fluoxetine, paroxetine, mian-
serin, mirtazapine, venlafaxine, desvenlafaxine, amitriptyline, imipramine, and 
agomelatine on NLRP3-inflammasome complex was investigated. Antidepressant 
treatments induced inflammasome inhibition and reduced serum levels of IL-1β and 
IL-18 and lower NLRP3 and IL-1β protein expression. NLRP3 inflammasome is 
suggested as a biomarker for antidepressant treatment in MDD patients, in addition 
to the monitoring IL-1β/IL-18 release. It has also been suggested that NLRP3 
expression levels and pro-inflammatory cytokines might have a clinical value in 
medication selection. In the same study, stress-induced depressive behavior and 
inflammasome activation in C57Bl/6 mice were investigated. Deletion of key 
autophagy mediator Atg5 in embryonic fibroblasts (MEF cells) showed an autoph-
agy dependent-NLRP3-inflammasome inhibition by antidepressant treatment and 
shown that antidepressant-mediated autophagy may have a role in restoration of 
certain metabolic and immunological pathways in MDD patients [101]. Nevertheless, 
a large body of evidence suggests that depression is accompanied by the activation 
of the inflammasome pathway in the increase in the blood and CSF concentrations 
of IL-1, IL-6 and TNF-alpha [106]. While there is evidence that effective antide-
pressant therapy reduces IL-1, antidepressants do not consistently reduce TNF or 
IL-6 [107]. This implies that while IL-1 may play an important role in treatment 
response, it could be a potential functional biomarker of depression. However, there 
are significant changes in inflammatory mediators which are not reduced by con-
ventional antidepressant treatments. This emphasizes the importance of investigat-
ing other methods for reducing neuroinflammation in depression [39].
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6.5  Conclusion

The insidious effects of chronic low-grade inflammation on neuronal structure and 
function may only become apparent many years after the onset of depression. This 
raises the question regarding attempts that need to be made to target the inflamma-
some complex as a major source inflammatory components originating from acti-
vated microglia. There are many different types of drugs that target inflammation 
occurring in conditions such as chronic arthritis (e.g., celecoxib which reduces the 
synthesis of the inflammatory mediator PGE2), while drugs such as minocycline, 
the statins, metformin, and a new generation of monoclonal antibodies, such as 
infliximab and adalimumab, not only reduce inflammation in inflammatory diseases 
but also have putative antidepressant actions. The potential value of such drugs has 
been discussed in detail elsewhere [108, 109]. However, the anti- inflammatory 
action of such drugs is primarily directed at the actions of the cytokines on their 
receptors, apart from minocycline which reduces the release of cytokines from acti-
vated microglia and metformin which targets the glucose transporter and reactivates 
the desensitized insulin receptor [110].

However, a major target to attenuate the synthesis of pro-inflammatory cytokines 
is the inflammasome complex. This complex requires modulation in such a way that 
the pro-inflammatory cytokines are reduced to physiologically relevant levels [111]. 
The pro-inflammatory cytokines are pleiotrophic molecules, in that physiological 
concentrations play a crucial role in neuronal structure and differentiation, while the 
concentrations associated with neuroinflammation are generally neurotoxic. Thus, 
it is important to modulate the inflammasome complex so that it is not activated by 
inflammatory triggers and continues to release cytokines at physiologically relevant 
concentrations. In the meantime, attention can be directed to refining and develop-
ing anti-inflammatory drugs that target inflammation. Hopefully, this review will 
help to stimulate interest in novel ways to develop a new generation of psychotropic 
drugs that target neuroinflammation.
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7Role of the T-Cell Network in Psychiatric 
Disorders
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7.1  Introduction

Immunological dysregulation has been conceived as a predominant pathogenetic 
mechanism in many psychiatric disorders. Indirect evidence indexing such a link 
includes epidemiological studies that catalog correlations between maternal infec-
tion and long-term risk of neuropsychiatric disorders and a higher prevalence of 
autoimmune disorders in people with such disorders. Direct evidence supporting a 
connection between immune function and neuropsychiatric disorders was experi-
mentally shown in the beginning of the 1980s. Several HLA antigens were noted to 
have higher frequencies in patients with neuropsychiatric disorders. Subsequent to 
this, a number of autoantibodies against synaptic and neuronal cell membrane pro-
teins, other cellular components as well as autoantibodies that were stimulating 
dopamine receptors provided support towards an autoimmune basis of psychiatric 
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disorders like schizophrenia. In addition, the Macrophage and Macrophage T-cell 
theory proposed in the  early 1990s incorporated evidence of the involvement of 
immune cell abnormalities, and aberrant cytokine responses in patients with depres-
sion and schizophrenia [1, 2]. These findings led to paradigmatic changes in our 
understanding of the pathogenesis of major psychiatric disorders. Large scale 
genetic studies have also argued in favor of a role of immune components in psychi-
atric disorders. Studies validating immune hypotheses have demonstrated altered 
levels and activities of various inflammatory immune mediators and immune cells 
in the cerebrospinal fluid (CSF) as well as postmortem brains of individuals with 
psychiatric disorders.

Despite rapid advances in the field of immuno-psychiatry, there is no consensus 
on which immune components and/or cells play the predominant role in the neuro-
biological mechanisms of psychosis. The most consistent finding across all the neu-
ropsychiatric disorders is that of altered levels of proinflammatory cytokines, raising 
the possibility that many psychiatric conditions are disorders of chronic low-grade 
inflammation. Notably, inflammatory mediators have been associated with a num-
ber of risk factors/mechanisms of psychosis; such as inflammatory cytokines, (a) 
impairing crucial phases of neurodevelopment, (b) mediating developmental neuro-
inflammation, (c) acting as footprints of childhood adverse effects and other envi-
ronmental risks, (d) contributing to brain morphometric changes, and (e) resulting 
in cognitive deficits and potentially treatment resistance. Despite these advances, 
the question of how cytokine production is dysregulated in psychiatric disorders 
remains elusive.

There is a growing recognition that changes in circulating lymphocytes may con-
tribute to the immune dysfunction in neuropsychiatric disorders, given that lympho-
cytes, especially T lymphocytes are prolific producers of proinflammatory cytokines. 
There are different classes of lymphocytes which include natural killer (NK) cells, 
T cells, whose role is in adaptive cell-mediated immunity and B cells, which serve 
adaptive, antibody-driven humoral immunity. It is not known whether the genomic 
architecture of T cells undergoes priming, particularly epigenetic priming, to drive 
inflammatory responses in the face of environmental challenges. The recent discov-
ery of the existence of the lymphatic system in the brain and T lymphocytes traffick-
ing from the periphery to the brain have led to a conclusion that T lymphocytes play 
an important role in brain immune surveillance and immune homeostasis [3]. T 
lymphocytes modulate physiological brain development, brain functions, and 
behavior-related attributes. Amongst these, some of the core processes and features 
like hippocampal neurogenesis, cognition, learning, and memory are regulated by T 
cells. Over the past few years, multiple studies have also demonstrated the encepha-
litogenic potential of T lymphocytes. These data suggest that alterations in the T-cell 
network might contribute to the pathogenetic pathway of psychiatric disorders. In 
this article, we highlight the implications of T lymphocytes in the etiopathology, 
course, and treatment of psychiatric disorders.
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7.2  Genesis and Biology of T Lymphocytes

T lymphocytes originate from bone marrow progenitors and migrate to the thymus 
for maturation and selection. The T-cell repertoire after thymic selection gets 
exported to the periphery. T lymphocyte subtypes can be identified based on the 
expression of a surface cluster of differentiation (CD) molecule, named CD3 and 
are grouped into two major subpopulations: CD4 and CD8. Peripheral T cells com-
prise different subsets and they perform different functions. For example, naïve T 
cells are known to respond to new antigens; memory T cells, which are derived from 
previous antigen activation, can maintain long-term immunity and regulatory T 
(Treg) cells are known for their ability to regulate and check immune responses. 
Based on the interaction with an antigen, the nature of the signal and their helper 
activities on other populations of cells, naïve CD4 T cells are differentiated into 
various distinct lineages, including Th1, Th2, Th9, Th17, and induced regulatory T 
(iTreg) cells. Each of these lineages displays a characteristic profile of cytokine 
production and functional diversity. Th1 cells are critically involved in mediating 
immunity to intracellular microorganisms, Th2 to many extracellular pathogens, 
including helminths, while Th17 cells respond to extracellular bacteria and fungi, 
especially at mucosal surfaces of the lungs, skin and gut. Functionally, Th1 and 
Th17 cells are involved in the promotion of inflammation, Th2 cells help B lympho-
cytes, and Treg cells regulate immunosuppressive responses. CD8+ T lymphocytes 
act as cytotoxic T lymphocytes (CTL) and are involved in killing target cells. CD8+ 
T cells are crucially involved in immune protection against invading microbes, 
especially viruses. During infection, naïve T lymphocytes undergo activation in sec-
ondary lymphoid organs and also undergo expansion to large numbers. After clear-
ing an infection, a subset of the activated T cells differentiates into memory T cells. 
Some memory T cells that circulate through the blood and the secondary lymphoid 
organs are termed as central memory T cells (TCM cells), while memory T cells that 
move between blood and the spleen have the ability to enter nonlymphoid tissues 
under the circumstances of reinfection and are known as effector memory T cells 
(TEM cells). Recent understanding reveals that tissues that are common sites of rein-
fection are distinctly populated by a lineage of tissue-resident memory T cells 
(TRM cells).

T lymphocytes play crucial roles in the establishment and maintenance of 
immune responses and coordinate various aspects of adaptive immunity, including 
responses to pathogens, allergens, and tumors throughout life [4]. However, the 
number and role of T lymphocytes in immune responses seem to vary across the 
body at different stages of life. Infancy and early childhood are marked by the pres-
ence of a greater number of naïve T cells, along with a significant number of Treg 
cells. After childhood, memory T cells gain predominance throughout the body. It is 
now becoming increasingly apparent that T lymphocytes can populate virtually 
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every organ and tissue. This includes not only the primary and secondary lymphoid 
organs but also a host of other sites such as mucosal surfaces, exocrine organs, and 
even the brain and central nervous system. It is being demonstrated that T cells exert 
specialized and tissue-specific responses and the kinetics of such responses depends 
on age and tissue microenvironment. A list of T lymphocytes and their biological 
attributes are summarized in Fig. 7.1.
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Fig. 7.1 Depiction of development, differentiation, and effector functions of T-cell subsets
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7.3  Role of T Cells in CNS Homeostasis

It was long held that the central nervous system (CNS) is an immune-privileged 
organ that lacks a lymphatic system, fails to express major histocompatibility com-
plex (MHC) molecules, and utilizes the blood-brain barrier (BBB) to limit the entry 
of peripheral immune cells into the brain. All these notions have recently been over-
turned. It is now established that brain cells express MHC molecules; and these 
molecules play important physiological roles in the brain, such as synaptic plastic-
ity, learning, memory, etc. [5]. A recent landmark study demonstrated the presence 
of functional lymphatic vessels lining the dural sinuses in the CNS [3]. The role of 
T lymphocytes in CNS homeostasis is well established. The means by which T 
lymphocytes promote CNS homeostasis is highlighted below.

7.3.1  Neuroimmune Gateways: T Lymphocytes Homing into CNS

Various immune cells including T cells, B cells, NK cells, dendritic (DC) cells, 
monocytes, and macrophages are reported in the CNS under physiological condi-
tions. These cells show differential distribution between meninges, choroid plexus, 
and parenchyma [6]. Besides this, in healthy individuals, 80% of the immune cells 
in CSF were found to be T cells [7] and 150,000 T lymphocytes are estimated to be 
in CSF [8]. The brain areas where T cells are found to be localized are also being 
elucidated. For example, under normal conditions CD4+ T cells are present in the 
meningeal space, meningeal lymphatic vessels, and choroid plex in the adult brain. 
This suggests that in steady state, the meningeal lymphatic system is involved in the 
trafficking of immune cells out of the CNS. Recent studies suggest that choroid 
plexus serves as an immunological niche within the CNS, which not only allows T 
lymphocytes to undergo proliferation and stimulation, but also to rapidly respond to 
peripheral inflammation [9].

Emerging research has helped in identifying the immune gateways as well as 
afferent and efferent immunological pathways that guide immune cells in mediating 
neuro-immune cross-talk. Converging evidence suggests that T lymphocytes serve 
as sentinel not only in carrying out immune surveillance in the brain but also in 
accomplishing neuro-immune cross-talk. However, the mechanism of immune sur-
veillance in CNS, whether it is driven by resident immune cells or by peripheral 
immune cells that migrate to the brain, has been a subject of intense recent research. 
Several questions exist regarding migration of peripheral T cells into the brain. Do 
T lymphocytes require activation/priming to cross the BBB? Do all activated T lym-
phocytes have the ability to transmigrate?

Multiple studies have shown that naïve T cells are not able to migrate to the 
healthy brain parenchyma. T cells need to be primed or activated to cross the 
BBB. Two-photon laser scanning microscopy (TPLSM) studies have demonstrated 
that naïve T cells fail to migrate within the healthy, noninflamed brain parenchyma 
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[10]. It is also not very clear whether only antigen-specific T cells migrate to the 
brain. Recent understanding suggests that antigen specificity is not the central 
requirement for the migration of T cells into the brain. Rather, activation status is 
the key requirement for CD4+ T-cell migration into healthy CNS tissue. Besides 
this, emerging evidence suggests that the human brain is also surveyed by TRM cells; 
and these cells are proposed to offer protection against neurotropic virus reactiva-
tion [11]. Contextually, such cells could act as an autonomous cytotoxic barrier in 
the brain against viral infection. Notably, most of the T cells in human CSF are 
central memory T cells, which not only patrol the CSF or perivascular space but also 
have the ability to return to the periphery through lymphatic vessels in the menin-
geal spaces [12].

7.3.2  Role of T Lymphocytes in Neurodevelopment 
and Neurogenesis

In addition to their role in regulating CNS immune surveillance, these immune cells 
play a critical role in brain development. During brain development, events like 
neurogenesis, gliogenesis, and synapse formation are carefully regulated by the 
immune system. T lymphocytes perform both immune and nonimmune functions in 
the brain. T lymphocytes are found in the brain from embryonic periods. In a study 
of mice, CD4+ T cells were present in the brain as early as embryonic day 16 and 
the proportion of T cells was shown to be stable throughout development [13]. 
Although the impact of various subsets of T lymphocytes on brain development and 
functions are largely unexplored, CD4+ T cells influence normal brain activity [14]. 
T cells and T cell-derived cytokines have been shown to regulate a number of neu-
ronal- and plasticity-related processes during brain development.

Adult hippocampal neurogenesis is increasingly recognized as  a key regula-
tor of emotional regulation, cognition, learning and memory. Conversely, dysregu-
lation of neurogenesis is increasingly considered to be one of the key factors in the 
pathogenesis and course of various neuropsychiatric disorders. Although the entire 
spectrum of factors involved in the regulation of adult neurogenesis is yet to be 
delineated, it is well-established that this process requires a neurogenic niche which 
supports and promotes neurogenesis through cell-cell contact as well as secretion of 
soluble factors/mediators. Immune players, not only those resident in the CNS but 
also peripheral immune cells, are involved in the regulation of hippocampal adult 
neurogenesis [14]. Among the immune components, an important role for T cells 
has been demonstrated by multiple studies. Studies on experimental animals have 
provided several important insights into the role of T cells in adult neurogenesis. T 
cell-deficient nude mice exhibit impaired adult neurogenesis [14]. In adult mice, T 
cells maintain normal baseline levels of neural precursor proliferation in the hip-
pocampus [15]. Recent findings from experimental animal studies reveal that 
CD8+T lymphocytes are important mechanistic elements of an enriched environ-
ment that drives hippocampus-dependent behavior, hippocampal neurogenesis, and 

M. Debnath et al.



115

synaptic plasticity [16]. In mice, systemic depletion of CD4+ T lymphocytes, but 
not CD8+ cells, significantly reduces hippocampal neurogenesis [17]. However, the 
precise mechanism by which T cells contribute to variation in adult neurogenesis is 
not fully understood; however, recent understandings point to the possibility that 
adult neurogenesis may be driven by genetic background and the functional proper-
ties of T cells and/or proportions of CD8+ T versus CD4+ T lymphocytes. [18]. It is 
also necessary to understand the effects of activated T cells on adult neurogenesis. 
Activated T cells seemingly inhibit neurogenesis by impairing neuronal progenitor 
cell proliferation and differentiation by releasing Granzyme B [19]. Another che-
mokine induced by Th2 cells, namely eotaxin (CCL11), activates IL-2 stimulated T 
cells to adhesion and chemotaxis [20], and may rapidly pass the blood-brain barrier 
and accumulate in the brain [21]. The receptor for CCL11, namely CCR3 (C-C 
motif chemokine receptor 3) is expressed by microglia and neuronal cells and the 
CCR3-CCL11 complex may display neuroprotective properties and promote a Th2 
phenotype [22]. Nevertheless, age-associated increases in CCL11 are associated 
with decreased neurogenesis [23] and with impaired cognitive functions including 
executive functions, episodic and semantic memory, and attention as well [24].

7.3.3  Role of T Lymphocytes in Learning, Memory, and Behavior

With a better understanding of the role of T lymphocytes in CNS homeostasis, it is 
now apparent that the essential components of the adaptive immune system like T 
lymphocytes have a substantial influence on cognitive performance, learning, and 
memory [25]. In a healthy senior population, better cognitive performance was 
shown to be associated with lower numbers of effector memory CD4+ T cells and 
higher numbers of naïve CD8+ T cells, implying an important role of immune sys-
tem in healthy cognitive ageing [26]. In a study in patients with schizophrenia, 
peripheral immune cell populations were associated with cognitive deficits; more 
severe cognitive symptoms were associated with a decreased number of HLA-DR+ 
regulatory T-cells (Tregs) and CD4+ (CCR7+CD45RA-) central memory T cells 
and CD4+CD161+ naïve T cells [27]. Similar interesting results were obtained from 
experimental animal studies. Mice that were deficient in mature T cells were found 
to have cognitive deficits and behavioral abnormalities, and these changes could be 
reversed by T cell restoration [28]. Meninges are an important site for beneficial 
T-cell interaction with the CNS and facilitate cognitive task performance [29] and 
meningeal immunity plays an important role in learning and memory. T cells resid-
ing in meninges and IL-4 derived from these T cells play a crucial role in learning 
and memory. IL-4 deficient mice (IL4 −/− mice) exhibited cognitive deficits; how-
ever, adoptive transfer of T cells from wild type into IL4 −/− mice reversed this 
cognitive impairment [30]. Subsequent to this, T-cell derived cytokines, especially 
IFN-γ were shown to regulate neuronal connectivity as well as social behavior [31]. 
In addition, a restricted CD4+ T-cell receptor repertoire was shown to impair cogni-
tive function by altering Th2 cytokine levels [32].
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7.4  T Cells in the Brain: Protector or Destroyer?

The past several years have seen a debate within neuroimmunology regarding 
whether T cells can both provide neuroprotection and induce neurodegeneration 
[33]. Although evidence demonstrating neurotoxic effects of T cells is robust, data 
on their neuroprotective attributes are limited.

Peripheral T-cell abnormalities have been documented in a number of neurode-
generative diseases of immune origin or association. Though these findings reflect a 
link between T cells and underlying brain pathology, they do not shed any light on 
a precise mechanistic basis to account for these effects. Many animal as well as 
human postmortem brain studies have indicated T-cell infiltration into the brain in 
many neurodegenerative diseases including Parkinson’s disease and Alzheimer’s 
disease. The damaging effects of T cells after various pathological changes like 
stroke, etc. are shown in many studies. The traditional proposition was that the pres-
ence of activated immune cells, especially T lymphocytes in the CNS is a hallmark 
of ongoing pathology. This notion was specifically supported by studies which dem-
onstrated the presence of activated T cells in injured CNS and their association with 
a poor prognosis and exacerbated neuronal loss.

In contrast to these findings, multiple studies have shown that T cells mediate a 
wide range brain processes and have a physiological role in normal brain functions. 
Amongst the T-cell subsets, Treg cells carry out specialized functions in tissue 
homeostasis and remodeling. However, the role of these cells in brain homeostasis 
and remodeling is inadequately known because a  low number of Treg cells is 
reported in the brain in physiological conditions. Brain Treg cells exhibit some 
interesting features, in that they express some neural cell-specific genes like neuro-
peptide Y (npy) and the serotonin receptor type 7 (Htr7); this suggests their roles in 
brain-specific immune signaling. Brain Treg cells also respond to serotonin. The 
neuroprotective potential of T cells has been examined under various conditions. T 
cells are now thought to provide neuroprotective effects by down-regulating the 
synthesis of several components, including inflammatory mediators, reactive oxy-
gen species, etc. and by up-regulating the expression of neurotrophic factors, such 
as brain-derived neurotrophic factor (BDNF) [34]. In in  vitro co-culture experi-
ments with T cells and astrocytes, glutamate secreted by T cells elicits release of 
neuroprotective thiols (cysteine, glutathione, and cysteinylglycine) and lactate from 
astrocytes, thus endowing astrocytes with a neuroprotective phenotype [35].

The longstanding view that T cells only mediate neuronal injury has been chal-
lenged by studies showing that T cells can also contribute to the repair and regenera-
tion of the brain and thus play an  important role in resolving damage after CNS 
injury. Robust support for this notion has come from several recent studies both in 
human and experimental animals. A massive accumulation of Treg cells was dem-
onstrated in the mouse brain after ischemic stroke and this was associated with 
neural recovery during the chronic phase of ischemic brain injury by suppressing 
neurotoxic astrogliosis [36]. In an experimental mouse model of stroke, administra-
tion of serotonin or selective serotonin reuptake inhibitors was shown to increase 
the number of Treg cells in the brain and to reduce neurological dysfunction [36]. 
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The above understanding undoubtedly suggests that T cell-mediated immunity has 
dual effects in the brain; they can either exacerbate neurotoxic response or provide 
neuroprotection.

7.5  Expanding Role of T Cells in Neuropsychiatric Disorders

There is an extensive body of data showing that major psychiatric disorders like 
schizophrenia, bipolar disorders, and major depressive disorders are associated with 
immune dysfunctions, driven at least in part by T-cell responses.

7.5.1  T Cells and Schizophrenia

Evidence linking T-cell abnormalities to schizophrenia dates back to early 1980s 
indicating that schizophrenia is accompanied by lowered T lymphocyte numbers as 
compared to controls [37]. Subsequent to this, the macrophage theory of schizo-
phrenia was proposed in 1992 [38] and was further extended into the Macrophage-T 
lymphocyte theory of schizophrenia [2]. This theory was based on findings in the 
early 1990s showing increased levels of the soluble IL-2 receptor  (sIL-2R) in 
schizophrenia, a marker of T-cell activation [39, 40]. Over the past 25 years, diverse 
lines of evidence have consistently highlighted the implications of T lymphocytes in 
schizophrenia pathobiology and this has been extensively reviewed in our previ-
ously published article [41].

Evidence linking T cell-mediated adaptive immunity with schizophrenia patho-
genesis comes from studies showing altered percentages of various lineages of T lym-
phocytes and their ratio as well as an activation of the T-cell network. In one study, a 
lower level of CD4+ cells and a significantly higher percentage of CD4+45RA+ and 
CD8+ suppressor/cytotoxic T cell were reported in patients with schizophrenia [42]. 
In another study, a lower level of T-helper cells as well as a reduced CD4/CD8 ratio 
was reported during acute psychosis. However, after 6  weeks of medication, the 
counts of total T cell, T-helper cell, and T suppressor/cytotoxic cells increased signifi-
cantly [43]. Similarly, another study examining the impact of antipsychotics demon-
strated a significantly increased CD4/CD8 ratio in first episode patients; however, the 
ratio diminished following antipsychotic treatment, suggesting that this could be a 
state-related marker of psychosis in patients with schizophrenia [44].

Recently, Roomruangwong et  al. [45] reviewed that different phenotypes of 
schizophrenia are accompanied by enhanced macrophage M1 and Th1, Th17, and 
Th2 activities as well as T regulatory (Treg) activities, indicating that different phe-
notypes are accompanied by an interrelated up-regulation of all immune functions. 
For example, in antipsychotic naïve first episode psychosis (FEP), there is an inter-
twined up-regulation of M1, Th1, Th17, Th2, and Treg cells, indicating a robust 
immune-inflammatory response [46]. In addition, increased levels of CCL11  in 
schizophrenia are significantly associated with formal thought disorders, deficits in 
sematic and episodic memory, and executive functions [24]. Another recent report 
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indicates that those cognitive impairments in schizophrenia are strongly associated 
with peripheral aberrations in M1 (IL-1β and TNF-α) as well as Th2 (CCL11) func-
tions [47].

Over the past few years, studies increasingly implicate other T-cell lineages, such 
as Th17 and Treg in schizophrenia [48, 49]. Further support for the involvement of 
Th17 cells comes from a study showing increased number of Th17 cells in patients 
with schizophrenia, with this increase positively correlating with plasma levels of 
IL-6, IL-17, and IFN-γ [50]. Consistent with this, elevated gene expression levels of 
the transcription factor (RORC), a master regulator of Th17 cells and plasma levels 
of cytokines like IL-6 and IL-22 were reported in drug naïve schizophrenia patients 
[51]. IL-6 drives Th17 cell differentiation, while IL-17 and IL-22 are hallmark 
effector cytokines of Th17 cells. These studies suggest that Th17 cells might play an 
important role in the immunopathogenesis of neuropsychiatric disorders. However, 
in contradiction to the above data, a recent study found no differences in the count 
of CD3+ and CD4+ T cells, although the proportion of Treg cells in schizophrenia 
patients was significantly greater than the healthy control subjects [52]. In addition 
to this, the strongest support of a dysregulated T-cell network comes from postmor-
tem studies. Higher densities of T lymphocytes in the hippocampus and an increased 
frequency of activated lymphocytes in the CSF were reported in schizophrenia 
patients [53, 54].

The importance of T-cell immunity in schizophrenia is supported by genetic, 
epigenetic, and molecular studies. Genetic polymorphisms within genes such as 
CD28 and cytotoxic T lymphocyte antigen-4 (CTLA-4), which are known to regu-
late T-cell activity, were shown to be significantly associated with schizophrenia 
risk by candidate gene studies [55, 56]. In addition, pathway analyses performed on 
GWAS data indicated that certain genes involved in T-cell functions including anti-
gen processing and cell adhesion, confer susceptibility to schizophrenia [57]. Data 
obtained from epigenetic studies provided further support by showing that certain 
genes involved in the activation of T cells were differentially methylated in schizo-
phrenia [58]. An in vitro study on peripheral blood CD3+ pan T cells derived from 
schizophrenia patients, stimulated with anti-CD3 revealed significant physiological 
differences in T-cell responses. This included reduced proliferative responses of T 
cells to stimulation, alterations in T-cell subpopulations expressing CD45 isoforms, 
as well as changes in expression of genes regulating the cell cycle, cell signaling, 
oxidative stress, and metabolism [59].

7.5.2  T Cells and Mood Disorders

An important role of T lymphocytes in major depression was discovered in the 
1990s as indicated by increased serum levels of sIL-2R [60] and activation markers 
on T lymphocytes including CD4+, CD4+CD45RA (T memory), HLA-DR, and 
CD25+ cells [61]. Moreover, using supervised machine learning, it was shown that 
major depression and melancholia constitute qualitatively distinct entities with 
regard to T-cell activation markers as compared with controls or minor depression 
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[62, 63]. T-cell activation was also reported in bipolar disorders as indicated by 
increased levels of sIL-2R [64]. Recent studies show increased proportions of acti-
vated T cells (CD4+CD25+), raised serum levels of sIL-2R, and increased p-ERK 
signaling in peripheral T-cell subsets [65–67]. In one study, the proliferation capac-
ity of T lymphocytes was significantly reduced in bipolar disorder patients treated 
with lithium compared to healthy people. T lymphocytes from bipolar patients were 
more prone to apoptosis. When the impact of therapeutic doses of lithium or val-
proic acid was tested in vitro on T lymphocytes, these therapeutic agents protected 
T lymphocytes from apoptosis but did not enhance their proliferation capacity [68].

Treg cells (CD4+ CD25+ FOXP3+) play critical roles in suppressing excessive 
or inappropriate immune responses that are harmful to the host and/or immune 
responses against self-antigens in autoimmune diseases. Lower proportions of these 
cells are reported in patients with bipolar disorders in most studies [65, 67] that have 
examined the issue. On the other hand, a study reported increased percentages of 
CD4+ CD25+ FOXP3+ Treg cells and normal percentages of Th1, Th2, and Th17 
cells in individuals with bipolar disorder [49].

Recent evidence also suggests that peripheral T cells may also influence struc-
tural and functional brain integrity in patients with bipolar disorder. For example, 
the percentage of circulating Th17 cells was positively correlated with higher frac-
tional anisotropy in fiber tracts and circulating Treg cells were correlated positively 
with higher radial and mean diffusivity in patients with bipolar depression [69].

Defects in T-cell functioning have also been demonstrated in patients with major 
depressive disorder (MDD). Decreased percentages of Treg cells and an impaired 
ability of T-helper cells to differentiate into Th2 or Th17 cells were observed in 
MDD patients [70]. T-cell phenotype analysis suggests a shift in the CD4+ T cell 
compartment toward Treg cells, implying skewed T-cell differentiation in MDD 
[71], and  significantly reduced surface expression of the chemokine receptors 
CXCR3 and CCR6 that are involved in T-cell differentiation and trafficking. In 
addition, a less diverse T-cell repertoire was found, based on the finding that the cell 
repertoire showed a trend for higher Gini-TCR indices in CD4+ cells. Based on this, 
it was concluded that the CD4+ TCR repertoire might be less evenly distributed in 
MDD [71]. Further evidence for the involvement of T cells in depression comes 
from animal studies. In mice during depression-like states, the number of Th17 cells 
increased in the brain, and inflammatory Th17 cells were found to promote 
depression- like behaviors [72]. Mice depleted of Treg cells were susceptible to 
chronic immobilization stress-induced depression-like behaviors [73].

The reasons behind the altered counts of T lymphocytes in various psychiatric 
disorders remain unknown. Some studies attempted to understand the effect of 
genetic and environmental risk factors on T-cell number variation in psychiatric 
disorders like schizophrenia and bipolar disorder. In twin studies, reductions in cir-
culating T cells were associated with the liability to develop bipolar disorder; how-
ever, the authors emphasized that neither genetic nor environmental factors 
accounted for this association [74]. However, there are reports that environmental 
adversities like infection, nutritional deficiencies, stress, etc. known to be risks for 
psychiatric disorders can alter T-cell number and function. The notion that genetic 
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factors may influence T cells function is supported by a recent study on 22q11.2 
deletion syndrome patients, with or without psychosis. A high rate of schizophrenia 
has been reported in patients with 22q11.2 deletion syndrome, a condition that is 
predominantly marked by T-cell deficiency [75]. 22q11.2 deletion syndrome 
patients with psychotic symptoms displayed a partial T-cell deficiency, but had sig-
nificantly higher percentages of inflammatory Th17 cells than deletion syndrome 
patients without psychosis [76].

Recently, a new immune theory of major depression and bipolar disorder was 
formulated, namely the IRS – CIRS immune theory [77]. This theory considers that 
both the IRS and CIRS (compensatory immune regulatory system) are involved in 
both affective disorders, whereby CIRS function attenuates a primary immune 
response thereby exerting protective functions including promoting spontaneous 
remission of the acute phase [77]. This theory also suggests that products of acti-
vated M1 (IL-1β, IL-6, TNF-α), Th1 (IL-2 and IFN-γ) as well as Th2 (CCL11, IL-4) 
cells may have neurotoxic activities thereby contributing to affective disorders.

7.6  The Mechanistic Relevance of T Cells 
to the Pathophysiology and Pathogenesis of Major 
Psychiatric Disorders

7.6.1  T Cells and Regulation of CNS Inflammatory State

Microglia are the macrophage-like resident immune cells in the central nervous 
system. Under physiological conditions, microglia survey the brain, provide a first 
line of defence, and participate in the maintenance and pruning of synapses. Given 
their scavenging potential, microglia are being considered as a sensor for pathologi-
cal events including inflammation in the brain; they get rapidly activated in response 
to minor pathological changes in the brain. Activation of microglia marks a central 
event in neuroinflammation. Uncontrolled activation of microglia leads to exagger-
ated production of various substances like inflammatory cytokines, NO, PGE2, 
superoxide, etc., which, while having adaptive roles, can exert potentially toxic 
effects on neurons.

There is now evidence that microglia present antigens and stimulate CD4+ and 
CD8+ T cells. Like other antigen-presenting cells, microglia express major histo-
compatibility complex (MHC) class I and class II antigens. Microglia also express 
complement receptors, including CR1, CR2, and CR4, as well as Fc receptors. 
Microglia secrete pro- and anti-inflammatory cytokines, co-stimulatory molecules, 
intercellular adhesion molecule-1 (ICAM-1), B7-1, and B7-2. However, a pertinent 
question is how microglia derive their inflammatory potential? Do peripheral 
immune cells and mediators have any impact on inflammatory responses driven by 
microglia? A great deal of research suggests T cell-microglia cross-talk leading to 
inflammation and subsequently to deleterious consequences, such as impairing the 
BBB by increasing its permeability and thereby causing brain damage. Supporting 
the likelihood of this type of cross-talk are past studies demonstrating that there is a 
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massive infiltration of T lymphocytes into the brain in various CNS pathologies/
neurodegenerative disorders. Findings from animal studies also support the notion 
that T lymphocytes migrate into the brain from periphery across the blood and CSF 
barrier [78].

However, the question is, do all the T lymphocytes have the ability to home into 
the brain and mount an immune response, or is it the case that only a few selectively 
primed T cells can home into the brain? And under what circumstances might they 
do so? A study on experimental animals suggests that CD8+ T lymphocytes that are 
primed in the periphery provide time bound immune surveillance in the CNS [79]. 
Effector molecules released by various subsets of T cells like Th1 and Th17 have 
distinct effects on different glial cell subtypes and in amplifying inflammatory 
responses in the brain [80, 81]. These studies suggest that T lymphocyte subsets 
critically influence the outcome of microglial activation as well as 
neuroinflammation.

Neuroinflammation, elicited by activated microglia and infiltrating T cells is 
emerging as a prominent pathological feature in various neuropsychiatric condi-
tions. Albeit limited, a few preliminary studies in postmortem brain samples suggest 
the presence of increased and/or activated immune cell populations in the brain of 
schizophrenia patients. Higher densities of CD3+ T lymphocytes as well as 
HLA-DR+ microglia were observed in the hippocampus of schizophrenia patients 
[53]. Cortical, thalamic, and mesiotemporal brain regions were found to have mod-
erately or considerably increased numbers of CD3+ T lymphocytes. These and 
other recent findings on increased macrophage and altered endothelial gene expres-
sion in the frontal cortex of schizophrenia patients indicate immune cell transmigra-
tion into the brain of schizophrenia patients [82] as well as a possible role of 
neuroinflammation in the pathogenesis of schizophrenia.

7.6.2  T Cells as Mediators of Neuroprogression

Major psychiatric disorders like schizophrenia, bipolar disorder, and major depres-
sive disorder can present a progressive course which is characterized by worsening 
of the clinical course, structural brain changes, and cognitive impairment as well as 
poorer response to pharmacotherapy as disease chronicity increases. There are 
renewed attempts to understand the neurobiological basis of clinical deterioration or 
neuroprogression in these neuropsychiatric disorders. Several mechanisms or fac-
tors such as neurotransmitter abnormalities, immunoinflammatory, oxidative, and 
nitrosative stress (IO&NS) pathway, mitochondrial dysfunction, tryptophan catabo-
lite (TRYCAT) pathway, etc. have been proposed as interacting biological substrates 
of neuroprogression in major psychiatric disorders [83–85]. Among them, inflam-
matory and/or immune dysfunction has been proposed as a key mechanism. Despite 
these advances, the immune cell(s) or mediator that act as major toxic players in 
inducing neuroprogressive changes are yet to be precisely identified. Based on vari-
ous lines of evidence, it is assumed that T cells may be crucially involved in this 
process. T cells have been implicated in neurodegenerative processes in several 
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CNS diseases in which they have been shown to actively contribute to neuronal 
damage. Encephalitogenic CD4+T cells such as Th1, Th17, GM-CSF producing 
CD4+ T cells and γδT-cells strongly induce chronic neuroinflammation. 
Neuroinflammation, which can be driven by an imbalance of inflammatory effector 
T cells and Tregs may lead to reduced neuroprotective effects and neuronal damage. 
The relevance of Th17 cells and the probable underlying mechanisms by which 
these cells may mediate neuroprogression in schizophrenia and major depressive 
disorders have been recently highlighted [86]. In a positron emission tomography 
(PET) scan study on recent onset schizophrenia patients, activated microglia 
were observed in the first few years of disease onset. It was proposed that during this 
period the disease process could be associated with immune-related neuronal dam-
age [87].

7.6.3  T Cells as Mediators of Maternal Immune 
Activation- Induced Behavioral Changes

Maternal immune activation (MIA) due to prenatal infection has emerged as one of 
the predominant risk mechanisms of several neurodevelopmental disorders includ-
ing schizophrenia. The identification of this and other prenatal risk factors and 
mechanisms interfering with crucial phases of neurodevelopment has led to the con-
ceptualization of “fetal programming of neurodevelopmental disorders”, and this 
process has been comprehensively reviewed in our previously published article 
[88]. In a recent study, the induction of MIA with staphylococcal enterotoxin A in 
C57BL/6 mice was shown to produce behavioral alterations akin to neurodevelop-
mental disorders. Notably, the induction of MIA was shown to be mediated promi-
nently by T cells [89]. In addition to this, maternal immune stimulation was also 
found to shape the immunological phenotype of the offspring. This included lasting 
changes in inflammatory macrophages as well as components of adaptive immunity 
[90–92]. In experimental animal studies, prenatal infection-induced MIA resulted 
in hyperactivated immune responses in adult offspring through preferential devel-
opment of Th17 cells as well as by inducing functional changes in CD4+ T cells 
[93, 94]. These studies suggest that T cells not only take part in maternal immune 
activation but also are crucially involved in mediating the lasting effect of MIA on 
brain and behavior.

7.6.4  T Cells and Neurotransmitters: Potential Interactions 
and Their Implications in Psychosis

The communication between the nervous system and immune system is bidirec-
tional. The cells of the nervous system communicate with each other through neu-
rotransmitters, while the cells of the immune system communicate with immune as 
well as nonimmune cells including cells of the nervous system by producing signal-
ing molecules, predominantly cytokines. There is compelling evidence that 
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lymphocytes express receptors for several neurotransmitters like dopamine, gluta-
mate, serotonin, etc. [95]. These neurotransmitters activate T lymphocytes, and alter 
their function in ways that can also lead to autoimmunity or aberrant regulation of 
cell growth. For example, the dopaminergic system in peripheral blood lympho-
cytes plays a predominant role in neural-immune interactions in ways that have 
potential implications for neuropsychiatric disorders. The dopamine hypothesis of 
schizophrenia is the oldest and most enduring model and has parallels in bipolar 
disorder and depression [96, 97]. The immunomodulatory effects of dopamine are 
well-documented. It does so by directly interacting with the dopaminergic receptors 
expressed on the surface of T cells. Besides its role in migration, homing, and pro-
liferation of T cells, dopamine can activate resting T cells by stimulating the release 
of cytokines and the expression of surface integrins. Conversely, it has also been 
shown that physiological concentrations of dopamine inhibited the proliferation and 
cytotoxicity of CD4+ and CD8+ T cells in vitro [98]. It is noteworthy that dopamine 
differentially favors CD4+ T-cell differentiation into Th1 or Th17 inflammatory 
cells; however, this is based on the activation of specific dopamine receptors on 
dendritic and T cells. For example, when the dopamine receptor D5 expressed on 
dendritic cells is stimulated, it potentiates Th17-mediated immunity [99].

Multiple studies demonstrated altered peripheral blood dopaminergic system in 
psychiatric disorders [100]. Significantly higher D3 and lower D4 receptor mRNA 
expression  was reported in T cells of schizophrenia patients [101]. Importantly, 
studies have shown that mRNA levels of D2 and D3 receptor are correlated with the 
positive and negative symptom scale scores. Given these findings, it is not unreason-
able to assume that dopamine plays an important role in the regulation of T cell- 
mediated immunity in schizophrenia and other disorders.

The balancing act of T cells and the possible mechanisms underlying T  cell- 
mediated immunopathogenesis of neuropsychiatric disorders are depicted in Fig. 7.2.

7.7  T Cells and Antipsychotic Treatment Response

Antipsychotic drugs (APDs), which are commonly used to treat patients with major 
psychiatric disorders, have proven to have immunomodulatory functions. 
Importantly, some of the effects of APDs are manifested in peripheral blood lym-
phocytes. The effect of APDs on peripheral T cells number and functions have been 
examined in various neuropsychiatric disorders, with mixed findings.

In drug naïve schizophrenia patients, increased T suppressor lymphocytes were 
found, while in drug-treated patients there were increased numbers of T-helper lym-
phocytes [103]. In another study, higher CD3+ and CD4+ cells and a higher CD4/
CD8 ratio were observed during the acute state, and became normalized during 
neuroleptic treatment [104]. These observations are supported by a meta-analysis 
reporting that the absolute levels of total lymphocytes, CD3 and CD4 cells as well 
as CD4/CD8 ratio are increased in drug-naïve first-episode psychosis, but the ratio 
of CD4/CD8 decreases following antipsychotic treatment [44]. In contradiction to 
this, one study reported that 6 weeks of medication normalized a lower level of 
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T-helper cells and a reduced CD4/CD8 ratio noted during acute psychosis [43]. The 
effects of APDs on Treg cells are evident in psychosis. Antipsychotic-medicated 
schizophrenia patients had significantly greater number of Treg cells compared to 
healthy control subjects and this correlated with fewer negative symptoms [52]. 
There is a growing discussion that these cells could emerge as crucial mediator of 
psycho-immune resilience and a potential player of immunotherapy in various neu-
ropsychiatric disorders.

Fig. 7.2 Depicts disruption of T-cell balance in the face of various adversities and the summary of 
underlying mechanisms leading to neuropsychiatric disorders. The balance between immune-
inflammatory response system (IRS) and compensatory immune regulatory system (CIRS) path-
ways determines which phenotypes prevail. There is some evidence that in MDD, BD, and SCZ, 
the IRS is activated and that the CIRS is insufficient to counteract the IRS response [45, 77]. 
Moreover, deficits in CIRS may predispose towards increased IRS responses as for example in 
deficit schizophrenia which is characterized by highly specific deficits in CIRS including lowered 
natural IgM responses to different oxidative-specific epitopes [102]
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It is interesting to note that APDs can also influence the differentiation pattern of 
T lymphocytes. In an in vitro study, peripheral blood mononuclear cells (PBMCs) 
treated with clozapine or risperidone showed reduced differentiation of Th1 cells 
and T-bet expression, while, haloperidol reduced the expression of GATA3 and Th2 
cell differentiation [105]. APDs like haloperidol and clozapine regulate expression 
of large number of genes in T lymphocytes. In another recent in vitro study, APD 
modulated mRNA-miRNA interactions and resulted in differential gene expression 
in genes related to cellular metabolism and oxidative stress in T lymphocytes [106]. 
In addition, several other  studies have shown the immunomodulatory effects of 
APDs on Th1, Th2, Th17, and Treg pathway-related cytokines [107, 108].

Robust immunomodulatory effects of antidepressants have been documented in 
studies conducted both on experimental animals and human. This includes a variety 
of effects on cytokine levels, cytokine balance, immune cells count, and so on. In 
one of the earlier in vitro studies on human lymphocytes incubated with antidepres-
sants, tricyclic antidepressants were found to induce apoptosis in T lymphocytes 
[109]. Another in  vitro study examined the effect of antidepressants on cytokine 
synthesis by T lymphocytes and demonstrated that the tricyclic antidepressants 
inhibited the release of IFN-γ and IL-2 from activated T cells [110]. Besides this, 
several other studies have shown immuno-dampening effects of antidepressants, 
especially by down-regulating the expression of immuno-inflammatory cytokines. 
A recent study indicated IL-17, a hallmark cytokine of Th17 cells could serve as a 
novel T-cell biomarker for assessing differential treatment outcome with antidepres-
sants [111]. Additionally, the impact of antidepressants on immuno-suppressive 
Treg cells has also been discussed in recent studies. Six weeks of treatment with 
antidepressants was shown to significantly increase the count of Treg cells and this 
was accompanied by decreased serum levels of IL-1β [112].

7.8  Conclusion

The understanding of neuro-immune cross-talk and the implications of such cross- 
talk in neuropsychiatric disorders has led to the conceptualization of a novel field, 
“Immunopsychiatry”. This field has not only provided important insights into the 
neurobiological, trans-generational, gene-environmental bases of major psychiatric 
disorders, but has also pointed to a novel potential therapeutic avenue in treating 
patients with such disorders.

T cells have been implicated as a major driver of a large number of inflammatory 
and autoimmune diseases. The link between T cells and neurodegenerative and/or 
neurodevelopmental disorders has been the subject of intense research activity. With 
the discovery of a well-organized and functional lymphatic system and the identifi-
cation of immune gateways in the brain, T lymphocytes have become a focus of 
researchers working on brain disorders having immunological underpinning. The 
ability of T cells to take part in brain tissue remodeling, their involvement in adult 
neurogenesis, and their determining role in learning, memory, and behavior, make 
them key immune cells in major psychiatric disorders. However, the factors that 
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determine the dual- and often contradictory-behavior in the same tissue have 
remained a mystery. Though the mechanisms that ensure homing, molecular mem-
ory, stability, plasticity, and exhaustion of T lymphocytes are yet to be fully under-
stood, genetic-epigenetic programming of T-cell responses are increasingly 
envisaged to be critical. Epigenetic regulation of T cell fate, function, and responses 
is shown to play a key role in health and in many immune-mediated diseases. Given 
ever-increasing implications of epigenetic processes in neuropsychiatric disorders, 
T cells could emerge as a potential missing link at the gene-environmental interface 
of psychiatric disorders. Animal modeling of neuropsychiatric disorders specifi-
cally targeting T lymphocytes under a  controlled genetic/epigenetic environment 
could contribute to a greater understanding of immunopsychiatry.
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8Microglia and Psychiatric Disorders

Amalie C. M. Couch and Anthony C. Vernon

8.1  Introduction to Microglia: Origins, Heterogenicity 
and Function

About 10–20% of all cells in the CNS are microglia, to which immunological, 
developmental and homeostatic CNS functions have been attributed [1]. Microglia 
are generally considered to derive from C-KIT+/CD41+ erythromyeloid progenitor 
(EMP) cells of the haematopoietic yolk sac (YS) in the mesoderm [2]. These EMP 
cells are characteristically dependent upon PU.1 and Irf8 for fate determination and 
survival, respectively and differ from haematopoietic monocyte and macrophage 
development by virtue of Myb independence [3, 4]. Data from rodents suggest that 
a subset of these EMPs begin to express the chemokine receptor for fractalkine 
(CX3CR1+ cells), which migrate to the brain at embryonic day 9.5 to 10.5 post- 
conception (E9.5–10.5) [5]. After the blood-brain barrier is formed between E13.5 
and 14.5, microglia begin to self-renew and distribute throughout the CNS [6, 7]. In 
humans, the migration of microglia into the prenatal developing brain begins at 
gestation week (gw) 4.5, where microglia have been observed in the forebrain [8]. 
Hence, microglia are found in the hindbrain metencephalon at gw 6 after peak hae-
matopoiesis [9]. This is followed by further microglia found in the spinal cord at gw 
9, and finally by gw 19 microglia have been shown in the midbrain [10].

In the periphery, circulating macrophages derived from the haematopoietic lin-
eage, demonstrate a clear polarisation when activated in response to tissue injury or 
infection. M1 polarisation, or classical activation, of macrophages is predominantly 
directed by Toll-like receptor (TLR) activation from cytokines including interferons 
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(IFN) such as Th1-derived interferon (IFN)-γ, lipopolysaccharide (LPS), granulo-
cyte macrophage colony-stimulating factor (GM-CSF) and tumour necrosis factor 
(TNF), with the purpose of providing immunity against pathogenic infection [11]. 
In contrast, M2 polarisation is associated with a beneficial homeostatic or reparative 
state, which is activated by interleukins (IL) 10 (IL-10) and IL-4, derived from Th2 
cells and macrophage colony-stimulating factor (M-CSF) [11]. For some time it 
was thought, brain-resident microglia also adhered to this bipolar framework. 
Transcriptional profiling studies have however revealed that a variety of different 
microglial states can co-exist in the same tissue, each with potentially distinct func-
tions [12]. By integrating genomic and genetic-based alterations with microenviron-
ment and systemic signals, microglia are thus able to shift between varied functional 
states to play key roles in several brain processes including brain development and 
synaptic plasticity, aside from their classical roles in mitigating tissue injury, infec-
tion or disease. Data from the murine brain suggest that microglia acquire these 
functions in a stepwise manner, by virtue of activation of distinct transcriptional 
programs and chromatin structure across the development of microglia from embry-
onic origins to adulthood [13]. Specifically, three distinct phases of microglial regu-
lation are suggested to appear through development, each with potentially distinct 
functional effects: firstly early microglia (cell cycle), then pre-microglia (synaptic 
pruning and development) and finally adult microglia (immune surveillance and 
homeostasis). Transitions between these stages are coordinated by specific regula-
tory signals, driven by changes in histone modifications, chromatin accessibility 
and expression programs with distinct markers [13]. For example, early-microglia 
are associated with the expression of Dab2, Mcm5 and Lyz2, moving to expression 
of Crybb1, Csf1 and Cxcr2 at the pre-microglia stage and hence finally MafB, Cd14 
and Mef2a in adult microglia [13]. Understandably, the reinforcement of regulatory 
changes to microglial development is a delicate area, and changes to this stepwise 
program have the clear potential to result in adverse effects in microglial function, 
thus compromising brain development, homeostasis and immune protection. Such 
early disruption to microglia function thus has the clear potential to render an indi-
vidual more vulnerable to onset of neurodevelopmental disease and brain disorders 
in later life.

As already alluded to, given that microglia are highly plastic cells, with a variety 
of transformation states it is not surprising that they are reported to have a diverse 
functional repertoire [14]. Aside from their primary function of immune defence, 
microglia play key roles in both the developing and adult brain (summarised in 
Table 8.1) [15]. As an immune cell, microglia act as a line of self-defence against 
tissue damage and infection by pathogen recognition, phagocytosis and antigen pre-
sentation. It is clear however, that microglia also influence CNS development by 
several mechanisms including, regulation of axon formation/guidance and the 
refinement of neural circuits. Specifically, there is evidence to suggest that microg-
lia are involved in setting an optimal number of synapses in the developing brain, by 
regulating both synapse formation and elimination, as well as modulating prolifera-
tion and differentiation of neural precursor cells (NPCs) [14, 16]. As a result, 
microglial function balances between protecting the brain from infection and 
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shaping the neural networks of the developing brain. It is also worth recognising 
that astrocytes also play a similar role in the development of synapses and NPCs 
[17], but the specific focus of this chapter is on microglia.

In the adult brain, microglia primarily maintain homeostasis, with much less 
functional diversity as compared to with the developing brain [18]. When activated 
in response to tissue injury, the result on the CNS ranges between anti-inflammatory 
and pro-inflammatory, with neuroprotective and neurotoxic effects, respectively 
(Fig. 8.1). Of note, heterogenic microglial subpopulations are present throughout 
different regions of the developing and adult rodent and human brain [14, 19]. 
Regional variation is demonstrated by response to ATP, purinergic receptor expres-
sion (involved in learning and memory, locomotor and feeding behaviour and sleep), 
an ability to induce neurotoxicity, microglial density, cell protrusion branching, 
lysosomal content and membrane polarisation properties [14]. Single-cell sequenc-
ing presented these heterogenic populations by not only brain region but also time 
points, without distinct clustering of states [20]. Heterogenic diversity is reduced 
when the homeostasis of the brain is altered, for example upon aging or injury, with 
signatures moving towards an inflammatory signal [20]. In theory, a potential 
homeostatic signal imbalance could therefore lead to a gain or loss of microglial 
function dependent on the microglia’s functional state, from which pathogenic 
results could link with brain disorders.

Supporting this view is evidence from microglial depletion studies, which are 
associated with the development of behavioural abnormalities in the rodent, some 
of which have dimensional relevance for psychiatric disorders such as autism spec-
trum disorder and schizophrenia. Specifically, in rodents, chronic exposure to 
Colony Stimulating Factor-1 (CSF-1) antagonists leads to rapid and sustained 
depletion of central microglia, for as long as the drug is present [21]. The conse-
quence of such depletion appears to depend on the timing. For example, microglia 
depletion during juvenile or early adolescent periods leads to disruption of microg-
lial homeostasis particularly in the cerebellum, increased dendrite branching but 
decreased dendrite length in the cerebellar cortex and adversely affects both motor 
learning and social interaction [21]. Furthermore, increased overconnectivity to 

Table 8.1 The multitude of microglial functions

Immunological Developmental Homeostatic
Neurotoxic Phagocytosis Synaptic elimination

Neuron cell death
Neuroprotective Synaptogenesis

Neurite formation
Astrocyte growth and activation
Myelinogenesis
Axon fasciculation
NPC/OPC growth & differentiation
Dendritogenesis

Neuronal
surveillance
function

Microglia functions can broadly fall into three categories: immunological, developmental and 
homeostatic [14, 15]. These functions are also separated by the spectrum of microglial transforma-
tion states, which holding gain or loss of function effects on the CNS, respectively
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prefrontal neocortical regions from inflamed murine cerebellum has been demon-
strated by MRI and associated with depressive and autism-like behaviours [22]. 
These behaviours were returned to normal by TNF-α inhibition [22]. Correspondingly, 
the depletion of macrophages including microglia prenatally in rodents also disrupts 
the density and function of fast-spiking parvalbumin (PV) inhibitory interneurons in 
a bi-phasic manner from the juvenile to the adult phase of life [23]. This finding is 
of particular interest given the long-standing evidence base for PV deficits in schizo-
phrenia (SZ) [24], but also Autism Spectrum Disorder (ASD) [25]. Collectively, the 
growing evidence for the multi-faceted roles of microglia in brain development and 
the findings from depletion studies suggest a view that manipulating microglia form 
and function during critical periods of brain development can induce a behavioural 
state in the animal that has some potential relevance for psychiatric disorders. This 
raises the question of whether such microglia pathology is present in psychiatric 
disorders and if it is, can it be casual for such psychopathology in humans? To begin 
to address these questions, in this chapter we consider the evidence base for microg-
lial involvement in human psychiatric disorders. We present converging lines of 
evidence from human genetics, post-mortem and in vivo neuroimaging studies, as 
well as rodent models where appropriate, that suggest microglia may be involved in 
the pathogenesis of psychiatric disorders with a putative neurodevelopmental 

Surveillance Function

Anti-inflammatory

Microglial

Transformation Neuroprotective

Function

Activation

Spectrum

Pro-inflammatory

Microglial Transformation

Neurotoxic Function

Resting State Microglia

Healthy Neuron

Cell Maintenance

Cell Death

Fig. 8.1 The spectrum of microglial transformation states. Mature microglia have a surveillance 
function in the brain, maintaining homeostasis. Upon transformation by microenvironmental sig-
nals, microglia form a spectrum of functional states ranging from neurotoxic to neuroprotective, 
depicted by the red and green activation paths. These are deemed neurotoxic or neuroprotective by 
either a gain or loss of functions, to which the outcome could be toxic or protective to neurons. 
There is a spectrum of states between these polar ends, having similarly ranging effects on neurons
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origin, such as SZ and ASD. Furthermore, we briefly consider potential mechanistic 
pathways that may link microglial pathology and psychopathology and consider 
what unanswered questions remain in this context.

8.2  Evidence for Microglial Pathology 
in Psychiatric Disorders

The association of search terms ‘Microglia’ and ‘Psychiatric disorders’ has demon-
strated an increase in research publications since the 2000s (Fig. 8.2). Notwithstanding 
the amounting publications, a clear decision of positive or detrimental effects that 
microglia have in the context of psychiatric disorders is still a topic of debate. 
Hence, we first consider the evidence base for microglial pathology in the con-
text of SZ.
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Fig. 8.2 PubMed publication hits retrieved from the search term ‘Microglia’ and ‘Psychiatric 
disorders’ by year. PubMed is a free publication database from the National Library of Medicine. 
Using Medical Subject Headings (MeSH) terms, the database is able to search publications for 
terms that link hierarchically with the term inputted into the database. Publications with matching 
journal names, author names, research investigator names, the title field, the author field, the pub-
lication date field and abstract field to the search term will be listed as hits. The number of hits 
associating with both ‘Microglia’ and ‘Psychiatric disorders’ per year were taken and presented 
here. Particularly prominent publications were: Florent Ginhoux et  al., ‘Fate mapping analysis 
reveals that adult microglia derive from primitive macrophages’, Science (2010), cited 2667 times; 
Schafer et  al., ‘Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement- 
Dependent Manner’, Neuron (2012), cited 1223 times
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8.2.1  Genetic Associations

Captivating evidence for immune activation in psychiatric disorders is the linkage 
of common genetic mutations in genes associated with inflammatory pathways and 
an increased risk for psychiatric disorders [26–28]. Genetic variants may increase 
susceptibility either through rare but highly penetrant variants. For example, 
22q11.2 deletions are strongly associated with increased risk for both SZ and ASD 
[29]. The leukaemia inhibitory factor (LIF) gene locates to the 22q arm, to which 
polymorphic variants of the gene (rs929271, rs737812 and rs929273) associate par-
ticularly with hebephrenic SZ [30]. Interestingly, LIF plays a role in coordinating 
microglial function, suggesting dysregulation of microglial function as a possible 
mechanism (amongst many) to explain this association. Direct evidence for either 
microglial activation or gain/loss of function in 22q11.2 disorder patients is how-
ever currently lacking.

More typically, both SZ and ASD risk is associated with expression of many 
common risk variants of low penetrance; hence both are considered polygenic dis-
orders. Genome-wide association studies (GWAS) have to date provided evidence 
for single nucleotide polymorphisms (SNPs) in >108 gene loci that are associated 
with increased risk for SZ, of which, the top 41 risk genes are highly expressed in 
neurons [26]. In particular, these top common risk variants appear to be enriched in 
expression in pyramidal cells, medium spiny neurons (MSNs) and certain interneu-
rons based on recent mapping of GWAS data to a brain single-cell sequencing data-
base [27]. Whilst it would seem that the majority of common genetic risk factors for 
SZ are thus associated with neurons, this does not rule out the possibility for 
involvement of other cell types, including microglia. Several genes included in 
these top 41 SNPs (including ATP2A2, PSMA4, PBRM1, SERPING1 and VRK2) are 
also expressed in microglia, which may infer a role for microglia in SZ [26]. Studies 
on the impact of SNPs in the aforementioned genes on microglia form and function 
are however currently lacking, particularly in ether rodent or human model systems. 
In contrast to these is the very significant GWAS association for SZ with the human 
leukocyte antigen (HLA) locus, which encodes proteins to build the major histo-
compatibility complexes (MHCs) [31]. There is strong evidence for the linkage of 
SNPs within the MHC class-II gene locus, in the gene encoding complement factor 
4 A/B (C4A/B) to an increased risk for SZ; moreover, knockout of C4A/B in rodents 
leads to aberrant synaptic pruning, a process in which glial cells, including microg-
lia are strongly implicated [28]. It is worth noting then, that C4A expression is high-
est not only in microglia, but also in astrocytes and vascular leptomeningeal cells 
[27]. Hence, whilst not all cell types may be enriched in the expression of common 
risk variants for SZ, it is perhaps premature to conclude that other cell types, includ-
ing microglia, may not play a role in the pathogenesis of SZ associated with distinct 
genotypes.

In support of this view is in vitro data garnered from human induced pluripotent 
stem cell (hiPSC) derived neurons and microglia, where microglial-mediated 
phagocytosis of synaptic material was found to be increased in such cells derived 
from individuals with a diagnosis of SZ, as compared to cells from otherwise 
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healthy donors [32]. Of note, synaptic engulfment by these cells was also modulated 
to some degree by the C4A/B genotype of the patient-derived microglial cells [32]. 
These data are consistent with seminal observations in the rodent brain, whereby 
microglia are suggested to engulf synaptic material in a complement and activity- 
dependent manner [33]. Could such abnormalities in synaptic pruning however be 
causative for behavioural and brain phenotypes associated with either SZ or ASD? 
In support of this view, mice homozygous for the fractalkine receptor (Cx3cr1−/−), 
a critical mediator of neuron-microglia communication demonstrated delayed syn-
aptic pruning, leading to excessive dendritic spine density and immature synapses 
in development [34]. This microglial-specific dysfunction resulted in both decreased 
brain functional connectivity between the prefrontal cortex and hippocampus 
(indexed by resting state functional magnetic resonance imaging [fMRI]) and abnor-
mal social behaviour. Hence these data, provide the first evidence that a primary 
microglial dysfunction is causative for two key endophenotypes observed across 
psychiatric disorders and links this to defective synaptic pruning [35]. Translating 
these data to humans, it is notable that rare genetic variants in the CX3CR1 G-protein 
coupled receptor (GPCR) solely expressed in the brain by microglia and disruption 
to its neuronally secreted ligand CX3CL1 (also known as Fractalkine) are associated 
with increased risk for both ASD and SZ [36, 37]. Whilst debate continues in the 
literature with regard to the role of microglia in synaptic pruning per se, the afore-
mentioned data suggest that risk variants in genes that encapsulate complement sig-
nalling (Cx3cr1, C4A/B and CR3/C3) are important leads for further research to 
understand how microglia may be involved in the pathology of psychiatric disorders. 
The identification of other key molecular signals aside from CX3CR1 and the com-
plement system that may mediate this process are however also important to eluci-
date the precise molecular code that defines which synapses are pruned and when, 
across both rodent and human model systems. Genotyping for genetic variation 
within complement C4A/B may also be a useful starting point to identify sub- groups 
of SZ or ASD patients whose illness may be related to dysfunction of the innate 
immune system, although this remains to be tested.

8.2.2  Post-mortem Studies

Supporting the evidence for microglial pathology in psychiatric disorders from 
genetics are observations made in human post-mortem brain tissue from SZ cases 
and controls regarding microglial pathology. Typically, such studies have focussed 
on identifying differences in the population of microglia by quantitative immuno-
histochemistry using a spectrum of surface marker proteins including CR3, ionised 
calcium-binding adapter molecule 1 (Iba-1), CD45, CX3CR1and MHC class-II [15, 
38]. A recent meta-analysis compared such data from post-mortem brain tissue in a 
total of 783 SZ patients and 762 healthy controls, across 41 studies [39]. In this 
study, the density of microglia was reported to be increased overall, specifically in 
the temporal cortex [39]. Other regions showing considerable heterogeneity, with 
no overall significant changes reported in the meta-analysis. Notably, there were no 
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observed changes in astrogliosis in any brain region [39]. Consistent with these 
data, a second systematic review of 22 publications studying signs of microglial 
activation in SZ post-mortem brain tissue, again based on staining for microglial 
surface markers, found that 11/22 (50%) studies reported increased expression of 
microglial markers, 8/22 (36%) reported a decrease and 3/22 (14%) reported no 
change [40]. Collectively, these analyses suggest that there is evidence for microg-
lial pathology in post-mortem brain tissue from SZ patients, although this is clearly 
not uniform across studies. Indeed, there is considerable variation between the 
included studies in both meta-analyses, with regard to both the microglial marker 
used and the method of quantification, which likely affected the overall pattern of 
the results. Moreover, to date there are no published transcriptomic studies of 
microglia isolated from human post-mortem brain tissue samples from either SZ, or 
ASD patients. This is relevant, since the aforementioned immunostaining data can 
only provide limited insights into the functional state of microglia in the brain in 
these disorders as morphology is often poorly correlated with function. Hence, we 
do not yet know if in the cases of SZ where increases in microglia density or surface 
maker expression are described, whether this represents a homeostatic, beneficial or 
a detrimental, pro-inflammatory response. In this context, a recent study suggests 
that microglia isolated from human post-mortem cortical tissue from bipolar disor-
der (BD) cases, were not activated towards a detrimental, pro-inflammatory state 
[41]. Such studies in SZ and ASD are thus eagerly awaited and now feasible given 
advances in isolation of microglia from post-mortem samples.

Were such studies available however, two other key limitations of the current 
human post-mortem data must be acknowledged. First, is the current lack of vali-
dated biomarkers with which to stratify patients into ‘high’ or ‘low’ inflammation 
populations for further study. One interesting advance in this context however, is the 
work of the Weickert group, who utilising a statistical clustering approach based on 
peripheral or central cytokine expression, has stratified SZ cases into such ‘high’ 
and ‘low’ inflammation categories. In doing so, they found evidence for increased 
MHC Class-II (HLA-DR), IL-1β, IL-8 and IL-6 inflammatory markers in the dorso-
lateral prefrontal cortex of SZ patients correlating with a decrease in BDNF mRNA 
[42]. These findings also extend to the ventral midbrain [43]. Hence, these studies 
provide evidence to suggest that focussing on defined subsets of patients will yield 
more informative data in due course, although the ideal means with which to stratify 
such patients remains debated.

The second important limitation in these studies is that the great majority of SZ 
cases will have been exposed to antipsychotic medication [44]. Here it is important 
to acknowledge that some findings in human post-mortem tissue from SZ cases with 
regard to microglial and cytokine gene expression have been replicated in a rodent 
model of maternal immune activation (MIA), which has pathological relevance for 
SZ (but also ASD) [43]. Hence, at least some of these mechanisms are likely intrin-
sic to the illness and not simply a medication effect. On the other hand, highly sig-
nificant correlations between some (but not all) microglia and cytokine gene 
expression and the dose and duration of antipsychotic medication exposure have 
been reported in human studies [43]. Whilst it may be argued that this could simply 
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reflect greater illness severity in these cases (thus requiring higher antipsychotic 
medication prescribing), it is also conceivable that antipsychotics themselves may 
influence microglia form and function. In support of this view, rodent studies using 
clinically comparable exposure to antipsychotics confirm that these drugs can influ-
ence both microglia density and morphology in a time-, dose- and region-dependent 
manner [45, 46]. The precise influence of antipsychotics on microglia function how-
ever, remains to be fully characterised and is an important gap in our knowledge.

8.2.3  In-Vivo Positron Emission Tomography (PET) Studies

Important to any disease research is the ability to study it in the living human body 
using non- or minimally-invasive measures, such as those based on neuroimaging 
methods. The application of neuroimaging (clinically comparable technology) may 
also facilitate translation from animal models to human clinical data and vice versa 
[47]. In this context, an in vivo neuroimaging marker for putative microgliosis is 
critical. To date, the only potential marker in use within clinical populations to index 
putative microgliosis is radioligands-specific for the 18 kDa Translocator protein 
(TSPO) combined with PET [48]. Both first and second generation TSPO radioli-
gands with distinct strengths and weaknesses are in research use in SZ [49]. The 
TSPO protein is expressed on the outer mitochondrial membrane, particularly, but 
not exclusively, in microglia, where its functional role spans many contexts includ-
ing respiration, inflammation, redox processes, cellular proliferation, apoptosis and 
steroidogenesis [50, 51]. Rodent microglia up-regulate expression of TSPO after 
transition to a pro-inflammatory state [52]. For example, rodents injected intracrani-
ally with the toll-like receptor 4 (TLR-4) agonist lipopolysaccharide (LPS) to induce 
pro-inflammatory polarisation showed an increased number of microglia, express-
ing TSPO, suggesting its role as a marker of pro-inflammatory state, although such 
changes were also seen in macrophages and astrocytes [53–55]. Supporting the 
rodent data, peripheral administration of LPS increases TSPO ligand binding in 
non-human primates [56]. Moreover, upon pharmacological depletion of microglia 
in non-human primates, TSPO ligand binding is significantly reduced and recovers 
12 days after treatment [57]. Translating these data to humans, peripheral adminis-
tration of LPS resulted in a measurable increase in TSPO ligand binding in a small 
sample of healthy volunteers [58], although such findings have yet to be more 
widely replicated in vivo. Collectively, these data confirm that TSPO is sensitive to 
microglial responses, but not specific to these cells [52]. What then is the evidence 
base for TSPO PET imaging changes in patients with SZ and other psychiatric dis-
orders in which microgliosis is implicated?

Summarised in Table 8.2 are studies assessing changes in TSPO ligand binding 
in psychiatric disorders, which clearly shows a marked heterogeneity in findings 
with regard to TSPO binding between research groups for the main effects reported, 
the tracer used, the method of quantification, illness stage and medication status 
(Table 8.2). Attempting to summarise these data, a recent meta-analysis combined 
data from 12 published TSPO PET studies comprising 190 SZ patients and 200 
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Table 8.2 Summary of human PET studies using TSPO radiotracers in psychosis, SZ and ASD

References

Effect on 
TSPO ligand 
binding

Subjects and 
sample size

Tracer 
used

Tracer 
binding 
outcome 
measure Comment

Bloomfield PS 
et al. Am J 
Psychiatry. 
2016 [61]

Increase Ultra-high 
psychosis 
(n = 14) and 
SZ patients 
(n = 14) with 
healthy 
matched 
controls 
(n = 28)

11C- PBR28 VT Region of 
interest was total 
grey matter, then 
temporal and 
frontal lobe grey 
matter. TSPO 
binding was 
positively related 
to risk symptom 
severity

Ottoy J et al. J 
Nucl Med. 
2018 [62]

Increase SZ male 
patients 
(n = 11) and 
healthy 
controls 
(n = 17)

18F- 
PBR111

VT Varied by age 
and genotype. 
Hippocampal 
and cortical grey 
matter showed 
increased 
binding

Suzuki, K 
et al.
Archives
of General
Psychiatry.
2013 [63]

Increase ASD Male 
Patients 
(n = 20) and 
matched 
controls 
(n = 20)

11C- 
PK11195

BPND Increased 
binding seen in 
cerebellum, 
midbrain, pons, 
fusiform gyri 
and the anterior 
cingulate and 
orbitofrontal 
cortices. No 
correlation 
between 
symptoms and 
TSPO binding 
signal

Van Der Doef
TF et al. npj
Schizophr.
2016 [64]

No difference SZ patients 
(n = 19) and 
healthy 
controls 
(n = 17)

11C- 
PK11195

VT Measurements 
assessed total 
grey matter, as 
well as grey 
matter from 
frontal cortex, 
temporal cortex, 
parietal cortex, 
striatum and 
thalamus

(continued)
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Table 8.2 (continued)

References

Effect on 
TSPO ligand 
binding

Subjects and 
sample size

Tracer 
used

Tracer 
binding 
outcome 
measure Comment

Doorduin J 
et al. J Nucl 
Med.
2009 [65]

Increase SZ patients 
(n = 7) and 
healthy 
controls (n = 8)

11C- 
PK11195

BPND Significant 
increase in TSPO 
binding in the 
hippocampus, 
non-significant 
increase in total 
grey matter

Takano A 
et al.
Int J
Neuropsychop
harmacol.
2010 [66]

No difference SZ patients 
(n = 14) and 
matched 
healthy 
controls 
(n = 14)

11C- 
DAA1106

BPND Studied 11 
regions of 
interest with no 
changes in TSPO 
binding between 
groups. Positive 
correlations 
between binding 
and positive 
symptom scores 
were noted in the 
medial frontal 
cortex, medial 
temporal cortex 
and occipital 
cortex

Kenk M et al.
Schizophr
Bull. 2015 
[67]

No difference SZ patients 
(n = 18) and 
matched 
controls 
(n = 27)

18F-FE 
PPA

VT No changes seen 
in TSPO binding 
in any grey 
matter or white 
matter regions

Coughlin JM
et al. Transl
Psychiatry.
2016 [68]

No difference SZ patients 
(n = 12) and 
healthy 
controls 
(n = 14)

11C- 
DPA- 713

VT Measured TSPO 
binding in insula, 
cingulate, 
parietal, frontal, 
temporal and 
occipital regions 
of the cortex, 
plus the 
hippocampus 
and amygdala. 
Trend towards 
decreases in 
frontal cortex but 
not statistically 
significant

(continued)
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Table 8.2 (continued)

References

Effect on 
TSPO ligand 
binding

Subjects and 
sample size

Tracer 
used

Tracer 
binding 
outcome 
measure Comment

Hafizi S et al.
Am J
Psychiatry.
2017 [69]

No difference First episode 
psychosis 
(FEP) patients 
(n = 19) and 
controls 
(n = 20)

18F-FEPPA VT FEP with 
minimal 
medication 
exposure. 
Measured TSPO 
binding in 
cerebellum, grey 
matter or whole 
brain. No group 
differences

Holmes SE 
et al. Mol
Psychiatry.
2016 [70]

Increase 
binding in 
medicated 
patients, no 
difference in 
antipsychotic- 
free patients

Medicated SZ 
patients 
(n = 8), 
antipsychotic- 
free SZ 
patients (n = 8) 
and healthy 
controls 
(n = 16)

11C- 
PK11195

BPND Elevated TSPO 
binding seen in 
prefrontal, 
anterior 
cingulate and 
parietal cortical 
brain regions of 
medicated 
patients only

Collste K 
et al.,
Mol
Psychiatry.
2017 [71]

Decrease Drug naïve 
first-episode 
psychosis 
patients 
(n = 16) and 
healthy 
controls 
(n = 16)

11C- PBR28 VT Particularly 
measured in grey 
matter. No 
correlation 
between binding 
changes and 
cognitive or 
clinical 
symptoms

(continued)
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Table 8.2 (continued)

References

Effect on 
TSPO ligand 
binding

Subjects and 
sample size

Tracer 
used

Tracer 
binding 
outcome 
measure Comment

Di Biase MA
et al., Transl
Psychiatry.
2017 [72]

No difference Ultra-high risk 
SZ patients 
(n = 10), 
recently 
diagnosed SZ 
patients 
(n = 18), 
chronic SZ 
patients 
(n = 15) and 
aged-matched 
healthy 
controls 
(n = 27)

11C- 
PK11195

BPND Measurements 
taken from 
dorsal frontal, 
orbital frontal, 
anterior 
cingulate, medial 
temporal, 
thalamus and 
insula. 
Correlation 
between binding 
potential and 
grey matter in 
the thalamus 
with age. No 
correlations 
between grey 
matter, 
peripheral 
cytokines or 
symptoms

De Picker L
et al., Brain
Behav
Immun.
2019 [73]

Increase 
correlated 
with age

Male psychosis 
patients 
(n = 14) and 
age-matched 
healthy 
controls 
(n = 17)

18F- 
PBR111

VT Change 
correlated with 
age, and positive 
symptoms 
correlated with 
cortical grey 
matter binding 
changes

Hafizi S et al.,
Neuropsycho
Pharmacolo-
gy. 2017 [74]

No difference High-risk 
psychosis 
patients 
(n = 24, n = 22 
antipsychotic 
naïve) and 
healthy 
controls 
(n = 23)

18F-FEPPA VT Measured 
changes in 
dorsolateral 
prefrontal cortex 
and 
hippocampus. In 
high-risk 
patients, ligand 
binding 
correlated with 
apathy and 
anxiety

(continued)
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controls, reporting no significant differences between SZ patients and controls when 
volume of distribution (VT) was used to quantify TSPO ligand binding, with these 
studies predominantly using second generation TSPO tracers (e.g. PBR28) [60]. In 
contrast, increases in TSPO binding in grey matter were observed, particularly for 
studies using first generation TSPO tracers (e.g. PK11195) when binding potential 
(BPND) was used to quantify TSPO ligand binding [59], findings that have sparked 
an interesting debate with regards to how quantification methods may influence the 
outcome of TSPO PET studies. To address this point further, an individual patient 
data meta-analysis, including only studies using the second-generation TSPO-PET 
radioligands, in either first episode or SZ patients (n = 75) as compared to healthy 
controls (n = 77) has been conducted, which provides evidence for a reduction in 
TSPO binding in several brain regions, interpreted by the authors as reduced glial 
density or loss of function [60]. Taken together, these heterogenous data render it 
challenging to make a firm conclusion with regard to TSPO binding in the context 
of SZ and psychosis. A single study (see Table 8.2) has however found increased 
TSPO binding in ASD patients, although this needs to be replicated.

What may be driving this heterogeneity in the data? Aside from the debate 
around quantification methods, two other important limitations are hindering our 
interpretation of available TSPO PET imaging data in SZ. First, as already stated, 
TSPO is not specific to microglia and to what extent changes in other cell types may 
influence the results in SZ cases is not known [51]. Second, it is not straightforward 
to directly link in vivo imaging to biology in humans, hence we lack detailed infor-
mation as to how a change in TSPO binding reflects microglia activation or func-
tional state. For example, alterations in TSPO expression by microglia could reflect 
a multitude of microglial functions including increased steroidogenesis, respiration, 
redox processes, cellular proliferation and apoptosis [50, 51]. Although linked, 
these transformational microglial phenotypes do not necessarily equate to detrimen-
tal neuroinflammation. Human post-mortem studies of TSPO are also sparse. A 
single study to the best of our knowledge, has reported no increase in TSPO protein 

Table 8.2 (continued)

References

Effect on 
TSPO ligand 
binding

Subjects and 
sample size

Tracer 
used

Tracer 
binding 
outcome 
measure Comment

van Berckel
BN et al.,
Biol
Psychiatry.
2008 [75]

Increase Recently 
diagnosed SZ 
patients 
(n = 10) and 
age matched 
controls 
(n = 10)

11C- 
PK11195

BPP Increase was 
noted in total 
grey matter. 
These patients 
were within 
5 years of 
disease onset

Notes on the publication’s conclusion and use of PET tracer are included. Method refers to method 
of TSPO binding quantification, either by volume of distribution (VT), parameter binding potential 
(BPP) or non-displaceable binding potential (BPND). Changes in TSPO ligand binding were com-
pared with matched healthy controls, with sample size given in parentheses
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expression in post-mortem brain tissue from SZ patients, but also that TSPO protein 
levels were neither correlated with the expression of surface microglial activation 
markers, nor was TSPO protein expression restricted to microglia [41]. Of course, 
the same caveats apply here for interpretation of this data, including effects of age, 
medication exposure and non-stratification of cases, as already discussed in Sect. 
8.2.2 for post-mortem studies of microglia in SZ. Hence, back-translating the human 
TSPO findings into relevant rodent or non-human primate models may be an alter-
native strategy to address the issues around TSPO in SZ, since invasive studies can 
be carried out to link neuroimaging signals to their cellular and molecular corre-
lates. In this context, TSPO protein levels are reduced in the prefrontal cortex of 
mice exposed to maternal immune activation (MIA) early in gestation (GD9) [51], 
modelling a known environmental risk factor associated with increased risk for psy-
chiatric disorders with a neurodevelopmental origin [51]. This decrease occurred in 
microglia, astrocytes and endothelial cells, confirming the non-specificity of TSPO 
for microglia. Of note, cytokine levels were increased in the frontal cortex of GD9- 
MIA offspring, but there were no overt changes in microglial density, morphology 
or expression of surface markers associated with microglial activation (e.g. CD68). 
Intra-hippocampal injection of kainic acid, however, triggered a marked increase in 
TSPO protein in all three-cell types, accompanied by robust microglial activation 
confirming that TSPO expression is also highly context dependent [51, 76]. In a rat 
MIA model with the exposure in mid-gestation (GD15), transcriptional analysis by 
RNAseq of microglia isolated from the hippocampus of MIA-exposed offspring 
confirmed an abnormal microglial phenotype, suggestive of a loss of function, as 
indexed by down-regulation of genes involved in the inflammatory response and 
phagocytosis [76]. TSPO binding and microglia density were however increased in 
the hippocampus, in a separate cohort of rats [76] in contrast to the work of Notter 
and colleagues (2018). Species differences (rats vs. mice) and the differential timing 
(GD9 vs. 15) of MIA could explain these discrepancies. Consistent with this view, 
TSPO levels have also been recently reported as increased in the cortex of rats 
exposed during the perinatal period to phencyclidine (PCP), modelling early gluta-
mate dysfunction associated with psychosis [77]. These data confirm the non- 
specific nature of TSPO with regard to microglial expression and additionally 
highlight the context-dependent nature of changes in TSPO protein and/or ligand 
binding. As yet however, no studies have definitively linked a change in TSPO bind-
ing directly to microglial functional state (or that of astrocytes and endothelial cells) 
in the same animal.

In this context, potential species differences from rodent to human microglia also 
have to be considered [53, 78]. For example, whilst a nine-fold TSPO expression 
up-regulation was observed in rodent-derived microglia following pro- inflammatory 
challenge, TSPO was in fact reduced in primary human microglia [78]. Interestingly 
the direction of this finding is in agreement with the reduction in TSPO ligand bind-
ing reported in the meta-analysis of Plaven-Sigray and colleagues [60] and the data 
from the MIA model reported by Notter et  al. [51]. Nonetheless, to what extent 
these in vitro studies accurately reflect in vivo human microglia responses, is how-
ever not clear. For instance, following isolation from the human brain microglia 
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rapidly down-regulate microglia signature genes and adopt a more ‘active’ state 
[79]. Recent advances in differentiating microglia from human induced pluripotent 
stem cells (hiPSC), that replicate authentic microglia ontogeny and allow for co- 
culture with neurons to maintain a CNS-like phenotype, may be helpful to address 
this issue [80].

As already alluded to the potential influence of antipsychotic drugs on TSPO 
ligand binding also needs to be considered. A single TSPO PET study comparing 
SZ patients on long-acting injectable (LAI) antipsychotics to patients free of medi-
cation found elevated TSPO ligand binding (indexed using [11C]-PK11195 BPND) in 
the frontal and parietal cortices of medicated patients, as compared to un-medicated 
patients who were not significantly different from controls on this measure [70]. 
This may suggest an influence of antipsychotics on TSPO ligand binding and whilst 
the patients in the medication group were older, including age as a co-variate did not 
change these results [70]. On the other hand, no effect of antipsychotic medication 
was reported in the meta-analysis by Plaven-Sigray and colleagues [60]. Back- 
translating these data to rodents, where the effects of antipsychotic medication can 
be studied free of any confounding illness effects, Bloomfield and colleagues [46] 
found no change in TSPO ligand binding (indexed using 3H-PBR28 and quantitative 
receptor autoradiography) in the rat anterior cingulate cortex following a 2-week 
exposure to 0.05 mg/kg/day of haloperidol and no changes in either Iba1+ microglia 
density or morphology [46]. Since longer exposure to higher doses of antipsychot-
ics does affect microglia density and morphology; however, it will be important to 
confirm these findings in future studies, including following exposure to other anti-
psychotics [45]. In support of this view, Danovich and colleagues found increased 
[3H]-PK11195 binding in mitochondrial fractions isolated from the rat hippocam-
pus following a 3-week exposure to clozapine (20 mg/kg/day) [81]. Interestingly, in 
the same region, 3-week exposure to sulpiride or risperidone actually decreased 
TSPO binding [81]. Moreover, in human post-mortem tissue from the ventral mid-
brain of SZ cases, TSPO mRNA expression was positively correlated with the mean 
daily dose of antipsychotics (in chlorpromazine equivalents) [43]. Hence, further 
work is still required to fully understand, what if any, is the effect of antipsychotic 
exposure on TSPO binding.

Collectively, these limitations likely explain the inconsistencies in TSPO binding 
studies in SZ cases, but also the decrease in the number of publications using TSPO 
PET scans in psychiatric disorders (Fig. 8.3). Data from animal or human model 
systems that directly link TSPO changes to microglial state and novel radioligands 
with greater sensitivity or selectivity for microglia are thus equally awaited. Such 
novel tracers are in development, for example, [11C]-CPPC, which binds the CSF-1 
receptor, the expression of which is essentially restricted to microglia within 
brain [82].
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8.3  Outstanding Questions

Although often inconsistent, there is convergent evidence from genetics, post- 
mortem data and PET imaging to suggest that microglia pathology may be present, 
at least in a sub-set of SZ cases and potentially also in ASD [15]. However, a num-
ber of key questions remain to be addressed. Paramount amongst these is first, 
whether microglia pathology is causal for psychopathology, or merely an epiphe-
nomenon of no consequence and second, what might be the potential mechanisms 
by which this could occur?

Before addressing the question of causality, it is worth considering how best to 
optimally characterise microglia and their distinct functions in both health and dis-
ease. The multitude of transformation phenotypes that microglia take is highly doc-
umented [83]. Yet in the context of disease, this inherent heterogenicity has been 
largely unstudied, particularly for psychiatric disorders. The term ‘activation’ when 
applied to microglia is also confounding due to their high plasticity (Table 8.1), 
particularly also when it alludes to the term ‘neuroinflammation’ which is often 
misused, as discussed elsewhere [51]. Given that there may be very heterogeneous 
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Fig. 8.3 Publications applying PET scanning methods to analyse microglial changes in vivo in 
psychiatric disorders, as described by Notter et al., 2018 [51]. Publication data were added from 
the years 2018 and 2019 to that already published by Notter et al. from 2007. The publication 
search used the same databases (PubMed and Web of Science™) with the same search terms: 
‘positron emission tomography’, ‘PET’, ‘translocator protein’, ‘TSPO’, ‘peripheral benzodiaze-
pine receptor’, ‘PBR’, ‘neuroimaging’, ‘neuroinflammation’, ‘inflammation’, ‘microglial activa-
tion’ and the addition of ‘psychiatric disorder’. Thus, these publications uniquely addressed 
psychiatric disorders, disregarding neurological disorders such as neurodegenerative diseases
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populations of transformed microglia in the human brain, it becomes exceedingly 
hard to find a ground truth for comparison when studying disease states, since pub-
lications could be referring to inconstant transformed states of microglia, which 
themselves will hold different functions and transformation triggers. This is particu-
larly apparent with the recent identification of ‘dark’ microglia, a phenotype associ-
ated with an increased synaptic pruning and pathological states as identified by 
electron microscopy [84]. Whether such ‘dark’ microglia are present in brain tissue 
from SZ cases, remains to be seen, but it is now being suggested that microglia 
should be subcategorised by their function in order to make studies more compara-
ble [83]. Advances in isolation of microglia from the human brain [85] and methods 
to characterise their heterogeneity using single-cell RNA sequencing [19] or mass 
cytometry to characterise surface marker protein expression [86, 87] could be 
applied to address this issue in SZ or ASD cases as compared to controls. 
Standardisation of post-mortem tissue studies with regard to markers and methods 
of quantification and development of novel in vivo imaging tracers more specific to 
microglia will also be important advances to clarify the involvement of microglia in 
SZ and ASD. Combining these with new developments in stem cell-derived microg-
lia [80], or induced microglia as embraced by Sellgren and colleagues also has the 
potential to provide mechanistic insights using a human model system [32]. We 
suggest that studies that cannot specify the distinct microglial function phenotype 
should conclude on microglial density and morphology rather than ‘activation’ state 
to not only from study to study, but globally in studies across species too.

With regard to causation, one key element to consider is where does the potential 
dysregulation of microglial developmental function originate? (Fig. 8.4) In both SZ 
and ASD, GWAS studies provide evidence for dysregulation of synapse transmis-
sion and neuron growth as evidenced by the enrichment of synaptic transmission- 
related genes in neurons, supporting the idea of synapse dysregulation [26]. As 
already discussed in this chapter, microglia play key roles in brain development 
related to synaptogenesis, neurite formation and axon fasciculation. The synaptic 
pruning model suggests that microglia phagocytose synaptic material during post-
natal development, evidenced by studies in mice, linking the resting state microglial 
surveillance function to proper synaptic maturation [34]. As already discussed in 
Sect. 8.2.1, a gain or loss of this function caused by mutations in CX3CR1/CX3CL1, 
CR3/C3 and/or C4A/B could result in dysregulated synaptogenesis, for which there 
is some evidence in both SZ and ASD [28, 32–35]. Supporting this view, as already 
mentioned in Sect. 8.2.1 is the work of Sellgren et al. [32]. This study is the only to 
date which suggests, that human induced microglia from SZ patients are more likely 
to phagocytose synaptic material in either monoculture or co-culture with human 
neurons [32]. It may be anticipated that if such changes occur in vivo they would 
lead to circuit malformation and the emergence of abnormal behaviours. However, 
whether the dysregulation of synaptogenesis falls to a gain or loss of function by 
microglial regulation is still unexplained. Additionally, this model does not account 
for any potential epigenetic influences on microglia form or function. Evidence 
from rodents that gain or loss of microglia function, for example, by targeted deple-
tion, or CX3CR1 knock-out can induce behavioural changes in adult animals that 
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have dimensional relevance for psychiatric disorders is however, strongly sugges-
tive that perturbing microglia function in critical periods could well be causative for 
serious mental illness in later life, in at least a subset of individuals.

Definitively demonstrating such causality in human patients has however yet to 
be achieved. Clinical trials with anti-inflammatory drugs provide mixed evidence 
for efficacy as adjunct treatments to standard antipsychotic drug therapy in SZ 
patients [88]. Anti-inflammatory treatment of ASD by Sulforaphane to regulate 
Nrf2- and NF-κB-related pathways associated with glial cell transformation has 
shown promising results in a clinical trial, given its ease in crossing the blood-brain 
barrier [89]. Other anti-inflammatories quoted to show promising results in reduc-
ing ASD symptoms are Oxytocin, Vitamin D and Resveratrol [90]. In the case of 
SZ, Celecoxib has shown a positive effect on symptoms particularly at early stages 
of disease presentation [91]. Acetylsalicylic acid (Aspirin) has also shown positive 
effects in both protecting against and symptom reduction in SZ [92]. However, there 
are some debate as to the reliability of these results [93]. Furthermore, the antibiotic 

What is the true link of microglia to psychiatric disorders?

Psychiatric disorders

Microglial dysfunction

Unregulated inflammatory phenotype

Secondary Disorder Output Primary Disorder Cause

Disfunction of synapse transmission

= more mechanistic understanding required.

Correlation

Fig. 8.4 Is microglial activation a primary cause of psychiatric disorders, or a secondary response 
to an origin elsewhere? Highlighted by the blue line, we have shown psychiatric disorders to cor-
relate with changes in microglial activation and immune response. One side of the argument is that 
changes in microglial function are secondary to a psychiatric disorder origin which we are yet to 
uncover. On the other side, there is the argument that microglial dysfunction actually causes psy-
chiatric disorder by dysfunction to synapse transmission. Green stared arrows denote areas of 
required research in order to elucidate whether this is a secondary symptom of the psychiatric 
disease, or a primary disorder causation
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minocycline has been shown to reduce negative SZ symptoms dramatically [94]. 
However, there have been contrasting results from randomised control trials of 
minocycline in SZ patients [95]. Importantly, most of these compounds are how-
ever, not specifically targeting microglia. Related to this context is a pressing need 
to better understand the influence of antipsychotic medications on microglia. It will 
therefore be important to support evidence from clinical trials of anti-inflammatory 
or microglia-targeting drugs with pre-clinical studies to dissect the influence of 
novel and existing medications on microglia form and function.

8.4  Conclusions

Microglia play key roles in the brain in both health and disease. Single-cell tran-
scriptomics has uncovered a continuum of microglial signatures, rather than distinct 
clusters of activation states. Convergent lines of evidence from in vivo imaging, 
post-mortem tissue, genetics and epidemiological studies implicate microglia in the 
pathogenesis of psychiatric disorders including SZ and ASD. Whether microglia are 
causative for these disorders and the mechanisms driving any such effect remain 
however, unclear. The key role of microglia in brain development and maturation, 
particularly with regard to synapse formation and elimination is nonetheless, an 
active area of study in these contexts. Whether microglia pathology reflects gain or 
loss of function, is however also unknown. The precise effects of antipsychotic 
medication on microglia also remain incompletely characterised. Finally, it is evi-
dent the field of microglial research is heading towards a paradigm shift of microg-
lial classification. Separate cell types with discrete functions require characterisation 
in order to compare more directly different microglial population signatures associ-
ated with disease environments.

To address these issues, we suggest future research in human tissues should 
therefore embrace advances in single-cell genomics and proteomics to more accu-
rately classify and map microglia states and define microglia-neuron interactions 
using both human post-mortem tissue from disease cases as compared to controls, 
in combination with induced or hiPSC-derived microglia in co-culture with neurons 
or as organoids. The latter approach is particularly appealing since this could be 
done using somatic cell samples from either first-episode psychosis or clinical high- 
risk populations who are naïve with regard to antipsychotic medication exposure. 
Furthermore, such in vitro human models would also facilitate molecular studies of 
neuron-microglia interactions during development. Studying patient-derived and 
control microglia in a surrogate brain environment using chimeric models also 
offers potential in this regard, particularly to control for the potential impact of cul-
turing human microglia-like cells in vitro [96]. Parallel studies in rodent models of 
clinically comparable antipsychotic dosing [97, 98] and in hiPSC microglia will 
also be useful to address potential medication confounds on microglia form and 
function. Overall however, progress in this field remains critically dependent on the 
identification of robust measures with which to accurately stratify psychiatric 
patients into potential sub-groups characterised by either putative central 
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microgliosis (as indexed by PET imaging) or peripheral biomarkers suggestive of 
raised pro-inflammatory markers, to enable more specific comparisons with regard 
to microglia pathology and enrich a population who may benefit from anti- 
inflammatory or microglia-specific therapies.
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9Human Endogenous Retrovirus 
as Missing Link in the Global 
Etiopathogenesis of Schizophrenia 
and Bipolar Disorder

Hervé Perron and Marion Leboyer

9.1  Introduction

Schizophrenia (SZ) and bipolar disorder (BD) are severe psychiatric disorders 
involving complex interactions between genetic and environmental factors [1–5].

Environmental factors, such as winter birth, urban environment, and maternal 
infection during pregnancy, in particular caused by Influenza virus, Herpesviruses 
or T. gondii, are associated with an increased risk for SZ and for BD [6–9]. Viruses 
or parasites have been associated with the pathogenesis of SZ or BD, but most stud-
ies were based on serology that essentially detects an immunological scar, i.e., spe-
cific immunoglobulin G antibody [10–12]. Nonetheless, though the period of 
infection can be debated, epidemiological data provide arguments for critical peri-
ods in life when they may have a significant impact, along with associated immune- 
mediated inflammation: (a) the perinatal period encompassing the embryonal 
development and the postnatal final steps of neurodevelopment and (b) the young 
adulthood period when infections with, e.g., Herpesviruses occur. These periods 
were further thought to correspond to the early acquisition of a 
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“neurodevelopmental risk”, followed by some triggering effects of new infections 
and/or particular stress factors in teenagers or young adults [12–17]. As illustrated 
in Fig. 9.1, such a lifelong scenario may integrate perinatal “priming” event(s) and 
“boosting” events later in life, which could be synergistic or substitutable, with a 
critical period for teenagers and young adults.

Genetic studies revealed a potential contribution of loci involved in the inflam-
matory/immune pathways, including the major histocompatibility complex region, 
in both SZ and BD [18–21], among other candidate genes [22, 23]. Structural 
genomic studies also highlighted significant modifications in psychotic patients, 
including copy number variations, deletions, or somatic modifications of the 
genomic DNA [24–26].

Nonetheless, the mechanisms possibly underlying interactions between genetic 
and environmental risk factors contributing to the clinical onset and/or to the pro-
gression of psychotic disorders remain to be understood. Moreover, the significant 
observations made in studies addressing different aspects from various disciplines 
should require a unifying, but missing, link to allow a global understanding.

Rather recently, the involvement of multicopy genetic elements of the human 
genome, such as Human Endogenous Retroviruses (HERVs), has been reported in 
SZ and BD [9, 13, 27].

Triggering infectionsMaternal infection Childhood trauma

Perinatal events Maternal stress Urban environment

Rearing environment
Migration

Nutrition

Hypoxia

Subclinical
experiences

Prodromal
state

Major psychotic
disorder

Cannabis

GENES

ENVIRONMENT

Fig. 9.1 Lifelong exposure to environmental factors impacting epigenetics and gene expres-
sion. Environmental triggers may influence gene expression but no direct link with disease was 
identified, nor directly targeted or involved genes. Epidemiological studies point to most critical 
periods of exposure to infectious factors, during the embryonal/postnatal period and during the 
teenage/young adult period. Black circles represent cumulated events having potentially impacted 
genomic regulation or structures. Colored stars on the drawing for DNA double helix represent 
potentially susceptible DNA sequences. Adapted from Rutten & Mills Sch. Bull. 2009
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9.2  HERVs Represent a Disregarded but Important Part 
of the Human Genome with Original Genetic Features

HERVs are multicopy families of polygenic structures, represent 8% of the human 
genome and have retained characteristics of retroviruses. They entered the genome 
of species from ancient germ-line infections by exogenous retroviruses that have 
integrated their DNA genomic copy (cDNA) into the DNA of such host cells. 
Integration of retroviral genome cDNA reverse-transcribed from the virion RNA is a 
common characteristic of retroviruses, mediated by their encoded enzymes, reverse 
transcriptase, and integrase. Thus, nonlethal infection and integration of a retroviral 
genome within a chromosomal region that may not affect embryonal and adult devel-
opment following gametes fusion, can lead to a hereditary transmission to the off-
spring. Multiple similar events, called “endogenization”, with various retroviruses 
during evolution, led to multiple families of endogenous retroviruses (ERVs) within 
the genomes of species ending with numerous mutations, recombination events, and 
deletions within integrated sequences (provirus), as illustrated in Fig. 9.2.

Variation in
copy numbers

Retrotranspositions
Recombinations

2. All offspring’s cells contain
endogenized retrovirus
(ERV).

3. New infections and
endogenization.

4. Endogenization of
multiple ERV families.

2
Complex
multicopy

ERV families

Prototype retroviral genome organization
(PROVIRUS)

1. Retroviral
    infection of
    germline cells

Fig. 9.2 Retroviral endogenizations and transmission to offspring. This illustration depicts 
the successive steps of retroviral endogenization in species, starting from infection of gametes, 
integration of a DNA retroviral copy (provirus) in a chromosome giving birth to a viable individual 
inheriting and retaining this copy in the DNA of all cells and transmitting it to its offspring. 
Throughout successive generations and species evolution, both endogenous retrotranspositions 
and re-infections of the germ line of certain individuals (as long as the exogenous strain is persist-
ing in the environment) generate multiple and variable copy numbers in a final population. As 
shown in the lower panel, retroviral genomes integrated as proviruses are originally composed of 
two flanking long terminal regions of repeated sequences (LTR), with gag, pol, and env genes, 
respectively encoding viral capsid proteins, retroviral enzymes, and the envelope protein. They 
may undergo many somatic modifications during inheritance over generations and most elements 
are modified or inactivated. Nonetheless, few proviruses from various families may retain coding 
potential for proteins, if not for complete retroviral expression
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HERVs, like other ERVs, belong to the superfamily of repeated and transposable 
elements (transposons, retrotransposons, and endogenous retroviruses) and alto-
gether represent over 42% of the human genome. They were shown to have played 
a role in inter- and intra-species gene transmission between individuals. At the indi-
vidual level, they are responsible of somatic modifications such as intracellular gene 
retro-transposition or recombination, and may undergo changes under selective 
environmental pressure or interactions with infectious pathogens.

HERVs are therefore components of the human genome that can be transmitted 
to subsequent generations through gametes, but have evolved differently from other 
host genes [28]. They have significant inter-individual copy number variations 
within the genome of healthy humans from different ethnic origins or simply 
between individuals [29–32], which would suggest inter-individual differences in 
potentially related genetic susceptibility.

9.3  HERVs in Schizophrenia and Bipolar Disorder

Interestingly, considering observed somatic rearrangements and copy number varia-
tion in psychotic patients’ DNA, HERVs may generate such genetic rearrangements 
linked to their properties of mobile genetic elements [33]. This could even be trig-
gered by microbial agents activating the expression of certain HERV copies or fami-
lies [34–38]. Interestingly, structural modifications in the major histocompatibility 
complex (MHC) C4 gene were associated with characteristics of HERVs [29] and 
numerous HERV sequences were also found in the chromosomal region corre-
sponding to MHC class II genes [39, 40]. In addition, the role of HERV inserts in 
the regulation of schizophrenia-linked genes has been described [41] and genomic 
differences between affected and nonaffected homozygous twins identified a dif-
ferentially amplified HERV copy from the twin with SZ [42].

Thus, HERVs may link many observed genetic features in psychoses such as 
schizophrenia, while providing an explanation for an underlying mechanism driven 
by these remnants of “mobile genetic elements” in the human genome, since still 
functionally interacting with environmental pathogens.

However, a potentially unifying role should not be limited to the genomic level, 
as HERV-encoded proteins with well characterized and relevant pathogenic mode of 
action [43] were shown to be expressed in SZ or BD [44–49].

Although most of the contemporary copies of HERVs were inactivated by muta-
tions or deletions or silenced by epigenetic modifications, as schematized in Fig. 9.2, 
their plasticity and potential responsiveness to environmental triggers are of particu-
lar relevance for gene–environment interactions [50]. Under certain conditions, 
undisrupted HERV sequences or copies may be expressed and display viral protein 
properties [51–53].

In schizophrenia, a sequence homologous to a human endogenous retrovirus 
originally identified in MS and previously named “Multiple Sclerosis-associated 
Retroviral element” (MSRV), was identified from differential DNA amplification in 
homozygote twins discordant for the disease [42]. MSRV sequences later permitted 
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to unravel a previously unknown HERV family, now named HERV-W [54–56]. 
MSRV/HERV-W proteins or elevated RNA levels were further detected in patients 
with schizophrenia from different world areas and in independent studies [45, 47, 
49]. Significantly elevated HERV-W transcriptional activity, though with different 
expression patterns, was also reported in patients with SZ or BD [44].

The HERV-W family and copies corresponding to its MSRV element, have now 
consistently been shown to be activated by infectious agents [35, 57–59]. In particu-
lar, HERV-W elements have been reported to be activated by T. gondii [60] as well 
as by Influenza virus in human cell lines [37], which is relevant for environmental 
infections incriminated in elevated risk, for e.g., schizophrenia. Such pathogenic 
activation of HERV-W elements [45, 61–63] may result in the production of its 
envelope protein (HERV-W Env) that strongly stimulates a pro-inflammatory cas-
cade through the TLR4 receptor pathway [64] and displays neurotoxicity [43].

At the neuronal level, altered NMDA receptor (NMDAR) signaling plays a cen-
tral role in psychosis [65] and this glutaminergic system has been extensively 
described to be part of several key physiological processes, such as synapse matura-
tion [61, 62], spinogenesis [63, 66], and learning/memory [67]. Moreover, the regu-
lation of NMDA receptor signaling is highly dependent on the surface diffusion of 
the receptor and its dynamic anchoring within postsynaptic densities [68]. A recent 
study showed that the effect of HERV-W-encoded envelope protein (HERV-W 
ENV) on glutamatergic NMDAR signaling was not mediated through direct action 
on channel physiology, but on its trafficking in the plasma membrane at the level of 
neuronal synapses [43]. This showed a potent link between exposure to HERV-W 
ENV and NMDAR surface dynamics with a pattern of response that was unique to 
HERV-W Env compared to all other tested compounds, including LPS, another 
TLR4 agonist. The effect also uniquely targeted gluN2B and not gluN2A receptors. 
The fact that these effects were not observed under glia-free conditions also sug-
gested the implication of glia-dependent pathways in this process. The study showed 
the potential impact of HERV-W env expression, beyond its pro-inflammatory 
effects, on neuroreceptor dysregulation as observed in psychoses such as schizo-
phrenia and bipolar disorder. Moreover, these specific effects were reproduced 
using HERV-W ENV serum from patient.

Most interestingly, this study also showed that consistent psychotic behavior was 
induced in an animal model consisting in rats expressing HERV-W ENV protein in 
hippocampal neurons transfected with ENV gene expressing plasmids in vivo. In 
addition, a specific monoclonal antibody targeting HERV-W ENV not only inhib-
ited HERV-W ENV pathogenic effects in  vitro but also significantly prevented 
abnormal behavioral signs in antibody-treated rats using intraperitoneal injections 
in this animal model, versus mock-transfected controls. This not only confirmed the 
specificity of the neuropathogenic effects of HERV-W ENV and of its behavioral 
correlates in vivo, but importantly paves the way toward a new therapeutic avenue 
with antibodies neutralizing this HERV protein.

Thus, HERVs should not only provide a link with previously described genomic 
features of SZ or BD but also with the abnormal expression of pathogenic endoge-
nous proteins activated by environmental factors, in particular HERV-W envelope 

9 Human Endogenous Retrovirus as Missing Link in the Global Etiopathogenesis…



164

protein with a now evidenced mode of action on the distribution of neuronal recep-
tors at the synapse level. Therefore, the involvement of certain HERV elements 
appears consistent with the previously evoked missing link between known features 
of these psychotic diseases and it may provide a global understanding of their patho-
genesis, with gene-environment interactions and resulting endogenous neuropatho-
genic effector molecules. A global scenario summarizing the hypothesis resulting 
from the present data on the role of HERV-W envelope protein is proposed in Fig. 9.3.

9.4  Conclusion and Perspectives

In conclusion, a lifelong scenario of a detrimental interaction between infectious 
agents and HERV-W genes may decipher the actual development and course of 
schizophrenia or bipolar disorder. But, after the preclinical proof of concept pro-
vided with a monoclonal antibody neutralizing the pathogenic effects of HERV-W 
ENV in an animal model, further research and development followed by clinical 
studies are needed to find out if such a specific treatment strategy could neutralize 
the pathogenic effects of HERV-W ENV and/or reduce the expression of HERV-W, 
with appropriate endpoints in patients with schizophrenia or with bipolar disorder. 
Time may come when new therapeutic strategies targeting pathogenic and non-
physiological agonists would allow treating, or possibly preventing, such psychiat-
ric diseases without impairing physiological functions mediated by neuroreceptors 
and neurotransmitters.
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Fig. 9.3 Human Endogenous retroviruses (HERV-W): the missing link? As previously pre-
sented, infectious agents were associated with increased risk for schizophrenia or bipolar disorder 
but, according to their tropism and corresponding periods of infection, they can activate HERV-W 
elements as already shown in vitro. They would however have a relevant impact in two different 
periods of life. The early perinatal infections would mostly involve influenza virus or Toxoplasma 
gondii, while viruses from the Herpesvirus family (e.g., Cytomegalovirus-CMV; Herpes simplex 
virus type 1 and type 2 -HSV-1 or 2) are commonly acquired in teenagers and young adults

H. Perron and M. Leboyer



165

References

 1. Uher R. Gene-environment interactions in severe mental illness. Front Psychiatry. 2014;5:48.
 2. Misiak B, Stramecki F, Gaweda L, Prochwicz K, Sasiadek MM, Moustafa AA, et al. Interactions 

between variation in candidate genes and environmental factors in the etiology of schizophre-
nia and bipolar disorder: a systematic review. Mol Neurobiol. 2018;55(6):5075–100.

 3. Mas S, Boloc D, Rodriguez N, Mezquida G, Amoretti S, Cuesta MJ, et al. Examining gene- 
environment interactions using aggregate scores in a first-episode psychosis cohort. Schizophr 
Bull. 2020;46(4):1019–25.

 4. Kano SI, Hodgkinson CA, Jones-Brando L, Eastwood S, Ishizuka K, Niwa M, et al. Host- 
parasite interaction associated with major mental illness. Mol Psychiatry. 2020;25(1):194–205.

 5. Sahu G, Malavade K, Jacob T. Cognitive impairment in schizophrenia: interplay of BDNF and 
childhood trauma? A review of literature. Psychiatr Q. 2016;87(3):559–69.

 6. Hamdani N, Daban-Huard C, Godin O, Laouamri H, Jamain S, Attiba D, et  al. Effects of 
cumulative herpesviridae and toxoplasma gondii Infections on cognitive function in healthy, 
bipolar, and schizophrenia subjects. J Clin Psychiatry. 2017;78(1):e18–27.

 7. Burgdorf KS, Trabjerg BB, Pedersen MG, Nissen J, Banasik K, Pedersen OB, et al. Large- 
scale study of toxoplasma and cytomegalovirus shows an association between infection and 
serious psychiatric disorders. Brain Behav Immun. 2019;79:152–8.

 8. Parboosing R, Bao Y, Shen L, Schaefer CA, Brown AS.  Gestational influenza and bipolar 
disorder in adult offspring. JAMA Psychiatry. 2013;70(7):677–85.

 9. Arias I, Sorlozano A, Villegas E, de Dios Luna J, McKenney K, Cervilla J, et al. Infectious 
agents associated with schizophrenia: a meta-analysis. Schizophr Res. 2012;136(1–3):128–36.

 10. de Witte LD, van Mierlo HC, Litjens M, Klein HC, Bahn S, Osterhaus AD, et al. The associa-
tion between antibodies to neurotropic pathogens and schizophrenia: a case-control study. NPJ 
Schizophr. 2015;1:15041.

 11. Tanaka T, Matsuda T, Hayes LN, Yang S, Rodriguez K, Severance EG, et al. Infection and 
inflammation in schizophrenia and bipolar disorder. Neurosci Res. 2017;115:59–63.

 12. Dickerson F, Jones-Brando L, Ford G, Genovese G, Stallings C, Origoni A, et al. Schizophrenia 
is associated with an aberrant immune response to epstein-barr virus. Schizophr Bull. 
2019;45(5):1112–9.

 13. Leboyer M, Tamouza R, Charron D, Faucard R, Perron H. Human endogenous retrovirus type 
W (HERV-W) in schizophrenia: a new avenue of research at the gene-environment interface. 
World J Biol Psychiatry. 2013;14(2):80–90.

 14. Allswede DM, Yolken RH, Buka SL, Cannon TD. Cytokine concentrations throughout preg-
nancy and risk for psychosis in adult offspring: a longitudinal case-control study. Lancet 
Psychiatry. 2020;7(3):254–61.

 15. Thomas P, Bhatia T, Gauba D, Wood J, Long C, Prasad K, et al. Exposure to herpes simplex 
virus, type 1 and reduced cognitive function. J Psychiatr Res. 2013;47(11):1680–5.

 16. Fruchter E, Goldberg S, Fenchel D, Grotto I, Ginat K, Weiser M. The impact of Herpes sim-
plex virus type 1 on cognitive impairments in young, healthy individuals—a historical pro-
spective study. Schizophr Res. 2015;168(1-2):292–6.

 17. Hjorthoj C, Starzer MSK, Benros ME, Nordentoft M. Infections as a risk factor for and prog-
nostic factor after substance-induced psychoses. Am J Psychiatry. 2020;177(4):335–41.

 18. Nudel R, Benros ME, Krebs MD, Allesoe RL, Lemvigh CK, Bybjerg-Grauholm J, et  al. 
Immunity and mental illness: findings from a Danish population-based immunogenetic study of 
seven psychiatric and neurodevelopmental disorders. Eur J Hum Genet. 2019;27(9):1445–55.

 19. International Consortium on Lithium G, Amare AT, Schubert KO, Hou L, Clark SR, Papiol 
S, et al. Association of polygenic score for schizophrenia and HLA antigen and inflammation 
genes with response to lithium in bipolar affective disorder: a genome-wide association study. 
JAMA Psychiatry. 2018;75(1):65–74.

 20. Calabro M, Drago A, Sidoti A, Serretti A, Crisafulli C. Genes involved in pruning and inflam-
mation are enriched in a large mega-sample of patients affected by Schizophrenia and Bipolar 
Disorder and controls. Psychiatry Res. 2015;228(3):945–9.

9 Human Endogenous Retrovirus as Missing Link in the Global Etiopathogenesis…



166

 21. Avramopoulos D, Pearce BD, McGrath J, Wolyniec P, Wang R, Eckart N, et al. Infection and 
inflammation in schizophrenia and bipolar disorder: a genome wide study for interactions with 
genetic variation. PLoS One. 2015;10(3):e0116696.

 22. Forstner AJ, Fischer SB, Schenk LM, Strohmaier J, Maaser-Hecker A, Reinbold CS, et  al. 
Whole-exome sequencing of 81 individuals from 27 multiply affected bipolar disorder fami-
lies. Transl Psychiatry. 2020;10(1):57.

 23. Nedic Erjavec G, Svob Strac D, Tudor L, Konjevod M, Sagud M, Pivac N. Genetic markers in 
psychiatry. Adv Exp Med Biol. 2019;1192:53–93.

 24. Nishioka M, Bundo M, Iwamoto K, Kato T. Somatic mutations in the human brain: implica-
tions for psychiatric research. Mol Psychiatry. 2019;24(6):839–56.

 25. Malhotra D, Sebat J. CNVs: harbingers of a rare variant revolution in psychiatric genetics. 
Cell. 2012;148(6):1223–41.

 26. Green EK, Rees E, Walters JT, Smith KG, Forty L, Grozeva D, et al. Copy number variation in 
bipolar disorder. Mol Psychiatry. 2016;21(1):89–93.

 27. Balestrieri E, Matteucci C, Cipriani C, Grelli S, Ricceri L, Calamandrei G, et al. Endogenous 
retroviruses activity as a molecular signature of neurodevelopmental disorders. Int J Mol Sci. 
2019;20:23.

 28. Feschotte C, Gilbert C. Endogenous viruses: insights into viral evolution and impact on host 
biology. Nat Rev Genet. 2012;13(4):283–96.

 29. Pani MA, Wood JP, Bieda K, Toenjes RR, Usadel KH, Badenhoop K. The variable endogenous 
retroviral insertion in the human complement C4 gene: a transmission study in type I diabetes 
mellitus. Hum Immunol. 2002;63(6):481–4.

 30. Wildschutte JH, Williams ZH, Montesion M, Subramanian RP, Kidd JM, Coffin JM. Discovery 
of unfixed endogenous retrovirus insertions in diverse human populations. Proc Natl Acad Sci 
U S A. 2016;113(16):E2326–34.

 31. Thomas J, Perron H, Feschotte C. Variation in proviral content among human genomes medi-
ated by LTR recombination. Mob DNA. 2018;9:36.

 32. Shin W, Lee J, Son SY, Ahn K, Kim HS, Han K. Human-specific HERV-K insertion causes 
genomic variations in the human genome. PLoS One. 2013;8(4):e60605.

 33. Weckselblatt B, Rudd MK.  Human structural variation: mechanisms of chromosome rear-
rangements. Trends Genet. 2015;31(10):587–99.

 34. Sutkowski N, Chen G, Calderon G, Huber BT. Epstein-Barr virus latent membrane protein 
LMP-2A is sufficient for transactivation of the human endogenous retrovirus HERV-K18 supe-
rantigen. J Virol. 2004;78(14):7852–60.

 35. Ruprecht K, Obojes K, Wengel V, Gronen F, Kim KS, Perron H, et al. Regulation of human 
endogenous retrovirus W protein expression by herpes simplex virus type 1: implications for 
multiple sclerosis. J Neuro-Oncol. 2006;12(1):65–71.

 36. Nellaker C, Yao Y, Jones-Brando L, Mallet F, Yolken RH, Karlsson H.  Transactivation of 
elements in the human endogenous retrovirus W family by viral infection. Retrovirology. 
2006;3:44.

 37. Li F, Nellaker C, Sabunciyan S, Yolken RH, Jones-Brando L, Johansson AS, et  al. 
Transcriptional derepression of the ERVWE1 locus following influenza A virus infection. J 
Virol. 2014;88(8):4328–37.

 38. Charvet B, Reynaud JM, Gourru-Lesimple G, Perron H, Marche PN, Horvat B. Induction of 
proinflammatory multiple sclerosis-associated retrovirus envelope protein by human herpesvi-
rus- 6A and CD46 receptor engagement. Front Immunol. 2018;9:2803.

 39. Kulski JK, Gaudieri S, Inoko H, Dawkins RL. Comparison between two human endogenous 
retrovirus (HERV)-rich regions within the major histocompatibility complex. J Mol Evol. 
1999;48(6):675–83.

 40. Andersson G, Svensson AC, Setterblad N, Rask L. Retroelements in the human MHC class II 
region. Trends Genet. 1998;14(3):109–14.

 41. Suntsova M, Gogvadze EV, Salozhin S, Gaifullin N, Eroshkin F, Dmitriev SE, et al. Human- 
specific endogenous retroviral insert serves as an enhancer for the schizophrenia-linked gene 
PRODH. Proc Natl Acad Sci U S A. 2013;110(48):19472–7.

H. Perron and M. Leboyer



167

 42. Deb-Rinker P, Klempan TA, O’Reilly RL, Torrey EF, Singh SM. Molecular characterization of 
a MSRV-like sequence identified by RDA from monozygotic twin pairs discordant for schizo-
phrenia. Genomics. 1999;61(2):133–44.

 43. Johansson EM, Bouchet D, Tamouza R, Ellul P, Morr A, Avignone E, et al. Human endog-
enous retroviral protein triggers deficit in glutamate synapse maturation and behaviors associ-
ated with psychosis. Sci Adv. 2020;6(29):eabc0708.

 44. Perron H, Hamdani N, Faucard R, Lajnef M, Jamain S, Daban-Huard C, et  al. Molecular 
characteristics of human endogenous retrovirus type-W in schizophrenia and bipolar disorder. 
Transl Psychiatry. 2012;2:e201.

 45. Perron H, Mekaoui L, Bernard C, Veas F, Stefas I, Leboyer M. Endogenous retrovirus type W 
GAG and envelope protein antigenemia in serum of schizophrenic patients. Biol Psychiatry. 
2008;64(12):1019–23.

 46. Huang W, Li S, Hu Y, Yu H, Luo F, Zhang Q, et al. Implication of the env gene of the human 
endogenous retrovirus W family in the expression of BDNF and DRD3 and development of 
recent-onset schizophrenia. Schizophr Bull. 2010;37(5):988–1000.

 47. Huang WJ, Liu ZC, Wei W, Wang GH, Wu JG, Zhu F. Human endogenous retroviral pol RNA 
and protein detected and identified in the blood of individuals with schizophrenia. Schizophr 
Res. 2006;83(2–3):193–9.

 48. Karlsson H, Schroder J, Bachmann S, Bottmer C, Yolken RH. HERV-W-related RNA detected 
in plasma from individuals with recent-onset schizophrenia or schizoaffective disorder. Mol 
Psychiatry. 2004;9(1):12–3.

 49. Karlsson H, Bachmann S, Schroder J, McArthur J, Torrey EF, Yolken RH. Retroviral RNA 
identified in the cerebrospinal fluids and brains of individuals with schizophrenia. Proc Natl 
Acad Sci U S A. 2001;98(8):4634–9.

 50. Perron H, Lang A. The human endogenous retrovirus link between genes and environment 
in multiple sclerosis and in multifactorial diseases associating neuroinflammation. Clin Rev 
Allergy Immunol. 2010;39(1):51–61.

 51. Duperray A, Barbe D, Raguenez G, Weksler BB, Romero IA, Couraud PO, et al. Inflammatory 
response of endothelial cells to a human endogenous retrovirus associated with multiple scle-
rosis is mediated by TLR4. Int Immunol. 2015;27(11):545–53.

 52. Rolland A, Jouvin-Marche E, Saresella M, Ferrante P, Cavaretta R, Creange A, et  al. 
Correlation between disease severity and in  vitro cytokine production mediated by MSRV 
(multiple sclerosis associated retroviral element) envelope protein in patients with multiple 
sclerosis. J Neuroimmunol. 2005;160(1-2):195–203.

 53. Perron H, Jouvin-Marche E, Michel M, Ounanian-Paraz A, Camelo S, Dumon A, et  al. 
Multiple sclerosis retrovirus particles and recombinant envelope trigger an abnormal immune 
response in  vitro, by inducing polyclonal Vbeta16 T-lymphocyte activation. Virology. 
2001;287(2):321–32.

 54. Perron H, Garson JA, Bedin F, Beseme F, Paranhos-Baccala G, Komurian-Pradel F, et  al. 
Molecular identification of a novel retrovirus repeatedly isolated from patients with multiple 
sclerosis. The Collaborative Research Group on Multiple Sclerosis. Proc Natl Acad Sci U S 
A. 1997;94(14):7583–8.

 55. Blond JL, Beseme F, Duret L, Bouton O, Bedin F, Perron H, et al. Molecular characterization 
and placental expression of HERV-W, a new human endogenous retrovirus family. J Virol. 
1999;73(2):1175–85.

 56. Perron H, Perin JP, Rieger F, Alliel PM. Particle-associated retroviral RNA and tandem RGH/
HERV-W copies on human chromosome 7q: possible components of a ‘chain-reaction’ trig-
gered by infectious agents in multiple sclerosis? J Neuro-Oncol. 2000;6(Suppl 2):S67–75.

 57. Perron H, Bernard C, Bertrand JB, Lang AB, Popa I, Sanhadji K, et al. Endogenous retroviral 
genes, herpesviruses and gender in multiple sclerosis. J Neurol Sci. 2009;286(1–2):65–72.

 58. Lafon M, Jouvin-Marche E, Marche PN, Perron H. Human viral superantigens: to be or not to 
be transactivated? Trends Immunol. 2002;23(5):238–9; author reply 9.

 59. Perron H, Suh M, Lalande B, Gratacap B, Laurent A, Stoebner P, et al. Herpes simplex virus 
ICP0 and ICP4 immediate early proteins strongly enhance expression of a retrovirus harboured 

9 Human Endogenous Retrovirus as Missing Link in the Global Etiopathogenesis…



168

by a leptomeningeal cell line from a patient with multiple sclerosis. J Gen Virol. 1993;74(Pt 
1):65–72.

 60. Frank O, Jones-Brando L, Leib-Mosch C, Yolken R, Seifarth W. Altered transcriptional activ-
ity of human endogenous retroviruses in neuroepithelial cells after infection with Toxoplasma 
gondii. J Infect Dis. 2006;194(10):1447–9.

 61. Kelsch W, Li Z, Wieland S, Senkov O, Herb A, Gongrich C, et al. GluN2B-containing NMDA 
receptors promote glutamate synapse development in hippocampal interneurons. J Neurosci. 
2014;34(48):16022–30.

 62. Frank RA, Komiyama NH, Ryan TJ, Zhu F, O’Dell TJ, Grant SG.  NMDA receptors are 
selectively partitioned into complexes and supercomplexes during synapse maturation. Nat 
Commun. 2016;7:11264.

 63. Liu T, Kong D, Shah BP, Ye C, Koda S, Saunders A, et al. Fasting activation of AgRP neurons 
requires NMDA receptors and involves spinogenesis and increased excitatory tone. Neuron. 
2012;73(3):511–22.

 64. Rolland A, Jouvin-Marche E, Viret C, Faure M, Perron H, Marche PN. The envelope protein 
of a human endogenous retrovirus-W family activates innate immunity through CD14/TLR4 
and promotes Th1-like responses. J Immunol. 2006;176(12):7636–44.

 65. Tamminga CA, Zukin RS. Schizophrenia: evidence implicating hippocampal GluN2B protein 
and REST epigenetics in psychosis pathophysiology. Neuroscience. 2015;309:233–42.

 66. Paoletti P, Bellone C, Zhou Q. NMDA receptor subunit diversity: impact on receptor proper-
ties, synaptic plasticity and disease. Nat Rev Neurosci. 2013;14(6):383–400.

 67. Baez MV, Cercato MC, Jerusalinsky DA. NMDA receptor subunits change after synaptic plas-
ticity induction and learning and memory acquisition. Neural Plast. 2018;2018:5093048.

 68. Li B, Otsu Y, Murphy TH, Raymond LA. Developmental decrease in NMDA receptor desen-
sitization associated with shift to synapse and interaction with postsynaptic density-95. J 
Neurosci. 2003;23(35):11244–54.

H. Perron and M. Leboyer



169© Springer Nature Switzerland AG 2021
M. Berk et al. (eds.), Immuno-Psychiatry, https://doi.org/10.1007/978-3-030-71229-7_10

R. Tamouza (*) 
Laboratoire Neuro-Psychiatrie Translationnelle, INSERM U955, IMRB, Université Paris Est 
Créteil, Creteil, France 

AP-HP, Département Medico-Universitaire de Psychiatrie et d’Addictologie (DMU IMPACT) 
and Fédération Hospitalo-Universitaire de Médecine de Précision en Psychiatrie (FHU 
ADAPT), Hôpitaux Henri Mondor, Créteil, France 

Fondation FondaMental, Créteil, France 

Service de Psychaitrie, Hopital Albert Chenevier, Créteil, France 

R. Krishnamoorthy 
Fondation FondaMental, Créteil, France 

M. Leboyer 
University Paris Est Créteil (UPEC), Inserm, IMRB (Translational NeuroPsychiatry lab), 
AP-HP, DMU IMPACT, AP-HP, Fondation FondaMental, Créteil, France
e-mail: marion.leboyer@inserm.fr

10The Human Leukocyte Antigen System 
in Psychiatry: Where Do We Stand?
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10.1  The HLA System

Since the first description of an association between HLA-B and Hodgkin lym-
phoma [1], genetic association between the highly polymorphic human leukocyte 
antigen (HLA) gene cluster and a large variety of immune/inflammatory disorders, 
ranging from infections to cancer, have consistently been observed [2]. Recently, a 
strong association between schizophrenia and the major histocompatibility complex 
(MHC) that hosts the HLA gene cluster was reported by the Psychiatry Genomic 
Consortium [3], extending the previous observation that dates back to 1975 [4]. 
Given the prominent role of HLA gene cluster in the regulation of immune- 
inflammatory processes, a genetically determined dysfunctional HLA system or 
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context-dependent inappropriate/aberrant response of the MHC complex very likely 
plays a major role in psychiatric settings. Indeed, a large subset of patients with 
autism, schizophrenia, or bipolar disorders have consistently been associated with 
immune dysfunction in a background of chronic low-grade inflammation and 
comorbid autoimmune diseases. The implication of HLA-related immune processes 
in psychiatric disorders could be related to its role in brain development as they 
regulate processes like microglia activation and synaptic pruning [5].

The MHC is a 4  Mb region located on the short arm of chromosome 6 
(6p21.3-22.1) and is one of the most polymorphic and gene dense regions of the 
human genome [6]. This region hosts the HLA gene cluster, physically divided into 
three functionally distinct sub-regions:

 1. The HLA-class I region that includes the classical HLA-A, HLA-B, and HLA-C 
genes as well as the non-classical HLA-E, HLA-F, and HLA-G loci; the former 
three are involved in antigen presentation to T CD8+ lymphocytes while the lat-
ter are mainly implicated in immunomodulatory functions.

 2. The HLA class II region encompasses the HLA-DPA1, HLA-DPB1, HLA- 
DQA1, HLA-DRB1, HLA-DQB1, HLA-DQB2, HLA-DRA, HLA-DRB1, 
HLA-DRB2, HLA-DRB3, HLA-DRB4, and HLA-DRB5 genes which are 
involved in antigen presentation to T CD4+ lymphocytes.

 3. The class III region consists of genes involved in inflammatory responses, leuko-
cyte maturation, and some of the genetic components of the complement cascade.

While the encoded molecules of the HLA-A, -B, and -C genes play an essential 
role in the detection and elimination of virus-infected and tumoral cells through 
cellular-mediated cytotoxic processes, their HLA class II counterparts modulate 
humoral immune responses. Both gene sets are highly polymorphic with more than 
26,000 alleles reported to date [7], the main function of which is to present self or 
foreign antigens to the T cell receptors (TCR) on the effector cells.

Since long, the HLA molecules are known to be involved in fine-tuning of the 
inflammatory processes, and any of their dysfunctions can cause a variety of 
immuno-pathological events including autoimmunity, a frequent comorbid condi-
tion in psychiatric disorders [8]. In recent years, evidences mount to show that the 
HLA molecules also play a role at a central level. Indeed, they modulate some of the 
core functions of the central nervous system (CNS) such as neurodevelopment, neu-
ronal/synaptic plasticity, learning memory, and behavior [9]. In fact, neurons influ-
ence neuron-neuron interactions and neuro-signaling [10]. Their highest levels of 
expression were detected in post-synaptic hippocampal neurons [11]. Moreover, the 
HLA molecules are pivotal for the anatomical integrity of the CNS as exemplified 
by the enlarged ventricles observed in HLA-class I deficient murine models [12].

Despite evidences for the prominent immune dysfunctions in a significant subset 
of patients affected by major psychiatric disorders likely via the involvement of 
HLA molecules in neurodevelopment and neuronal function, further supported by 
HLA genetic association studies (that provide tags, but not direct proof), difficulties 
in deciphering the mechanistic link between the so-called classical HLA diversity 
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(alleles corresponding to antigen-presenting molecules), and these disorders persist 
essentially due to the complex genetic architecture of the HLA system. Given the 
recent technological advances, it is now possible to perform a precise and deep 
characterization of the HLA gene cluster to understand the pathophysiological 
underpinnings of its diversity in conferring susceptibility to or protection against 
psychiatric disorders. In this review, we will discuss the current knowledge and 
prospects of HLA genetics in major psychiatric disorders.

10.2  The Genetic Complexity of the HLA Region

Since the discovery of the HLA system by Jean Dausset [13], the analysis of HLA 
polymorphism has undergone successive technological improvements over 20 years 
incorporating gradually DNA-based molecular approaches including the high 
throughput, and cost-effective next-generation sequencing (NGS) for reliable HLA 
genotyping, that could cover all the known HLA alleles. Nevertheless, such fine- 
tuned analysis and understanding of the potential of HLA diversity in genetic stud-
ies requires specially trained “histocompatibility expertise.”

Despite such advances and available expertise, HLA and disease association 
studies are still hampered by several limitations including (i) the extreme rate of 
polymorphism, (ii) the ethno-geographical-dependent distribution of HLA alleles, 
(iii) disease-dependent variable pertinence of a given HLA allele. For example, the 
HLA-B27 association is prominently evident for Ankylosing Spondylitis while for 
other multi-genic and multifactorial disorders, evidence of disease association may 
not be that apparent because distinct alleles may have shared functions and (iv) 
further complexity of HLA polymorphism resides in the variability of allele expres-
sion [14–16]. Given these aspects, both the candidate gene approach which may 
ignore the degree of contribution of other interacting loci to the phenotype and the 
Genome-Wide Association Studies (GWAS) which covers imperfectly the extreme 
polymorphism of HLA loci (only 60% of the diversity accounted for) limit the 
power of HLA imputation-based methods.

To overcome these difficulties, one possible approach is to understand the 
evolution- based shaping of the present day HLA diversity stemming from a limited 
but manageable number of ancestral haplotypes (AH). Various genetic events, viz., 
crossing-overs, recombination and point mutations, have participated in that evolu-
tion [17, 18]. These AHs were selected under diverse geographic-specific environ-
mental pressure, then conserved, and fully or partially transmitted to generations 
[18]. Hence, the study of the distribution of AHs in disease association studies has 
clarified issues raised by the scattered HLA allele association in a given disease and 
further allowed to predict, by features of commonality of these alleles, potential 
mechanisms in the disease process. One of the best examples is represented by the 
HLA-8.1AH, which is recognized as the most associated AH with immune disor-
ders including infections, inflammation and autoimmunity, while being character-
ized by a steady-state pro-inflammatory background in healthy individuals [17, 19]. 
Consequently, such properties may explain why the 8.1AH was found to be 
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protective against pathogens, a status likely due to positive (balancing) selection, 
however with a price to be paid by its inherent pro-inflammatory properties that 
could favor risk for chronic inflammation and autoimmunity [20].

Another way to apprehend the HLA functional diversity is to study allele- 
dependent expression status. Indeed, such diversity reflects the influence of HLA 
alleles per se. For example, single nucleotide polymorphisms (SNP) categorizing 
the HLA-DPB1 and HLA-C alleles into high and low expressed variants were 
shown to be strongly associated, respectively, with graft-versus host disease after 
hematopoietic stem cell transplantation and HIV infection [21–23].

Immersing further, it is relevant to note that the specific recognition of HLA- 
Peptide combination is mediated by the per se polymorphic T cell receptors (TCRs) 
on CD8+ T cells which bind class I molecules and on CD4+ T cells which bind class 
II molecules. The specificity of HLA-peptide-TCR tripartite interactions is funda-
mental in enabling the adaptive immune system to mount an efficient and appropri-
ate response against infection while simultaneously being capable of preventing 
autoimmune processes [24–26].

Different mechanisms have been found in HLA-associated diseases such as atyp-
ical HLA-peptide-TCR binding orientation, low-affinity peptide binding that facili-
tates thymic escape, TCR-mediated stabilization of weak-peptide-HLA-interaction, 
or presentation of peptides in a different binding register [27], altogether adding a 
supplementary level of diversity.

Thus, while the GWAS allowed detection, among hundreds of genes, of the 
MHC/HLA genetic cluster as a pivotal region, specific HLA-dedicated expertise is 
needed to uncover meaningful functional haplotypes associated with disease sub-
groups of interest. It may even allow retro-stratification, based on their HLA type, 
into subgroups of the psychiatric patients who are essentially classified into clinical 
categories. Indeed, molecular retro-stratification may generate homogeneous sub-
groups, thus providing better insight into the pathophysiological underpinnings of 
these complex genetic disorders.

10.3  HLA Diversity in Major Psychiatric Disorders

In this section, we review the previously studied HLA gene candidate association in 
major psychiatric disorders, especially the risk/protection conferred by them not 
only on the disease category per se but also on specific sub phenotypes of a given 
disorder.

10.3.1  Schizophrenia (SZ)

Accumulated evidence from epidemiologic, immunological, genetic, imaging stud-
ies strongly argues in favor of the proposition that MHC confers risk to schizophre-
nia [28]. The first evidence supporting HLA as a schizophrenia susceptibility locus 
dates back to papers published in the 1970s [4, 29]. Since then, several associations 
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have been reported in different ethnic populations, for example, the HLA-A9, HLA-
A10, HLA-DRB1, HLA-DQB1 alleles [28]. In 2009, three GWAS and meta- 
analysis of these GWAS published in the same issue of Nature revealed strong 
association between the MHC region and schizophrenia [30–33]. These studies 
clearly established that the HLA hosting MHC is the strongest region of association 
with SZ, but without any precision on the location of a potential at risk loci albeit 
possible involvement of the HLA gene cluster.

Later, GWAS subjected to HLA imputation of classical HLA alleles strikingly 
revealed a dominant protective effect conferred by some HLA alleles namely, HLA- 
A*01, B*08, and DRB1*03 (Donnelly et al. 2012), all derived from the so-called 
8.1 “autoimmune” ancestral haplotype (8.1AH) (A*01 ~ B*08 ~ DRB1*03 ~ DQB
1*02). This latter is the most associated HLA haplotype with inflammatory pro-
cesses and autoimmune diseases including Type1 diabetes, celiac disease, Grave’s 
disease, and myasthenia gravis [17].

Further dissection of the MHC/HLA region revealed a major contribution to SZ 
risk is represented by an elevated expression of the complement C4A molecules. 
Such raised gene expression is apparently due to increased C4A gene copy number. 
This fits very well with the plausible (experimentally demonstrated) contribution of 
C4A to exaggerated C4-dependant neuro-synaptic pruning [34]. The complement 
system is a set of immune proteins involved not only in first-line defense against 
pathogens but also as a major contributor of synaptic pruning during neurodevelop-
ment [35]. Recent observations established a link between the C4 locus and classi-
cal HLA haplotype diversity in the modulation of risk to develop schizophrenia. 
Indeed, the protective status conferred by the above-mentioned 8.1 AH haplotype is 
likely related to the fact that this haplotype naturally lacks the C4 locus. We recently 
showed that one of the 8.1 AH-derived HLA haplotypes was significantly less fre-
quent in SZ patients with early onset but gradually increased in frequency with the 
age at the onset of SZ (12.7% after 30 years, Pc = 0.008) [36]. This is probably 
explained by the fact that carrying the 8.1 AH decreased the C4 expression which 
leads to less cortical thinning (synaptic pruning), thus delaying the age at the onset 
of SZ while potentially favoring autoimmune processes due to its pro-inflammatory 
properties. By contrast, SZ patients not bearing 8.1 AH-derived HLA haplotypes 
have an active C4 complement and may suffer from a more severe form of the dis-
order, characterized by early age at onset, associated to increased synaptic pruning 
leading to cortical thinning. Simultaneously these SZ subjects will be expected to be 
less prone to develop autoimmune disorders. This is in line with previous observa-
tions that carriers of MHC-linked risk variants (rs2596532) have larger ventri-
cles [37].

Altogether, these observations highlight the possibility that the HLA genetics 
will help identifying homogeneous sub-groups of patients with schizophrenia.
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10.3.2  Autism Spectrum Disorder (ASD)

Several case-control-based analyses of potential associations between the HLA 
genetic diversity and autism spectrum disorders (ASD) provide only fragmented 
data without any functional clues albeit GWAS studies confirmed the ASD risk 
conferred by the MHC region [38, 39]. Recent HLA haplotype-based analysis 
brought further precisions by identifying both at risk for and protective HLA haplo-
types against ASD [40]. More precisely: (i) the celiac disease-associated HLA- 
DRB*11 ~ DQB1*07 was found to be associated with the risk to develop ASD and 
in particular in those with higher scores for social and non-verbal functioning, the 
two proxies of disease severity, and also interestingly in agreement with the concept 
of gastro-intestinal involvement in ASD [41, 42], (ii) as in SZ, here again a protec-
tive status conferred by the HLA 8.1 AH. To remind, this haplotype lacks the syn-
aptic pruning complement C4 component and confers raised degree of steady-state 
pro-inflammatory status, and (iii) in a subset of regressive autism, a subset of ASD 
characterized by immunological features, protection was shown to be conferred by 
a class II sub-haplotype, namely, HLA-DPA1*01-DPB1*04 [43].

10.3.3  Bipolar Disorder (BD)

Along the report of pharmacogenetic association of HLA antigen with response to 
lithium [44], ancestral haplotype derivation from observed HLA allelic combina-
tions revealed an association between the 8.1 AH and bipolar disorder (BD), and in 
particular with BD subgroup having rapid cycling and/or history of suicidal behav-
iors [45]. Such association likely bears pathophysiological relevance since the pro- 
inflammatory 8.1 AH favors autoimmune processes. This is in line with the 
well-known association of BD with comorbid autoimmune conditions [46, 47]. This 
study also reported associations between disease onset by hypomanic episode or by 
psychotic symptoms, and HLA 57.1 AH and 7.1 AH, both previously associated 
with common inflammatory disorders. Consequently, it is likely that in BD, HLA- 
mediated pro-inflammatory processes are at work.

An interesting observation is the contrasting effect of the 8.1 AH; in SZ and ASD 
it is protective while in BD it confers increased risk to develop severe forms of 
BD. Similarly, Andreasen et al. [48] reported that the same HLA allele was shared 
between SZ and multiple sclerosis (MS), but not between MS and BD. Despite a 
large overlap of the genetic and some clinical features between BD and SZ, it is 
possible that their neurodevelopmental differences may be related to temporal dif-
ferences in HLA-dependent immunogenetic influences [48, 49]. In summary given 
the relationship between the 8.1 AH and complement C4-mediated synaptic pruning 
on the one hand and the established shared genetic inheritance between SZ and BD, 
on the other, it is possible that the 8.1 AH-associated immunogenetic processes 
contribute to temporal neurodevelopmental specificities between these disorders.
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10.4  Other Implications in Psychiatric Settings

10.4.1  HLA and “Auto-Immune Psychosis”

After the initial description by Dalmau in 2008 of “autoimmune limbic encephali-
tis” [50], the concept of “auto-immune psychosis” emerged [51]. Indeed, in typical 
psychiatric setting antibodies directed against the NMDAr disrupt the receptor 
function/signaling through a mechanism different from that occurs in NMDAr lim-
bic encephalitis [52]. Only few studies have addressed the potential relationship 
between autoimmune psychosis/encephalitis with HLA polymorphism. While the 
HLA-B*07:02 was found associated with anti-NMDAR encephalitis in German 
population-groups [53], in Chinese patients such association involve the HLA class 
II DRB1*16:02 allele [54]. Potential implication of HLA in anti-NMDAR encepha-
litis was further suspected by the appearance of anti-NMDAr encephalitis a month 
after pulmonary infection in a 3-year-old boy with chromosomal deletion in 
HLA-DP cluster [55]. In this case, one could postulate that HLA-dependent altered 
immune response failed to resolve the infectious event compromising the tolero-
genic process with consequent occurrence of autoimmunity.

Other autoantibodies for brain receptor targets have recently been described. In 
particular, a German study described a strong association between anti-leucine-rich 
glioma-inactivated1 (LGI1) encephalitis and the HLA-DRB1*07:01, DQA1*02:01 
haplotype [53]. Whether and how the HLA system is involved in the autoimmune 
encephalitis/psychosis remains an open question.

10.4.2  HLA and Treatment Responses 
to Psychotropic Compounds

The HLA genetic diversity is also implicated in the modulation of treatment 
responses in psychiatric settings either in terms of adverse drug reaction (ADRs) or 
treatment efficacy. In the context of ADRs both candidate gene studies and GWAS 
demonstrated that clozapine-induced agranulocytosis is partly mediated by HLA 
alleles belonging to both HLA-class I and class II specificities [56]. In terms of 
efficacy of treatment response, we showed that a double amino-acid change in the 
HLA-A peptide-binding groove was associated with better response to psychotropic 
treatment in patients with SZ [57]. A recent large survey showed that treatment 
response to lithium in BD is strongly influenced by both SZ-linked polygenic score 
and the MHC/HLA genetic diversity [44]. The latter finding may be in line with the 
assumption that a major difference in the shared heritability between SZ and BD 
likely lie in the MHC cluster [48].
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10.4.3  HLA and Human Endogenous Retrovirus Elements (HERV)

The human endogenous retroviruses (HERVs) are ancient retroviral-derived frag-
ments integrated in human genome representing 8% of it. A majority of them are not 
expressed, but some of the undisrupted HERV sequences can be reactivated under 
certain triggering conditions, such as early infections, with consequent expression 
of proteins harboring viral properties. Such reactivation is known to be associated 
with various autoimmune/inflammatory disorders such as multiple sclerosis or 
rheumatoid arthritis implicating, respectively, two types of HERV family, namely, 
HERV-W and HERV-K [58].

Given the likely gene and environment framework of HERV reactivation leading 
possibly to the production of pro-inflammatory and neurotoxic proteins, HERV was 
the focus of studies in psychiatric disorders revealing associations especially 
between the HERV-W type and both SZ and BD at protein and/or at DNA/RNA 
levels further influenced by copy number variations [59, 60]. More recently, one of 
the HERV members, namely, HERV-K, as a potential risk component for SZ was 
envisaged. Indeed, Sekar et al. demonstrated that complement C4 long allele har-
boring the insertion of HERV-K expressed higher levels of C4A molecules with 
presumable exaggerated synaptic pruning, and cortical thinning [34]. It is thus 
amazing that different types of the HERV family members can be associated with 
the same disease and may represent different disease pathways. Finally, within the 
context of the present review, it is important to remind that the complement C4 is 
located in the HLA-class III region and that the HLA-8.1 ancestral haplotype is 
believed to exert a protective effect against SZ risk possibly because it is devoid of 
C4A gene.

10.4.4  Another Facet of the HLA Diversity: The Non-classical 
HLA-Class I Loci

Given the extreme diversity of environmental stressors, including infections, evo-
lutionary forces have gradually shaped a highly multigenic and polymorphic bio-
logical system to handle these challenges: the immune system. Upon interaction 
with a trigger, the immune system mounts non-specific pro-inflammatory pro-
cesses, if necessary, by adaptive cellular processes specific for the triggering event. 
Such sequence of events could at times be deleterious in case of uncontrolled 
inflammatory processes. Thus, in parallel, counteracting immune-modulatory 
genetic strategies have emerged and were positively selected by evolutionary 
constraints.

One of the best example of such “Dr Jekyll and Mr Hyde” biological system is 
represented by the HLA-class I classical and non-classical molecules. Within the 
same HLA-class I region lie (i) the classical HLA-class I-A, -B, and -C loci charac-
terized by an extreme polymorphism essential for their antigen-presentation func-
tions and maintained by balancing selection to cope up with a large variety of 
environmental pathogens and (ii) the non-classical HLA-E, G, and F genes 
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remarkable by a very low rate of diversity that reflect more broad properties such as 
immunomodulation.

Among these latter, the non-classical HLA-G encodes cell surface molecules 
exerting powerful immunomodulatory functions, first demonstrated essential for the 
establishment and tolerance between the maternal immune system and the semi- 
allogeneic fetus at the fetal-placental interface [61]. These characteristics thus 
opened the way to study various immune-related disorders, especially those possi-
bly starting in early life, in particular during pregnancy when neurodevelopmental 
windows are critical. In this context, we and others have demonstrated the likely 
implication of both HLA-G polymorphism and expression in psychiatric disorders 
including autism, SZ, and BD. In consecutive articles Guerini et al. demonstrated 
that genetically determined low expression of the tolerogenic HLA-G molecules at 
the fetal-mother interface, possibly leading to prenatal immune activation, is associ-
ated with ASD risk [62–65].

In addition, in SZ, another neuro-developmental psychiatric disorder, even if the 
potential influence of HLA-G polymorphism and expression was less investigated, 
it seems that low levels of HLA-G either genetically determined or at circulating 
level may influence disease onset and phenotype [66–69]. In bipolar disorders two 
studies performed on patient population of distant ethnicity, i.e., French and south 
Indian Tamils revealed that contrary to ASD and SZ, genetically determined HLA-G 
low expression confer protection against the BD which can suggest a possible dif-
ference mediated by HLA-G in the ontogeny of such disease [70, 71]. It is hence 
possible that in BD the protection conferred by low-grade immunomodulation may 
rather favor more efficient and intense pro-inflammatory anti-infectious response 
but outside the neurodevelopmental window.

10.5  Future

These findings and the fact that, predating human lineage, HLA-equivalent loci are 
found in non-vertebrates and still retained accumulating diversity are the indisput-
able proof of the pivotal role of HLA in human health and disease [72].

Accordingly, the potential involvement of the HLA system in psychiatric disor-
ders makes them eligible to integrate the pool of immune disorders. However, the 
present knowledge concerning the intricacies between HLA and psychiatry is with-
out any doubt the tip of the iceberg as, for example, the vast majority of the studies 
was focused on populations of European and Asian, ancestries leaving aside the 
African continent where the rate of the genetic diversity is the highest among 
humans. In this context, a recent study of SZ patients from south Africa, namely, the 
Xhosa population-group, revealed not only that the observed overall genetic diver-
sity was more important than that of non-African populations but importantly 
uncover mutational events that could be hypothesized to be founder SZ causing 
variants, latter on submitted to further variations, and genetic dilution after migra-
tion out of Africa as we see in present day Europeans and Asians [73]. Studying 
further such ancient populations from where the human genome was shaped by 
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various environmental pressures over time including a variety of social and micro-
bial pressures will be pivotal for the understanding of psychiatric disorders.

Hence, we are at the beginning of the of HLA and PSYCHIATRY history.
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11.1  Introduction

Schizophrenia (SZ) is a life-long, potentially severe disorder characterized by 
impairment in cognition. The etiology of SZ is uncertain, though an inherited pre-
disposition is undisputed, and a multi-factorial polygenic threshold model was pro-
posed, based on family studies [1]. Family and twin studies suggest a substantial 
heritability for SZ (~0.70) [2]. Gene mapping studies were difficult to replicate, 
possibly because they were under-powered, but the use of larger samples and accu-
rate next-generation molecular techniques has paved the way to a better 
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understanding of the molecular risks involved [3]. To enable larger samples, 
researchers pooled their resources and formed the Psychiatric Genomics Consortium 
(PGC) [4]. The first genome-wide association studies (GWAS) performed by the 
PGC for SZ amassed 28,799 cases and 356,986 controls, revealing 108 associated 
loci [3]. However, odds ratios (OR) were modest (most not exceeding 1.2); thus, the 
considerable fraction of genetic risk could not be explained. To further increase 
power to detect more associated loci, a meta-analysis was performed that combined 
the PGC data with the ‘CLOZUK’ study that identified 179 SZ risk variants map-
ping to 145 loci; the most significant locus mapped to the major histocompatibility 
(MHC) region, centered on the complement C4 locus (OR = 1.28; p = 2.12 × 10−44) 
[5]. Efforts to increase sample sizes of case and control cohort to conduct new, 
updated GWAS by the PGC are ongoing. These studies estimate the single nucleo-
tide polymorphism (SNP)-based heritability for SZ is approximately 0.45 [6].

As more risk variants are identified, a parallel challenge is an understanding of 
the mechanism/s by which these variants confer risk. One of the most daunting chal-
lenges rests in the MHC region. Pre-GWAS studies have consistently identified 
variants in the MHC region as risk factors for SZ (see Review by Farrell and col-
leagues [7]), and this region has emerged consistently as the most significantly asso-
ciated region in GWAS [3, 5]. Yet, it has proven difficult to localize the variants 
primarily contributing to the risk, due to extensive linkage disequilibrium (LD) and 
repeat variation in the MHC region [8]. Elegant analyses based on genetic associa-
tion and post-mortem gene expression analyses recently identified a copy number 
variation (CNV) as a plausible and substantial contributor to the MHC-associated 
risk [9]. Further, it was suggested that the risk was conferred primarily by C4A, an 
isotype of the complement component C4 gene. The authors also proposed that the 
risk manifests through abnormal patterns of synaptic pruning during early develop-
ment. Synaptic pruning is a part of healthy central nervous system (CNS) develop-
ment; however, recent studies show evidence that aberrations in this process may be 
a risk factor for SZ [10]. In the following sections, we review the complement sys-
tem, followed by a description of C4 structure, function, and its evolutionary con-
servation. We also discuss the synaptic pruning hypothesis alongside other plausible 
hypotheses. We close by providing an overview and a critique.

11.2  The Complement System

The role of the complement system and its factors in the development of mental 
disorders, including SZ, has been explored since the mid-1980s, albeit with conflict-
ing interpretation [11]. As a part of the innate immune system, the complement 
system consists of an array of soluble inactive precursor proteins, cell surface recep-
tors, and regulatory proteins that act in a sequential cascade following activation 
[12, 13]. The activation of this evolutionarily ancient system is triggered by three 
major, inter-connected pathways: classical, lectin, and alternative [14].

The classical pathway is activated by antigen-antibody complexes and is medi-
ated by C1 activation [15]. The lectin pathway is activated via exposure to 
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carbohydrate moieties and mediated by mannose-binding lectin or ficolins [15]. The 
alternative pathway is generally non-specific and is activated by foreign surfaces or 
exposure to C3 hydrolysis. All pathways lead to the downstream formation of the 
membrane attack complex (MAC) or the terminal complement complex (TCC), 
which are transmembrane channels composed of multiple proteins and located on 
the pathogen cell membrane [16]. The resultant transmembrane channels lead to 
pathogen cell lysis, enhanced phagocytosis, clearance of foreign debris, or enhanced 
functionality of cytokines [16].

The human immune response depends on the action of the complement system. 
C4 is a critical component of a robust immune response, yet the function/s of com-
plement is not well understood within the central nervous system (CNS). 
Complement proteins are synthesized locally in the CNS [17]. Synthesis of most 
complement proteins of both classic and alternative complement pathways have 
been confirmed in microglia and astrocytes and are considered CNS “immune effec-
tor” cells [17]. In addition, complement proteins could have other functions in the 
CNS, like synaptic pruning, differentiation, and migration of neural progenitor cells 
during early embryonic brain development [18].

11.3  C4 Gene Structure and Genetic Studies

The C4 locus exists as two functionally distinct genes in humans, dubbed C4A and 
C4B [19]. Both C4A and C4B are 14.2 kilobases (kb), each containing 41 exons and 
1744 amino acid residues. There is a difference in four amino acids that differentiate 
C4A from C4B (amino acids 1101–1106 encode for PCPVLD and LSPVIH, 
respectively) [20]. Though C4A and C4B have seemingly minor differences, they 
differ substantially in their hemolytic activities and antigen affinities [21]. C4A and 
C4B exist as either a long or a short transcript. The long transcript contains an addi-
tional 6.36 kb due to the retention of the ninth intron that includes a HERV-K retro-
viral sequence. Approximately 76% of C4 gene copies encode this sequence; 
however, this sequence is spliced out of the final mRNA molecule and it is absent in 
the C4 protein [21].

C4 is encoded as part of a four-gene module that can occur in varying copy num-
bers in different individuals [22]. The three other genes in this module are serine/
threonine kinase 19 (RP1), steroid 21-hydroxylase (CYP21), and tenascin-X (TNXB; 
Fig. 11.1). The module, called “RCCX,” can be duplicated in tandem [23]. An indi-
vidual can have zero to eight copies of RCCX [9]. In addition to nucleotide poly-
morphisms, each RCCX can contain one, two, or three C4 genes, and each C4 locus 
may or may not contain the retained retroviral HERV-K sequence (Fig. 11.1a) [21]. 
Among European, East-Asian, and American persons, the distribution of the total 
number of C4 genes among individuals is similar: ~25% have three copies, ~60% 
have four copies, and ~10% have five copies; the distribution of the C4A isotype 
copy number is similar, while C4B is skewed toward low copy number copies [24–
26]. Some combinations of C4 copy number, the HERV element, and flanking loci 
are described in Fig. 11.1a; however, complex configurations of C4 copy numbers 
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arise when considering the absence or presence of the HERV sequence and the 
number of gene copies present on each chromosome.

The diversity in RCCX copy number could be an evolutionary advantage for an 
adaptive immune response. For example, the blood group antigens, Chido (Ch) and 
Rodgers (Rg), were identified on the C4 protein [27]. There are two Rg antigens, 
which are typically associated with C4A, and six Ch antigens associated with C4B, 
but in rare instances, Rg antigens may associate with C4B and vice versa [28]. 

STK19 C4 CYP21A2 TNXBHERV Pseudogenes/
Fragments

Developmental and Adult
Environment

Complement C4 Complement Activated (?)
Synaptic
Pruning

Increased risk for
Psychosis

Central Nervous System
Immunity
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LEGEND.
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Fig. 11.1 Complement C4 variation and its putative role in schizophrenia pathogenesis. (a) 
Complement C4 Locus. Flanking C4 on chromosome 6 (shown with and without the retroviral 
element, “HERV”) are the genes that produce the RCCX fragment. The RCCX fragment is com-
posed of the following genes that lie sequentially along chromosome 6: RP1(STK19)-C4- 
CYP21A2- TNXB. Each individual has between 0–8 copies of RCCX.  Pseudogenes and gene 
fragments composed of CYP21A1P, RP1, or TNXB may be present in some individuals. As an 
example, the configuration displayed at the top row in (a) show two chromosomes: one with the 
HERV sequence and the other without and two copies of C4; the middle configuration shows four 
copies of C4, where three contain HERV; the bottom configuration shows six copies of C4, where 
three contain HERV. (b) Gene Tree of complement C4 across species. (c) Complement C4 genomic 
variation as a potential modulator in the multi-factorial polygenic threshold model of schizo-
phrenia risk
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Because of the highly variable nature of RCCX, Ch/Rg serotypes can be determined 
to be a complex mix of different C4A and C4B proteins with different antigenici-
ties, which can be used to predict reactions to transfused blood or transplanted organs.

It is also of interest to study the evolution of the C4 isotypes, in the context of the 
complement system as a highly conserved immune mechanism. The complement 
system is present in vertebrates and, given the absence of an antibody-based immune 
system, is an important defense mechanism for invertebrates, like insects or cni-
daria. The complement system was likely present in a common ancestral species 
~500 million years ago (mya) given its existence today in species like cnidaria [29]. 
At the protein level, the C4 protein structure is an α2 macroglobulin molecule (α2 
macroglobulins are evolutionarily conserved to the worm) [30]. At the genetic level, 
C4 is present in vertebrates (Fig. 11.1b), and C4 duplication events likely occurred 
early in the evolutionary development of jawed vertebrates [31]. Jawed vertebrates, 
or gnathostomata, have been dated to 460 mya; other notable features of gnathosto-
mata include an adaptive immune system and the presence of myelin on neurons 
[32, 33]. Other mammals do not encode both C4A and C4B: a single C4 locus is 
present and highly conserved (Fig. 11.1b). This locus encodes proteins similar to 
C4B, suggesting that C4A evolved after a gene duplication event of C4B in a non- 
human primate ancestor [21, 34]. The HERV retroviral integration sequence is 
found in all Old World primates, before the hominoid-Old World monkey split [35]. 
Integration of the HERV sequence is estimated to have occurred 10–23 million 
years ago [36]. Figure 11.1b depicts a gene tree for C4 across species. High homol-
ogy is observed in many diverse organisms with the curious exception of the duck 
and platypus (Fig. 11.1b).

Given the recent developments linking C4 with synaptic pruning and SZ in the 
CNS, the expression profile of C4  in the CNS was quantified by Sekar and col-
leagues using five post-mortem brain regions from 245 individual donors [9]. A 
proportional relationship in the expression of C4 mRNA and genomic copy number 
was observed in the CNS (similar to peripheral blood [37]), the expression of C4A 
was greater than C4B, and retroviral HERV element retention correlated with an 
increase of C4A:C4B ratio [9]. With regard to SZ, cases had increased expression of 
C4A than controls in five brain regions (p < 0.0001) [9], bolstering the evidence for 
C4 variation in SZ etiology. These analyses indicate that increased transcription of 
C4A in the brain could be related to risk for SZ.

11.4  Hypothesis 1. C4, Synaptic Pruning 
and SZ Pathogenesis

Sekar et al. [9] first proposed that C4 mediates loss of synapses via increased syn-
aptic pruning. Pruning of overproduced synapses during typical neurodevelopment 
is a physiological process that eventually leads to brain maturation. Pruning is par-
ticularly prominent during adolescence and young adulthood [38]. Overall, the 
number of synapses decreases in an age-related manner in humans [39] and these 
changes may underlie age-related gray matter reductions observed in neuroimaging 
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studies of SZ [40]. Structural MRI studies that quantify gray matter alterations 
reported reductions in gray matter in children and adolescents [38], suggesting that 
synaptic pruning may be age-related.

Convergent animal [41], human developmental [42], neuroimaging [43], post-
mortem [44], and computational modeling [45] data suggest that increased neuropil 
loss predates [46] and continues after the onset of psychosis [47], and may also 
predict short-term outcome of SZ [48]. Such age-related abnormal pruning may 
occur before the onset of SZ clinical symptoms as shown in recent studies on clini-
cal high-risk persons, who have up to 30 times higher risk for psychosis over 3 
years, which consistently showed increased progressive reduction in gray matter as 
psychosis clinically manifested [49]. Similar longitudinal gray matter reduction was 
also observed among familial high-risk subjects [50] and during the early course of 
first-episode SZ [51] consistent with longitudinal gray matter loss reported by oth-
ers [47]. However, it is unclear what proportion of variance of excessive synaptic 
pruning is associated with genetic variations, given that a significant portion of SZ 
risk is attributable to genetic factors [52].

Postmortem studies have consistently reported dendritic spine loss, one of the 
most consistently replicated findings in SZ research [44], as a proxy measure of 
synapse loss in SZ. Synaptic pruning has been demonstrated in the neuromuscular 
junction, prefrontal cortex, temporal cortex, visual cortex, dorsal lateral geniculate 
nuclei, cerebellum, and hippocampus; and the mechanisms likely differ by region 
[53]. Within the prefrontal and temporal cortex, lamina-specific dendritic spine loss 
has been observed rather than generalized spine loss in all layers [44]. Synaptic 
pruning is dependent on neural activity [54, 55]. Rodent models indicate that neural 
activity triggers the activation of complement protein C1q, leading to deposition of 
complement C3 on neural membranes, triggering microglial synaptophagy [56, 57], 
though the factors that spare neuronal process are still uncertain [58]. Others have 
also indicated a role for astrocytes [59], likely in conjunction with microglia [60]. 
From a neurodevelopmental perspective, the inappropriate activation of comple-
ment or the failure of complement to function correctly in the developing CNS 
could conceivably disrupt neuronal networks.

Based on functional links between C4 and C3 [57, 61], Sekar et al. [9] suggested 
that the C4A-SZ association is mediated through abnormal synapse elimination. 
This hypothesis is congruent with numerous neurodevelopmental abnormalities in 
SZ attributed to exaggerated synapse elimination [43]. The factors determining the 
type or timing of synaptic pruning are uncertain, though research suggests that 
immature synapses or those showing lower levels of activity are more likely to be 
eliminated [62].
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11.5  Hypothesis 2. Signaling Cytokines and Complement 
in Schizophrenia Risk

Gestational viral infection could confer risk for SZ to offspring [63, 64]. The sus-
pected viruses include herpes simplex, T. gondii, and rubella. Non-infectious envi-
ronmental factors could also contribute to risk, including obstetric complications, 
perinatal hypoxia, environmental pollution, and even adverse childhood experi-
ences [65, 66]. All these risk factors share a common thread, in that they are stress-
ors that promote an inflammatory response. Inflammatory responses are accompanied 
by a release of signaling cytokines, and elevated levels of several cytokines, includ-
ing IL-1B, IFN-g, TNF-a, and IL-6, have been consistently found in serum and 
cerebrospinal fluid of SZ patients [67].

Cytokines are important regulators of normal brain development, and disruption 
of cytokine-based signaling is believed to be detrimental [68]. Several cytokines are 
also known to regulate complement gene expression in a number of cell types [69, 
70]. Most notably from the present perspective, C4 production and release is 
increased in cultured neurons in response to IFN-g and IL-6 [17, 71]. The comple-
ment system regulates CNS cell migration and differentiation [17], as well as syn-
aptic pruning [9]. It is also possible that later in life, alterations in cytokine signaling 
activate complement pathways in the brain and lead to dysfunction in the central 
nervous system (CNS). Many complement proteins cannot cross the blood-brain 
barrier (BBB) [72], but inflammatory cytokines, which cross the BBB more readily, 
could still alter complement function in the CNS. Thus, we propose that gestational 
infections or other stressors in early life, and even stresses in adulthood, could initi-
ate inflammatory responses that alter CNS function via the complement system.

11.6  Hypothesis 3. HERV Retroviral Sequence, C4 Expression, 
and SZ Risk

A third hypothesis of SZ pathogenesis states that increased C4 expression, observed 
in persons with SZ, is mediated by the presence of the retroviral sequence HERV 
that exhibit enhancer-like activity. As noted above, HERV retroviral sequences can 
be present in the ninth intron of C4A and C4B sequences; if present, each allele is 
designated as “long” due to the increased number of nucleotides present. HERV 
likely originated from provirus HML-10, infecting a non-human primate 35 mya 
(see Review by Broecker and colleagues) [73]. HERV is likely integrated into the 
host genome by reverse transcription of an RNA intermediate [74] containing gag, 
pol, and env genes typically found in modern retroviruses [75].

Transcription of the C4A-containing HERV results in a mature RNA fragment 
that splices out HERV and is not contained in the resulting protein following trans-
lation [76]. However, there is evidence that the spliced retroviral fragments may 
function as an untranslated antisense RNA [73]. A different HTML10 retroviral 
element was found to regulate transcription for DAP3 via antisense mechanisms 
[73]. This idea was explored for C4. The C4A locus was found to have increased 

11 Testable Hypotheses Relating Complement Pathways to Elevated Risk…



190

enhancer activity at the HERV position; however, evidence supporting this claim for 
C4B was not supported [9]. Replication in relevant brain tissue would provide stron-
ger support.

11.7  Critical Discussion and Conclusions

SZ is a complex disorder with an unknown etiology and only palliative treatment is 
available. Several clues to its etiology stem from genetics studies, particularly from 
recent GWAS. These population-based studies have consistently found association 
of the C4 locus, in the MHC region of chromosome 6, with SZ. Further, the increased 
copy number of C4A is also a risk factor for SZ and also correlates with mRNA and 
protein level [9, 37]. Though the genetic associations have been related to SZ patho-
genesis through altered synaptic pruning of neuronal cells within the CNS [57], we 
proposed that the genetic associations could also alter immune responses that could 
increase the risk for SZ pathogenesis through other routes.

Why do increased copies of C4 not elevate risk for SZ in all individuals bearing 
such alleles? The risk locus in C4 only explains a small portion of the genetic risk 
but the risk allele is common in the population. Thus, it is conceivable that the 
mechanism/s underlying the onset of SZ involve a complex interaction between C4, 
other risk loci, and environmental factors. C4 may, in fact, operate as a modulator of 
other epigenetic processes, disrupting healthy brain development, including synap-
tic pruning. C4 locus interactions, along with other critical factors, may occur only 
in a low proportion of the population, thus explaining the relatively low frequency 
of SZ prevalence (approximately 1%).

These complexities are evident when considering C4 copy number in relation to 
risk for autoimmunity and SZ. The prevalence of autoimmune diseases like sys-
temic lupus erythematosus (SLE), Crohn’s disease, and celiac disease can be ele-
vated in not only patients with SZ but also their relatives; these data suggest a role 
for autoimmunity in SZ genesis [77–79]. Reduced C4 levels are observed in sys-
temic lupus erythematosus (SLE) [80]. Homozygous genetic deficiency of C4 has 
also been associated with SLE [81]. The genetic association studies suggest that a 
deficit of serum C4 levels could be a primary event in the pathogenesis of these 
diseases, rather than an outcome of complement activation. The genetic studies have 
also been refined in relation to C4A and C4B. A recent carefully conducted case- 
control analysis of hospitalized Finnish patients indicated a significant genetic asso-
ciation with SLE (and celiac disease) was present among individuals with 
homozygous deficiency of C4A, but not in individuals with homozygous C4B defi-
ciency (SLE: OR, 3.75, celiac disease: frequency 12.5% in C4A deficiency vs 0% in 
controls) [82]. These results are difficult to reconcile with the genetic association 
studies of SZ, in which increased C4 copy number and increased prevalence of 
autoimmune diseases are observed among patients with SZ.

We propose several hypotheses linking C4 with altered immune responses that 
could explain the pathogenesis of SZ. The biggest challenge in the generation of a 
unifying hypothesis of SZ would be to define the nature of the initial insult underly-
ing its onset (see Fig. 11.1c).
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12.1  Introduction

Approximately 23 million people worldwide suffer from schizophrenia-spectrum 
disorder (SSD), while for bipolar disorder, the estimated number of global patients 
is 60 million [1]. Although the introduction of antipsychotics in the 1950s has sub-
stantially improved clinical symptoms of SSD [2], patients still have considerable 
degrees of symptoms and increased mortality, with a mean life expectancy being 
25–20 years shorter than that of healthy people [3]. In bipolar disorder, lithium is, 
for many years, the first-choice maintenance-treatment with anticonvulsants and 
antipsychotics as major alternatives. Yet, some 50% of bipolar disorder patients do 
not respond adequately and still suffer from affective episodes, often severely affect-
ing daily functioning [4].

Patients with both disorders commonly report constipation/diarrhea and belly 
discomfort. Such complaints may be related to imbalances in the gut microbiome, 
which comprises the resident bacteria in the human intestine [5–7]. Dysbiosis 
(imbalance of the gut bacteria) can impair the tight junction of the gut, permitting 
bacterial fragments to reach the blood, causing an increased peripheral inflamma-
tory status [8], and consequently alterations in the systemic immune system [9–11]. 
Increased intestinal permeability has been reported both for SSD and bipolar disor-
der, leading to translocation of bacterial and food-derived antigens from the intesti-
nal lumen into the systemic circulation. Leaking bacteria trigger a strong immune 
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response, which can be measured as an increase in proinflammatory cytokines, such 
as IL-6 and IL-1b, through binding of the lipopolysaccharide (LPS) component of 
the bacterial cell walls to Toll-like receptors (TLRs; i.e. TLR-4), expressed at mono-
cytes, macrophages, and in the brain at microglia. The increase in proinflammatory 
cytokines also affects the brain via the vagus nerve and more directly via the cir-
cumventricular organs (regions of the blood–brain barrier with relative permeabil-
ity) [12, 13]. In addition to their role as macrophage-like cells, microglia are a main 
organizer in developing and shaping the central nervous system (CNS) neural cir-
cuitry [14]. Therefore, stimulation with proinflammatory cytokines, which triggers 
the immune response of microglia, can also affect patterning and wiring of the CNS 
[15–17].

Probiotics are living microorganisms that can have health benefits to the host 
when provided in adequate amounts [18]. The composition of probiotic formulae is 
variable. Bacterial species that are commonly used as a component in such formulae 
are the Lactobacillus and Bifidobacterium genera [18–21]. Probiotics are now avail-
able at drugstores, health food stores, webshops, and supermarkets in different 
forms such as tablets, capsules, sachets, wafers, but also as complete products such 
as fermented milks or drinks, yogurts, butter, cheese, and even in chocolates [22]. 
Not all forms are proven to be effective. Recent years have seen an interest in using 
probiotic products to improve symptoms and wellbeing in patients with mental dis-
orders. Dinan et al. [23] even proposed the concept of “psychobiotics” to emphasize 
the potential of probiotics to improve brain status in psychiatric disorders. Hence, a 
better understanding of gut microbiome status and potential dysbalance in these 
disorders is needed. In this chapter, we summarize findings on dysbiosis and its 
involvement in the development of SSD and bipolar disorder. We will also summa-
rize current clinical research using probiotic supplementation which has been per-
formed to improve symptoms and/or cognition in patients with SSD and bipolar 
disorder.

12.2  The Gastro-Intestinal Tract

Data from both the MetaHit and the Human Microbiome Project isolated 2172 
unique species from the human gastro-intestinal tract, classified into 12 different 
phyla, of which 93.5% belonged to the four large families (phyla): Proteobacteria, 
Firmicutes, Actinobacteria, and Bacteroidetes [24]. The Bacteroidetes and 
Firmicutes are conserved microbiotic species commonly present in almost all indi-
viduals, although the relative proportions of these phyla can vary [25]. When we 
look at the level of bacterial species within these families, variation in the composi-
tion of individual microbial communities is considerably greater than that observed 
at the phylum level [26].

So far, seven studies have assessed the gut microbiome composition in SSD and 
bipolar disorder, all published within the past 3 years. From these studies, 2 focused 
on SSD and 5 on bipolar disorder (Table 12.1).
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12.3  Schizophrenia-Spectrum Disorder

Regarding SSD, Nguyen et al. [27] was the first to provide evidence for an altered 
intestinal microbiome in 25 chronic patients in the United States in comparison to 
25 nonpsychiatric controls. After controlling for demographic and clinical factors 
that may influence microbial composition, significant differences in the composi-
tion and levels of specific bacterial taxa in the intestinal microbiome emerged. 
These differences included decreased relative abundance of phylum Proteobacteria 
and genera Haemophilus, Sutterella, and Clostridium and increased abundance of 
genus Anaerococcus in SSD patients compared to controls. Importantly, they 
showed that the composition of the intestinal microbiome was associated with psy-
chopathology; increased Ruminococcaceae was correlated with decreased negative 
symptoms while increased Bacteroides correlated with more severe depressive 
symptoms. These are interesting findings, even if causality cannot be assumed. Yet 
the study had a relatively small sample size. Another problem is that patients were 
using antipsychotic medication, while controls were not. Different types of medica-
tion can alter the intestinal flora and may have influenced results. Another important 
difference between the groups is that patients generally have less healthy lifestyles, 
including a high inflammatory diet, which will all be reflected in their intestinal 
microbiome.

A larger study, accessing 64 SSD patients and 53 controls [28] also observed 
significant differences in both phylum and genus levels, in intestinal microbiome. In 
this study, several metabolic pathways that are related to the intestinal flora (vitamin 
B6, fatty acid, starch and sucrose, tryptophan, cysteine, methionine, linoleic acid 
and the degradation of some xenobiotics) also differed significantly between the 
SSD patients and controls. This shows that dysbiosis also impacts nutrient and vita-
min uptake. This study also introduced the idea of microbiome-based diagnosis for 
SSD; they could distinguish patients from controls, on the basis of 12 characteristic 
quantities of bacteria. A limitation of this study, similar to the study mentioned 
above, is that all patients were medicated, while controls were not.

Regarding the effect of antipsychotics on the gut microbiome, a large-scale in- 
vitro study investigated the effect of more than 1000 drugs on gut microbiome and 
found that nearly all antipsychotics exhibited anti-commensal activity. Moreover, 
similarity analysis indicated that all antipsychotics targeted a more similar pattern 
of species than would be expected from their chemical similarity. This means that 
direct bacterial inhibition may be relevant to the mechanism of action and/or side 
effects of antipsychotics [29]. The impact of atypical antipsychotics on the gut 
microbiota has been relatively well investigated. Olanzapine-induced weight gain 
was observed in both male and female rats, producing an altered microbiota profile 
with an increase in Firmicutes and a decrease in Bacteroidetes. This impact of olan-
zapine in rodents is not seen in germ-free animals, supporting the idea that 
antipsychotic- induced weight gain is mediated by the effect these drugs have on the 
gut microbiota. Other rodent studies showed that antipsychotic-induced weight gain 
is also attenuated when olanzapine is provided together with antibiotics or prebiot-
ics [30, 31]. This is an intriguing finding, as it offers new leads to improve 
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acceptability and tolerability of second-generation antipsychotics. The impact of 
chronic (>12 months) and short-term use of the atypical antipsychotic risperidone 
on the gut microbiome of underage psychiatric patients (most of them with autism- 
spectrum disorder) showed that a 10-month treatment with risperidone was associ-
ated with an increase in BMI and a significantly lower ratio of Bacteroidetes: 
Firmicutes as compared with antipsychotic-naıve psychiatric controls [32].

12.4  Bipolar Disorder

Five studies assessed intestinal microbiome dysbiosis in patients with bipolar disor-
der. Coello et al. [33] found that the microbial community of 113 bipolar disorder 
patients differed from that of 77 controls, but not from 39 unaffected first-degree 
relatives. This is very interesting, as it assumes a genetic factor to predispose for a 
specific microbiome. Most noticeable was the increase in Flavonifractor abundancy 
in the bipolar disorder group compared to controls and unaffected first-degree rela-
tives. A possible bias could be caused by the higher prevalence of smoking in the 
bipolar group [34]. Painold et  al. [35] confirmed the decreased abundance of 
Faecalibacterium and Ruminococcaceae in 32 bipolar patients in comparison to 10 
controls. They also found that both the phylum Actinobacteria and the class 
Coriobacteria were more abundant in bipolar disorder compared to controls. 
Schwarz et al. [36] compared the microbiome of 28 first episode bipolar disorder 
patients to that of 16 controls. They found significant differences in multiple bacte-
ria strains (detailed in Table 12.1) and concluded that the numbers of Lactobacillus 
were increased in the bipolar disorder patients, which correlated significantly to the 
severity of different symptoms domains. Stronger microbiome differences also indi-
cated poorer response to 12 months of treatment.

Evans et  al. [37] studied the gut-microbiome changes in bipolar disorder and 
controls and tested for associations with the burden of disease measurements. They 
reported that lower abundance of the strain of Faecalibacterium was associated with 
better physical health, lower depression scores, and better sleep quality. However, 
they did not take medication use into account while lithium, antidepressants, and 
mood stabilizers all have been shown to have an antibiotic effect [38]. An attempt to 
disentangle medication and disease factors on the intestinal microbiome was done 
by Flowers et al. [39]. They compared two groups of bipolar patients: 46 patients on 
atypical antipsychotics and 69 non-users. They showed differences in abundance in 
Lachnospiraceae (increased in the antipsychotic group), Akkermansia (decreased in 
the antipsychotic group), and Sutterella (decreased in the antipsychotic group). 
However, it is always difficult to differentiate between disease factors, medication 
effect, and effects due to illness-related behavior, especially in the field of microbi-
ome, where these factors are heavily intertwingled. It can be concluded that there 
are clear differences between the microbiome of bipolar disorder patients and those 
of controls, but so far there is little overlap in observed differences in bacterial 
strains between the studies. Considering the effect of psychiatric medication (SSRI) 
on the gut microbiome, an in-vitro study showed fluoxetine and escitalopram to 
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have differential antimicrobial effects. Remarkably, lithium, valproate, and aripipra-
zole significantly increased microbial species richness and diversity. At the genus 
level, several species belonging to Clostridium, Peptoclostridium, Intestinibacter, 
and Christenellaceae were increased following treatment with lithium, valproate, 
and aripiprazole when compared to baseline. Rats given escitalopram, venlafaxine, 
fluoxetine, and aripiprazole developed increased permeability in the ileum [31].

12.5  Oropharyngeal Microbiota

When the oropharynx microbiome of patients with SSD is investigated, substantial 
changes can be observed. A metagenomic study assessed the bacteriophage genomes 
in 41 SSD patients and 33 controls and found a significant difference in one bacte-
riophage genome, Lactobacillus phage phiadh, which correlated with the preva-
lence of immunological disorders as well as with the use of valproate [40]. 
Lactobacillus phage phiadh modulates the host bacteria level of Lactobacillus gas-
seri, which has been shown to modulate the immune system by alterations in the 
function of dendritic cells, enterocytes, and components of the innate immune sys-
tem [41, 42]. Another metagenomic study including 16 SSD patients and 16 con-
trols found high abundance of lactic acid bacteria in SSD patients, including species 
of Lactobacilli and Bifidobacterium, which have been shown to modulate chronic 
inflammation. A significant difference was observed in L. gasseri (about 400 times 
more abundant in SSD patients compared to with controls) [43].

Overall, in studies assessing the microbiome in both SSD and bipolar patients, a 
general trend can be observed in the commensal microorganisms of patients with 
these psychiatric disorders and controls. These differences have been found to cor-
relate with symptoms severity. However, conclusions need to be taken with some 
consideration as all studies have major biases such as factors as medication use, 
metabolic syndrome, diet, and smoking, which have not been controlled.

12.6  Probiotics as a Therapeutic Option

To treat dysbiosis of the microbiome and to correct increased intestinal permeabil-
ity, probiotic supplementation may be an option. Probiotics may elicit positive 
immunomodulatory effects by calibrating the responses of the host’s immune sys-
tem against pathogens and nonpathogenic organisms, as they stimulate pattern rec-
ognition receptors, which mediate bacterial antigen detection [44]. Animal studies 
assessing the effect of probiotics on hippocampal brain-derived neurotrophic factor 
(BDNF) in a model of low-grade colitis (AKR mice) showed that abnormal behav-
ior could be reversed with probiotics. A possible route could be that in rats probiot-
ics promote the expression of the neurotrophin under conditions of chronic stress, 
most likely by lowering microglia activation [45, 46]. Changes have also been 
observed in the expression of other neurotrophic factors such as glial-derived neu-
rotrophic factor and nerve growth factor in mice who were treated with antibiotics 
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[47]. Another rodent study using obese-insulin resistant animals showed that hip-
pocampal oxidative stress, apoptosis, and microglial activation were significantly 
decreased after probiotic supplementation, which promoted cognitive function [48].

Apart from potential beneficial effects on the brain, there is another reason to 
consider probiotic supplementation in patients with SSD and bipolar disorder. That 
is the high prevalence of gastrointestinal symptoms. In SSD patients, constipation 
is a prevalent symptom [49–51]. Probiotics have been shown to improve constipa-
tion in different populations but haven’t yet been studied in SSD [52–54]. Bipolar 
disorder, in contrast, is associated with more common diarrhea and satiety, also 
gastrointestinal symptom for which probiotics are recognized to be efficacious [55]. 
Therefore, probiotics could form a potential add-on treatment in SSD and bipolar 
disorder, especially in those who have increased intestinal permeability.

12.7  Probiotic Studies in Patients with SSD or 
Bipolar Disorder

Currently, there are six clinical studies in which probiotics are administered in SSD 
or bipolar disorder patients (Table 12.2). Out of these six studies, there are four who 
included SSD patients and only two targeting bipolar disorder patients.

A recent study of Okubo et al. [56] provided Bifidobacterium breve strain A1 to 
29 patients with SSD and found improvement in anxiety and depressive symptoms. 
Unfortunately, they found this potential effect in an open-label, single-arm study so 
a placebo effect cannot be excluded. In another study, the group of Yolken [57] 
found that the administration of probiotics for 22 male patients with SSD helped 
normalize Candida albicans antibody levels and C. albicans-associated gut discom-
fort. Tomasik et al. [58] measured 47 immune-related serum proteins in 57 chronic 
SSD patients after supplementation with probiotics. They found that probiotic add-
 on treatment significantly reduced the levels of von Willebrand factor and increased 
the levels of monocyte chemotactic protein-1 and BDNF, which suggests lower 
intestinal permeability. In addition, a borderline-significant difference in chemokine 
(C-C motif) ligand 5 and macrophage inflammatory protein-1 beta was found. A 
study including 55 SSD patients [59] did not find significant differences on the 
Positive and Negative Syndrome Scale (PANSS) score of probiotic supplementation 
compared to placebo. Patients diagnosed with SSD in the probiotic group did have 
lower severity of bowel difficulty over the course of the trial. Consistent in these 
studies is the finding that probiotics alleviate bowel discomfort, which is a common 
nuisance in SSD. However, the results of studies so far displayed limited consis-
tency regarding the reduction of psychiatric symptoms.

Regarding clinical studies with probiotic supplementation in bipolar disorder, 
Dickerson et al. [60] found probiotics to be associated with a lower rate of rehospi-
talization in 66 patients who were recently discharged following hospitalization for 
mania. The probiotic’s effect was increased in individuals with elevated levels of 
systemic inflammation at baseline. Another study by Reininghaus et al. [61] found 
a significant improvement in attention and psychomotor processing speed in 20 
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patients and concluded that probiotic supplementation helps individuals with bipo-
lar disorder to improve cognitive functioning. As a single arm study design was 
used, any influence of a placebo effect cannot be excluded.

As in SSD patients, these studies point to probiotic supplementation alleviating 
bowel discomfort, but effects on symptom severity are not noted. The available results 
seem to hint at improved cognition in at least bipolar disorder and possibly SSD. It 
would be valuable if future studies could take cognitive functioning into account, as 
well as subjective wellbeing and immunological/inflammatory biomarkers.

12.8  Intestinal Permeability

Several studies report that patients experiencing SSD or bipolar disorder have 
abnormal reactions to food-derived antigens, indicative for increased intestinal per-
meability. Patients with SSD had increased IgA for gliadin, b-lactoglobulin, and 
casein [62]. A cohort from the the clinical anti-psychotic trials for intervention 
effectiveness (CATIE) study demonstrated that 23.1% of patients with SSD had 
moderate-to-high levels of IgA to gliadin (IgAantigliadin antibodies) compared 
with only 3.1% in the control group [63]. Another study confirmed that patients with 
recent-onset of psychosis and patients with multi-episode SSD had increased levels 
of IgG and IgA antibodies to gliadin compared with controls. In this study, PANSS 
scores for negative symptoms correlated with casein a and b antibodies [64]. 
Dickerson et al. found that bipolar disorder patients also had elevated serum con-
centrations of IgG to gliadin and deamidated gliadin compared to controls [65]. In 
a follow-up study, patients with manic symptoms were found to have increased 
baseline IgG to gliadin, which normalized after 6 months of treatment [66]. In the 
same study, rehospitalized patients were more likely to have increased IgG to glia-
din compared to baseline. Severance et al. compared serum samples of 141 indi-
viduals with SSD and 75 bipolar disorder to 78 controls and to 78 SSD patients who 
were antipsychotic-naïve. They assessed two markers of bacterial translocation, 
soluble CD14 (sCD14) and LPS-binding protein. sCD14 was significantly higher in 
both SSD and bipolar disorder. LPS-binding protein was higher in SSD than in 
bipolar disorder, but there was no significant difference between controls and cases. 
Both markers where significantly correlated with c-reactive protein [67].

12.9  Conclusion

Although the many interactions between the gut microbiota, the immune system, 
and the CNS have not been fully understood yet, current data indicate that there are 
differences in the microbiome in both patients with SSD and bipolar disorder 
patients as compared to controls. Part of these differences may be caused by medi-
cation use, smoking, and other lifestyle factors. Correlations between microbiome 
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quantification and symptom severity have been observed in cross-sectional studies, 
but more replications are needed.

Probiotic supplementation was shown to alleviate gastrointestinal complaints in 
SSD and bipolar patients. Single studies showed reduction in rehospitalization 
rates, improvement on cognitive tasks, and improvement in symptom severity, but 
other studies could not find this.

Replication of findings as well as studies investigating the predictive role of bio-
markers for intestinal permeability is needed. Although the term “probiotic” has 
gained substantial public attention and become part of the wider vocabulary, it is 
important to clarify that many commercially available strains marketed as probiot-
ics have never been tested in clinical trials and therefore by definition may not meet 
the criteria of conferring a health benefit. For future studies, it would be important 
to tailor probiotic mixtures to deviations in the microbiota demonstrated in the 
patient group one is to focus on.
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13Is Autism Spectrum Disorder Related 
to Immune Dysfunction(s)?

Florian Lejuste, Ryad Tamouza, and Marion Leboyer

13.1  Introduction

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder 
characterized by impairments in communication and social interactions as well as 
restricted patterns of interest or behavior. The most recent estimate indicates an 
increased prevalence with a rate of 1% worldwide. With a heritability estimate 
around 50%, autism is strongly influenced both by the human genetic diversity and 
by environmental factors. For example, while it has been known for more than 
50 years, that congenital rubella infections increased the risk to develop autism from 
0.05 to 13% [1], other pre-natal infections have been demonstrated to also increase 
this risk [2]. These data have stimulated research for possible abnormal immune 
functions. In order to review the potential role of immune dysfunctions in autism, 
we will summarize data along a developmental perspective: from specific 
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immuno- genetic backgrounds, to peri-natal factors such as auto-antibodies and 
early infections, to inflammation in childhood and adult dysimmune patterns.

13.2  Family History of Auto-Immune Diseases 
and Risk of ASD

Family history of auto-immune diseases has been linked to an increased risk of ASD 
in offsprings. In a recent meta-analysis, a family history of auto-immune disease 
increased the risk to 28%, while common non-psychiatric auto-immune diseases 
increased it even more, such as type 1 diabetes (49%), rheumatoid arthritis (51%), 
psoriasis (59%), or hypothyroidism (64%) [3].

Maternal auto-immune diseases have been associated with an increased risk of 
ASD in offsprings, with an overall odd ratio of 1.34 [4]. More specifically, mothers 
with auto-immune disease(s) with circulating antibodies able to cross placenta such 
as TPO-ab (anti-thyroid peroxidase, thyroid-related AD) or ß2GP1 (Anti-Beta-2- 
Glycoprotein I, antiphospholipid syndrome) are at an increased risk of having a 
child with ASD [5, 6]. In particular, a sub-group of mothers with auto-immune 
diseases were also found to have antibodies against fetal brain structures, while 
none were found in the group of mothers without AD [4]. Reasons for a history of 
auto-immune diseases in relatives being associated with ASD remain unknown. 
However, recent hypotheses incriminate the major histocompatibility complex 
(MHC) and its hosted human leukocytes antigen (HLA) cluster including loci 
encoding complement components [3].

13.3  Immunogenetic Background

Twin studies showed that heritability of ASD ranges approximately between 50% 
and 55% [7]. In approximately 10% of patients with ASD, especially those with 
intellectual disability, de novo copy number or single nucleotide variants affecting 
neurodevelopment were identified [8].

In transcriptomic analysis, two network modules have been identified, one 
related to down-regulation of genes involved in synaptic function and one related to 
over-expression of loci involved in immune processes and microglia activation [9]. 
This network comprises a highly expressed gene component which has a key role in 
immune system regulation, particularly in cytokine signaling pathways. Gandal 
et al. highlighted specific mutations in genes encoding microglial components in 
ASD, especially those linked to the complement pathways (C1QA and C1QB) and 
to the HLA system. These mutations were associated with an up-regulation of 
microglial activation [10].

Abnormalities in the MHC/HLA region in human have been linked to immune 
dysregulation and altered brain connectivity which are both observed in ASD. In 
this context, analysis of the genetic diversity of the classical HLA loci, known to be 
pivotal for both brain development and immune processes ranging from reduced 
anti-infectious responses to increased inflammation and auto-immunity, revealed 
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associations between functionally important haplotypes called “ancestral haplo-
types” and risk/protection status particularly in regressive autism [11, 12].

On the other side of the HLA system, HLA-G gene, known to encode molecules 
playing a key role in immune tolerance at the feto-maternal interface, was also impli-
cated in increased ASD risk. The transmission of specific HLA-G variants from 
mother to children with ASD was demonstrated in several consecutive studies [13].

13.4  Infection, Inflammation, and Autoimmunity 
During Pregnancy

13.4.1  Maternal Infection During Pregnancy and ASD

In 1971, following a rubella epidemy, several studies reported an increased risk of 
ASD following congenital infection. Later, other infections have been implicated such 
as measles and mumps [14], CMV [15], influenza [16], bacteria [17], and viral and 
bacterial infections [18]. A recent meta-analysis by Jiang et al. found a significant 
association (OR: 1.14) regardless of infection site, trimester of pregnancy, or type of 
pathogen [19]. This result is consistent with a previous study, suggesting that infec-
tious events may increase the risk of developing ASD regardless of the time of infec-
tion during pregnancy and the type of involved pathogen (virus, bacteria, parasite) 
[18]. Interestingly, the increase of ASD risk might not be correlated with maternal 
infection severity, as a study found similar odds ratio between urinary infection or 
respiratory/meningitis infections [2]. These results suggest a relatively non-specific 
role of pathogens, and a rather prominent role of maternal immune activation (MIA). 
Whatever the gestational exposure to a given infectious agent, MIA has repeatedly 
been found to induce neurodevelopmental abnormalities and was used to develop ani-
mal models of autism-like behavior [20]. Particularly, cytokines’ role has been repeat-
edly linked to pathogenicity of this pro-inflammatory state. At a cellular level, 
pro-inflammatory cytokines produced during MIA might have a direct role on fetal 
neurons and glial cells homeostasis, thus affecting normal brain development [21].

13.4.2  Maternal Autoantibodies Against Fetal Brain Structures

The first study that identified autoantibodies against rat neuronal tissue was pub-
lished in 2003 [22]. Later, Brauschweig et al. [23] identified auto-antibodies against 
fetal brain proteins in the serum of mothers of children with autism. This finding 
was replicated in several consecutive studies [24, 25]. In 2018, Jones and Van de 
Water reviewed the pathogenicity of mother-produced fetal brain autoantibodies. 
Such auto-antibodies have been found to be present in a subgroup of mothers whose 
children later develop ASD. These antibodies-positive mothers were more likely to 
have other autoimmune conditions, suggesting the involvement of a more global 
auto-immune process [26].

The mechanism of the induction of such autoimmunity in a subgroup of mothers 
(thus breaking immune tolerance during pregnancy) has not yet been elucidated. 
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However, some authors found an association between the presence of autoantibod-
ies in the mother of children later developing ASD and a MET genetic variant: the 
“C” allele. MET is the tyrosine kinase promoter and has a tolerogenic role through 
IL-10 induction (a cytokine pivotal in down-regulation of inflammatory and immune 
reaction). The MET variant “C” allele was associated with decreased production of 
MET protein and decreased expression of IL-10 [27].

The presence of such autoantibodies was associated with various autistic traits 
later in life. Particularly, they were associated with delayed language acquisition 
and increased stereotyped behaviors [26]. In animal studies, injection of human 
autoantibodies in pregnant mice and monkeys resulted in restricted social behavior 
in offsprings and increased stereotyped behaviors [26].

These auto-antibodies are targeting various fetal brain proteins, now precisely 
identified: LDH lactate dehydrogenase, STIP1 stress-induced phosphoprotein 1, 
CRMP collapsin response mediator protein, YBX1 Y-box-binding protein 1, GDA 
guanine deaminase. All these proteins are directly implicated in neurodevelopmen-
tal processes [26].

Neuro-imaging studies using MRI have also found enlarged brain volume in male 
children prenatally exposed to autoantibodies [28]. Animal studies carried out on mon-
keys and mice exposed to autoantibodies during gestation produced similar results [26].

At a microscopic level, the brain tissue of embryonic mice injected with antibod-
ies from the mother with ASD children was studied. Antibodies were found to 
strongly bind to radial glial cells in cortical parenchyma of embryonic mice. Their 
injection was also associated with a decrease in the number of dendritic spines in 
both prefrontal and occipital cortices in grown mice [26].

13.4.3  Post-natal Infections

There are contradictory results about an increased incidence of neonatal and child-
hood infections in children with ASD compared to the general population. However, 
several recent studies have found an association between early life infection and 
ASD diagnosis.

In a case-control study, Sabourin et al. found a significant increase in the inci-
dence of infections in neonatal and childhood period with odds ratio of 1.8 and 1.7, 
respectively [29]. In a rat model exposed to lipopolysaccharide (LPS) which mimics 
bacterial infection in neonatal period with consequent immune activation, abnor-
malities were found in emotional response during adult life [30].

13.4.4  Maternal Inflammation, CRP, and Cytokines

13.4.4.1  CRP: Discrepant Data
The C-reactive protein (CRP) is an acute phase and non-specific inflammatory mol-
ecule. It is produced by liver cells under the control of pro-inflammatory interleu-
kins, particularly interleukin 6 (IL6) and IL-1. An increased level of CRP in the first 
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two trimesters of pregnancy was found to be associated with elevated ASD risk in 
offsprings [31]. In 2016, an increased level of CRP in pregnant mothers was found 
to be associated with a reduced risk [32], while a third prospective study did not find 
any association between the increase of CRP and the risk of autism [33]. Altogether, 
such apparently contradictory results between studies might be linked to a con-
founding factor: the mother’s body mass index [33]. These discrepant results could 
also be related to the time-dependent variability of CRP circulating levels. Its evalu-
ation at a single time point during pregnancy could not reflect the inflammatory 
state of the whole pregnancy.

13.4.4.2  Cytokines: Interleukins and Chemokines
Repeated studies of animal models show that disruption of cytokine levels during 
pregnancy is a risk factor for ASD [34]. In particular, a single injection of the pro- 
inflammatory IL-6 cytokine during pregnancy leads to abnormalities in the off-
spring, otherwise neutralized by the administration of anti-IL6 antibody. This effect 
was not seen with other pro-inflammatory cytokines [35].

In addition, IL-17alpha (IL-17a) seems to have a central role in fetal neurotox-
icity linked to MIA. In mice, IL-17a expression in mother after exposure to infec-
tion or to an auto-immune disease has a pathological impact on the fetus’ brain 
development. Strikingly, blocking IL-17a production prevents neuro-develop-
mental abnormalities, suggesting an interesting therapeutic target [36]. Moreover, 
another study published in Nature in 2018 showed that IL-17a production in preg-
nant mice was strongly correlated with specific maternal gut bacteria. They dem-
onstrated that some commensal bacteria were implicated in the production and the 
differentiation of T lymphocytes toward TH17 cells (which produce IL-17a). 
Segmented filamentous bacteria (SFB), which are strains of commensal bacteria, 
were particularly implicated. Indeed, the authors showed that mice treated with 
Vancomycin had reduced or no SFB in their gut. These treated pregnant mice 
were able to experience immune activation upon virus or poly(I:C) (mimicking 
virus) injections, but their offspring didn’t develop the brain abnormalities 
expected after MIA. The authors concluded that specific commensal gut bacteria 
with the ability to induce TH17 cells in pregnant mother undergoing infection or 
auto-inflammation may increase the risk of abnormal neurodevelopment in off-
springs [37].

Other cytokines during pregnancy have been associated with ASD, but with 
a less clear pathophysiological mechanism, and as for CRP with sometimes 
inconsistent results. High levels of IFN-γ, IL-4, IL-5 in pregnant mother have 
been associated with raised ASD risk in offspring. IL-2, IL-4 and IL-6 were 
found to be correlated with intellectual deficit without associated ASD [38]. 
Other authors couldn’t find differences between the cytokine serum profiles of 
mothers of ASD and non-ASD children. However, when considering a sub-
group of children with ASD and intellectual disability, they found mid-gesta-
tional elevated concentrations of inflammatory mediators, i.e., IFN-γ, IL-1α, 
and IL-6 [39].
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Chemokines are involved in the attraction of leucocytes to the inflammatory 
sites. Monocyte chemoattractant protein-1 (MCP-1) is a chemokine with a known 
role in response to various viral and bacterial infection. MCP-1 was found in more 
elevated concentration in amniotic liquid of fetus developing ASD later in life. This 
could be a reflection of fetal inflammation, after maternal immune activation fol-
lowing infectious events [40, 41].

13.5  Abnormalities in Immune Function in Autism, 
from Children to Adults

Abnormalities in immune functions in children and adults with autism have also 
been reported, and linked to specific clinical dimensions, thus paving the way 
toward the identification of specific subgroups.

13.5.1  Brain Auto-Antibodies

In addition to maternal autoantibodies, circulating anti-brain immunoglobulins 
have been found in children and adults with autism compared to normal controls. 
In 2010 two different types of antibodies directed against cerebellar proteins in 
children were associated with ASD.  Interestingly, their presence was associated 
with lower cognitive and adaptive function and with higher aberrant behavior. 
There was no correlation between children antibodies and mother anti-fetal brain 
antibodies [42]. Piras et  al. confirmed that the presence of auto-antibodies was 
associated with greater severity (cognitive and behavioral) in children with 
ASD. However they couldn’t confirm the association between their presence and 
an increased risk of ASD [43]. In fact, these auto-antibodies were found in neuro-
typical subject. Their pathological significance still needs to be explored. It might 
be linked to an alteration of the blood brain barrier in children with autism, due to 
another cause, allowing antibodies to cross the barrier and reach the central ner-
vous system. The identification of auto-antibodies in autism needs thus to be vali-
dated and replicated in different samples. Also, the mechanism of action of 
auto-antibodies in brain targets the need to be explored at the synaptic level. For 
example, the presence of auto- antibodies against NMDA-R found in the serum of 
patient with autism does not imply that they have a pathogenic effect as shown by 
molecular brain imaging studies [44].

13.5.2  Immune Dysregulation

Natural killer cells have frequently been implicated in autism. High level of cell 
activation after in vitro stimulation was found in adults with autism without mental 
retardation suggesting, yet to be identified, viral infections [45].
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13.5.3  Cytokine Profiles, Phenotype Characteristics, 
and Severity

Proteins of the peripheral immune system such as those encoded by cytokines com-
plement proteins; and major histocompatibility complex loci have been found to 
have a key role in brain development such as neuronal differentiation and plasticity, 
axonal pathfinding, and synaptic pruning [46].

Various cytokines in neonatal serum of newborns have been associated with 
ASD. Abdallah et al. found decreased concentrations of IL-2 IL-4 IL-6, IL-10, and 
interferon gamma (IFNγ) in newborns later developing ASD [47]. Conversely, 
Krakowiak et al. found elevated concentrations of IL-4. Moreover higher concentra-
tion of IL-4 was associated with more severe ASD later in life [48].

Transforming growth factor beta (TGF-β) is a cytokine known for its modulatory 
role in both immune and central nervous systems [49, 50]. Its decreased concentra-
tion in children with ASD has been described and associated with more severe 
abnormal behaviors [51]. Similarly, another cytokine, the macrophage inhibitory 
factor (MIF), has been recently associated with ASD.  Patients with the higher 
plasma concentrations of MIF had the more severe abnormal behavior [52, 53].

Mostafa et al. found that ASD children had an increased chemokine known as 
CXCL5 (or ENA-78). This chemokine is implicated in the attraction of neutrophils 
during inflammation, in multiple conditions. This increase in CXCL5 was positively 
correlated with increased auto-antibodies in children with ASD [54].

13.5.4  Gastro-Intestinal Inflammation

Gastro-intestinal tractus (GI-tract) dysfunctions (including diarrhea, constipation, 
and/or abdominal pain for example) are very frequent in children and adults with 
ASD compared to general population, with an odds ratio over 4 [55]. Histological 
studies have described an inflammatory infiltrate in the digestive mucosa of children 
with ASD and GI-tract symptoms. Inflammation implicated not only ileocolitis, but 
also oesophagitis, enteritis, and gastritis. Interestingly, GI-tract cytokine profiles 
showed specific patterns of inflammation, different when compared to those of 
inflammatory bowel diseases (IBD) (such as Crohn’s disease and ulcerative colitis) 
[56]. Moreover, when considering mucosal gene expression, ASD patients with 
GI-tract symptoms showed overlaps with typical IBD having distinctive features. 
Pulled together, these results suggest a specific mucosal inflammatory condition in 
patients with ASD and GI-tract symptoms [57].

Recently, studies of the innate and adaptive immunity genetic diversity allowed 
to uncover the implication of (i) a variant encoded of the gene encoding the Dectin-1 
molecule a pivotal player of intestinal antifungal immune responses and ASD sever-
ity [58] and (ii) specific HLA haplotype already described as a genetic risk factor 
for celiac disease [59].
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13.5.5  Gut-Microbiota

In a review published in Science in 2019, Sherwin et al. highlighted the role of the 
gut microbiota in social behavior through neurodevelopment and inflammation. 
They emphasize that germ-free (GF) rodent models have abnormal social behaviors 
which can be partially corrected when the gut microbiota is reconstituted. One of 
the possible pathophysiological mechanisms is linked to microglia. Microglia 
derived from germ-free mice was immature and showed less activation to stimula-
tion by bacterial LPS, and a reduced production of pro-inflammatory cytokines 
(IL-1β, IL-6 and TNF-α) [60]. Interestingly, abnormal microglia of GF mice could 
be normalized by postnatal supplementation of short-chain fatty acid (SCFA), nor-
mally produced by bacterial fermentation [61].

In a recent meta-analysis Xu et al. found that microbiota composition differed 
qualitatively between ASD subjects and controls: some bacterial strains being over-
represented (Faecalibacterium and Lactobacillus) while some others underrepre-
sented (Akkermansia, Bacteroides, Bi dobacterium, E. coli, and Enterococcus) in 
participants with ASD. Such alterations could have an impact on brain development 
through inflammation and epithelial barrier integrity [62].

13.6  Conclusion

Here, we tentatively tried to draw a brief overview of the very complex and still 
misunderstood role of immune dysregulations in autism spectrum disorders. As it 
appears in our review, various immuno-inflammatory components or processes have 
been associated with ASD, at all developmental stages. An important and repeated 
discovery has been the presence of auto-antibodies in a sub-group of mothers of 
children with ASD, directed against fetal brain proteins, which might be linked to 
particular immune-genetic background. In this respect, genetic dissection of pivotal 
players of immune processes could allow not only to extend and refine the underly-
ing pathophysiology of ASD, but also to identify possible markers of subgroups of 
ASD. Another field of research showing the role of the gut microbiota in ASD is 
also a very promising field of research, with diagnostic tools and therapeutic targets 
already considered. However, as we still lack a comprehensive natural and sequen-
tial view of the observed immune dysregulations, the need of pursuing research is 
strongly warranted.
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14.1  Introduction

Well-regulated inflammation is an essential protective mechanism, for example, to 
eliminate bacterial and viral infections; however, excessive inflammatory processes 
can cause harm, as in autoinflammatory diseases such as multiple sclerosis. In the 
central nervous system (CNS), inflammation can also be either neuroprotective or 
neurotoxic [1]. The outcome of inflammation depends on interactions between 
environmental factors and the inflammatory response; genetics; and whether the 
inflammation is acute or chronic [2]. For example, acute inflammation in the CNS, 
such as encephalitis, can be fatal within a few hours or days, but a chronic, harmful 
inflammatory state can also continue over months or even years, such as in multiple 
sclerosis. In acute CNS inflammation, macrophages and B- and T-cells from the 
peripheral immune system are assumed to cross the blood-brain barrier. In contrast, 
chronic CNS inflammation is hypothesized to be related to the activity of the CNS-
based immune system. In multiple sclerosis, for example, this local immune activity 
in the CNS is seen as disseminated activation of microglia [3]. Researchers have 
referred to these differences between THE involvement of the peripheral and central 
immune systems as “compartmentalization” [2, 4].

The pathogenetic mechanisms of multiple sclerosis and schizophrenia may show 
similarities because both affect the CNS, can be chronic, and are characterized by 
phases of active disease interspersed with phases of remission [5]. However, the 
inflammatory mechanisms in these two diseases differ. For example, a general 
neuroinflammatory state is typical for schizophrenia [6], whereas multiple sclerosis 
shows focal areas of neuroinflammation [3]. This chapter will review possible 
inflammatory mechanisms of schizophrenia and potential immune-based treatments.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71229-7_14&domain=pdf
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14.2  CNS Inflammation

Various components of the immune system are involved in inflammation in the 
CNS, including microglia, astrocytes, cytokines, and cells of the peripheral immune 
system, such as monocytes, macrophages, and T- and B-lymphocytes. These 
different parts of the immune system can be affected by a range of factors, including 
not only environmental toxins and pathogens but also genetics and secondary 
reactions to neuronal lesions resulting from trauma.

14.2.1  Microglia

Microglia make up 15% of cells in the CNS and are the most important component 
of the local immune defense system. They are activated in case of neuroinflammation, 
for example, resulting from injury or infection in the CNS [7]. Systemic infection 
also activates microglia, which contribute to the synthesis of proinflammatory 
cytokines in the CNS that cause so-called sickness behavior and other illness-related 
mental states [8, 9]. Although initially produced in response to an acute signal, 
proinflammatory cytokines may then continue to be released for up to 10 months; 
this finding led to the hypothesis that microglia may be involved in chronic 
inflammation [7]. In schizophrenia, in addition to activated microglia some studies 
found higher levels of pro-inflammatory cytokines and lower levels of anti- 
inflammatory cytokines (see below). As a caveat, one must note that the subdivision 
of cytokines into pro- and anti-inflammatory is an oversimplification because certain 
cytokines can show both properties; the respective activity of such cytokines 
depends on several factors, including the activating signal, timing, and type of target 
cell [10]. However, this topic is beyond the scope of this chapter.

14.2.2  Sensitization of the Immune System and the  
Effects of Stress

Microglia can also be “sensitized” or “primed” by various low-level stimuli [11], 
including ageing-related processes [12], neurodegeneration [13], and stress [14]. 
After sensitization, the response of microglia to a low-level stimulus such as minor 
infection is exaggerated and they show greater pro-inflammatory reactivity [15], 
perhaps leading to an exacerbation or re-exacerbation of a CNS immune response 
and affecting behavior. This process of sensitization is also seen in the peripheral 
immune system. As with microglia, an initial immune response to a stimulus, e.g., 
stress, strengthens the subsequent immune response or lowers the threshold for a 
response upon re-exposure to the same stimulus [16]. On the basis of earlier studies, 
researchers hypothesized that this process is related to a memory function in the 
acquired immune system [14, 17]. For example, later re-exposure to a stimulus that 
caused an early childhood infection can result in increased cytokine release and 
associated neurotransmitter disturbances [18]. Furthermore, in rats stress-related 
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release of the cytokine interleukin-6 (IL-6) reactivated (prenatally) conditioned 
processes [19].

In addition to infections and trauma, stressful events can evoke a pro-inflamma-
tory immune response [20]. Stress increases the levels of corticosterone, which acti-
vates the N-methyl-d-aspartate (NMDA) receptor, and this receptor activation 
causes microglia to proliferate [21]. The increased cytokine levels associated with 
this response can present as psychopathological symptoms and behavioral changes 
[22]. After an acute stressful event, the immune response is normally downregu-
lated; however, studies have shown that chronic stress or repeated stressful events 
can lower the threshold for the physiological reactions to stress, including the 
immune system response or neurotransmitter changes [23]. Furthermore, the brains 
of aged animals were found to be in a proinflammatory state that sensitized them to 
peripheral infection and stress, so that they showed a greater cytokine response to 
these stimuli than younger animals [14]. In other animal studies, neurotransmitter 
responses to a cytokine, for example, tumor necrosis factor-alpha (TNF-α), were 
greater upon re-exposure [24, 25].

14.3  The Vulnerability-Stress-Inflammation Model 
of Schizophrenia

The vulnerability-stress model of schizophrenia was first proposed by Zubin and 
Spring over four decades ago [26]. The authors hypothesized that physical or mental 
stress can cause a psychotic episode. Because stress is known to be a cause of 
inflammation, and inflammation is known to be involved in schizophrenia, the 
model was further developed into the so-called vulnerability-stress-inflammation 
model. Evidence for the validity of this model is provided by animal studies, which 
show that offspring are more vulnerable to developing schizophrenia if an 
inflammatory response of the mother is stimulated in the second trimester or in the 
young offspring soon after birth [27]. Besides sensitization (see above), vulnerability 
to stress is also influenced by genetic factors, as proposed in the pathogen host 
defense hypothesis of depression [28]. Inflammatory markers and the effects of 
inflammation on neurotransmitter systems in schizophrenia are further elucidated.

14.3.1  Inflammatory Markers

An inflammatory process is hypothesized to be involved in the pathophysiology of 
at least a subgroup of patients with schizophrenia [29, 30], a theory that is supported 
by a range of findings. First, postmortem studies in schizophrenia have found 
degradation products of fibrin (a protein involved in coagulation and inflammation) 
in the brain [31] and cerebrospinal fluid (CSF) [32]. Furthermore, untreated patients 
with schizophrenia have a blunted type 1 cytokine response and an increased type 2 
cytokine response [33]. Meta-analyses of studies in schizophrenia found higher 
levels of pro-inflammatory cytokines in the peripheral blood in patients with a first 
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episode of the disease and those who had relapsed [34], including the inflammation- 
marker C-reactive protein [35]; in contrast, levels of some anti-inflammatory 
cytokines were lower than in healthy controls [34]. The results of a meta-analysis of 
studies on cytokines in the CSF were similar [36]. When examining these findings, 
however, one must consider the potential effects of confounding factors such as 
smoking, body mass index, sex, sleep, and medication. Moreover, blood levels of 
cytokines may not appropriately reflect their function because several cytokines 
have a primarily paracrine effect. Lastly, the brain is protected from peripheral 
inflammation by the blood-brain barrier, and an immune activation with increased 
pro-inflammatory cytokines in the blood does not necessarily reflect the situation in 
the brain [37].

14.3.2  Inflammation and Neurotransmitters

For a long time, research on the neurobiology of schizophrenia has focused mainly 
on disturbances in dopaminergic neurotransmission. Studies have clearly shown 
that the dopamine system is altered in schizophrenia [38], but the exact relationship 
remains unclear and results of studies on antidopaminergic drugs have been 
disappointing. At least two cytokines may be involved in the changes in 
neurotransmitter systems seen in schizophrenia: IL-1ß, which has been shown to 
cause rat mesencephalic progenitor cells to be converted into a dopaminergic 
phenotype [39–41], and IL-6, which shortens the survival of serotonergic neurons in 
the fetal brain [42].

The interaction between cytokines and neurotransmitters in certain brain regions 
and in particular during brain development has been shown to contribute to the 
pathophysiology of schizophrenia. In a mouse model, Winter et  al. [43] found a 
significant increase in the dopamine levels in fetal brains after eliciting an immune 
response in the pregnant dams with a viral mimetic (poly I:C). The authors suggested 
that the poly I:C-induced immune response caused an excess of dopamine in the 
midbrain, a structure that is affected in patients with schizophrenia [43]. However, 
chronic administration of the cytokine interferon-alpha in animals was associated 
with a reduction in striatal dopamine release and with anhedonia [44]. Anhedonia is 
a characteristic negative symptom of schizophrenia, and negative symptoms are 
often found in chronic schizophrenia [45]. Other authors have proposed that latent 
persistent infections may result in imbalanced immune reactions [46]. Thus, 
inflammation may have diverse effects on dopaminergic neurotransmission and 
may be involved in the chronification of schizophrenia.

Another key neurotransmitter in the pathophysiology of schizophrenia is gluta-
mate, the most abundant neurotransmitter in the CNS, which is involved in cytokine-
directed tryptophan/kynurenine metabolism. Kynurenic acid, one of three or more 
intermediate neuroactive products in the kynurenine pathway, is the only known 
naturally occurring NMDA receptor antagonist in the human CNS [47]. In schizo-
phrenia, a predominant type 2 immune response is proposed to inhibit indoleamine 
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2,3-dioxygenase (IDO), resulting in increased kynurenic acid production; kynurenic 
acid acts as an antagonist at NMDA receptors, which in turn decreases glutamate 
neurotransmission [48, 49]. Support for this hypothesis is provided by studies that 
found NMDA receptor antibodies in about 10% of untreated patients with acute 
schizophrenia [50, 51]. Some studies found higher kynurenic acid levels in the CSF 
[52, 53] and brains of patients with schizophrenia [54, 55] and in animal models of 
schizophrenia [56], and others found no changes in levels in the peripheral blood 
of patients with first-episode schizophrenia [57] or in other groups of schizophre-
nia patients [58]. Antipsychotic medication affects kynurenine metabolites and thus 
may be a confounder in studies [57–59].

14.4  Infection and Schizophrenia

Studies in animal models have shown that pre- and perinatal infections increase 
the likelihood of schizophrenia in offspring [60, 61]. For example, after prenatal 
exposure to viral agents animal offspring show symptoms typical of schizophre-
nia, including cognitive deficits and abnormalities in the startle reflex [62, 63]. 
The relationship between exposure to infections and a higher risk for schizo-
phrenia appears to hold true in humans, too, and has been shown for prenatal or 
childhood viral exposure [64–67], respiratory infections [68], genital or reproduc-
tive tract infections [68, 69], Toxoplasma gondii infection [70], and other infec-
tions [71–74]. Findings on virus antibody titers in patients with schizophrenia 
are inconsistent [75], although this may be because the studies did not control 
for potential confounders, such as medication [76]. In an earlier study, we found 
higher titers of antibodies to various pathogens in patients with schizophrenia 
than in healthy controls, a phenomenon we named the “infectious index” [77]. 
Another study showed that the mothers of people with schizophrenia spectrum 
disorders had higher second-trimester levels of the pro-inflammatory cytokine 
IL-8 than controls [78].

Possible mechanisms of the association between early life infection and schizo-
phrenia are of interest because schizophrenia is a disease of late adolescence/early 
adulthood. Many studies in animal models have shown that early infection or 
immune activation influences several neurodevelopmental processes, including 
dopaminergic and glutamatergic neurotransmission [40, 79]. In humans, studies on 
some infections [80] and a cohort study of bacterial infection are examples that 
support this explanation [68]. Furthermore, increased levels of cytokines or CRP in 
childhood predict an increased risk for schizophrenia [81].

Infection in adulthood also increases the risk of developing schizophrenia. A 
large epidemiological register study in Denmark found a higher risk for schizophrenia 
and schizophrenia spectrum disorders in people hospitalized for autoimmune 
disorders or severe infections, particularly in patients with both diseases [82]. 
However, the study found no evidence that early exposure to infections, including 
prenatal exposure, increased the risk for schizophrenia [82, 83].
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14.5  Inflammation and CNS Volume Loss

Neuroimaging studies have not shown marked inflammation-related changes in 
schizophrenia, although they have found CNS volume reductions in first-episode 
schizophrenia and progressive volume loss in the further disease course [84–87]. 
People with schizophrenia showed decreased brain volume, i.e., lower volumes of 
the right posterior cingulum and left entorhinal cortex and higher volumes of the 
ventricles, after prenatal exposure to higher maternal IL-8 levels (measured in 
assays from archived prenatal sera) [88], and volume loss in schizophrenia was 
found to be associated with an increased genetic risk for greater production of the 
immune marker IL-1β [89].

The peripheral benzodiazepine receptor is expressed on microglia and is upregu-
lated in inflammation [90]. Positron emission tomography (PET) studies therefore 
used radiolabeled PK11195, a ligand for the receptor, to estimate microglial activa-
tion in the CNS and found that binding of PK11195 is higher in schizophrenia, 
indicating neuroinflammation [91–93]. Another PET study used DAA1106, another 
marker of microglial activation, to investigate the brains of people with chronic 
schizophrenia and found a correlation between binding of the marker and positive 
symptoms, as well as the duration of the disease [94].

14.6  Anti-Inflammatory Treatment in Schizophrenia

Treatment with anti-inflammatory drugs, such as celecoxib (a cyclooxygenase-2 
[COX-2] inhibitor) and acetyl salicylic acid, has positive effects in schizophrenia 
and schizophrenia spectrum disorders [95, 96], providing support for an involvement 
of inflammation in the disease. In a 6-week prospective, double-blind, randomized 
controlled trial in patients receiving risperidone for an acute schizophrenic episode, 
outcome was significantly better in the add-on celecoxib group (n = 25) than in the 
add-on placebo group (n = 25) [97]. Cognition also improved significantly more in 
the celecoxib group [98]. A pooled analysis (n  =  90) of the data from this and 
another 6-week study of celecoxib add-on to risperidone found that the duration of 
illness influenced the effects of celecoxib; i.e., the drug was beneficial in patients 
with a duration of illness <2 years but not superior to placebo in case of a longer 
illness duration [99] (see Fig. 14.1).

Other studies also provided support for the hypothesis that duration of illness is 
an important factor in the efficacy of anti-inflammatory treatment in schizophre-
nia. In a 6-week study of celecoxib add-on treatment in patients with first-mani-
festation schizophrenia being treated with amisulpride, the Positive and Negative 
Syndrome Scale (PANSS) positive, negative, total, and general psychopathology 
scores improved more in the celecoxib add-on group than in the placebo add-on 
group [102]. However, an 8-week double-blind study comparing celecoxib and 
placebo augmentation in continuously ill outpatients with schizophrenia receiv-
ing stable antipsychotic treatment found no benefit of celecoxib [103]. In addition, 
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a meta-analysis of eight studies (six of celecoxib and two of acetylsalicylic acid) 
found significant effects in first-episode but not chronic schizophrenia [104].

A possible explanation for the importance of the duration of illness for the 
efficacy of anti-inflammatory agents may be neuroprogression (Müller 2017). We 
know from studies of first- and second-generation antipsychotics that the efficacy 
of these treatments is worse in chronic schizophrenia than in acute schizophrenia. 
However, so far anti-inflammatory treatment in schizophrenia has been studied for 
a maximum of 8 weeks (see above). Furthermore, short-term anti-inflammatory 
treatment also has poor efficacy in chronic inflammatory diseases. Therefore, lon-
ger studies are needed to evaluate anti-inflammatory treatment in chronic schizo-
phrenia [105].
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Fig. 14.1 Comparison of disease duration on the effects of celecoxib add-on therapy to risperi-
done. Patients with a disease duration <2 years and celecoxib treatment had a better outcome than 
patients with a disease duration >2 years and placebo and both groups of patients with a disease 
duration of more than 2 years (results not statistically significant). Reprinted from [100] by permis-
sion of Oxford University Press and [101] Copyright © 2017 Karger Publishers, Basel, Switzerland. 
Cox celecoxib, PANSS Positive and negative syndrome scale
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Studies are also needed to investigate potential predictors of treatment response 
to anti-inflammatory treatment. Earlier studies found that a higher amount of 
inflammation is associated with worse response to antipsychotics [106–109]. The 
question remains open whether higher levels of inflammation predict a better 
outcome to anti-inflammatory treatment, as was shown for anti-TNF treatment and 
celecoxib in major depression [28, 110]. So far, no immune-related predictive 
markers for anti-inflammatory treatment have been identified.

14.7  Other Potential Inflammation-Related Treatments 
in Schizophrenia

As mentioned earlier, microglia play a role in CNS inflammation, and CNS inflamma-
tion is hypothesized to be involved in schizophrenia. Thus, studies have examined 
whether agents that can cross the blood-brain barrier and inhibit microglia activation 
may be useful in schizophrenia. One such drug is the antibiotic minocycline. Minocycline 
was studied in animal models of schizophrenia, where it was shown to have positive 
effects on cognition [111]. In a double-blind, placebo- controlled study, add-on minocy-
cline improved negative symptoms of schizophrenia [112, 113]. In addition, case reports 
described positive effects on the overall symptom spectrum [114].

Studies have also found some positive effects of other anti-inflammatory sub-
stances, such as acetylcysteine and omega-3 fatty acids [115] and interferon- gamma, 
a cytokine that stimulates the monocytic type 1 immune response [116]. Interferon-
gamma may not be a viable treatment option, though, because it can have adverse 
effects on the immune system and is thus probably a “double-edged sword” in psy-
chiatric diseases, as it is in cancer [117].

Monoclonal antibodies to pro-inflammatory cytokines have also been proposed 
as a potential treatment for schizophrenia, and treatment appears to be feasible and 
potentially efficacious, warranting further research [118].

14.8  Conclusion

In the context of research on the immune system and inflammation, it is important 
to note that drug treatment, smoking, stress levels, sleep patterns, etc., can affect 
results. Nevertheless, research appears to support a role of immunological and 
inflammatory processes in the pathogenesis of schizophrenia. Data have been 
obtained from a range of approaches, including studies on the role of proinflammatory 
cytokines in the disease; the effects of cytokines on tryptophan/kynurenine 
metabolism and glutamatergic neurotransmission; the binding of markers of 
inflammation in imaging studies; genetics; and the effects of anti-inflammatory 
drugs. Further research is required, particularly into a potential association of 
inflammation with volume loss in the CNS and the importance of the duration of 
illness for treatment outcome. However, findings so far, in particular on the positive 
effects of anti-inflammatory treatment in schizophrenia, are encouraging.
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15.1  Introduction

Bipolar disorder (BD) [1] is a mood disorder characterized by episodic pathologic 
disturbances in mood: (hypo)manic episodes and depressive episodes which alter-
nate with euthymic periods, i.e., with normal mood. BD has to be distinguished 
from (unipolar) major depressive disorder (MDD), which is characterized by 
depressive episodes only.

According to DSM-5, the core criterion of a (hypo)manic episode is the occur-
rence of pathologic elated (euphoria), expansive or irritable mood and increased 
energy or activity lasting at least 1 week. In addition to these core criteria, there are 
other symptoms, of which three or more need to be present to a significant degree – 
namely, inflated self-esteem or grandiosity, decreased need for sleep, being more 
talkative than usual, flight of ideas, distractibility, increase in goal-directed activity 
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or psychomotor agitation, and excessive involvement in pleasurable activities that 
have a high potential for painful consequences. A depressive episode consists of at 
least one of the core symptoms: depressed mood and loss of interest or pleasure, 
completed with symptoms such as sleep problems, psychomotor changes, fatigue or 
loss of energy, feelings of worthlessness or excessive feelings of guilt, difficulty 
concentrating or making decisions, and recurrent thoughts of death [1].

Two types of BD are recognized: bipolar I disorder (BD-I) and bipolar II disorder 
(BD-II). Both types are characterized by the occurrence of extreme high and low 
mood episodes. Their main difference is the severity of manic episodes. Patients 
with BD-I experience full-blown manic episode(s), while BD-II patients experience 
only hypomanic episode(s). Manic, depressive, and mixed episodes can also be 
complicated by the presence of concurrent psychotic symptoms. Besides the mood 
symptoms, many patients with BD also show cognitive dysfunctions which may 
persist during euthymic periods, and which involve disturbances in various domains 
such as attention, verbal memory, and executive functioning [2, 3].

Worldwide, BD affects about 45 million people [4]. The lifetime prevalence of 
BD is about 2% across different countries, women being affected as frequently as 
men [5, 6]. Across the world, the disorder ranks sixth among all health conditions in 
terms of causing disability [7] with poor clinical and functional outcome [8], 
increased risk for suicidality [9], and significant societal costs [10].

Historically, treatment options for MDD, schizophrenia and partly BD, have 
focused on medications that modify the activity of monoamine neurotransmitter 
systems (i.e., dopamine, serotonin, and noradrenalin systems). Monoamines do play 
a role in the pathophysiology of these disorders, but the monoaminergic theory of 
illness has failed to deliver novel agents beyond the limited treatment options cur-
rently available.

The aim of this chapter is to provide an overview of various perspectives of the 
aberrant immune system in BD in light of the search of new therapy options. 
Nationwide epidemiologic analyses established a link between autoimmune liabil-
ity, lifetime infections, psychosocial factors, and the presences of psychiatric disor-
ders [11]. The “macrophage theory of mood disorders” postulates an aberrant 
pro-inflammatory state of monocytes/macrophages in patients with mood disorder 
and considers this aberrant state of the cells as a driving force behind the illness 
[12]. The theory was founded on the discovery in the 1980s and 1990s of increased 
serum or plasma levels of pro-inflammatory macrophage and T cell cytokines in 
patients. Also raised frequencies of auto-immune diseases and various T cell abnor-
malities were found in patients with BD [13], together with an aberrant expression 
of pro-inflammatory genes in circulating monocytes [11]. Moreover, although 
genome studies have linked BD to hundreds of variations, the stronger associations 
were found in the MHC immune region, such as the rs3130297 SNP, located in the 
NOTCH4 gene29.

The aberrant immune system is thought to have its effect on BD illness progres-
sion, via the tryptophan catabolic pathway and via glial cells, such as microglia and 
oligodendrocytes [14]. Therapeutic interventions targeting the immune system 
directly have thus far been mainly focused on non-steroid anti-inflammatory drugs 
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(NSAID), omega-3-fatty acids, and N-acetylcysteine (NAC) [15]. More recently, 
scientific attention has been given to the gut-brain-axis in BD, with emphasis on 
increased intestinal permeability and microbiome disturbances driving immune sys-
tem dysregulation [16]. Based on the research that is becoming more extensive and 
global, this field seems promising for potential treatment options.

15.2  The Aberrant Immune System

15.2.1  Pro-Inflammatory Cytokines

The discovery of the various signal compounds (cytokines and growth factors) 
between the cells of the immune system in the 1980s and 1990s of the last century 
and the development of easy detection ELISA methods for their determination in 
serum and plasma made it possible to carry out extensive investigations to, e.g., 
interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, their receptors, and BDNF 
in mood disorders. Increased levels were found in BD patients when compared to 
controls, although not in all studies [17, 18]. Initially, these seemingly contradicting 
results were not well understood. In 2018 Rowland et al. performed an extensive 
meta- analysis of cytokines, neurotrophins, and oxidative stress mediators in BD, 
including 53 studies comprising more than two thousand cases and controls. In this 
meta-analysis, a combination of high-sensitivity C-reactive protein (hsCRP)/IL-6, 
brain-derived neurotrophic factor (BDNF)/TNF-α, and soluble TNF-α receptor 1 
(sTNFR1) alterations was found to be associated with specific mood phases in BD 
[19]. During depression BDNF and TNF-α were found to be decreased, while 
sTNFR1 and hsCRP/IL-6 were found to be normal. In euthymia hsCRP/IL6 were 
increased, while sTNFR1, TNF-α, and BDNF were found to be normal. During 
mania hsCRP/IL-6 remained high as in euthymia, but sTNFR1 and TNF-α were 
also increased; BDNF was decreased in mania. Apparently, the activity and phase of 
the disease is a determinant for alterations in the cytokine and growth factor 
serum levels.

It is also important to consider that aberrations in cytokine concentrations are a 
cross-diagnostic feature of severe mental illnesses, demonstrated by a recent meta- 
analysis [20]. In this analysis, comparing cytokine profiles in patients with schizo-
phrenia, BD and MDD, manifest alterations in blood cytokine levels were 
demonstrated, which are consistent with an inflammatory and T-cell activation pro-
file shared between the mental illnesses.

15.2.2  Autoimmune Thyroiditis

Considering the cytokine profile consistent with an inflammatory profile, it is not 
surprising that patients with BD have a raised prevalence of autoimmune diseases. 
We here focus as an example on Hashimoto’s autoimmune thyroiditis [21–23], also 
because this is a frequent autoimmune complication of BD. Autoimmune thyroiditis 
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is a chronic disease in which the body interprets components of the thyroid gland 
such as thyroid peroxidase (TPO) and thyroglobulin (Tg) as foreign (non-self). The 
body therefore mounts a specific destructive immune reaction toward its own thy-
roid cells. Although the attack is primarily orchestrated by inflammatory and cyto-
toxic T cells, the body also produces antibodies to TPO and Tg, which are used as 
easy-to-determine serum markers of the disease [24]. Autoimmune thyroiditis is 
considered an endophenotype of BD [13]. Not only BD patients but also their off-
spring (affected as well as non-affected) and their monozygotic (affected and non- 
affected) and dizygotic (affected, but not as much unaffected) co-twins have a raised 
prevalence of autoimmune thyroiditis [13, 25]. The intrinsic disturbances of mono-
cytes and T cells in BD patients and their first degree family members are thought 
to be instrumental in the higher prevalence of autoimmune thyroiditis.

15.2.3  Monocyte Inflammatory Gene Expression

Stemming from the increased prevalence of autoimmune thyroiditis, it was hypoth-
esized that an activated inflammatory response system in monocytes constitutes the 
shared susceptibility factor for both BD and thyroid autoimmunity. To investigate 
the pro-inflammatory state of monocytes in a more precise and robust manner, a 
quantitative polymerase chain reaction (q-PCR) analysis of purified monocytes was 
performed in which a signature of 22 discriminative mRNAs for inflammatory, che-
mokinesis/motility, cell survival/apoptosis, and mitogen-activated protein kinases 
(MAPKs) pathway molecules was detected and found to be increased in expression 
in monocytes in BD patients compared to that in controls [26]. In a subsequent 
study, this increased gene expression was found to be only present during mood 
episodes and not or hardly during euthymia [27]. The inflammation-related signa-
ture was also found to be associated with increased psychomotor symptoms [28]. In 
a follow-up study on well-controlled and euthymic relatively old bipolar patients, 
the inflammatory signature was even found to be decreased in expression in the 
patient monocytes, while a vascular repair factor (HGF) was found increased. This 
profile of gene expression is reminiscent of that of the vascular repair monocytes 
(so-called circulating angiogenic cells) seen in atherosclerotic disease and fitted 
well with the high prevalence of the metabolic syndrome seen in this relatively older 
patient group. Atherosclerotic diseases are nowadays also considered as partly 
belonging to the group of auto-inflammatory conditions.

15.2.4  T Lymphocytes

Important regulators of the inflammatory response are not only the cells belonging 
to the myeloid lineage (e.g., the monocytes, macrophages, and dendritic cells), but 
also the cells of the lymphoid lineage of the immune system (e.g., the different sets 
of T cells). T cells are generated in the thymus and all T cell are positive for an 
antigen-specific CD3+ T cell receptor. The CD3+ T cell population differentiates in 
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the thymus into either the CD8+ T cytotoxic cells (with the capacity to kill, e.g., 
virus-infected cells and cancer cells) or CD4+ T helper cells (with the capacity to 
help other immune cells functioning). In the last decades, it was discovered that the 
latter CD4+ T helper population contains cells with the capacity to develop into 4 
main types of T helper cells: the Th1 cells with the capacity to produce pro- 
inflammatory IFN-γ, the Th2 cells with the capacity to produce the anti- inflammatory, 
but B cell stimulating cytokine IL-4, the Th17 cells which produce IL-17, and the T 
regulatory cells which dampen all sorts of inflammatory responses by virtue of their 
production of IL-10 and TGF-β.

In BD, the different sets of T cells and T helper cells have not been examined as 
extensively as in MDD. However, many of the studies carried out by us on different 
cohorts have found slightly reduced levels of the total population of CD3+ T cells 
in euthymic BD patients [29], their children at risk for BD, and in affected and non- 
affected co-twins of BD patients [30]. In the latter group, the slight reduction in the 
total population of circulating CD3+ T cells was found to be associated with the 
familial liability to develop BD.

Despite these reduced levels of total T cells, a higher activation state (as mea-
sured by strong CD25 positivity) of the T cells has been demonstrated in both euthy-
mic and symptomatic BD patients, compared to healthy controls [31]. We consider 
this activation as a compensatory reaction to counteract the slight T cell deficiency 
state of BD patients. Also circulating levels of T helper cells were found to be higher 
in euthymic BD as compared to healthy controls, but in particular to patients with 
active MDD [32]. Other investigators examining subpopulations of T cells also 
found reduced levels of T cells (particularly of T cytotoxic cells), but again in the 
presence of higher percentage of activated (CD25+) T helper cells. In older euthy-
mic BD patients, we found higher levels of IL-4-producing Th2 and IL-17-producing 
Th17 cells [29], and we again interpreted these findings of a higher production 
reactivity of the cells as a compensation for the reduced number of total T cells. 
With regard to children of a bipolar parent who are at risk for BD, we found next to 
the earlier mentioned slight reduction in T cells in general, an age-dependent change 
in the levels of the Th1, Th2, Th17, and T regulator populations [30]: In the bipolar 
offspring Th1, Th2, Th17, and the T regulatory cells followed a dynamic course 
over time with significantly reduced levels of Tregs in adolescence and reduced 
numbers of Th1 and Th17 cells in young adulthood. In post hoc analysis, the T regu-
latory cells were inversely associated with the pro-inflammatory monocyte state, 
which also occurred in adolescence in bipolar offspring irrespective of current psy-
chopathology [33].

With regard to the T regulatory cell population, reduced percentages have in 
general been described in BD: Barbosa et al. described a lower percentage of IL-10 
expressing T regulatory cells [34] and del Prado et al. also found lower levels of T 
regulatory cells in BD patients as compared to healthy controls [35]. We found the 
T regulatory cells to be dependent on age and significantly higher T regulatory cells 
were only found in BD patients under 40 years of age as compared to healthy con-
trols; this was not the case in BD patients of over 40 years of age [36].
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15.2.5  Conclusion on the Aberrant Immune System

Taken together, the immune system findings suggest a basic slight numerical T cell 
deficiency in BD patients irrespective of the phase of the disease and associated 
with the familial liability to develop BD in twins and offspring. Despite this numeri-
cal deficiency (or better probably due to the numerical deficiency), there are signs 
of a higher functional activation of the T system (high CD25 expression) and the 
capacity of T helper cells to produce higher levels of particularly IL-17 and IL-4. T 
regulatory cells are in general found to be reduced in BD patients, opening the gate-
way to a higher inflammatory state. We indeed found an inverse relationship of the 
level of T regulatory cells and the monocyte inflammatory state. However, it must 
be noted that age dependency, particularly also at teenage time, plays an important 
role in fluctuations of the populations of functional T helper cells and chronic mono-
cyte inflammation patterns. The latter occurred particularly during active phases of 
the disease, something that has also been noted for the pro-inflammatory cytokine 
levels in serum and in plasma (Fig. 15.1).

15.3  Tryptophan Metabolism as an Intermediary Mechanism

Abnormal interactions between the immune system and the HPA-axis, as well as 
abnormal interactions between the immune system and the neuronal system acting 
via tryptophan catabolites and interacting with glial cells, have been suggested to 
result in mood disorder symptomatology.

In the tryptophan breakdown, several enzymes are of importance. Tryptophan 
hydroxylase is the enzyme that metabolizes the amino acid tryptophan down the 
pathway to the neurotransmitters serotonin and melatonin; both monoamines play 
an important role in emotion regulation and cognition. In addition, tryptophan is 
also metabolized down the kynurenine pathway via an alternative route. Two 
enzymes play a role in the first and rate-limiting step in this oxidative degradation 
of tryptophan to kynurenine: indoleamine-pyrrole 2,3-dioxygenase (IDO) and tryp-
tophan 2,3-dioxygenase (TDO). IDO is particularly expressed in monocytes/macro-
phages and the IDO activity is enhanced by pro-inflammatory cytokines, e.g., by 
IFN-α, during viral infections. TDO is expressed in the liver and TDO activity is 
enhanced when there is physical or mental stress [37]. Under mentioned circum-
stances, tryptophan breakdown along the kynurenine branch is increased, while the 
availability of tryptophan for serotonin synthesis is decreased. Along the kynuren-
ine pathway, tryptophan is first metabolized into kynurenine [38]. Subsequently, 
kynurenine is broken down via (1) a neuroprotective, kynurenic acid, NMDA recep-
tor antagonist pathway, or (2) a neurotoxic, 3-hydroxy kynurenine, and quinolinic 
acid, NMDA receptor agonist pathway [39]. In the brain, the catabolism occurs in 
the astrocytes and microglia, where astrocytes produce mainly neuroprotective kyn-
urenic acid while macrophages produce mainly neurotoxic metabolites, like quino-
linic acid. Normally, formation of quinolinic acid is faster, while kynurenic acid has 
a counteractive protective role against quinolinic acid [40]. Based on the above, it 
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A MODEL OF THE DYNAMIC IMMUNE PATHOGENESIS OF BIPOLAR DISORDER

17 years 21 years 28 years
30-50 years > 50 years

Euthymic children of a bipolar parent Bipolar patients

Tendency to monocytosis/lymphopenia,
especially shortage of CD3+ T cells and
CD3+CD4+T helper cells + + + + +
CD3+ CD4+ CD25+ FOXP3+ T regulatory
cells and serum sCD25 levels

decreased normal normal
increased in

age >40
years

increased

CD3+ CD4+ IL17+ T cells normal decreased normal increased increased

Pro-inflammatory monocyte genes increased
slightly

increased
normal

increased in
episodes

decreased,
increased in

episodes

Serum CCL2 levels normal increased increased increased not tested

Pro-inflammatory serum compounds
(PTX3, hsCRP and IL-6)

increased increased not tested
increased,

particularly in
episodes

not tested

Particularly
during
episodes

Fig. 15.1 The figure shows the immune aberrancies found in the peripheral blood mononuclear cell 
(PBMC) preparations of the bipolar or bipolar-related cohorts studied in the EU-MOODINFLAME 
studies. These cohorts comprise established bipolar patients, but also euthymic offspring of a bipolar 
parent who are at high risk to develop bipolar disorder. Remarkable are the dynamic changes over 
time in the cell-mediated immune system, and we assume that these changes are driven by inborn 
abnormalities, environmental (microbial, stress) influences, and aging of the immune system. See for 
details text and listed references. In all bipolar (related) subjects, we found a tendency to have reduced 
percentages of circulating lymphocytes, particularly of CD3+ T cells and CD3+ CD4+ T helper cells 
(with increased percentages of monocytes). In a twin study this reduced percentage of CD3+ T cells 
was found to be associated with the familial inborn liability to develop bipolar disorder. We assume 
that this minor T cell defect has an influence on hippocampal neogenesis and mood regulation, since 
T cells are known to be essential for these processes. Within the reduced T and T helper cell popula-
tions, we found in the offspring a proneness to have reduced T regulatory cells at adolescence. These 
low T regulatory cells correlated to a high pro-inflammatory state, as measured by a high expression 
of inflammatory genes in circulating monocytes and high serum inflammatory compounds at that 
age. We assume that at that time (adolescence) also the microglia is pro-inflammatory activated in 
the offspring, and has negative effects on hippocampal development and function. As time passes 
into adulthood in the offspring, the pro-inflammatory aberrancies largely disappear and normalize 
in the bipolar offspring, yet the CD3+ T cell lymphopenia remains. In episodic bipolar patients (and 
in postpartum mood disorders), pro-inflammatory aberrancies are clearly evident (monocyte gene 
expression, circulating serum inflammatory compounds), against the background of the minor CD3+ 
T cell lymphopenia. It is tempting to speculate that environmental microbial influences (alterations 
in the microbioma?) trigger the pro-inflammatory state in individuals with a proneness to develop 
bipolar disorder, such as the bipolar offspring. In the euthymic phases of bipolar patients the minor 
CD3+ T cell abnormalities stayed visible, while we found an abnormal apportioning of the T helper 
cell subsets (high T regulatory cells, high Th17 cells). We assume that the high T regulatory cells rep-
resent a controlled inflammatory state, and although high Th17 cells are present, pro-inflammatory 
monocytes were not present in the euthymic phase. Even an anti-inflammatory pro-angiogenic state 
of monocytes was found in senior bipolar patients with a high prevalence of the metabolic syndrome; 
we assume that this depended on the vascular problems occurring in these older bipolar patients
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was hypothesized that an imbalance between the neurodegenerative and neuropro-
tective pathways leads to neurodegeneration and brings a person to a chronically 
depressive episode. This imbalance might either be due to a highly increased neuro-
degenerative pathway activity or due to a lack of sufficient neuroprotective factor 
activity [41].

Several studies have shown an involvement of the tryptophan to kynurenine path-
way degradation in BD, which seems to be shifted toward its neurotoxic branch 
[42]. The plasma kynurenine/tryptophan ratio, defined as the tryptophan breakdown 
index, was found to be increased in BD, together with a reduction of the plasma 
kynurenic acid concentration, thus decreasing its neuroprotective effects [43]. More 
recently, similar data of decreased kynurenic acid levels were reported in a BD 
sample compared to healthy volunteers [44]. Finally, kynurenine breakdown has 
also been related to white matter microstructure in BD. In particular, BD patients 
show reduced concentrations of kynurenic acid and 5-Hydroxyindoleacetic acid 
(5-HIAA), a measure of serotonin levels. This was positively associated with diffu-
sion tensor imaging (DTI) measures of white matter integrity [45].

15.4  Immune System and Glial Cell Aberrations

Neuroglia, consisting of glial cells, are the other predominant portion of the 
brain, next to neurons [46]. Glial cells were long thought to be mainly of use as 
structural supportive cells for the neurons, holding them in place, supplying them 
with nutrients and oxygen, and destroying pathogens. However, starting at the 
turn of the century, research demonstrated glial cells to have important functions 
in neurodevelopment and synaptic function [47, 48] and they are now known to 
be important regulators of neuroimmune interactions in the central nervous sys-
tem [14, 49].

The glial cell population consists mainly of oligodendroglia, astrocytes, and 
microglia. In humans, astrocytes perform a multitude of functions such as, but not 
limited to, providing metabolic support as a lactate and glycogen energy buffer, 
vasomodulation by regulating blood flow [50], promoting myelinating activity of 
oligodendroglia [51, 52], regulating nervous system repair [53], facilitating long- 
term memory potentiation [54], and several kinds of signal transmission modula-
tion, including modulation of synaptic transmission [55] and regulation of ion 
concentration in the extracellular space [56].

Microglia are the resident macrophages of the brain and spinal cord and thus act 
as the first and main form of active immune defense in the CNS, constantly scaveng-
ing the CNS for plaques, damaged neurons, and infectious agents. Besides func-
tions relating to the immunoresponse, microglia play an important role in maintaining 
homeostasis. As with peripheral macrophages, microglial activation could be in an 
inflammatory sense (M1 macrophages), an anti-inflammatory sense (M2 macro-
phages), and a regenerating/tissue support sense (M2b macrophages). Animal mod-
els demonstrated that microglia are also involved in tissue regeneration and play an 
active role in neuronal support, i.e., the development of mature synapses during 
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embryogenesis [57], pruning synapses postnatally [58], regulating neurogenesis 
[59], and inducing apoptosis [11]. It may well be the case that some microglial cells 
induce apoptosis, while others actively facilitate neurogenesis.

Activation of microglia has been studied in PET imaging studies, with tracers 
binding to the translocator protein (TSPO, previously known as peripheral benzodi-
azepine receptor (PBR)), since TSPO expression has been associated with a pro- 
inflammatory state [60]. Current tracers used to visualize TSPO expression are 
[11C]PK11195, [11C]-PBR28 and [18F]-FEPPA.

In psychotic disorders, an increase in microglia activation was demonstrated 
after a first psychotic episode [61]. During a psychotic episode, this inflammation 
was found to “condense” in the hippocampus [62]. The first TSPO study in MDD, 
using [11C]-PBR28, did not demonstrate an increase in binding between 10 MDD 
patients and 10 healthy controls [63]. However, subsequent studies, including stud-
ies with [11C]-PBR28 and [18F]-FEPPA, demonstrated microglia activation quite 
robustly in MDD patients, with varying duration of illness and age [64–66]. 
Interestingly, treatment with antidepressants and cognitive behavioral therapy had 
an ameliorating effect on this activation [67, 68].

With regard to BD, increased [11C]PK11195 binding has been demonstrated in 
the hippocampus of 14 euthymic BD type I patients, compared to 11 healthy con-
trols [69].

The immune system may also exert its effect on the brain via oligodendro-
cytes. Oligodendroglia create myelin sheaths around neuronal axons for support 
and to increase the axonal transmission speed. In addition they provide trophic 
support by producing glial cell line-derived neurotrophic factor (GDNF), brain-
derived neurotrophic factor (BDNF), and insulin-like growth factor-1 (IGF-1) [70]. 
Oligodendrocyte function can be visualized in  vivo using DTI.  Using this tech-
nique, microstructural white matter aberrations involving all the major tracts have 
been demonstrated quite robustly in BD [71, 72]. Kynurenine catabolites, produced 
by cells of the immune system and derived from the serotonin precursor tryptophan, 
are known to affect oligodendrocyte function in  vitro and inflammation-related 
cytokines, such as TNF-α, IFN-ɣ, and IL-10, have been found to be inversely asso-
ciated with DTI-measured white matter microstructural integrity [73].

15.5  Potential Immune-Mediating Treatment Strategies

Randomized controlled trails (RCTs) investigating celecoxib, a cyclooxygenase-2 
(COX-2) inhibiting non-steroidal anti-inflammatory drug (NSAID), demonstrated 
positive effects in BD. In BD, improvement of manic [74] and depressive symptoms 
was found [74–76]. In schizophrenia, treatment with this medication yielded 
improvement of positive symptomatology (hallucinations, delusions), negative 
symptomatology (passivity, apathy), and generally improved functioning [77]. 
These transdiagnostic and multi-dimensional effects of celecoxib support a com-
mon immune pathway model for severe mental illnesses and indicate that treat-
ments, influencing the immune system, hold promise.
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Omega-3 fatty acids have been extensively investigated for their antidepressant 
effects, but have failed to show overall treatment effectiveness in a meta-analysis 
[15]. Add-on treatment using N-acetyl cysteine, a glutathione precursor antioxidant, 
initially showed success for alleviating depression in BD [78]; however, a follow-up 
study failed to demonstrate a significant effect as maintenance treatment [79] and a 
recent replication study also was not able to show benefit over placebo [80].

Treatment with aspirin has also been suggested to be beneficial in BD. In a study 
testing the efficacy of aspirin and minocycline as an augmentation therapy for bipo-
lar depression [81], a main effect of aspirin on depressive symptoms was observed. 
In a large pharmaco-epidemiological study related to BD [82], in which medication 
histories on subjects who had been prescribed lithium were collected using health 
care registry data, low-dose aspirin was found to be associated with a reduction in 
the relative risk of clinical deterioration in subjects, whereas other NSAIDs and 
glucocorticoids did not. In another study assessing the effect of 240 mg of aspirin 
on lithium-related sexual dysfunction [83], patients in the aspirin group showed 
significantly greater improvement in total sexual function scores than the placebo 
group (14.4% and 19.7% improvement respectively), while mood symptoms 
remained stable over the course of the study. However, to date no RCT has been 
performed investigating the direct effect of aspirin on mood symptoms or mood 
stability.

15.6  The Gut-Brain Axis

Recent investigations have pointed to the gut-brain axis as a new target for treatment 
to affect brain functioning in a significant subset of patients [84]. In this approach 
the chronic low-grade inflammation stems from increased intestinal permeability, 
associated with gut microbiome disturbances.

Recently, two papers elaborately reviewed the evidence for the contribution of 
increased intestinal permeability to the pathophysiology of BD in this rapidly 
developing field of research [84, 85]. Numerous studies have reported that BD 
patients have abnormal reactions to food-derived antigens, indicative of increased 
intestinal permeability. In support of this view, BD patients were also found to have 
elevated serum concentrations of immunoglobulin G (IgG) to gliadin and deami-
dated gliadin in comparison to controls [86]. In a follow-up study, patients with 
manic symptoms had increased baseline IgG to gliadin, which normalized after 
6 months of treatment [87]. In the same study, re-hospitalized patients during a 
6-month follow-up period were more likely to have increased IgG to gliadin at the 
beginning of the follow-up.

It has been hypothesized that BD can originate from early exposure to microbial 
infections, contributing to the etiology, through chronic neuro-inflammatory and 
autoimmune processes [88]. Anti-Saccharomyces cervisiae IgG antibodies (ASCA), 
typically increased in Crohn’s disease or ulcerative colitis, is a marker of intestinal 
inflammation. Patients with BD were found to have increased levels of ASCA along 
with IgG to casein and gluten, and ASCA correlated with IgG to these food antigens 
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compared to controls [89]. ASCA also correlated to IgG to T. gondii and measles in 
patients who experienced a recent onset of psychosis in the course of BD.

It is also interesting that an imbalance of the intestinal microbiota is associated 
with BD [90], as this may offer a non-invasive and relatively simple strategy to 
improve symptoms and the condition of the brain. One study found that a lower 
abundance of a strain of Faecalibacterium was associated with improved physical 
health, better depression scores, and sleep quality scores, thereby providing support 
for the hypothesis that targeting the microbiome may be an effective treatment para-
digm for BD [91]. Another study also found a decrease in abundance of 
Faecalibacterium in the BD group in comparison to non-psychiatric subjects [92]. 
Besides this, investigators found a decrease in abundance in Ruminococcaceae and 
both the phylum Actinobacteria and the class Coriobacteria as significantly more 
abundant in BD patients as compared to healthy controls.

Coello et  al. [93] found that not only the gut microbiota composition of BD 
patients but also that of their unaffected first-degree relatives differed from that of 
healthy controls. This observation is interesting in the light of the slight T cell defi-
ciencies also found in unaffected first degree relatives of BD patients (see before) 
and the monocyte inflammatory gene activation in first degree relatives (twins) 
linked to common environmental influences [94].

As described above, increased intestinal permeability causes translocation of 
bacterial material and food-derived antigens. The translocation of these substances 
results in hyper-activation of the intestinal immune response through the interaction 
of, e.g., lipopolysaccharides (LPS), glycolipids derived from the outer membrane of 
gram-negative bacteria, with toll-like receptor 4 (TLR4) in immune cells, e.g., 
monocytes/macrophages. This interaction with the TLR4 activates the inflamma-
tory NFkB pathway, over-production of pro-inflammatory cytokines, and disruption 
of the tryptophan catabolic pathway with a reduction of levels of serotonin [84]. 
Moreover, hyper-activation of the intestinal immune system may also result in the 
activation of the hypothalamic–pituitary–adrenal (HPA) axis, which in addition has 
a direct implication on BD [95].

In a large study in humans with schizophrenia and BD, C. albicans seropositivity 
was associated with gastro-intestinal (GI) disturbances as well as cognitive deficits 
[96]. In a study in patients with diabetes mellitus type 2, probiotics were found to 
cause a decrease in LPS and CRP, and a positive effect on cardiometabolic profile 
[97, 98]. In another study in postmenopausal women, a similar cardiometabolic 
effect was found [99].

Given the accumulating evidence for abnormal immune responses which are 
seen in BD patients, and the observation that the intestinal epithelial barrier and 
intestinal microbiota can play a role in both diseases, probiotic therapy can be 
viewed as a promising candidate for treatment in these patients [90, 100]. Probiotics 
were associated with a significantly lower rate of re-hospitalization in 66 patients 
[101]. The probiotic’s effect was increased in individuals with elevated levels of 
systemic inflammation at baseline based on IgG class antibodies to the NR2 peptide 
fragment of the NMDA receptor, IgG class antibodies to gliadin, IgG class antibod-
ies to the Mason-Pfizer monkey virus gag protein, and IgM class antibodies to 
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Toxoplasma gondii. In another recent study, a significant improvement in perfor-
mance concerning attention and psychomotor processing speed was found in BD 
patients, supporting the hypothesis that probiotic might be beneficial to improve 
cognitive functioning [102].

Summarizing, in multiple studies increased intestinal permeability in BD has 
been demonstrated by translocation of food and bacterial antigens, as well as intes-
tinal microbiome disturbances. These aberrancies are associated with a dysregula-
tion of the immune system and the precipitation and exacerbation of psychiatric 
symptomatology, metabolic complications, and increased cognitive impairment.

15.7  Concluding Remarks

Over the last few decades, insight in the immune disturbances associated with BD 
has expanded greatly. Starting off with serological and epidemiological studies, 
molecular biological and imaging techniques have elucidated various aspects of the 
aberrant immune system, encompassing alterations in serum cytokines, chemo-
kines, and tryptophan catabolites, alterations in the T cell and monocyte/macrophage- 
mediated immune reactions, and the cerebral processes linked to these immune and 
biochemical alterations. However, studies remain typically small in size and cross- 
sectional in design, complicating the exploration of these dynamic processes in 
detail and over time, and larger multi-modal longitudinal studies are needed.

New treatment approaches targeting the immune system directly or indirectly, 
via the gut, have also emerged, although limited in size and number, compared to 
pharmaceutical company–driven trials. Effect sizes of existing studies are typi-
cally not more than modest, and this is probably attenuated by general study 
methodologies on heterogeneous patient groups. A more personalized treatment 
approach toward the status of the immune state is a promising strategy to increase 
the impact of immune system targeting medication, while keeping adverse effects 
acceptable.
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16Inflammation and Depression:  
Is Immunometabolism the  
Missing Link?

Robert Dantzer, Angela Casaril, and Elisabeth Vichaya

16.1  Introduction

The first experimental investigations of a role of inflammation in depression origi-
nated from the observation of the marked similarity between the clinical signs of 
sickness behavior and the symptoms of depression. The concept of sickness behavior 
encompasses how individuals sick with an infection behave. As pointed out by 
Yirmiya  et al. at the time, “infectious illnesses are often associated with a range of 
depressive symptoms, including fatigue, psychomotor retardation, anorexia, somno-
lence, lethargy, muscle aches, cognitive disturbances and depressed mood” [1]. They 
went on to demonstrate that these behavioral alterations could be reproduced by 
administration of the cytokine inducer lipopolysaccharide (LPS) or pro-inflamma-
tory cytokines such as interleukin (IL)-1. It was then observed that they are attenu-
ated for some of them by chronic antidepressant treatment. It did not take long for the 
concept of depression as a brain inflammatory disease to emerge, encouraged by the 
observation of increased circulating levels of biomarkers of inflammation in depres-
sion, an observation originally reported by Maes et al. [2]. Twenty years later, the rest 
could be history except that the mechanisms by which inflammation induces depres-
sion have not yet revealed all their secrets. Preclinical studies conducted on rodent 
models of inflammation induced by the activation of the innate immune system or by 
stressors such as chronic unpredictable stress and repeated social defeat have vastly 
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contributed to our understanding of some of the pathways responsible for the devel-
opment of depressive symptoms in the context of systemic or central inflammation. 
The multiple routes of communication involved in the propagation of inflammation 
from the periphery to the brain have been elucidated with a particular emphasis on 
neural afferents and endothelial cytokine receptors. At the behavioral level, it has 
been possible to identify the main features of inflammation-induced depressive 
symptoms and to show the relative importance of fatigue and reduced motivation in 
the behavioral phenotype of inflammation. At the cellular level, the pivotal role of 
reactive microglial cells in the brain inflammatory response to peripheral inflamma-
tion and their possible modulation by immune cells trafficking into the brain paren-
chyma in response to chronic stress have been evidenced. Further knowledge on the 
reciprocal interactions of microglia with other brain cell types including endothelial 
cells, astrocytes, oligodendrocytes, and neurons has been slowly emerging. At the 
molecular level, the main cytokines that induce depressive symptoms and their 
receptor signaling mechanisms have been identified. At the neurochemical level, 
inflammation has been demonstrated to interfere with brain neurotransmission and in 
particular to down-regulate dopaminergic neurotransmission and activate glutama-
tergic neurotransmission. However, all of this still has proven to be insufficient to 
drive novel drug therapies for inflammatory-liked depression, suggesting some-
thing—possibly in plain sight—is still missing.

Inflammation-induced depression does not develop ex nihilo. It slowly emerges 
on a background of symptoms of sickness represented by fatigue, sleep disorder, 
and reduced appetite [3]. These symptoms are still present in depressed patients 
with a low-grade inflammation and are part of the somatic symptoms of depression. 
In all the enthusiasm that has built up since the discovery of the profound behavioral 
effects of immune activation, we seem to have forgotten how inflammation-induced 
sickness behavior contributes to the reorganization of the organism’s priorities in 
face of an infectious agent. The initial description of sickness behavior insisted on 
the adaptive value of this response to infection with regard to the necessity of spar-
ing energy metabolism for allowing a full development of the fever response and 
meeting the energy requirements of immune cell proliferation [4]. The fitness- 
enhancing value of sickness behavior for the infected individual and the population 
in which it belongs has received considerable interest in the field of ecoimmunology 
[5–7]. However, with very rare exceptions [8] it has totally escaped the attention of 
biological psychiatrists who have been more interested in finding out how inflam-
mation intersects with classical neurotransmitters, despite the limitations of the 
monoaminergic theory of depression.

An obvious question not sufficiently addressed by immunopsychiatry is: how 
does the energy-demanding process of inflammation affect brain function when this 
peripheral process propagates to the brain? In line with a Jacksonian perspective of 
brain functions during disease, the dissolution induced by the inflammatory process 
will first impact the higher mental processes before impacting the lower levels of 
sensory-motor processing [9]. Translated in the language of network analysis of 
human brain connectivity, highly structured brain hubs with rich elements of neural 
architecture that are characterized by expensive energy consumption will be more 
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likely to be affected than less expensive “small world” networks in which informa-
tion flows along short communication paths. How this corresponds to the major 
alterations in the brain connectome reported in major depressive disorder (MDD) 
remains to be determined. Based on a meta-analysis of resting-state functional con-
nectivity [10], MDD appears to be characterized by hypoconnectivity within the 
frontoparietal network that is involved in cognitive control of attention and emotion, 
the dorsal attention network that is involved in attention to the external environ-
ment, the neural systems that are involved in processing emotional salience, and the 
midline cortical regions that mediate the top-down regulation of these functions. In 
contrast, there is hyperconnectivity within the default network that supports inter-
nally oriented and self-referential thought processes. These findings have been 
interpreted to suggest that MDD cognitive and affective symptoms are the result of 
an imbalanced connectivity among networks involved in regulating attention to the 
external versus the internal world together with a reduced connectivity between 
networks involved in regulating and responding to emotion or salience. It would 
certainly be interesting to determine whether this pattern of connectivity is a feature 
of a conserved mode of energy for the brain of an inflamed organism that has to 
process information arising from physiological changes within the body [11, 12] 
while having, at the same time, limited resources to do so. While all these issues 
remain to be addressed, important progress has been made at the mechanistic level 
as the reasons for the high metabolic cost associated with the inflammatory response 
have been elucidated at the molecular level. A new research field known as immu-
nometabolism has emerged at the intersection between immunology and metabo-
lism during the last decade, and it provides a new perspective on the relationship 
between inflammation and depression.

In this chapter we will first describe what we have learned from immunometabo-
lism before examining the evidence for a relationship between immunometabolism 
and MDD and discussing possible neuronal networks involved in metabolic sensing 
and regulation of mood.

16.2  An Introduction to Immunometabolism

The field of inflammation has seen three successive waves of research. The first 
wave focused on the cellular aspects of inflammation. As inflammation is character-
ized by migration of leukocytes to the site of inflammation, it was important to 
understand (1) the mechanisms that allow this migration including vasodilatation 
and increased permeability of endothelial cells and (2) the characteristics of migra-
tory leukocytes and their role at different stages of the inflammatory response. The 
second wave focused on the molecular events that are necessary to coordinate the 
different stages of the inflammatory response by allowing subsets of leukocytes to 
communicate between themselves and with other cell types, including endothelial 
cells. This second wave benefited from progress in molecular biology and the ability 
to produce relatively large quantities of recombinant proteins for in vitro and in vivo 
experiments using engineered strains of Escherichia coli. This research led to the 
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functional characterization of cellular communication molecules and their recep-
tors. The molecular factors allowing immune cells to communicate with each other 
within the immune system were initially labeled as interleukins. However, their 
pleiotropic activity and in particular their ability to act outside the immune system 
on non-immune cells quickly led to a shift to the more general term: cytokines. This 
wave of research is still very active as new cytokines are still being discovered and 
their signaling mechanisms are not yet fully elucidated. An important outcome of 
this second wave is the replacement of the morphological description of the differ-
ent subsets of inflammatory cells by their functional profiling, which is based on the 
cytokines they produce. The third wave of research has emerged only recently. It 
builds on the observation that the proliferation of innate immune cells at the site of 
inflammation and their engagement in the production and release of multiple com-
munication signals require a reprogramming of their energy metabolism from oxi-
dative phosphorylation to aerobic glycolysis.

Oxidative phosphorylation is an important part of the cellular respiration process 
by which cells use oxygen to metabolize nutrients. This process takes place in the 
mitochondria and involves a series of multiple enzymatic steps allowing the trans-
port of electrons across the inner mitochondrial membrane. Oxidative phosphoryla-
tion generates energy that is ultimately used by adenosine triphosphate (ATP) 
synthase to phosphorylate adenosine diphosphate (ADP) into ATP. The amount of 
energy released by oxidative phosphorylation is high in that it produces 36 mole-
cules of ATP for one molecule of glucose converted to carbon dioxide and water and 
14 ATP for each cycle of beta-oxidation of fatty acids.

This is in sharp contrast to glycolysis that occurs in the cytosol and converts one 
molecule of glucose into two molecules of pyruvate and H+. The amount of energy 
released by glycolysis generates only 2 ATP. Pyruvate needs to be decarboxylated to 
enter the Krebs cycle in the form of acetyl-coenzyme A. As the Krebs cycle takes 
place in the mitochondrial matrix, this requires the transport of pyruvate from the 
cytosol across the inner mitochondrial membrane. The problem with glycolysis is 
that it consumes NAD+ that is reduced into NADH. The easiest way to regenerate 
NAD+ is to oxidize NADH. However, this requires the conversion of pyruvate into 
lactate. This process produces 2 more ATP. The advantage of glycolysis is that it is 
much faster than oxidative phosphorylation. However, it cannot be sustained for 
long. This is what takes place for instance in skeletal muscles during a short, intense 
exercise. Lactate accumulation does not occur as the liver takes up excess lactate to 
convert it back into pyruvate and glucose via gluconeogenesis. Glucose can then be 
fed back to the muscles. The problem for this metabolic pathway is that it consumes 
6 ATP for only 2 ATP gained from glycolysis, which results in a net consumption of 
4 ATP per molecule of glucose.

Although glycolysis has mainly been studied in anaerobic conditions with refer-
ence to fermentation, interest in this metabolic pathway has surged recently in can-
cer biology based on the observation that glycolysis is the main metabolic pathway 
used by rapidly proliferating tumor cells. The German scientist Otto Warburg was 
the first to describe the ability of tumor cells to rely on glycolysis rather than on 
oxidative phosphorylation even in the presence of oxygen. He got the Nobel Prize 
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in physiology in 1931 for his work. The so-called Warburg effect was originally 
proposed to be due to mitochondrial defect in cancer cells. The advantage of aerobic 
glycolysis over oxidative phosphorylation is that it facilitates the uptake and incor-
poration of nutrients (mainly glucose and glutamine) into the biomass, in a manner 
conducive to cell proliferation [13]. However, this is usually not ensured by mito-
chondrial deficiency as originally proposed by Warburg but by gain-of-function 
mutations in enzymes of the glycolytic pathway. Whether the Warburg effect takes 
place in cancer cells or in supporting cells of the tumor microenvironment such as 
stromal fibroblasts that can in this way feed lactate and other energy-rich nutrients 
directly to cancer cells leading to the reverse Warburg effect is still a matter of 
controversy.

Aerobic glycolysis is not restricted to cancer cells. Immune responses and wound 
repair also require a rapid proliferation of effector cells as the time factor becomes 
critical when microorganisms invade the body via breakage of the skin or epithelial 
barriers. The ability of immune stimuli to cause metabolic reprogramming of 
immune and non-immune cells has become a major focus of immunometabolism 
research [14]. Aerobic glycolysis has been found to be crucial for the ability of 
macrophages to engage in phagocytosis and production of pro-inflammatory cyto-
kines. It is also necessary for the functioning of natural killer cells, Th1, Th2, and 
Th17 cells, as well as regulatory T cells. The link between metabolism and the 
phenotype of immune cells is so important that it is possible to switch macrophages 
from a pro-inflammatory phenotype to an anti-inflammatory phenotype just by 
blocking glycolysis and re-initiating the Krebs cycle. Like macrophages, microglia 
increase aerobic glycolysis and decrease oxidative phosphorylation when activated 
[15]. In both macrophages and microglia, the predominance of glycolysis over oxi-
dative phosphorylation should not be seen as absolute. During macrophage activa-
tion the Krebs cycle is rewired rather than inhibited [16]. This results in the 
accumulation of the Krebs cycle intermediates succinate and citrate, and Krebs 
cycle-derived metabolite itaconate. These immunometabolites have important 
immune modulatory activities on their own. In addition, the electron transport chain 
becomes altered during macrophage activation and generates radical oxygen spe-
cies from Complexes I and III.

The main limitation of these recent developments in immunometabolism is that 
they are based on the results of in vitro studies, which makes the generalization of 
these results to in vivo conditions difficult. A few ex vivo studies based on isolation 
of microglia from inflammatory brains of mice and humans have confirmed that 
microglia activation is associated with increased glycolysis [17, 18]. Conversely, 
attenuation of microglia activation by exercise in aged mice was found to decrease 
the glycolytic capacity of microglia [19]. Another important limitation is the absence 
of data on the impact of immunometabolism on neighboring organs. In the context 
of cancer, the metabolic reprogramming that fosters tumor cell proliferation has 
been proposed to extend to other organs including liver, fat tissue, and skeletal mus-
cles as complementary sources of nutrients for rapidly developing tumors. This is at 
the origin of the cancer metabolism syndrome which culminates in cachexia [20]. 
Futile cycles that regulate handling of energy substrates between and within organs 
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play an important role in this process [21]. For instance, the high levels of lactate 
produced by metabolically active tumors enter the hepatic Cori cycle for reconver-
sion into glucose that is avidly taken up by tumor cells. This hepatic gluconeogen-
esis can also be fueled in part by amino acids derived from skeletal muscle protein 
degradation. Even when oxidative phosphorylation continues to take place, its effi-
cacy can be compromised due to proton leak across the mitochondrial inner mem-
brane caused by changes in content and fatty acid composition of the major 
phospholipid constituent of the mitochondrial inner membrane cardiolipin [22]. 
Recruitment of metabolically active organs by the tumor can take place via different 
modalities, including cancer metabolites such as lactate, cytokines (e.g., IL-6 and 
TNFα, but also MIC-1/GDF15, a transforming growth factor-beta superfamily cyto-
kine), danger signals such as high-motility group box 1, and tumor produced factors 
such as activins and parathormone-related peptide. Similar mechanisms are likely to 
take place in the context of chronic inflammation with the important difference that 
the original inflammatory response can propagate from the initial organ or body site 
to other parts of the body including the brain, giving rise to systemic inflammation.

Although this section is focused on what is known concerning the metabolic 
aspects of inflammation, it is important to examine how the effects of inflammation 
are modulated by glucocorticoids in view of the potent metabolic effects of gluco-
corticoids and the intricate interactions between pro-inflammatory cytokines and 
the hypothalamic pituitary-adrenal (HPA) axis [23]. Pro-inflammatory cytokines 
activate the HPA axis by acting centrally whereas glucocorticoids released by the 
adrenal cortex are classically seen as having potent immunosuppressive properties. 
However, there is also evidence that glucocorticoids can enhance inflammation and 
immunity. Whether an immunosuppressive or an immunoenhancing effect is 
observed depends on both the levels of glucocorticoids—immunosuppressive 
effects are observed at high doses of glucocorticoids—and the temporal relation 
between the event that triggers HPA axis activation and the one at the origin of 
inflammation. In rodents, stress occurring before LPS enhances the inflammatory 
response whereas a decrease is observed when the glucocorticoid response takes 
place after the stressor. In terms of metabolism, the stress response is well known to 
be associated with a catecholamine-dependent increase in glucose production and 
use followed by a glucocorticoid-dependent increased gluconeogenesis from pro-
teins and lipids. Glucocorticoids inhibit glucose uptake and utilization in peripheral 
tissues such as the liver and muscles [24] by inducing insulin resistance, allowing in 
this way more glucose to be available to the brain. In addition to these effects, non- 
genomic actions of glucocorticoids on mitochondrial respiration, calcium mobiliza-
tion, and apoptosis have been described more recently in neurons [25]. These 
actions involve the translocation of glucocorticoid receptors into mitochondria and 
their modulation of mitochondrial genome. In response to acute stress, glucocorti-
coids enhance mitochondrial function to provide cells with more energy while the 
organism tries to cope with stressors. Glucocorticoid receptors form a complex with 
the anti-apoptotic protein B-cell-lymphoma (Bcl-2) and translocate into mitochon-
dria of neurons [25]. This results in upregulation of mitochondrial calcium levels, 
membrane potential, and oxidation. In contrast, chronically elevated levels of 
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glucocorticoids reduce expression of the glucocorticoid receptor and Bcl-2, with an 
opposite action to that of acute glucocorticoids on mitochondrial calcium levels, 
membrane potential, and oxidation.

At the whole organism level, the way the brain can efficiently compete for lim-
ited energy resources with the rest of the organism has been debated. According to 
the selfish brain theory, the brain maintains constant fluxes of large amounts of 
glucose to itself by regulating food intake and glucose allocation via ATP-sensitive 
potassium channels that function as “energy sensors” by coupling bioenergetic 
metabolism to membrane excitability [26]. The possibility that this trade-off 
between the brain energetic requirements and those of the rest of the body is so 
much compromised by chronic inflammation that it can result in the development of 
symptoms of depression has been presented already [27] at the same time as the 
metabolic programs associated with inflammation have been better delineated [28]. 
However, a critical assessment of this conceptualization requires both a minimum 
understanding of brain metabolism and the consideration of the evidence in favor of 
a role for metabolic dysfunction in depression. In the next section we will examine 
how the energy requirements of the brain are met and review the evidence for an 
involvement of metabolic dysregulation in depression.

16.3  Evidence for Metabolic Dysregulation in Major 
Depressive Disorder

16.3.1  Brain Metabolism

Glucose is the major oxidative fuel for the brain [29]. The brain is also able to oxi-
dize fatty acids and amino acids, but these compounds make minor contribution to 
brain metabolism compared to glucose. In resting conditions, glucose oxidation 
provides most of the ATP consumed by the brain. However, when the brain is acti-
vated, glucose consumption increases much more than oxygen consumption, and 
this is made possible by a switch of brain metabolism from oxidative phosphoryla-
tion to aerobic glycolysis. Neuronal signaling accounts for most of the energy 
expense of the brain (about 70%) while nonsignaling activities account for the 
remainder. In particular, the ionic pump Na+,K + -ATPase consumes about 50% of 
the brain’s ATP. Excitatory neurotransmission is much more expensive, accounting 
for 80–85% of brain ATP usage, compared to the expenses of inhibitory neurotrans-
mission and baseline glial activity, which only account for a combined 15–20% of 
brain ATP. As such, gray matter has a much higher metabolic rate than white matter. 
Astrocytes have high oxidative capacity, similar to neurons, but their importance in 
glucose oxidation is limited due to their smaller volume fraction. Despite its high 
oxidative capacity, the brain preferentially uses glycolysis rather than oxygen con-
sumption to sustain most of its function when activated. As pointed out by Dienel, 
“although the brain is a highly oxidative organ, it preferentially upregulates nonoxi-
dative metabolism of glucose during activation” [29]. Not surprisingly the brain is 
highly sensitive to glucose availability as evidenced by the rapid degradation of 
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brain functions that culminates in coma in response to hypoglycemia. Aerobic gly-
colysis involves three major pathways: (1) glycolysis with lactate production; (2) 
the pentose phosphate shunt which is an important pathway for the generation of 
NADPH, ribose-5-phosphate, a precursor for the synthesis of nucleotides, and 
erythrose- 4-phospate, a precursor for the synthesis of aromatic amino acids. 
Increased pentose shunt activity is likely a response to oxidative stress; (3) astro-
cytic glycogen turnover made possible by the storage of glucose as glycogen in 
astrocytes. In the brain glycogen is not just a storage depot. Glycogen turnover plays 
an essential role in sensory processing, memory, and neurotransmission even in the 
presence of normal glucose levels. In particular, glycogen appears to be part of the 
carbohydrates consumed during neuronal activation.

There has been some controversy about the cellular site at which glycolysis 
takes place with brain activation. The astrocyte-to-neuron lactate shuttle proposes 
that glutamate released by neurons induces glycolysis in astrocytes that results in 
lactate shuttling to neurons where it is converted into pyruvate before entering the 
Krebs cycle [30]. However, this model has been challenged based on the observa-
tion that neurons upregulate glycolysis more than oxidation when activated and 
release lactate, rather than being fueled by extracellular lactate from astrocytic 
origin [31]. This increase in neuronal glycolysis would allow neurons to meet the 
increased energy demands of neuronal activation. Lactate produced by glycolytic 
neurons would then be taken up by astrocytes which help with dispersing and 
clearing it from the brain [32]. Of note, lactate is not a waste product as it has vari-
ous signaling functions in the brain, including its ability to increase blood flow and 
to downregulate neuronal activity. Astrocytes have high oxidation capacity that is 
primarily used with the glutamate/GABA-glutamine shuttle which allows neurons 
to synthesize glutamate and GABA from astrocytic glutamate- and GABA-derived 
glutamine. This metabolic flux captures about 80% of glucose oxidation in gluta-
matergic neurons. The synthesis of glutamate in neurons requires the phosphate-
activated glutaminase that is a mitochondrial enzyme. In addition, it requires 
cell-to-cell transfer of ammonia as the formation of glutamate from glutamine in 
neurons releases ammonium that is needed by astrocytes to form glutamine from 
glutamate [33, 34].

16.3.2  Preclinical Evidence for a Relationship Between 
Depression and Mitochondrial Dysfunction

A role for mitochondrial dysfunction in the pathophysiology of depression can be 
deduced from the examination of the negative impact of inflammation and stress on 
mitochondrial function and from intervention studies targeting metabolic factors. 
Most studies in the field are essentially correlative. For instance, mice treated with 
low doses of LPS display reduced maximum oxygen consumption in their hippo-
campus 3 h later and increased levels of the inhibitory neurotransmitter GABA, as 
measured by proton magnetic resonance spectroscopy [35]. In the same manner, 
induction of sickness behavior by the administration of LPS at the dose of 0.1 mg/kg 
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increased glycolytic fluxes in the hippocampus 6 h later as measured by the mRNA 
expression of two key glycolytic enzymes (6-phosphofructo-2-kinase/fructose- 2,6-
biphosphatase 3 [Pfkfb3] and hexokinase 2 [Hk2]) in the hippocampus of mice and 
reduced levels of pyruvate and oxaloacetate [36].

Rats submitted to repeated immobilization stress for 21 days were found to dis-
play decreased activities of complexes I to III of the electron transport chain in the 
brain [37]. These alterations are not the same depending on the model and the brain 
areas under investigation. For instance, exposure of rats to chronic unpredictable 
stress for 40 days decreased complex I, III, and IV but had no effect on complex II 
[38]. In addition, these effects were observed in the cerebral cortex and cerebellum 
but not in the hippocampus, striatum, and prefrontal cortex. These earlier studies on 
the effects of stress on mitochondrial function did not try to relate the observed 
alterations to the most likely causal factor represented probably not by inflamma-
tion but by chronic activation of the hypothalamic pituitary-adrenal axis. As men-
tioned previously, there is evidence that chronic activation of the HPA axis or 
repeated administration of glucocorticoids induces similar signs of mitochondrial 
dysfunction in naïve rodents [39]. In addition, a complicating factor for the interpre-
tation of chronic stress studies is that the brain mitochondrial alterations that are 
reported in chronic stress models might just represent another facet of the negative 
energy balance induced by stress, as evidenced by body weight loss, which is aggra-
vated by stress-induced decreases in food intake.

More recent investigations are more mechanistic thanks in part to the progress in 
techniques for assessing mitochondrial function ex  vivo and in  vivo. Studies on 
inflammation-induced depression-like behavior have confirmed that the develop-
ment of depression-like behavior is associated with mitochondrial dysfunction and 
decreased brain ATP levels. In addition, there is evidence that mitochondrial protec-
tant agents can prevent inflammation-induced depression and, conversely, that mito-
chondrial toxicants can induce depression-like behavior in healthy naïve mice. As a 
typical example of this type of study, mice injected with the cytokine inducer lipo-
polysaccharide (LPS) at the dose of 0.8 mg/kg developed depression-like behavior 
measured 24 h later by increased immobility in the forced swim test and decreased 
sucrose preference [40]. These effects were associated with increased production of 
superoxide by mitochondria isolated from the hippocampus, reduced ATP levels, 
and decreased mitochondrial membrane potential. Intracerebroventricular adminis-
tration of the mitochondrial targeted antioxidant Mito-Tempo blocked these effects 
in LPS-treated mice whereas administration by the same route of rotenone, an 
inhibitor of complex I of the mitochondrial respiratory chain, increased duration of 
immobility in the forced swim test and reduced sucrose preference in healthy 
naïve mice.

Similar approaches have been used for studies based on models of chronic stress. 
In one of these studies, mice that responded to chronic social defeat by social avoid-
ance in a subsequent test of social exploration had lower levels of ATP in their hip-
pocampus and prefrontal cortex than control mice or mice exposed to chronic social 
defeat but were not deficient in social exploration [41]. Repeated intraperitoneal 
administrations of ATP normalized the social behavior of mice susceptible to 
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chronic social behavior. The same results were obtained on decreased sucrose pref-
erence of mice submitted to a model of chronic unpredictable stress.

At the cellular level, astrocytes have been investigated as the possible cell type 
involved in the effects of chronic stress. Genetic or pharmacological decrease of 
ATP release from astrocytes in naïve mice induced similar depression-like behavior 
as that produced by chronic social defeat stress and chronic unpredictable stress 
[41]. In addition, these effects could be corrected by stimulating ATP release from 
astrocytes. These findings were interpreted to mean that major depressive disorder 
is caused by the deficient release of ATP from astrocytes. Of note, the genetic dele-
tion of Calhm2 which functions as an ATP-releasing channel in astrocytes resulted 
in the appearance of a depression-like phenotype in mice that was rescued by 
peripheral administration of ATP [42]. The interpretation of these two studies 
departs from the classical view of ATP as a neurotransmitter as it positions ATP as 
a communication signal between astrocytes and neurons. Microglial cells could 
play a role in this communication as they release small amounts of ATP within a few 
minutes in a toll-like receptor (TLR-)4-dependent manner when activated by LPS, 
and they do so independently of their ability to produce TNF or NO [43]. The 
release of ATP by microglia is amplified by astrocytes [43]. These findings point to 
a partnership between microglia and astrocytes in the modulation of excitatory neu-
rotransmission. If these findings obtained in brain slices apply to in vivo conditions, 
any event leading to a decrease in the availability of ATP whether it is from astro-
cytic or from microglial origin will result in a deficient excitatory neurotransmis-
sion. This is likely to be the case when microglia undergo aerobic glycolysis to 
produce inflammatory cytokines. In vitro experiments confirm that LPS exposure is 
able to induce aerobic glycolysis in primary microglia [44]. This effect is associated 
with mitochondrial fragmentation as a consequence of increased mitochondrial fis-
sion. The addition of the mitochondrial fission inhibitor Mdivi-1 to primary microg-
lia decreased the number of fragmented mitochondria, reduced glycolysis, and 
attenuated LPS-induced release of cytokines and chemokines, as well as LPS- 
induced succinate production. Of note, the accumulation of succinate caused by 
LPS could be responsible for reverse electron transport that would generate exces-
sive mitochondrial radical oxygen species [45]. It is therefore not surprising that 
Mdivi-1 also inhibits mitochondrial ROS production and attenuates the LPS-induced 
increase in mitochondrial membrane potential [44].

A systematic study of the effects of stress on mitochondrial function reveals that 
in general chronic exposure to stress decreases mitochondrial energy production 
capacity and alters mitochondrial morphology [46]. In contrast, acute stress 
increases certain aspects of mitochondrial function. Some investigations have been 
conducted at the genetic level. Most of the mitochondrial proteins are encoded in 
the nuclear genome, but a few of them are encoded by the mitochondrial DNA 
(mtDNA) which lacks efficient repair mechanism and is therefore more susceptible 
to disruption. Mitochondrial DNA codes for a limited number of genes, 37, of which 
the product is involved in the electron transport chain and the ATP synthase com-
plex, mitochondrial transfer RNAs, and ribosomal RNAs. It is inherited from the 
mother and it is present in 2 to 10 copies in mitochondria in contrast to nuclear DNA 
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that is present only in 2 copies. Quantification of mtDNA copy number is carried 
out by quantitative real-time polymerase chain reaction (qPCR), and alterations in 
mtDNA copy numbers relative to nuclear DNA copy numbers have been associated 
with many phenotypes and diseases. In response to chronic stress mtDNA copy 
number is decreased in the brain but increased at the periphery, which would be due 
to upregulation of biogenesis and greater mtDNA replication in response to energy 
deficiency.

In order to determine whether mitochondrial function plays a pivotal role in the 
response to stress, Picard and his colleagues used mutations targeting either the 
mitochondrial DNA genes NADH dehydrogenase 6 (Nd6) and cytochrome c oxi-
dase subunit 1 (Coi) to decrease electron transport chain and respiratory activity or 
the nuclear DNA genes Ant1 or Nnt to reduce ATP/ADP transport across the inner 
mitochondrial membrane or reduce a major mitochondrial antioxidant system [47]. 
There was no evidence for an invariant pattern of response to mitochondrial defects 
as each mutation gave rise to specific alterations in the neuroendocrine and meta-
bolic responses to a 30 min stress exposure. In particular, Coi and Ant1 mutations 
were associated with a higher activation of the HPA axis in response to restraint 
whereas Nnt deficiency had the opposite effect. Stress-induced hyperglycemia was 
more marked in mice with mtDNA defects. However, it was blunted in Ant1- 
deficient mice. Plasma IL-6 reactivity was not significantly altered in mitochondrial 
mutants. In contrast, there was a tendency for mitochondrial mutations to attenuate 
the expression of pro-inflammatory genes in the hippocampus in response to 
restraint [47].

A few studies have investigated possible regional differences in the relationship 
between depression and mitochondrial activity. In a study carried out in mice sub-
mitted to chronic unpredictable stress for 6 weeks, mitochondria isolated from the 
cortex, hippocampus, and hypothalamus showed a decrease in respiratory rates and 
in mitochondrial membrane potential, together with the appearance of swollen and 
vacuolated mitochondria [48]. However, in a study carried out in rats submitted to 
24 days of chronic mild stress, there was an indication of a higher rather than a 
lower mitochondrial activity in mitochondria isolated from the raphe nuclei of 
stressed rats compared to controls, as measured by respiratory rate, ATP production, 
superoxide dismutase activity, and glutathione peroxidase activity [49]. These find-
ings indicate that mitochondrial dysfunction in animal models of depression could 
be region specific.

Non-pharmacological means can be used to improve mitochondrial function and 
to restore brain ATP levels. The beneficial effects of exercise on brain mitochondrial 
function have been less well studied than its effects on muscle mitochondria [50–52], 
but they appear to be robust enough to protect from depression-like behavior [53]. 
An entirely different approach is the use of low-level laser therapy [54]. Low- level 
laser therapy has antioxidant and anti-inflammatory properties and can preserve 
mitochondrial function by increasing cytochrome c oxidase activity and ATP syn-
thesis. Applying low-level laser therapy to the head of mice for 30 min after each 
restraint session for a minimum of 14 days was sufficient to treat depression-like 
behavior. This effect was associated with a normalization of ATP levels and an 
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increase in complex IV activity but only in the prefrontal cortex, not in the hippo-
campus and hypothalamus. Still another approach represented by deep brain stimu-
lation targeting the nucleus accumbens was found to restore response to imipramine 
in rats chronically treated with ACTH, and this effect was associated with the nor-
malization of mitochondrial respiration in mitochondria isolated from the prefrontal 
cortex [55].

Although the previous findings indicate that restoring mitochondrial function or 
normalizing ATP levels in the brain have beneficial effects on depression-like 
behavior induced by chronic stress or by inflammation, such a strategy is not with-
out potential drawbacks. ATP is not only a metabolic marker but also an immuno-
modulator. It increases the production of pro-inflammatory cytokines, and this 
effect is mediated by the P2X7 purinergic receptor [56]. The pro-inflammatory 
activity of ATP is counterbalanced by the anti-inflammatory activity of adenosine. 
This means that it would certainly be counterproductive to increase brain ATP levels 
in conditions of brain inflammation unless this ATP can be quickly metabolized into 
adenosine.

Another approach for assessing the relationship between depression and ATP 
consists of investigating the processes that mediate the metabolism of ATP or those 
that are responsible for its consumption. CD39 also known as hydrolase ectonucleo-
tide triphosphohydrolase is an important membrane enzyme present on several 
types of immune cells including macrophages, monocytes, and probably microglia. 
It regulates the level of extracellular ATP by metabolizing it into AMP that is further 
transformed into adenosine by CD73. Chronic social defeat was found to increase 
the hippocampal expression and activity of CD39 [57]. Administration of the CD39 
analog, apyrase, mimicked the depression-like behavior induced by chronic social 
defeat, and this effect was reversed by replenishing hippocampal ATP levels. 
Conversely, genetic deletion of CD39 blocked the behavioral effects of chronic 
social defeat.

An article often cited as evidence for a negative relationship between depression 
and ATP is the study by Gamaro et al. [58]. The authors show that Na+,K + -ATPase 
activity in hippocampal synaptic membranes was decreased after 40 days of expo-
sure of rats to chronic mild stress. The problem is that chronic administration of 
fluoxetine blocked this effect but did not normalize the decreased sweet food con-
sumption induced by chronic mild stress.

If mitochondrial dysfunction plays a crucial role in the pathophysiology of 
depression, it should be possible to treat depression by replacing the deficient mito-
chondria by new ones. This possibility has been examined in a recent study con-
ducted on LPS-induced depression-like behavior [59]. Mitochondrial transfer by 
intravenous injection of freshly isolated mitochondria from hippocampi of healthy 
mice either concomitantly to LPS or 16  h later was able to treat LPS-induced 
depression-like behavior. It also normalized LPS-induced oxidative stress and acti-
vation of microglia and astrocyte while at the same time increasing BDNF and 
restoring neurogenesis. Mitochondrial transfer was much more effective when 
administered concurrently with LPS rather than 16  h later. These results clearly 
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need to be confirmed and expanded in order to determine in which compartment 
transplanted mitochondria are active, periphery or brain, and why they need to be 
injected before LPS.

Whether sex differences in the relationship between mitochondria dysfunction 
and depression could explain the prevalence of depression in females has given rise 
to some speculation [60, 61]. In general, males utilize mainly proteins and amino 
acids in mitochondria whereas females predominantly use fatty acids. Sex differ-
ences in oxidative/nitrosative stress, mitophagy, mitochondrial quality control, acti-
vation of the mitochondrial permeability transition pore, and cell death pathways 
have been described mainly in the context of brain injury but have not been given 
much consideration in the context of biological psychiatry.

16.3.3  Clinical Evidence for a Relationship Between MDD 
and Mitochondrial Dysfunction

Indirect evidence for a relationship between depression and alterations in energy 
metabolism comes from imaging studies of brain glucose metabolism and blood 
flow in MDD patients. Despite considerable heterogeneity in the results, depressed 
patients show a reduced blood flow and glucose metabolism in prefrontal cortex 
particularly when they exhibit psychomotor retardation. The same abnormalities are 
also found in anterior cingulate gyrus and basal ganglia whereas the parietal lobe 
shows increased blood flow and metabolism [62]. A more recent meta-analysis 
based on the activation likelihood estimate for each brain voxel and including stud-
ies carried out in Chinese patients showed that depressed patients have hypoactive 
glycose metabolism in insula, limbic system, and basal ganglia and an increased 
activity in the thalamus [63].

More focused studies on the relationship between MDD and mitochondrial dys-
function came originally from the investigation of neuropsychiatric disorders in 
patients with mitochondrial diseases due to either nuclear or mitochondrial DNA- 
encoded mutations [64]. As predicted based on the high energy requirements of the 
skeletal muscles and brain, this population is frequently afflicted with myopathy 
and neuropsychiatric symptomatology. The risk of comorbid depression is multi-
plied by 3.9 and the lifetime prevalence of depression is 54%. Of course, this is far 
from being sufficient to jump to the conclusion that MDD is a form of mitochon-
drial disease. Instead, the hypothesis proposed by several authors is that MDD could 
be due to suboptimal mitochondrial function making the energy produced by mito-
chondrial function unable to meet the metabolic cost of adaptation to psychosocial 
stressors [65]. Suboptimal mitochondrial function could be due to various genetic or 
acquired factors, including in this last case low-grade inflammation. If this hypoth-
esis is correct, it should be possible to detect individuals at risk by measuring mark-
ers of mitochondrial function. The problem is that there is no gold standard of 
mitochondrial function and the methods that need to be deployed are fraught with 
the same pitfalls as those in other fields of biological psychiatry, e.g., the 
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over- reliance on peripheral markers and the difficulty of running longitudinal stud-
ies in sufficiently sized samples unbiased by medication. The few available studies 
have measured by necessity mitochondrial function in peripheral blood mononu-
clear cells. In a study carried out in 22 women with MDD age-matched to 22 con-
trols, mitochondrial respiration was assessed using a high-resolution respirometer 
[66]. MDD patients medicated for two thirds of them had decreased respiratory 
activity measured by baseline respiration, ATP turnover-related respiration, and 
spare respiratory capacity. The observed alterations suggested a lower ATP avail-
ability at baseline and a reduced efficiency of ATP production that were not related 
to a decrease in mitochondrial density as citrate synthase activity was not altered. 
These signs of mitochondrial dysfunction correlated negatively with depression 
severity measured by scores on the BDI and MADRS symptom scales. At the symp-
tomatic level, items such as loss of energy, fatigue, disturbed sleep, and difficulties 
concentrating were associated with decreased respiratory activity, but it was also the 
case for sadness and irritability.

Much progress has been made during the last decade for assessing mitochondrial 
function thanks to the development of automated assays based on the continuous 
measurement of oxygen consumption rate of isolated mitochondria, cells, and even 
tissues exposed to various stress tests to separate the contribution of each complex 
of the electron transport chain to mitochondrial respiration. However, this special-
ized equipment is not easily accessible to psychiatrists. This has motivated a search 
for alternative approaches, including the measurement of mtDNA copy number. 
Contradictory results have been published, showing either an increase [67] or a 
decrease [68] as well as no change [69]. In a study carried out on white blood cells 
of 179 patients in primary health care with anxiety, depression, or stress and adjust-
ment disorders compared to 320 healthy controls, patients were found to have a 
higher relative mtDNA copy number that correlated with Patient Health 
Questionnaire scores at baseline and decreased in response to treatment [70]. 
Complicating the picture, a few studies measured the levels of circulating cell-free 
mtDNA which comes from the release of mtDNA during cellular stress but does not 
reflect mitochondrial functional capacity. Cell-free mtDNA was found to be ele-
vated in suicide attempters [71] but decreased in patients with MDD, with this 
decrease more marked during the depressive episode than during remittance [72]. A 
direct comparison of mtDNA copy number and cell free mtDNA in the same indi-
viduals revealed that MDD patients had higher cell-free mtDNA levels in the 
absence of any difference in mtDNA copy number measured in peripheral blood 
mononuclear cells [73]. There was no correlation between cell-free mtDNA and 
mtDNA copy number, confirming they represent different aspects of mitochondrial 
biology. Of note, antidepressant treatment normalized levels of cell-free mtDNA 
but only in patients who responded positively to the treatment. Similar studies on 
circulating cell-free DNA show that like cell-free mtDNA it is released in response 
to an acute bout of exercise or to the Trier social stress test in healthy individuals, 
with exercise being much more effective than the psychological stress [74]. The 
increase of cell-free mtDNA but not of cell-free DNA in response to psychological 
stress was confirmed independently [75].
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16.3.4  Relationship Between Mitochondrial Dysfunction 
and Inflammation

From the experimental and clinical studies that examine the role of metabolic inef-
ficiency in depression, it is obvious that there is still a strong tendency to consider 
inflammation and mitochondrial dysfunction as two separate entities. As we have 
seen, no more than a handful of studies have investigated the consequences of 
inflammation on mitochondrial function or the possibility of treating inflammation- 
induced depression-like behavior by restoring energy balance. In most other cases, 
mitochondrial function is considered by itself, independently of any connection 
with either stress hormones or inflammation. This separation between inflamma-
tion and mitochondrial function is unfortunate as we know now that psychological 
stress can induce inflammation in addition to activating stress hormones and in 
addition that mitochondrial dysfunction can result in inflammation. Several excel-
lent reviews have already been published on the influence of stress on inflamma-
tion [76–79]; therefore, there is no need to develop further this aspect. What is less 
commonly understood is the relationship between mitochondrial dysfunction and 
inflammation.

While we have learned much about the nature and mechanisms involved in LPS- 
induced depression, the emphasis on LPS as the inflammatory trigger has likely 
hindered our progress on the immunometabolic basis of depression. As LPS is 
derived from bacterial products, it is capable of directly activating inflammation via 
TLR4. Therefore, we have tended to neglect how other immune sensors and activa-
tors may uniquely contribute. In addition to the TLRs, there are numerous other 
pattern recognition receptors (PRRs), including the cytoplasmic retinoic acid- 
inducible gene 1 (RIG-1)-like receptors (RLRs) and nucleoid-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs) as well as the transmembrane C-type 
lectin receptors (CLRs).

While these receptors are often considered in the context of pathogen-associ-
ated molecular patterns (PAMPs), as in the case of viral DNA and RNA, they are 
also capable of responding to endogenous signals known as danger-associated 
molecular patterns (DAMPs). DAMPs, also known as “alarmins,” are released by 
damaged or dying cells and can be actively released in response to cellular stress. 
Various mitochondrial components can serve as danger signals (mtDAMPS). 
Upon release, mtDAMPs can initiate inflammatory cytokine production and 
recruit immune cells to the site of damage through their interaction with PRRs 
[80, 81].

Mitochondrial-derived DNA (mtDNA) is one of the critical DAMPs tying mito-
chondrial dysfunction to inflammation. Mitochondria possess a circular, maternally 
inherited genome that consists of 37 genes that code for the 13 proteins. These 
proteins form the subunits of the electron transport chain, which is central to the 
process of oxidative phosphorylation. When mitochondria are damaged or stressed, 
they release mtDNA into the extracellular space and/or the cytosol. In the extracel-
lular space, mtDNA is agonist of TLR9, which activates MAPK and NF-κB signal-
ing cascades. Intracellular DNA has emerged as a critical activator of the immune 
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response to sterile inflammation and has been shown to activate a number of various 
PRRs [81, 82]. The circular structure of mtDNA, which resembles that of bacteria 
and some viruses, may be what allows it to have such a potent effect on many of the 
PAMP pathways.

Absent in melanoma 2 (AIM2) is a cytosolic PRR and a component of the inflam-
masome that can be activated by mtDNA. When activated, AIM2 works in concert 
with other receptors of the inflammasome (e.g., NLRP1 and NLRP3) to activate 
caspase 1. Caspase-1 promotes the maturation of pro-IL-1β and pro-IL-18. Higher 
levels of both of these cytokines have been associated with depressive symptoms 
[83–85], but a possible role of AIM2 in inflammation-associated depression has not 
yet been investigated.

Another PRR that acts as a DNA sensor able to respond to cytosolic mtDNA is 
cyclic GMP-AMP synthase (cGAS) [81]. When cGAS binds mtDNA, it generates 
cGAMP, which acts as a second messenger to activate the Stimulator of Interferon 
Genes (STING). STING promotes the production of type I interferon (IFN) via the 
activation of the IRF3 transcription factor. There is strong history related to the abil-
ity of IFN to induce depressive symptoms. It is well accepted that treatment with 
IFN-α for cancer or infection with hepatitis C virus will increase depressive symp-
toms in patients [86]. Further, the activation of STING also appears to be capable of 
activating the NF-κB signaling pathway. However, this activation appears to be in a 
cGAS-independent fashion, instead relying on the DNA damage sensor ataxia tel-
angiectasia mutated (ATM) [87].

Other mitochondrial-derived DAMPs that may play a role in inflammation- 
induced depression include cytochrome c (CytC) and mitochondrial transcription 
factor A (TFAM). Both CytC and TFAM are components of the mitochondrial inter-
membrane and can be released into the cytosol in response to cellular stress [88, 
89]. When released by brain cells, CytC and TFAM can impact inflammation by 
activating glial cells [90]. As such, these DAMPs may serve a link between mito-
chondrial damage and neuroinflammation-induced depressive symptoms.

16.3.5  Summary

There is not much evidence yet available on the relationship between the conse-
quences of immunometabolism on brain metabolism and their possible contribution 
to inflammation-induced depression. A handful of experimental studies support the 
hypothesis that inflammation-induced depression-like behavior is associated with 
signs of mitochondrial dysfunction. Conversely, restoration of mitochondrial dys-
function directly or indirectly treats depression-like behavior. Most studies on mito-
chondrial dysfunction have been carried out in the context of stress biology. There 
is still a strong disconnect in the literature as the relationship of depression to mito-
chondrial dysfunction has been studied independently of a possible involvement of 
inflammation either as a causal factor for mitochondrial damage or as a consequence 
of mitochondrial dysfunction.
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16.4  Neuronal Networks Sensitive to Energy 
Metabolism Inefficiency

If the hypothesis that depression is caused by inefficient energy metabolism taking 
place at the periphery or in the brain has some validity, there should be a minimum 
some evidence of sensitivity to variations in energy metabolism within parts of the 
neuronal networks that mediate symptoms of depression. However, inflammation 
propagating from the periphery into the brain is a diffuse process that does not target 
any specific brain area or neuronal network. In contrast, in conditions of acute or 
chronic stress such as social defeat in which a mouse is defeated by an opponent, 
microglial activation preferentially occurs in those brain areas that are involved in the 
processing of the information relative to the dangerous situation, possibly because of 
a local weakening of the blood-brain barrier facilitating the brain trafficking of 
peripheral inflammatory monocytes. In the context of a peripheral inflammation 
relayed to the brain by the vagus nerves or spinal neurons, one could also imagine 
that neuronal activation in the projection areas of these nerves will be able to increase 
the level of local microglial activation. This would affect preferentially the insular 
cortex that substantializes feelings from the body and the cingulate cortex in which 
interoceptive information conjoins with homeostatic motivations to guide adaptive 
behavior [91]. Another possibility is represented by the exquisite sensitivity of a 
certain category of neurons to inflammation, oxidative stress, and mitochondrial dys-
function. This appears to be the case for dopaminergic neurons and more specifically 
those dopaminergic neurons that project from the substantia nigra to the striatum. 
Alteration of dopaminergic neurotransmission is usually not considered as a land-
mark of the neurochemical signature of MDD. However, there is much evidence that: 
(1) inflammation-associated depression is characterized by a predominance of symp-
toms reflecting hypoactivity of the dopaminergic system, including anergia and 
reduced motivation, and (2) inflammation impairs dopaminergic neurotransmission.

16.4.1  Inflammation and Motivational Alterations

Epidemiological studies in the general population consistently show an association 
of inflammation with somatic symptoms of depression, including reduced motiva-
tion, psychomotor retardation, and fatigue labeled as anergia in the context of 
depression, which are relatively resistant to usual antidepressant treatments [92–94]. 
This symptomatology reflects the consistent observations that innate immune acti-
vation preferentially affects midbrain dopamine [95]. The largest population of mid-
brain dopaminergic neurons are localized in the substantia nigra pars compacta 
(SNc) and the ventral tegmental area (VTA), which have different axonal projec-
tions to subcortical and cortical areas and encodes different aspects of motivated 
behavior [96]. Dopaminergic neurons projecting from the VTA and terminating in 
the ventral striatum (including the nucleus accumbens (NAc)) appear to play a key 
role in modulating effort-based decision-making [97–99]. Such observation is 
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supported by preclinical studies demonstrating that effortful choices can be reduced 
by 6-hydroxydopamine (6-OHDA) lesions of the NAc and increased by blockade of 
dopamine uptake. Further, the effort expenditure for rewards can be modulated by 
increasing or decreasing dopaminergic signaling.

Regarding the impact of inflammation on effort valuation, preclinical studies in 
rodents and non-human primates demonstrate that administration of inflammatory 
cytokines (e.g., IL-1β, IL-6, or IFN-α) reduces willingness to work for highly palat-
able rewards without reducing consumption of freely available but less palatable 
food [100–102]. However, when both high and low rewards are available simultane-
ously in a concurrent choice task contrasting high effort/high reward and low effort/
low reward options based on the same type of operant responding, LPS not only 
reduces incentive motivation but also shifts mice behavior toward the most valuable 
reward despite the higher effort it requires [103]. This effect is also apparent in 
humans [104, 105], suggesting that in an effort-based decision-making situation, 
inflammation shifts responding toward the reward that is perceived as most valu-
able, despite the higher effort it requires [106]. This indicates that inflammation 
does not just reduce motivation but increases sensitivity to the hedonic value of 
incentive stimuli, making less valuable incentive stimuli even less worth the effort. 
This extends to social situations as inflammation increases rejection of strangers’ 
faces and favors positive responding to familiar faces [107].

16.4.2  Inflammation and Mitochondrial Dysfunction 
in Dopaminergic Neurons

The effects of inflammation on neurotransmission are usually explained in terms of 
interference with neurotransmitter synthesis, release, and reuptake. However, these 
effects are not specific to dopamine as they affect all monoaminergic neurotransmit-
ters. In addition to these effects, it has been proposed that dopaminergic neurons 
receive information from the periphery via the hypothalamus about the metabolic 
state of the body to guide energy and effort allocation in the face of inflammation 
[108]. However, dopaminergic neurons have also the peculiarity of being under 
sustained oxidative stress due to the auto-oxidation of free cytosolic dopamine that 
results in the formation of dopamine-quinones and superoxide radicals. Dopamine 
quinones and superoxide radicals can damage the electron transport chain and oxi-
dize mitochondrial proteins and lipids, leading to further generation of radical oxy-
gen species, reduced ATP production, decreased mitochondrial membrane potential, 
and bioenergetic defects [109]. Importantly, mtDNA is particularly vulnerable to 
ROS because of its close proximity to the ETC and the lack of DNA repair mecha-
nism. This means that any additional metabolic and bioenergetic burden, such as 
inflammation, might push dopaminergic neurons over the edge and impair their 
function if not their structure.

During inflammation, high levels of ROS are generated by activated microglia, 
which repurpose mitochondria from generating ATP to ROS production [110]. The 
midbrain dopaminergic pathway has an enriched microglial population as compared 
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to other brain regions [111], which might contribute to the vulnerability of these 
neurons to inflammation. Inflammation occurring in the periphery or in the brain is 
well known to preferentially damage dopaminergic neurons in comparison to sero-
toninergic or noradrenergic neurons [112, 113], and this is associated with oxidative 
damage to mitochondrial components and decreased complex III and V respiration 
[112]. Both celecoxib (an inhibitor of cyclooxygenase-2 activity) and pioglitazone 
(an agonist of peroxisome proliferator-activated receptor gamma; PPAR-γ) pre-
vented mitochondrial dysfunction, confirming that mitochondrial dysfunction is 
secondary to inflammation. Together, these data indicate that inflammation activates 
microglia to generate inflammatory mediators that, combined with the high oxida-
tive burden of dopaminergic neurons, lead to mitochondrial dysfunction. Thus, 
inflammation, oxidative stress, and mitochondrial dysfunction have the potential to 
create a detrimental vicious cycle for negatively impacting dopaminergic neuro-
transmission in depression.

Because defective mitochondria not only produce more ROS but also fail to gen-
erate ATP and regulate calcium buffering, their removal by mitophagy is important 
to maintain cellular homeostasis and allow their replacement by healthier mitochon-
dria. Mitophagy mediated by PTEN-induced kinase 1 (PINK1)/cytosolic E3 ubiqui-
tin ligase (Parkin, PRKN) (PINK1/Parkin) plays a key role in the maintenance of 
mitochondrial fitness in dopaminergic neurons. Pink1 or prkn gene mutations cause 
early-onset recessive familial forms of Parkinson’s disease (PD) [114]. In damaged 
mitochondria, PINK1 accumulates on the outer mitochondrial membrane to recruit 
and phosphorylate Parkin and ubiquitin, leading to lysosomal degradation. Despite 
the increasing data pointing to mitochondrial dysfunction in depression, few studies 
have addressed the possibility of impaired or insufficient mitophagy leading to the 
accumulation of damaged mitochondria and decreased mitochondrial turnover in 
inflammation-associated depression.

There is evidence that mtDNA leakage into the cytosol and peripheral inflamma-
tion facilitate impairment in dopaminergic signaling. While mutations in Pink1 and 
Parkin in PD patients lead to disease progression, pink1−/− and prkn−/− mice are 
healthy and display little motor impairment reminiscent of Parkinson’s disease. This 
observation indicates that factors other than the loss of function of these proteins are 
required to impair dopaminergic signaling. In chronic models of mitochondrial 
stress with impaired mitophagy in dopaminergic neurons (double knock out of 
mutator mice that accumulate high levels of mtDNA mutations with either pink1−/− 
or prkn−/−), mtDNA that is released in the cytosol triggers the activation of the 
cgas-sting pathway to promote inflammation, neurodegeneration, and locomotor 
defects, while the loss of sting abrogates these alterations [115]. Thus, accumulation 
of mtDNA leading to sting activation creates the necessary condition for a positive 
feedback loop between inflammation and mitochondrial damage. In addition, intes-
tinal infection of pink1−/− mice with Gram-negative bacteria transforms asymp-
tomatic mice into mice with a full PD-like phenotype [116]. Besides their role in 
mitophagy, PINK1 and Parkin are involved in antigen presentation. They normally 
suppress antigen presentation derived from LPS-induced mitochondrial degrada-
tion. In the absence of PINK1, presentation of mitochondrial antigens to T cells 
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results in the formation of mitochondria-specific cytotoxic CD8+ T cells. These T 
cells are able to traffic from the gut into the brain and to attack dopaminergic neu-
rons expressing major histocompatibility complex class I (MCH-I) in an autoim-
mune manner.

Although mitochondrial dysfunction in inflammation-induced depression 
remains under-studied, it is likely to represent an important component of the rela-
tionship between inflammation, dopamine, and motivational alterations. This opens 
the possibility that inflammation-induced mitochondrial dysfunction is exacerbated 
in dopaminergic neurons because of their intrinsic susceptibility to metabolic dam-
age due to sustained oxidative stress and high bioenergetic requirement. Further, 
inflammation-induced mitochondrial damage leads to cytosolic mtDNA accumula-
tion that activates the cgas-sting pathway and increases the inflammatory insult on 
dopaminergic neurons. This could explain why reduced motivation and psychomo-
tor slowing are the predominant symptoms in inflammation-associated depression.

16.4.3  Summary

Inflammation-associated depression is characterized by a predominance of somatic 
symptoms over cognitive and affective symptoms. This could be due to the exquisite 
sensitivity of dopaminergic neurons to mitochondrial dysfunction caused by the 
switch of brain innate immune cells from oxidative phosphorylation to aerobic gly-
colysis and the ensuing metabolic inefficiency it generates. Alterations in mitochon-
drial structure could lead to mtDNA leakage, which would induce the activation of 
the cgas-sting pathway and create the condition for a vicious cycle between inflam-
mation and mitochondrial dysfunction. Although not examined in the present sec-
tion, it can be proposed that the affective and cognitive symptoms of depression in 
inflamed individuals are a consequence of inflammation negatively affecting mito-
chondria function in the neurogenic niche, therefore impairing neurogenesis.

16.5  Conclusion and Perspectives

It should be apparent from the literature reviewed in this chapter that inflammation- 
associated depression is unlikely to be due solely to a direct effect of inflammatory 
mediators on neuronal function possibly relayed by mediators such as prostaglan-
dins. We have made the case for an involvement of immunometabolism and its 
consequences on mitochondrial function and structure. This possibility has mainly 
been studied so far in the context of neurodegenerative diseases rather than psychi-
atric disorders. Even if there is no common measure between the level of inflamma-
tion that is necessary for the progressive loss of neurons in the central or peripheral 
nervous system and the level of inflammation that is observed in MDD, there is no 
reason for not accepting the possibility of a continuum in the mechanisms that are 
triggered by inflammation, with functional rather than structural alterations pre-
dominating in the case of inflammation-associated depression. In the assessment of 
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the nature of this continuum, it is important to remember that in contrast to neuro-
degeneration that occurs primarily in the brain, the low-grade inflammation that is 
associated with MDD originates at the periphery before propagating to the brain. 
This means that the energy requirements of the peripheral immune response are 
already sufficient for compromising the amount of energy that is available to normal 
brain functions independently of the propagation of inflammation from the periph-
ery to the brain. Although this has not been investigated specifically, there is evi-
dence that in mice submitted to chronic social stress, the increased energy 
expenditure at the periphery is associated with a reduced glucose utilization by the 
brain [117] possibly because of insulin resistance. Not surprisingly, the ability of 
neurons to sustain the consequences of brain inflammation is reduced and their 
sensitivity to mitochondrial dysfunction exacerbated. This process is likely to affect 
preferentially the neurons that are the most sensitive to inflammation and oxidative 
stress, and we have described how this could explain the association of the somatic 
symptoms of depression with decreased dopaminergic neurotransmission in the 
fronto-striatal network. When considering mitochondrial dysfunction, it is impor-
tant to keep in mind that mitochondria are very dynamic organelles with high motil-
ity within the cytoplasm. To increase their metabolic capacity in conditions of low 
energy they form networks by fusion of their outer and inner membranes. When 
damaged, they undergo fission to get rid of the damaged part. Damaged mitochon-
dria are ultimately eliminated by mitophagy. Each of these processes involves spe-
cific processes orchestrated by GTPases including mitofusin (Mfn)1 and 2 and optic 
atrophy 1 (Opa1) for fusion and dynamin-related protein-1 (Drp1) for fission. The 
activation of innate immune cells by LPS biases the balance between fusion and 
fission toward fission [118]. A similar bias has been described in activated microglia 
[44, 119] with mitochondria fragmentation being associated with glycolytic shift 
and production of pro-inflammatory cytokines. This bias can be due to either activa-
tion of Drp1 or down-regulation of Mfn1/2 and, as expected, it is corrected by inter-
ventions targeting these factors. The same bias toward mitochondrial fission has 
been reported in neurons undergoing degeneration. Very surprisingly, overexpres-
sion of Mfn2 specifically in neurons prevented microglial activation induced by a 
septic dose of LPS in mice and reduced lethality in addition to protecting neuronal 
death [120].

Much work is still needed to improve our understating of how chronic low-grade 
inflammation impacts brain metabolism and mitochondrial function in specific 
brain networks to ultimately help the development of better approaches for treating 
symptoms of depression in inflamed individuals. A number of strategies for improv-
ing, preserving, or rescuing brain energetics are available [121]. They involve 
restoring oxidative phosphorylation and repairing the broken Krebs cycle, correct-
ing mitochondrial dysfunction by mitochondrial protectants or mitochondrial trans-
fer to repair damaged mitochondria, recourse to ketogenic strategies, administering 
hormones or hormone-like molecules that modulate cerebral energetics, and various 
other interventions that have been presented in this chapter and tested in experimen-
tal models. However, it is important to remember that strategies that provide prom-
ising results in preclinical studies do not always fulfill their premises when tested in 
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the real world. A recent example is provided by the failed attempt to target the 
PI3kinase/Akt/mTOR pathway for the treatment of depression that was initially 
based on the preclinical observation that the fast-acting antidepressant activity of 
ketamine, a NMDA receptor antagonist, requires increased production of BDNF 
and activation of mTOR signaling [122]. This result agrees with the concept that 
recovery from depression requires the restoration of neuronal plasticity which itself 
is dependent on protein synthesis orchestrated by mTOR signaling. Blockade of 
mTOR activation by prior treatment with rapamycin, an antagonist of mTOR sig-
naling, abrogated the antidepressant activity of ketamine in mice [122]. However, 
contrary to expectation, administration of rapamycin to depressed patients treated 
with ketamine prolonged instead of inhibited the antidepressant activity of ket-
amine [123].

In summary, the rapid advances in immunometabolism during the last decade 
have amply demonstrated that metabolic reprogramming at the cellular and organ-
ismic levels is a critical aspect of the host inflammatory response. The possibility 
that the depressive symptoms that are apparent in inflamed individuals are the out-
ward expression of the response of the brain to this metabolic reprogramming 
amplified by the metabolic adjustments that take place in the inflamed brain cannot 
be ignored any longer. New targets for pathophysiology and treatment are emerging 
from the still sparse research taking place in this field. Their ultimate success will 
depend on a close cooperation between preclinical and clinical researchers.
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17.1  Introduction

Obsessive-compulsive disorder (OCD) is a frequent disorder, with a lifetime preva-
lence of 2.3% and a mean age at the onset of 19.5 years, characterized by recurrent 
and intrusive thoughts and/or compulsions [1, 2]. Clinical presentation is heteroge-
neous, varying along a spectrum of insight and a broad range of comorbid psychiat-
ric and general medical disorders such as depression, bipolar disorder, psychotic 
disorders, eating disorders, allergies, migraine headaches, thyroid diseases, and 
metabolic syndrome [3–5]. Additionally, OCD symptoms spread across several 
diagnostic entities and many individuals present with seemingly subclinical forms 
of OCD [6]. The chronic course, early-onset, and nature of symptoms contribute to 
the negative impact of OCD on quality of life, including worse social functioning 
than patients with major depressive disorder (MDD) or schizophrenia [7]. 
Furthermore, while treatment, including cognitive-behavioral therapy (CBT) and 
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pharmacotherapy, mainly with serotonin reuptake inhibitors (SSRIs), is available, 
approximately 40% of patients are resistant to medication [8], around 26% fail to 
initiate CBT, and 31% drop out before completing therapy [8, 9]. What is more, 
patients take an average of 10 years before searching for professional care and there 
is a mean 17 years lag before receiving appropriate treatment [10].

While the etiology and pathophysiology of OCD remain unknown, genetic, neu-
robiological, neurochemical, and psychological theories have been proposed. 
However, no consensus has been achieved, hindering advances in diagnosis and 
treatment [11–14]. Recently, immunopsychiatry has enhanced our understanding of 
the specific factors that mediate interactions between the brain, infectious agents, 
and the immune system, proposing new pathways of research and new integrative 
hypotheses for psychiatric disorders. Here we will review the literature of both 
human and animal studies supporting that OCD may be a systemic, rather than a 
pure brain disorder, progressing in a background of immune dysfunction. Regarding 
the latter, the available data suggests that early-life risk factors, such as childhood 
trauma and infectious events, may act cumulatively to disrupt immune homeostasis 
[15, 16]. Immune-induced changes of OCD-related circuits in the CNS can then 
trigger or modulate the psychopathological presentation in individuals that are vul-
nerable, while peripheral dysregulation of immune processes compromises physical 
health, resulting in low-grade chronic inflammation, oxidative damage, and a higher 
burden of comorbidity.

17.2  Obsessive-Compulsive Disorder 
as a Multisystem Disorder

Paul et al. (2014) proposed an integrative model suggesting that patients with OCD 
may have a genetic vulnerability to adverse environmental factors that dysregulate 
glutamatergic, serotoninergic, and dopaminergic neurotransmission [11]. 
Hypothetically, since this could reflect vulnerability to environmental risk factors 
rather than to the disorder itself, interindividual variability in gene-environment 
crosstalk may result in the expression of distinct psychiatric or non-psychiatric phe-
notypes, which may even co-occur. In fact, similarly to other psychiatric disorders, 
in OCD, a systemic involvement was initially suspected due to the association with 
several general medical disorders [17].

In fact, comorbidity between OCD and inflammation-associated disorders seems 
to occur more frequently than expected. Specifically, patients with auto-immune 
disorders (i.e. rheumatic fever, multiple sclerosis or systemic lupus erythematosus) 
have a higher prevalence of obsessive-compulsive symptoms, while patients with 
OCD have a higher prevalence of auto-immune disorders [18–20]. A population- 
based study including 30.082 patients with OCD found a 43% higher risk of any 
autoimmune disorder when compared with population controls [21]. Not surpris-
ingly, the risk for several of these disorders was also significantly elevated in first- 
degree relatives, more than in second- and third-degree relatives, suggesting a 
shared heritability between OCD and autoimmune disorders [21]. Frequent 
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comorbidity with other inflammation-related disorders, namely, allergies, migraine 
headaches, thyroid disorders, obesity, type 2 diabetes mellitus, and systemic circu-
latory disorders, has also been described [4, 22, 23]. Indeed, another population- 
based study including 25.415 patients with OCD found that these individuals have 
a 45% increased risk of metabolic and cardiovascular disorders [23]. These occur-
rences were higher when compared with unaffected siblings, suggesting that these 
comorbidities may be a consequence of OCD itself [23].

Increased prevalence of systemic comorbidities also seems to contribute to mor-
bidity and mortality. Meier et al. (2016) evaluated data from 10,155 individuals with 
OCD in a prospective cohort study in Denmark and verified that these patients had 
twice the risk of premature death when compared with the general population, with 
60% of deaths due to natural causes [24]. The authors found a strong contribution of 
comorbid anxiety disorders, depression, and, particularly, substance use disorders; 
but mortality remained higher even when excluding patients with such psychiatric 
comorbidities [24]. Overall, while disability due to OCD seems to be higher than 
disability due to physical diseases, individuals with both OCD and physical comor-
bidities are at the greatest risk of functional impairment [22]. Thus, these results not 
only support the multisystem character of OCD but also emphasize the need to care-
fully monitor and treat psychiatric and non-psychiatric comorbidities in individuals 
with OCD, underlining the need to understand their causes.

17.3  Immune-Related Risk Factors for 
Obsessive-Compulsive Disorder

In addition to systemic comorbidities, the identification of OCD risk factors that 
are closely related to inflammation also supports the hypothesis of an immune-
based pathophysiology for the disorder. In OCD, as in other complex disorders, 
differential contributions of genetic and environmental factors to a global aetio-
pathogenic model of the disorder remain a research challenge and are far from 
being fully understood [25]. Immune dysfunction, acting as a cause or a conse-
quence of genetic variability, environmental insults, or lifestyle, offers new research 
and clinical possibilities that are being integrated into the explicative models of 
OCD [19, 26].

17.3.1  Environmental Risk Factors

Brander et  al. (2016) systematically reviewed the literature for case-control or 
cohort studies identifying environmental risk factors for OCD [27]. The authors 
identified nine main broad areas of risk factors, namely, (i) perinatal complications, 
parental age, family size, birth order, and season of birth; (ii) reproductive cycle 
events; (iii) stressful and traumatic life events; (iv) parental rearing styles; (v) socio-
economic status; (vi) brain injury; (vii) substance use disorders; (viii) vitamin defi-
ciency; and (ix) infections. Although there is more evidence supporting the impact 
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of the first three factors, the authors underline that evidence is limited due to the 
quantity and quality of studies, and suggest that all 9 of the identified risk factors 
should be equally considered. Importantly, while most of these factors are thought 
to induce inflammation, infection provides the most direct support for an immune- 
based hypothesis for the pathophysiology of OCD [28–33].

The hypothesis of immune dysregulation in OCD was first suggested by the 
observation that patients with Sydenham chorea frequently present obsessions and 
compulsions, leading to the description of a new clinical entity, designated as 
Pediatric Autoimmune Neuropsychiatric Disorders Associated with Streptococcus 
(PANDAS). PANDAS is defined by the presence of OCD and/or tic disorder with 
prepubertal onset, in association with neurological symptoms and with episodic 
exacerbations in temporal association with group A beta-hemolytic streptococcus 
(GABHS) infection [34]. Recently, Orlovska et al. (2017) performed a population- 
based cohort study in Denmark, with more than 600,000 children that received a 
rapid antigen diagnostic test for group A β-hemolytic streptococcal throat infection, 
and up to 17 years follow-up. While the authors found that those who had a positive 
test had an increased risk of any mental disorder, particularly OCD and tic disor-
ders, they also described that the risk for any mental disorder was increased after 
nonstreptococcal throat infections [35].

Indeed, GABHS is not the only microorganism that has been associated with the 
onset or exacerbation of obsessive symptoms. Patients with OCD have significantly 
higher seropositivity for anti-Toxoplasma gondii IgG when compared with controls 
[36, 37], while seropositivity for Toxoplasma gondii is associated with obsessive- 
compulsive symptoms and a 2.5 times higher probability of an OCD diagnosis [38]. 
Interestingly, Strittmatter et al. (1992) in a post-mortem assessment of 204 brains 
with morphological evidence of toxoplasma encephalitis, collected from individu-
als that died from AIDS, concluded that the most frequently affected regions were 
the cerebral hemispheres and basal ganglia, in 91% and 78% of brains, respectively 
[39]. The latter are strongly implicated in the pathophysiology of OCD, further sup-
porting a potential causal role for toxoplasma infection. Other studies also sug-
gested a role for Mycoplasma Pneumoniae and Borrelia burgdorferi in the etiology 
of OCD [40, 41].

The description of case reports where obsessive-compulsive symptoms followed 
viral encephalitis suggested that OCD can also be triggered by a viral infection [42, 
43]. Khanna and colleagues (1997) measured blood IgG antibodies in 76 patients 
with OCD and found an increase in antibodies against herpes simplex virus type 1 
(HSV-1) and the Mumps orthorubulavirus, when compared with controls [44]. The 
authors also measured IgG antibodies for the same viruses in the cerebral spinal fluid 
(CSF) and found a statistically significant increase in anti-HSV-1, with a serum to 
CSF ratio indicating CNS antibody production [45]. In a study that measured event-
related potentials during performance of a visual Go/No-Go reaction time task in 
patients with OCD and healthy controls, Dietrich et  al. (2005) found that OCD 
patients with higher number of Borna Disease Virus (BDV)-specific circulating 
immune complexes had higher amplitude event-related brain potentials in temporo-
parietal sites, suggesting that BDV infection could promote striato-thalamo-cortical 
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hyperactivity and contribute to OCD psychopathology [46]. Overall, while an asso-
ciation between infections and OCD seems likely, future studies are needed in order 
to better understand the interaction between microorganisms and the dysregulation 
of CNS circuits, potentially contributing to the development of new forms of pre-
vention, diagnosis, and treatment.

17.3.2  Immunogenetic Risk

Family and twin studies have provided strong evidence supporting the importance 
of genetic factors in OCD [47]. Mataix-Cols et al. (2013) with data from 24,768 
patients with OCD, as well as their first- to third-degree relatives, found that the risk 
of OCD among relatives increases proportionally to the degree of genetic related-
ness, with less effect attributed to shared environmental influences [21]. Regarding 
potential immunogenetic risk, tic disorder and OCD are more prevalent among first- 
degree relatives of children with PANDAS, suggesting that they may have increased 
genetic vulnerability to the effects of GABHS [48]. Also, there is an increased risk 
of obsessive-compulsive spectrum disorders in family members of patients with 
rheumatic fever, an infectious and autoimmune disease with high hereditability 
[49–51]. Cappi et al. (2016) sequenced all the coding regions from the entire genome 
of 20 sporadic OCD cases and their unaffected parents and detected 19 de novo 
single-nucleotide variants conferring risk for the development of OCD [52]. 
Interestingly, several of the genes have important functions in the immune system, 
such as the WW domain-containing E3 ubiquitin-protein ligase 1 (WWP1), which 
inhibits TGF-β-induced transcription, SMAD family member 4 (SMAD4), a signal 
transduction protein that is activated by TGF-β, and complement component (3b/4b) 
receptor 1 (CR1), an important regulator of complement activation and mediator of 
innate immunity [53–55].

The dense and polymorphic human-leukocyte antigen (HLA) genetic cluster, 
located within the major histocompatibility complex (MHC) on chromosome 6 
(6p21.3–22.1), has also been proposed as a candidate region for OCD. It has a role 
in immune responses and it is classically divided into two gene clusters, HLA class I, 
that encodes HLA-A, HLA-B and HLA-C, and HLA class II that encodes HLA-DR, 
HLA-DQ, and HLA-DP, each including an α and β chain. HLA I proteins, which 
have an important role in detecting viruses or defective intracellular proteins and 
presenting them to CD8+ T cells or natural killer cells, are expressed in the surface 
of all nucleated cells and platelets. On the other hand, HLA II proteins are expressed 
only in active immune cells, including B cells, monocytes/macrophages, dendritic 
cells, and Langerhans cells, and are important in the recognition of extracellular 
exogenous proteins and presenting them to CD4+ T cells [56, 57]. HLA class II 
genes have been associated not only to auto-immune disorders such as rheumatoid 
arthritis, multiple sclerosis, or type 1 diabetes but also to psychiatric disorders such 
as schizophrenia, autism, and severe bipolar disorder [58–64]. Early- onset OCD 
patients also have a higher prevalence of HLA-DRβ1*04:01, *04:04, and *04:05 
alleles (10.8%) when compared to a reference sample (6.8%), suggesting that the 
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association between immune dysregulation and OCD could be mediated by allele 
variability in HLA class II genes [65].

Two specific genes within the HLA cluster have been specifically proposed for 
OCD, namely, Myelin Oligodendrocyte Glycoprotein (MOG), and Tumour Necrosis 
Factor (TNF) gene. MOG codes for a protein that is part of the myelin sheath and 
acts as a mediator between myelin and the immune system, mainly through comple-
ment activation or modulation [66]. MOG has been implicated in the pathophysiol-
ogy of auto-immune demyelinating disorders, such as multiple sclerosis, and has 
also been studied in some neuropsychiatric disorders, such as MDD [67–69]. 
Patients with OCD seem to have a higher prevalence of the MOG4 allele 2, which 
was associated with higher Y-BOCS severity scores, both in the obsession and com-
pulsion subscales [68]. TNF encodes a pro-inflammatory cytokine that is mainly 
produced by macrophages and has an important role in synaptic plasticity and in 
inflammatory responses [70]. Several studies have assessed the potential relation 
between TNF polymorphisms and OCD, with promising results [71–73]. In a recent 
meta-analysis including a total of 435 OCD patients and 1,073 controls, Jiang et al. 
(2018) found that the TNF rs361525 (−238G/A) polymorphism was associated with 
a reduced risk of OCD, suggesting that this specific polymorphism could act as a 
protective factor [74]. However, the quantitative analysis only included 3 studies, 
and only one reported statistically significant results [71].

In order to assess the involvement of other immune-related genes on the patho-
physiology of OCD, additional case-control association studies investigated poly-
morphisms in NFKB inhibitor 1ike 1 (NFKBIL1, rs2071592), interleukin 12B 
(IL12B, rs3212227), and C-C motif chemokine ligand 2 (CCL2, rs1024611), but 
results were not statistically significant [75–77]. Thus, while the existing evidence 
suggests immunogenetic risk in OCD, further studies are needed to support this 
possibility, including more robust case-control, family-based, and genome sequenc-
ing studies. In addition to identifying risk-modulating polymorphisms, such studies 
should also test associations with illness characteristics, potential interactions with 
environmental risk factors, and their contribution to immune dysfunction and 
oxidative stress.

17.4  Evidence of Immune-Related Dysfunction in 
Obsessive-Compulsive Disorder

17.4.1  Inflammation and Autoimmunity

Several case-control studies measured peripheral inflammatory markers in OCD 
patients and healthy controls, namely, cytokines, lymphocytes subsets, anti-basal 
ganglia antibodies (ABGA), reactivity to D8/17 antibody, and C-reactive protein 
[78–95]. While results among studies were often inconsistent, variability between 
individual studies does not exclude the existence of immune dysregulation and 
alternative explanations have been proposed to explain non-significant results. First, 
markers of immune function can be elevated only transiently during illness 

A. Maia et al.



295

exacerbations, with non-significant results resulting from measurements performed 
during periods of remission [96]. While pharmacological treatment has also been 
proposed to affect immune and inflammatory markers, studies testing this hypoth-
esis were often inconsistent [85, 87–89, 97, 98]. Methodological approaches with 
variable sensitivities and specificities may also lead to discrepancies among studies 
[99, 100]. Lack of consideration of age at onset in subgroup analyses can also have 
an impact given that the pathophysiology of OCD can differ among child and adult 
populations [19]. Finally, we also hypothesize that OCD patients presenting with 
immune system dysregulation may represent a subgroup of patients with specific 
pathophysiology, with differences resulting from the varying representation of this 
subgroup between studies.

Variability in individual studies motivated the development of meta-analyses for 
joint consideration of quantitative evidence. Gray et al. (2012) found a statistically 
significant reduction in IL-1β levels in OCD, with non-significant differences in 
plasma IL-6 or TNF-α [97]. By performing subgroup analyses, the authors also 
found that studies evaluating children or adults on psychoactive medication found 
significantly lower levels of IL-6 than studies evaluating adults without current 
medication. Furthermore, studies including individuals with comorbid depression 
found significantly higher levels of TNF-α than studies including OCD patients 
without comorbid depression [97]. However, a recent meta-analysis including a 
higher number of studies and participants did not find a statistically significant dif-
ference in any of the evaluated cytokines (i.e. TNF-α, IL-6, IL-1β, IL-4, IL-10, and 
interferon-γ) between OCD patients and healthy controls [101]. Pearlman et  al. 
(2014) described an increase of plasma ABGA in OCD patients and referred one 
study reporting a statistically significant increase in CSF ABGA in 23 patients with 
OCD when compared to controls [102, 103]. More recently, other peripheral mark-
ers of immune function have been explored in the context of the disorder. For exam-
ple, child and adolescent-onset OCD patients present with higher levels of the 
pro-inflammatory Th17 cells, which control extracellular bacterial and fungal infec-
tions and lower levels of the anti-inflammatory Treg cells, suggesting a dysregulated 
immune response [104].

However, nearly all of these markers were measured in peripheral blood, and 
neuroinflammation has only recently been suggested in purely OCD patients. 
Attwells et al. (2017) evaluated brain inflammation in patients with OCD in vivo, by 
using translocator protein (TSPO) positron emission tomography (PET) imaging as 
a proxy of microglial activation. In this case-control-study, the authors verified that 
patients with OCD had an increased TSPO VT in the cortico-striato-thalamo- 
cortical circuits [105]. Furthermore, distress associated with preventing compul-
sions was correlated with TSPO VT expression in the orbitofrontal cortex [105].

Immune dysfunction in OCD has also been selected as a therapeutic target in 
some clinical trials testing the effect of anti-inflammatory molecules. Minocycline 
is a tetracycline antibiotic that passes the blood-brain barrier and is thought to have 
a neuroprotective effect by the suppression of the upregulation of pro-inflammatory 
agents (i.e., nitric oxide, IL-1β, and TNF-α) and inhibition of microglial activation 
[106]. Two clinical trials, one of them open-label and the other one a randomized 

17 Immune Dysfunction in Obsessive-Compulsive Disorder: From Risk Factors…



296

controlled, evaluated the effect of combined treatment with SSRI + minocycline or 
placebo in the treatment of OCD [107, 108]. While the former included only nine 
patients and did not find statistically significant results, the latter included 126 
patients and found a significantly greater rate of response in the minocycline group, 
suggesting that minocycline might be an effective adjuvant option in the treat-
ment of OCD.

17.4.2  Oxidative and Nitrosative Stress

Free radicals, also known as reactive oxygen species (ROS) or reactive nitrogen 
species (RNS), are molecules derived from oxygen or nitrogen that have an unpaired 
electron in their outer orbital and tend to oxidize other molecules. Free radicals are 
constantly formed as products of normal metabolic pathways, and in physiological 
conditions, they are balanced with antioxidant defenses that reduce ROS/RNS, pre-
venting them from reacting with the surrounding substances. However, in patho-
logical conditions, the generation of ROS/RNS may overcome the capacity of 
antioxidant defenses, inducing damage to cellular constituents, with irreversible 
modifications to DNA, proteins, lipids, or sugars [109]. Such imbalance is called 
oxidative stress and has been demonstrated to occur in several non-psychiatric and 
psychiatric illnesses [110, 111], such as MDD, bipolar disorder, and schizophrenia 
[112–117]. We recently performed a systematic review and meta-analysis evaluat-
ing O&NS markers in OCD, including a total of 433 OCD patients and 459 healthy 
controls, and found evidence supporting elevated oxidative stress in OCD, without 
consistent evidence for an adequate antioxidant response, suggesting that patients 
with OCD have a systemic oxidative imbalance that is not adequately buffered by 
the antioxidant system [118].

It is important to underline that oxidative balance is critical for immune system 
physiology. In fact, immune cells have a high percentage of polyunsaturated fatty 
acids in their plasma membranes, making them extremely sensitive to oxidative 
stress. Moreover, signal transduction and gene expression events, which are critical 
to the normal function of immune cells, are extremely sensitive to oxidation. Finally, 
immune reactions produce high quantities of free radicals, further increasing the 
risk of oxidation. Nevertheless, in physiological conditions immune cells have high 
levels of antioxidant defense and their maintenance in optimal levels is critical to 
immune function. However, in pathological conditions, oxidant molecules might 
overcome the antioxidant capacity and oxidative stress might occur, affecting 
immune function, mainly through the decline of T cell responses [119, 120]. 
Oxidative and immune systems are intimately correlated and both seem to be dys-
regulated in OCD. The integration of these two systems is crucial to the understand-
ing of OCD and to the development of new treatment options.

In this context, several clinical trials have tested the pharmacological use of 
N-acetylcysteine (NAC) in the treatment of OCD [121, 122]. NAC, mostly known 
for its anti-inflammatory, mucolytic, and hepatoprotective activity, is also an anti-
oxidant precursor to cysteine, which is used as a substrate for the synthesis of one 

A. Maia et al.



297

of the major antioxidant molecules in the brain, glutathione [121, 123]. Two recent 
systematic reviews summarized the evidence for NAC as monotherapy or adjunc-
tive treatment in OCD or OCD-related disorders, suggesting its potential use as an 
augmentation strategy [121, 122]. Moreover, one controlled clinical trial random-
ized 48 OCD patients failing to respond to a course of SSRI treatment, to 12-week 
augmentation with NAC or placebo, with 52.6% of patients in the active treatment 
group achieving clinical response, compared with only 15% in the control group 
[124]. These encouraging results strengthen the importance of oxidative dysregula-
tion in OCD and encourage the development of new clinical trials that might rein-
force the evidence for the use of antioxidants in the treatment of psychiatric 
disorders. Assuming that oxidative dysregulation may be restricted to a specific sub-
group of patients, it would be interesting to develop such trials stratifying according 
to levels of O&NS markers.

17.5  Research in Animal Models

Animal studies in psychiatry are limited by the difficulties in representing and inter-
preting complex human psychopathology in nonhuman species. For OCD animal 
models, despite the limitations in the study of obsessions, compulsion-like behav-
iors are easily observed and measured in the form of stereotypic/repetitive, groom-
ing, or collecting/hoarding behaviors. These studies may allow a more controlled 
and detailed comprehension of the association between immune dysregulation 
and OCD.

Microglia are macrophage-lineage cells derived from myeloid progenitors. 
While, in the past, they were considered to be phagocytic cells quiescent under 
physiological conditions [125], current evidence supports that microglia are con-
stantly active and have important physiologic functions for the development of 
mature synapses during embryogenesis, as well as for neurogenesis and synaptic 
pruning during adulthood [126–128]. Animal models have contributed to a better 
understanding of the relationship between microglia and behavior, with Hoxb8 
knockout (KO) mice as an example of particular interest. Hox genes code for tran-
scription factors with roles in embryo development across different tissues and 
organs, including the hematopoietic system, where Hoxb8 is responsible for the 
maintenance and differentiation of myeloid progenitor cells [129]. Importantly, 
Hoxb8 KO mice show excessive grooming behavior, characterized by excessive hair 
removal and self-inflicted wounds, which was thought to be related to strong Hoxb8 
expression in the cortico-striato-thalamo-cortical circuit, namely, the basal ganglia 
and cortex, as well as in the olfactory bulb, hippocampus, and cerebellum [130, 
131]. Importantly, the only brain cells derived from Hoxb8 lineage are microglia 
that have reduced numbers in Hoxb8 KO [132], which may underlie synaptic dys-
function within the corticostriatal circuit, namely, synaptic expansion in the frontal 
cortex, and synaptic contraction in the striatum, which has been described in these 
animals [133, 134]. Furthermore, Hoxb8 KO mice develop autoimmune processes 
driven by autoantibodies against different self-tissues, including brain, kidney, and 
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liver [133, 134]. Notably, Chen et al. (2010) demonstrated that the compulsive-like 
behavioral dysfunction expressed by these mice is reversible after bone marrow 
transplantation from control mice [132].

Progranulin KO mice (Grn−/−) have also raised great interest in the field of OCD 
pathophysiology. Progranulin is a glycoprotein with many different roles both out-
side and within the brain, acting, namely, as a neuroprotective agent and in the regu-
lation of neuroinflammation and neuronal lysosome function regulation [135]. 
Autosomal dominant mutations in the human progranulin gene are associated to a 
drastic reduction in progranulin levels and contribute to frontotemporal lobar degen-
eration, the second most common form of early-onset dementia after Alzheimer’s 
disease [136, 137]. Lui et al. (2016) demonstrated that Grn−/− mice show an age- 
dependent up-regulation of lysosomal and innate immunity genes in microglia, with 
an increase in microglia infiltration and neuronal loss [138]. Specifically, microglia- 
driven elimination of inhibitory synapses occurs preferentially in the ventral thala-
mus, with hyperactivity in the thalamocortical circuit and, not surprisingly, 
development of compulsive-like grooming behaviors. Notably, after observing that 
C1qa and C3 mRNA levels were much higher in Grn−/− mice microglia, and consid-
ering the roles of complement in innate immunity and synaptic pruning, the authors 
deleted C1qa gene in Grn−/− mice and observed a reduction in synaptic pruning with 
increased synaptic density around microglia and an amelioration in grooming 
behaviors [127, 138]. This study supports the idea that progranulin is required for 
the inhibition of excessive microglia activation and that blocking complement acti-
vation might ameliorate grooming behaviors.

Mice lacking fractalkine chemokine receptor (Cx3cr1 KO) have a significant 
reduction in microglia density and reduced synaptic pruning [128]. Zhan et  al. 
(2014) demonstrated that Cx3cr1 KO mice have reduced number of synapses per 
axonal input (i.e., synaptic multiplicity), reduced functional connectivity between 
the right and left dorsal hippocampus and the medial prefrontal cortex, compro-
mised social interaction and excessive grooming behavior when exposed to novelty 
[139]. While the authors interpreted this behavior pattern as representative of an 
autism-like phenotype, they also support the hypothesis for microglia dysregulation 
in OCD pathophysiology, eventually through synaptic pruning.

Animal studies have also been important in elucidating the pathophysiology of 
PANDAS. In mice, GABHS are predominantly found in nasal-associated lymphoid 
tissue (NALT), a functional equivalent to human palatine tonsils, and recurrent 
GABHS infection in mice, similar to what occurs in human tonsils, induces a domi-
nant Th17 response in NALT with cytokine shift to an IL-17A+IFN-γ+ profile [140–
142]. Dileepan et al. (2016) demonstrated that immunization by multiple GABHS 
infections promotes migration of specific Th17 cells from NALT to the olfactory 
tube and then to different brain regions. This migration is associated with a blood- 
brain barrier breakdown that consequently allows the entry of circulating IgG and 
additional CD4+ T cells, promoting microglia activation and altered synaptic con-
nectivity [142]. Furthermore, passive transfer of serum with streptococcus-induced 
antibodies from PANDAS mice reproduced the donor behavioral pattern in naïve 
mice. Importantly, this effect was not observed after the depletion of IgG from 
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GABHS donor sera before injection [143]. However, these results were not repli-
cated in subsequent studies and the mechanisms by which antibodies cross the 
blood-brain barrier remain unknown.

17.6  Conclusions and Future Challenges

The existing evidence suggests that OCD is a multisystem disorder, developing in a 
background of immune dysfunction. The origin of such immune dysfunction is 
thought to be multifactorial, with both constitutive and environmental elements, 
contributing to illness development, clinical presentation, and multisystem impact 
(Fig. 17.1). In fact, we believe the available evidence is suggestive that early-life 
risk factors may disrupt immune balance and induce dysfunction in OCD-specific 
circuitry, inducing psychopathology in genetically vulnerable individuals. Chronic 
dysregulation of the immune system may also promote low-grade inflammation, 
oxidative damage, and the development of psychiatric and non-psychiatric comor-
bidities. Moreover, the behavioral and social impact of the disorder can promote 
additional pro-inflammatory insults, further disrupting immune homeostasis. 
Nevertheless, evidence remains controversial and future studies are needed in order 
to further explore these hypotheses and translate findings into clinical practice, 
namely, regarding the identification of genetic or environmental biomarkers of OCD 
vulnerability and of response to treatment.

The sparsity of longitudinal studies represents a significant additional barrier to 
integrate immune dysfunction in OCD pathophysiology since this might contribute 
to the development of OCD, as well as be a consequence of OCD impact over 
behavior and physical health, or an adaptive physiological response to illness. 
Longitudinal studies are crucial to better understand causal relations between 
immune markers and relevant clinical characteristics. It is also important to 
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Fig. 17.1 Integrative model of obsessive-compulsive disorder pathophysiology. In vulnerable 
individuals, environmental risk factors induce low-grade inflammation and disrupt immune and 
oxidative homeostasis, promoting immune-induced dysfunction in the cortico-striatal-thalamic- 
cortical circuit and OCD psychopathology. Additionally, systemic dysfunction may also promote 
non-psychiatric comorbidities and, by affecting different brain regions, also psychiatric comor-
bidities. O&NS Oxidative & Nitrosative Stress
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underline that immune dysfunction seems to be unspecific, occurring in several 
other psychiatric illnesses [144]. In fact, OCD may have shared immunogenetic 
heritability with other psychiatric illnesses, with different psychopathological pat-
terns resulting from additional brain-related susceptibility factors. However, to our 
knowledge, so far no study has compared immune dysfunction between different 
psychiatric illnesses. Finally, few clinical trials have assessed the use of anti- 
inflammatory or anti-oxidative substances in the treatment of OCD, but data remains 
controversial. We propose that immune dysfunction may be a predominant patho-
physiological mechanism in a subgroup of patients, which would potentially justify 
the limited robustness of results. Consequently, we consider that pre-treatment mea-
surement of immune markers in future clinical trials could allow for correlation of 
baseline immune dysfunction with treatment outcomes, with potential validation of 
relevant treatments as well as biomarkers. Ultimately, enhanced comprehension 
over the genesis and characteristics of immune dysfunction in OCD could promote 
the development of better prevention, diagnostic, and treatment methods, paving the 
path toward enhanced care and improvements in quality of life.

References

 1. Ruscio AM, Stein DJ, Chiu WT, Kessler RC. The epidemiology of obsessive-compulsive 
disorder in the National Comorbidity Survey Replication. Mol Psychiatry. 2010;15(1):53–63.

 2. American Psychiatric Association. Diagnostic and statistical manual of mental disorders 
(DSM-V). 5th ed; 2013.

 3. Brady CF.  Obsessive-compulsive disorder and common comorbidities. J Clin Psychiatry. 
2014;75(1):e02.

 4. Albert U, Aguglia A, Chiarle A, Bogetto F, Maina G. Metabolic syndrome and obsessive- 
compulsive disorder: a naturalistic Italian study. Gen Hosp Psychiatry. 2013;35(2):154–9.

 5. Lochner C, Fineberg NA, Zohar J, van Ameringen M, Juven-Wetzler A, Altamura AC, 
et al. Comorbidity in obsessive-compulsive disorder (OCD): a report from the International 
College of Obsessive-Compulsive Spectrum Disorders (ICOCS). Compr Psychiatry. 
2014;55(7):1513–9.

 6. Leckman JF, Denys D, Simpson HB, Mataix-Cols D, Hollander E, Saxena S, et al. Obsessive- 
compulsive disorder: a review of the diagnostic criteria and possible subtypes and dimen-
sional specifiers for DSM-V. Depress Anxiety. 2010;27(6):507–27.

 7. Kugler BB, Lewin AB, Phares V, Geffken GR, Murphy TK, Storch EA.  Quality of 
life in obsessive- compulsive disorder: the role of mediating variables. Psychiatry Res. 
2013;206(1):43–9.

 8. Erzegovesi S, Cavallini MC, Cavedini P, Diaferia G, Locatelli M, Bellodi L. Clinical pre-
dictors of drug response in obsessive-compulsive disorder. J Clin Psychopharmacol. 
2001;21(5):488–92.

 9. Mancebo MC, Eisen JL, Sibrava N, Dyck IR, Rasmussen SA. Patient utilization of cognitive- 
behavioral therapy for OCD. Behav Ther. 2011;42(3):399–412.

 10. Hollander E, Stein DJ, Kwon JH, Rowland C, Wong CM, Broatch J, et al. Psychosocial func-
tion and economic costs of obsessive-compulsive disorder. CNS Spectr. 1997;2(10):16–25.

 11. Pauls DL, Abramovitch A, Rauch SL, Geller DA. Obsessive-compulsive disorder: an integra-
tive genetic and neurobiological perspective. Nat Rev Neurosci. 2014;15(6):410–24.

 12. Rotge JY, Aouizerate B, Tignol J, Bioulac B, Burbaud P, Guehl D.  The glutamate-based 
genetic immune hypothesis in obsessive-compulsive disorder. An integrative approach from 
genes to symptoms. Neuroscience. 2010;165(2):408–17.

A. Maia et al.



301

 13. Nakao T, Okada K, Kanba S. Neurobiological model of obsessive-compulsive disorder: evi-
dence from recent neuropsychological and neuroimaging findings. Psychiatry Clin Neurosci. 
2014;68(8):587–605.

 14. Zohar J, Greenberg B, Denys D.  Obsessive-compulsive disorder. Handb Clin Neurol. 
2012;106:375–90.

 15. Gerentes M, Pelissolo A, Rajagopal K, Tamouza R, Hamdani N. Obsessive-compulsive dis-
order: autoimmunity and neuroinflammation. Curr Psychiatry Rep. 2019;21(8):78.

 16. Lamothe H, Baleyte J-M, Smith P, Pelissolo A, Mallet L. Individualized immunological data 
for precise classification of OCD patients. Brain Sci. 2018;8(8)

 17. Leboyer M, Oliveira J, Tamouza R, Groc L. Is it time for immunopsychiatry in psychotic 
disorders? Psychopharmacology. 2016;233(9):1651–60.

 18. Dinn WM, Harris CL, McGonigal KM, Raynard RC.  Obsessive-compulsive disorder and 
immunocompetence. Int J Psychiatry Med. 2001;31(3):311–20.

 19. Marazziti D, Mucci F, Fontenelle LF.  Immune system and obsessive-compulsive disorder. 
Psychoneuroendocrinology. 2018;93:39–44.

 20. Pérez-Vigil A, Fernández de la Cruz L, Brander G, Isomura K, Gromark C, Mataix-Cols 
D.  The link between autoimmune diseases and obsessive-compulsive and tic disorders: a 
systematic review. Neurosci Biobehav Rev. 2016;71:542–62.

 21. Mataix-Cols D, Frans E, Pérez-Vigil A, Kuja-Halkola R, Gromark C, Isomura K, et al. A total- 
population multigenerational family clustering study of autoimmune diseases in obsessive- 
compulsive disorder and Tourette’s/chronic tic disorders. Mol Psychiatry. 2018;23(7): 
1652–8.

 22. Witthauer CT, Gloster A, Meyer AH, Lieb R. Physical diseases among persons with obsessive 
compulsive symptoms and disorder: a general population study. Soc Psychiatry Psychiatr 
Epidemiol. 2014;49(12):2013–22.

 23. Isomura K, Brander G, Chang Z, Kuja-Halkola R, Rück C, Hellner C, et  al. Metabolic 
and cardiovascular complications in obsessive-compulsive disorder: a total popula-
tion, sibling comparison study with long-term follow-up. Biol Psychiatry. 2018;84(5): 
324–31.

 24. Meier SM, Mattheisen M, Mors O, Schendel DE, Mortensen PB, Plessen KJ.  Mortality 
among persons with obsessive-compulsive disorder in Denmark. JAMA Psychiat. 
2016;73(3):268–74.

 25. Zammit S, Owen MJ, Lewis G. Misconceptions about gene-environment interactions in psy-
chiatry. Evid Based Ment Health. 2010;13(3):65–8.

 26. Murphy TK, Sajid MW, Goodman WK.  Immunology of obsessive-compulsive disorder. 
Psychiatr Clin North Am. 2006;29(2):445–69.

 27. Brander G, Pérez-Vigil A, Larsson H, Mataix-Cols D. Systematic review of environmental 
risk factors for obsessive-compulsive disorder: a proposed roadmap from association to cau-
sation. Neurosci Biobehav Rev. 2016;65:36–62.

 28. Baumeister D, Akhtar R, Ciufolini S, Pariante CM, Mondelli V.  Childhood trauma and 
adulthood inflammation: a meta-analysis of peripheral C-reactive protein, interleukin-6 and 
tumour necrosis factor-α. Mol Psychiatry. 2016;21(5):642–9.

 29. Depino AM. Perinatal inflammation and adult psychopathology: from preclinical models to 
humans. Semin Cell Dev Biol. 2018;77:104–14.

 30. Muscatell KA, Brosso SN, Humphreys KL. Socioeconomic status and inflammation: a meta- 
analysis. Mol Psychiatry. 2018;1

 31. Glaus J, Vandeleur CL, von Känel R, Lasserre AM, Strippoli M-PF, Gholam-Rezaee M, et al. 
Associations between mood, anxiety or substance use disorders and inflammatory mark-
ers after adjustment for multiple covariates in a population-based study. J Psychiatr Res. 
2014;58:36–45.

 32. Corps KN, Roth TL, McGavern DB. Inflammation and neuroprotection in traumatic brain 
injury. JAMA Neurol. 2015;72(3):355–62.

 33. Calton EK, Keane KN, Newsholme P, Soares MJ. The impact of vitamin D levels on inflam-
matory status: a systematic review of immune cell studies. PLoS One. 2015;10(11)

17 Immune Dysfunction in Obsessive-Compulsive Disorder: From Risk Factors…



302

 34. Swedo SE, Leonard HL, Garvey M, Mittleman B, Allen AJ, Perlmutter S, et al. Pediatric 
autoimmune neuropsychiatric disorders associated with streptococcal infections: clinical 
description of the first 50 cases. Am J Psychiatry. 1998;155(2):264–71.

 35. Orlovska S, Vestergaard CH, Bech BH, Nordentoft M, Vestergaard M, Benros ME. Association 
of streptococcal throat infection with mental disorders: testing key aspects of the PANDAS 
hypothesis in a nationwide study. JAMA Psychiat. 2017;74(7):740–6.

 36. Miman O, Mutlu EA, Ozcan O, Atambay M, Karlidag R, Unal S.  Is there any role of 
toxoplasma gondii in the etiology of obsessive-compulsive disorder? Psychiatry Res. 
2010;177(1–2):263–5.

 37. Akaltun İ, Kara SS, Kara T. The relationship between toxoplasma gondii IgG antibodies and 
generalized anxiety disorder and obsessive-compulsive disorder in children and adolescents: 
a new approach. Nord J Psychiatry. 2018;72(1):57–62.

 38. Flegr J, Horáček J. Toxoplasma-infected subjects report an obsessive-compulsive disorder 
diagnosis more often and score higher in obsessive-compulsive inventory. Eur Psychiatry. 
2017;40:82–7.

 39. Strittmatter C, Lang W, Wiestler OD, Kleihues P. The changing pattern of human immuno-
deficiency virus-associated cerebral toxoplasmosis: a study of 46 postmortem cases. Acta 
Neuropathol (Berl). 1992;83(5):475–81.

 40. Johnco C, Kugler BB, Murphy TK, Storch EA. Obsessive-compulsive symptoms in adults 
with Lyme disease. Gen Hosp Psychiatry. 2018;51:85–9.

 41. Ercan TE, Ercan G, Severge B, Arpaozu M, Karasu G. Mycoplasma pneumoniae infection 
and obsessive-compulsive disease: a case report. J Child Neurol. 2008;23(3):338–40.

 42. Johnson J, Lucey PA. Encephalitis lethargica, a contemporary cause of catatonic stupor. A 
report of two cases. Br J Psychiatry. 1987;151:550–2.

 43. Laplane D, Levasseur M, Pillon B, Dubois B, Baulac M, Mazoyer B, et  al. Obsessive- 
compulsive and other behavioural changes with bilateral basal ganglia lesions. A neu-
ropsychological, magnetic resonance imaging and positron tomography study. Brain. 
1989;112(3):699–725.

 44. Khanna S, Ravi V, Shenoy PK, Chandramukhi A, Channabasavanna SM. Viral antibodies in 
blood in obsessive compulsive disorder. Indian J Psychiatry. 1997;39(3):190–5.

 45. Khanna S, Ravi V, Shenoy PK, Chandramukhi A, Channabasavanna SM. Cerebrospinal fluid 
viral antibodies in obsessive-compulsive disorder in an Indian population. Biol Psychiatry. 
1997;41(8):883–90.

 46. Dietrich DE, Zhang Y, Bode L, Münte TF, Hauser U, Schmorl P, et al. Brain potential ampli-
tude varies as a function of Borna disease virus-specific immune complexes in obsessive–
compulsive disorder. Mol Psychiatry. 2005;10(6):515.

 47. Pauls DL. The genetics of obsessive-compulsive disorder: a review. Dialogues Clin Neurosci. 
2010;12(2):149–63.

 48. Lougee L, Perlmutter SJ, Nicolson R, Garvey MA, Swedo SE.  Psychiatric disorders in 
first-degree relatives of children with pediatric autoimmune neuropsychiatric disorders 
associated with streptococcal infections (PANDAS). J Am Acad Child Adolesc Psychiatry. 
2000;39(9):1120–6.

 49. Seixas AAA, Hounie AG, Fossaluza V, Curi M, Alvarenga PG, De Mathis MA, et  al. 
Anxiety disorders and rheumatic fever: is there an association? CNS Spectr. 2008;13(12): 
1039–46.

 50. Hounie AG, Pauls DL, do Rosario-Campos MC, Mercadante MT, Diniz JB, De Mathis MA, 
et  al. Obsessive-compulsive spectrum disorders and rheumatic fever: a family study. Biol 
Psychiatry. 2007;61(3):266–72.

 51. Engel ME, Stander R, Vogel J, Adeyemo AA, Mayosi BM.  Genetic susceptibility to 
acute rheumatic fever: a systematic review and meta-analysis of twin studies. PLoS One. 
2011;6(9):e25326.

 52. Cappi C, Brentani H, Lima L, Sanders SJ, Zai G, Diniz BJ, et al. Whole-exome sequencing 
in obsessive-compulsive disorder identifies rare mutations in immunological and neurodevel-
opmental pathways. Transl Psychiatry. 2016;6(3):e764.

A. Maia et al.



303

 53. Komuro A, Imamura T, Saitoh M, Yoshida Y, Yamori T, Miyazono K, et al. Negative regu-
lation of transforming growth factor-beta (TGF-beta) signaling by WW domain-containing 
protein 1 (WWP1). Oncogene. 2004;23(41):6914–23.

 54. ten Dijke P, Hill CS.  New insights into TGF-beta-Smad signalling. Trends Biochem Sci. 
2004;29(5):265–73.

 55. Noris M, Remuzzi G. Overview of complement activation and regulation. Semin Nephrol. 
2013;33(6):479–92.

 56. Mosaad YM.  Clinical role of human leukocyte antigen in health and disease. Scand J 
Immunol. 2015;82(4):283–306.

 57. Choo SY, The HLA. System: genetics, immunology, clinical testing, and clinical implica-
tions. Yonsei Med J. 2007;48(1):11–23.

 58. Needleman LA, McAllister AK. The major histocompatibility complex and autism spectrum 
disorder. Dev Neurobiol. 2012;72(10):1288–301.

 59. Mokhtari R, Lachman HM. The major histocompatibility complex (MHC) in schizophrenia: 
a review. J Clin Cell Immunol. 2016;7(6)

 60. Thomson G, Valdes AM, Noble JA, Kockum I, Grote MN, Najman J, et al. Relative predispo-
sitional effects of HLA class II DRB1-DQB1 haplotypes and genotypes on type 1 diabetes: a 
meta-analysis. Tissue Antigens. 2007;70(2):110–27.

 61. Fogdell-Hahn A, Ligers A, Grønning M, Hillert J, Olerup O. Multiple sclerosis: a modifying 
influence of HLA class I genes in an HLA class II associated autoimmune disease. Tissue 
Antigens. 2000;55(2):140–8.

 62. Kampstra ASB, Toes REM. HLA class II and rheumatoid arthritis: the bumpy road of revela-
tion. Immunogenetics. 2017;69(8–9):597–603.

 63. Miyadera H, Tokunaga K. Associations of human leukocyte antigens with autoimmune dis-
eases: challenges in identifying the mechanism. J Hum Genet. 2015;60(11):697–702.

 64. Tamouza R, Oliveira J, Etain B, Bengoufa D, Hamdani N, Manier C, et al. HLA genetics in 
bipolar disorder. Acta Psychiatr Scand. 2018;138(5):464–71.

 65. Rodriguez N, Morer A, González-Navarro EA, Gassó P, Boloc D, Serra-Pagès C, et  al. 
Human-leukocyte antigen class II genes in early-onset obsessive-compulsive disorder. World 
J Biol Psychiatry. 2017:1–7.

 66. Johns TG, Bernard CC. The structure and function of myelin oligodendrocyte glycoprotein. 
J Neurochem. 1999;72(1):1–9.

 67. Peschl P, Bradl M, Höftberger R, Berger T, Reindl M. Myelin oligodendrocyte glycoprotein: 
deciphering a target in inflammatory demyelinating diseases. Front Immunol. 2017;8

 68. Zai G, Bezchlibnyk YB, Richter MA, Arnold P, Burroughs E, Barr CL, et al. Myelin oligo-
dendrocyte glycoprotein (MOG) gene is associated with obsessive-compulsive disorder. Am 
J Med Genet Part B Neuropsychiatr Genet. 2004;129B(1):64–8.

 69. Wu F, Kong L, Zhu Y, Zhou Q, Jiang X, Chang M, et al. The influence of myelin oligodendro-
cyte glycoprotein on white matter abnormalities in different onset age of drug-Naïve depres-
sion. Front Psych. 2018;9

 70. Parameswaran N, Patial S.  Tumor necrosis factor-α signaling in macrophages. Crit Rev 
Eukaryot Gene Expr. 2010;20(2):87–103.

 71. Hounie AG, Cappi C, Cordeiro Q, Sampaio AS, Moraes I, Rosário MC, do Rosario MC, et al. 
TNF-alpha polymorphisms are associated with obsessive-compulsive disorder. Neurosci 
Lett. 2008;442(2):86–90.

 72. Cappi C, Muniz RK, Sampaio AS, Cordeiro Q, Brentani H, Palácios SA, et al. Association 
study between functional polymorphisms in the TNF-alpha gene and obsessive-compulsive 
disorder. Arq Neuropsiquiatr. 2012;70(2):87–90.

 73. Lüleyap H, Onatoğlu D, Tahiroğlu A, Alptekin D, Yılmaz M, Cetiner S, et al. Association 
between obsessive compulsive disorder and tumor necrosis factor-α gene −308 (G>a) 
and −850 (C>T) polymorphisms in Turkish children. Balk J Med Genet. 2012;15(2): 
61–6.

 74. Jiang C, Ma X, Qi S, Han G, Li Y, Liu Y, et al. Association between TNF-α-238G/A gene 
polymorphism and OCD susceptibility. Medicine (Baltimore). 2018;97(5)

17 Immune Dysfunction in Obsessive-Compulsive Disorder: From Risk Factors…



304

 75. Zhag X, Yin W, Liu S, Ma X. A case-control association study between obsessive- compulsive 
disorder (OCD) and the MCP-1 -2518G/a polymorphism in a Chinese sample. Braz J 
Psychiatry. 2012;34(4):451–3.

 76. Liu S, Liu Y, Yin Y, Zhang X, Ma X. A case-control study of interleukin-12 1188A/C poly-
morphism in obsessive-compulsive disorder in Chinese population. Acta Neuropsychiatr. 
2012;24(3):172–5.

 77. Cordeiro Q, Cappi C, Sampaio AS, Palácios SA, Pereira CA, de B, Shavitt RG, et  al. 
Association study between the -62A/T NFKBIL1 polymorphism and obsessive-compulsive 
disorder. Braz J Psychiatry. 2009;31(2):131–5.

 78. Murphy TK, Goodman WK, Fudge MW, Williams RC, Ayoub EM, Dalal M, et al. B lympho-
cyte antigen D8/17: a peripheral marker for childhood-onset obsessive-compulsive disorder 
and Tourette’s syndrome? Am J Psychiatry. 1997;154(3):402–7.

 79. Swedo SE, Leonard HL, Mittleman BB, Allen AJ, Rapoport JL, Dow SP, et al. Identification 
of children with pediatric autoimmune neuropsychiatric disorders associated with streptococ-
cal infections by a marker associated with rheumatic fever. Am J Psychiatry. 1997;154(1): 
110–2.

 80. Luo F, Leckman JF, Katsovich L, Findley D, Grantz H, Tucker DM, et al. Prospective lon-
gitudinal study of children with tic disorders and/or obsessive-compulsive disorder: rela-
tionship of symptom exacerbations to newly acquired streptococcal infections. Pediatrics. 
2004;113(6):e578–85.

 81. Kiessling LS, Marcotte AC, Culpepper L.  Antineuronal antibodies: tics and obsessive- 
compulsive symptoms. J Dev Behav Pediatr. 1994;15(6):421–5.

 82. Peterson BS, Leckman JF, Tucker D, Scahill L, Staib L, Zhang H, et al. Preliminary findings 
of antistreptococcal antibody titers and basal ganglia volumes in tic, obsessive-compulsive, 
and attention deficit/hyperactivity disorders. Arch Gen Psychiatry. 2000;57(4):364–72.

 83. Pavone P, Bianchini R, Parano E, Incorpora G, Rizzo R, Mazzone L, et  al. Anti-brain 
antibodies in PANDAS versus uncomplicated streptococcal infection. Pediatr Neurol. 
2004;30(2):107–10.

 84. Dale RC, Heyman I, Giovannoni G, Church AJ. Incidence of anti-brain antibodies in children 
with obsessive–compulsive disorder. Br J Psychiatry. 2005;187(4):314–9.

 85. Barber Y, Toren P, Achiron A, Noy S, Wolmer L, Weizman R, et al. T cell subsets in obsessive- 
compulsive disorder. Neuropsychobiology. 1996;34(2):63–6.

 86. Marazziti D, Presta S, Pfanner C, Gemignani A, Rossi A, Sbrana S, et al. Immunological 
alterations in adult obsessive-compulsive disorder. Biol Psychiatry. 1999;46(6):810–4.

 87. Ravindran AV, Griffiths J, Merali Z, Anisman H.  Circulating lymphocyte subsets in 
obsessive compulsive disorder, major depression and normal controls. J Affect Disord. 
1999;52(1–3):1–10.

 88. Weizman R, Laor N, Barber Y, Hermesh H, Notti I, Djaldetti M, et al. Cytokine production in 
obsessive-compulsive disorder. Biol Psychiatry. 1996;40(9):908–12.

 89. Brambilla F, Perna G, Bellodi L, Arancio C, Bertani A, Perini G, et al. Plasma interleukin-
 1 beta and tumor necrosis factor concentrations in obsessive-compulsive disorders. Biol 
Psychiatry. 1997;42(11):976–81.

 90. Maes M, Meltzer HY, Bosmans E. Psychoimmune investigation in obsessive-compulsive dis-
order: assays of plasma transferrin, IL-2 and IL-6 receptor, and IL-1 beta and IL-6 concentra-
tions. Neuropsychobiology. 1994;30(2–3):57–60.

 91. Monteleone P, Catapano F, Fabrazzo M, Tortorella A, Maj M. Decreased blood levels of tumor 
necrosis factor-alpha in patients with obsessive-compulsive disorder. Neuropsychobiology. 
1998;37(4):182–5.

 92. Carpenter LL, Heninger GR, McDougle CJ, Tyrka AR, Epperson CN, Price LH. Cerebrospinal 
fluid interleukin-6  in obsessive-compulsive disorder and trichotillomania. Psychiatry Res. 
2002;112(3):257–62.

 93. Denys D, Fluitman S, Kavelaars A, Heijnen C, Westenberg H. Decreased TNF-alpha and 
NK activity in obsessive-compulsive disorder. Psychoneuroendocrinology. 2004;29(7): 
945–52.

A. Maia et al.



305

 94. Konuk N, Tekin IO, Ozturk U, Atik L, Atasoy N, Bektas S, et al. Plasma levels of tumor 
necrosis factor-alpha and interleukin-6  in obsessive compulsive disorder. Mediat Inflamm. 
2007;65704

 95. Ekinci A, Ekinci O. The relationships between low grade inflammation, demographic and 
clinical characteristics in patients with obsessive compulsive disorder. Anatolian J Psychiatry. 
2017;18(5):438–45.

 96. da Rocha F, Correa H, Lucio TA. Obsessive-compulsive disorder and immunology: a review. 
Prog Neuro-Psychopharmacol Biol Psychiatry. 2008;32(5):1139–46.

 97. Gray SM, Bloch MH.  Systematic review of proinflammatory cytokines in obsessive- 
compulsive disorder. Curr Psychiatry Rep. 14(3):220–8.

 98. Denys D, Fluitman S, Kavelaars A, Heijnen C, Westenberg HGM.  Effects of paroxetine 
and venlafaxine on immune parameters in patients with obsessive compulsive disorder. 
Psychoneuroendocrinology. 31(3):355–60.

 99. Murphy T, Goodman W. Genetics of childhood disorders: XXXIV. Autoimmune disorders, 
part 7: D8/17 reactivity as an immunological marker of susceptibility to neuropsychiatric 
disorders. J Am Acad Child Adolesc Psychiatry. 2002;41(1):98–100.

 100. Church AJ, Cardoso F, Dale RC, Lees AJ, Thompson EJ, Giovannoni G. Anti-basal ganglia 
antibodies in acute and persistent Sydenham’s chorea. Neurology. 2002;59(2):227–31.

 101. Cosco TD, Pillinger T, Emam H, Solmi M, Budhdeo S, Matthew Prina A, et  al. Immune 
aberrations in obsessive-compulsive disorder: a systematic review and meta-analysis. Mol 
Neurobiol. 2019;56(7):4751–9.

 102. Pearlman DM, Vora HS, Marquis BG, Najjar S, Dudley LA.  Anti-basal ganglia antibod-
ies in primary obsessive-compulsive disorder: systematic review and meta-analysis. Br J 
Psychiatry. 2014;205(1):8–16.

 103. Bhattacharyya S, Khanna S, Chakrabarty K, Mahadevan A, Christopher R, Shankar SK. Anti- 
brain autoantibodies and altered excitatory neurotransmitters in obsessive-compulsive disor-
der. Neuropsychopharmacology. 2009;34(12):2489–96.

 104. Rodríguez N, Morer A, González-Navarro EA, Serra-Pages C, Boloc D, Torres T, et  al. 
Altered frequencies of Th17 and Treg cells in children and adolescents with obsessive- 
compulsive disorder. Brain Behav Immun. 2019 Oct;81:608–16.

 105. Attwells S, Setiawan E, Wilson AA, Rusjan PM, Mizrahi R, Miler L, et al. Inflammation in 
the neurocircuitry of obsessive-compulsive disorder. JAMA Psychiat. 2017;74(8):833–40.

 106. Lai AY, Todd KG. Hypoxia-activated microglial mediators of neuronal survival are differen-
tially regulated by tetracyclines. Glia. 2006;53(8):809–16.

 107. Esalatmanesh S, Abrishami Z, Zeinoddini A, Rahiminejad F, Sadeghi M, Najarzadegan M-R, 
et al. Minocycline combination therapy with fluvoxamine in moderate-to-severe obsessive- 
compulsive disorder: a placebo-controlled, double-blind, randomized trial. Psychiatry Clin 
Neurosci. 2016;70(11):517–26.

 108. Rodriguez CI, Bender J, Marcus SM, Snape M, Rynn M, Simpson HB. Minocycline aug-
mentation of pharmacotherapy in obsessive-compulsive disorder: an open-label trial. J Clin 
Psychiatry. 2010;71(9):1247.

 109. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress and antioxidant 
defense. World Allergy Organ J. 2012;5(1):9–19.

 110. Pisoschi AM, Pop A. The role of antioxidants in the chemistry of oxidative stress: a review. 
Eur J Med Chem. 2015;97:55–74.

 111. Hassan W, Noreen H, Castro-Gomes V, Mohammadzai I, da Rocha JBT, Landeira- 
Fernandez J.  Association of oxidative stress with psychiatric disorders. Curr Pharm Des. 
2016;22(20):2960–74.

 112. Brown NC, Andreazza AC, Young LT. An updated meta-analysis of oxidative stress markers 
in bipolar disorder. Psychiatry Res. 2014;218(1–2):61–8.

 113. Flatow J, Buckley P, Miller BJ.  Meta-analysis of oxidative stress in schizophrenia. Biol 
Psychiatry. 2013;74(6):400–9.

 114. Jiménez-Fernández S, Gurpegui M, Díaz-Atienza F, Pérez-Costillas L, Gerstenberg M, 
Correll CU. Oxidative stress and antioxidant parameters in patients with major depressive 

17 Immune Dysfunction in Obsessive-Compulsive Disorder: From Risk Factors…



306

disorder compared to healthy controls before and after antidepressant treatment: results from 
a meta-analysis. J Clin Psychiatry. 2015;76(12):1658–67.

 115. Black CN, Bot M, Scheffer PG, Cuijpers P, Penninx BWJH. Is depression associated with 
increased oxidative stress? A systematic review and meta-analysis. Psychoneuroendocrinology. 
2015;51:164–75.

 116. Liu T, Zhong S, Liao X, Chen J, He T, Lai S, et al. A meta-analysis of oxidative stress markers 
in depression. PLoS One. 2015;10(10):e0138904.

 117. Andreazza AC, Kauer-Sant’anna M, Frey BN, Bond DJ, Kapczinski F, Young LT, 
et  al. Oxidative stress markers in bipolar disorder: a meta-analysis. J Affect Disord. 
2008;111(2–3):135–44.

 118. Maia A, Oliveira J, Lajnef M, Mallet L, Tamouza R, Leboyer M, et al. Oxidative and nitrosa-
tive stress markers in obsessive-compulsive disorder: a systematic review and meta-analysis. 
Acta Psychiatr Scand. 2019;139(5):420–33.

 119. Knight JA. Review: free radicals, antioxidants, and the immune system. Ann Clin Lab Sci. 
2000;30(2):145–58.

 120. Meydani SN, Wu D, Santos MS, Hayek MG. Antioxidants and immune response in aged 
persons: overview of present evidence. Am J Clin Nutr. 1995;62(6 Suppl):1462S–76S.

 121. Oliver G, Dean O, Camfield D, Blair-West S, Ng C, Berk M, et  al. N-acetyl cysteine in 
the treatment of obsessive compulsive and related disorders: a systematic review. Clin 
Psychopharmacol Neurosci. 2015;13(1):12–24.

 122. Smith L, Tracy DK, Giaroli G.  What future role might N-acetyl-cysteine have in the 
treatment of obsessive compulsive and grooming disorders?: a systematic review. J Clin 
Psychopharmacol. 2016;36(1):57–62.

 123. Berk M, Malhi GS, Gray LJ, Dean OM. The promise of N-acetylcysteine in neuropsychiatry. 
Trends Pharmacol Sci. 2013;34(3):167–77.

 124. Afshar H, Roohafza H, Mohammad-Beigi H, Haghighi M, Jahangard L, Shokouh P, et al. 
N-acetylcysteine add-on treatment in refractory obsessive-compulsive disorder: a random-
ized, double-blind, placebo-controlled trial. J Clin Psychopharmacol. 2012;32(6):797–803.

 125. Gehrmann J, Matsumoto Y, Kreutzberg GW. Microglia: intrinsic immuneffector cell of the 
brain. Brain Res Brain Res Rev. 1995;20(3):269–87.

 126. Sierra A, Encinas JM, Deudero JJP, Chancey JH, Enikolopov G, Overstreet-Wadiche LS, 
et al. Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocy-
tosis. Cell Stem Cell. 2010;7(4):483–95.

 127. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R, et  al. 
Microglia sculpt postnatal neural circuits in an activity and complement-dependent manner. 
Neuron. 2012;74(4):691–705.

 128. Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al. Synaptic pruning 
by microglia is necessary for normal brain development. Science. 2011;333(6048):1456–8.

 129. Tay TL, Savage JC, Hui CW, Bisht K, Tremblay M. Microglia across the lifespan: from origin 
to function in brain development, plasticity and cognition. J Physiol. 2017;595(6):1929–45.

 130. Greer JM, Capecchi MR. Hoxb8 is required for normal grooming behavior in mice. Neuron. 
2002;33(1):23–34.

 131. Holstege JC, de Graaff W, Hossaini M, Cardona Cano S, Jaarsma D, van den Akker E, et al. 
Loss of Hoxb8 alters spinal dorsal laminae and sensory responses in mice. Proc Natl Acad 
Sci U S A. 2008;105(17):6338–43.

 132. Chen S-K, Tvrdik P, Peden E, Cho S, Wu S, Spangrude G, et al. Hematopoietic origin of 
pathological grooming in Hoxb8 mutant mice. Cell. 2010;141(5):775–85.

 133. Nagarajan N, Jones BW, West PJ, Marc RE, Capecchi MR. Corticostriatal circuit defects in 
Hoxb8 mutant mice. Mol Psychiatry. 2018;23(9):1.

 134. Chen SK, He X, Hu D, Jensen P, Capecchi M. Autoimmunity developed in Hoxb8 knock-out 
mice (P4082). J Immunol. 2013;190(1 Supplement):51.7.

 135. Toh H, Chitramuthu BP, Bennett HPJ, Bateman A. Structure, function, and mechanism of 
progranulin; the brain and beyond. J Mol Neurosci. 2011;45(3):538–48.

A. Maia et al.



307

 136. Sleegers K, Brouwers N, Van Damme P, Engelborghs S, Gijselinck I, van der Zee J, et al. 
Serum biomarker for progranulin-associated frontotemporal lobar degeneration. Ann Neurol. 
2009;65(5):603–9.

 137. Finch N, Baker M, Crook R, Swanson K, Kuntz K, Surtees R, et al. Plasma progranulin levels 
predict progranulin mutation status in frontotemporal dementia patients and asymptomatic 
family members. Brain. 2009;132(3):583–91.

 138. Lui H, Zhang J, Makinson SR, Cahill MK, Kelley KW, Huang H-Y, et al. Progranulin defi-
ciency promotes circuit-specific synaptic pruning by microglia via complement activation. 
Cell. 2016;165(4):921–35.

 139. Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, et al. Deficient neuron- 
microglia signaling results in impaired functional brain connectivity and social behavior. Nat 
Neurosci. 2014;17(3):400–6.

 140. Park H-S, Francis KP, Yu J, Cleary PP. Membranous cells in nasal-associated lymphoid tis-
sue: a portal of entry for the respiratory mucosal pathogen group A streptococcus. J Immunol. 
2003;171(5):2532–7.

 141. Wang B, Dileepan T, Briscoe S, Hyland KA, Kang J, Khoruts A, et al. Induction of TGF- 
beta1 and TGF-beta1-dependent predominant Th17 differentiation by group A streptococcal 
infection. Proc Natl Acad Sci U S A. 2010;107(13):5937–42.

 142. Dileepan T, Smith ED, Knowland D, Hsu M, Platt M, Bittner-Eddy P, et  al. Group A 
Streptococcus intranasal infection promotes CNS infiltration by streptococcal-specific Th17 
cells. J Clin Invest. 2016;126(1):303–17.

 143. Yaddanapudi K, Hornig M, Serge R, De Miranda J, Baghban A, Villar G, et al. Passive trans-
fer of streptococcus-induced antibodies reproduces behavioral disturbances in a mouse model 
of pediatric autoimmune neuropsychiatric disorders associated with streptococcal infection. 
Mol Psychiatry. 2010;15(7):712–26.

 144. Oliveira J, Tabouy L, Leboyer M. Immune dysfunction: a common feature of major psychi-
atric disorders? In: Teixeira AL, Bauer ME, editors. Immunopsychiatry a Clinician’s intro-
duction to the immune basis of mental disorders. Oxford: Oxford University Press; 2018. 
p. 141–64.

17 Immune Dysfunction in Obsessive-Compulsive Disorder: From Risk Factors…



309© Springer Nature Switzerland AG 2021
M. Berk et al. (eds.), Immuno-Psychiatry, https://doi.org/10.1007/978-3-030-71229-7_18

J. Rogers 
Division of Psychiatry, University College London, London, UK 

South London and Maudsley NHS Foundation Trust, London, UK
e-mail: jonathan.rogers@ucl.ac.uk 

T. Pollak (*) 
South London and Maudsley NHS Foundation Trust, London, UK 

Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK
e-mail: thomas.pollak@kcl.ac.uk

18Immune Dysfunction and Catatonia

Jonathan Rogers and Thomas Pollak

18.1  An Introduction to Catatonia

Catatonia is a disorder that occupies a mysterious hinterland between psychiatry 
and general medicine. First described in print by Karl Ludwig Kahlbaum in 1874, 
[1] it has attracted the interest of psychiatrists and neurologists alike.

Catatonia features numerous signs and symptoms, the variety of which often 
generates some confusion. It may exist in stuporous and excited forms, which them-
selves may alternate [2]. The stupor consists of hypomobility, mutism, withdrawal 
and staring, but catatonia is distinctive for several more bizarre features, including 
echophenomena, posturing, automatic obedience, stereotypies, Gegenhalten and 
Mitmachen [3]. Catatonia may also be conceived as a movement disorder with 
spontaneous features (such as posturing) and induced features (such as waxy flexi-
bility) [4].

In terms of diagnosis, both DSM-5 and ICD-11 now permit the presence of cata-
tonia in a range of psychiatric and non-psychiatric disorders [5, 6].

In 1974, the British psychiatrist Mahendra wrote a now famous editorial in 
Psychological Medicine, in which he argued that catatonia had largely disappeared 
because it was an epiphenomenon and may have represented a psychomotor 
response to a particular infective agent that was no longer prevalent [7]. The idea 
that catatonia is practically extinct is common but is not supported by the available 
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evidence. In fact, examining six studies since 1977, Daniels found that the preva-
lence of catatonia among psychiatric inpatients ranged from 7 to 31% [8]. The idea 
that catatonia is rare seems to come from poor recognition of the syndrome, with 
one study showing rates of catatonia rose from 2% to 18% when patients underwent 
systematic clinical assessment for catatonia [9].

Originally conceived as a subtype of schizophrenia, we now regard catatonia as 
being caused by a large range of psychiatric, neurological and general medical dis-
orders [8]. The most commonly associated psychiatric disorder is actually depres-
sion. Other mental disorders linked to catatonia include mania, autism, Tourette’s 
syndrome and learning disability [10–12]. However, one curious aspect of catatonia 
is that it also features in numerous infective, inflammatory, metabolic, drug-induced 
and degenerative disorders [11]. For instance, more than 50 cases of systemic lupus 
erythematosus in association with catatonia have been reported [13] and several in 
association with various thyroid disorders [14–16]. It is therefore critical that psy-
chiatrists are aware of the possibility of an underlying organic disorder and investi-
gate accordingly.

Due to poor identification of the syndrome and difficulties conducting ran-
domised controlled trials with small numbers, research has mostly been confined to 
case reports and series with small unblinded clinical trials [17]. Moreover, until 
recently, the best animal model for catatonia (bulbocapnine-induced catalepsy) was 
a poor match of aetiology and treatment compared to the disorder itself [18]. Despite 
these methodological difficulties, the importance of studying catatonia is underlined 
by its significant physical morbidity in the form of venous thromboembolism, infec-
tion, aspiration and contractures as well as a mortality of 9% in its most severe form, 
malignant catatonia [8]. Furthermore, by understanding one of the most severe psy-
chomotor disorders, we may be able to apply our knowledge to the psychomotor 
abnormalities observed in other neuropsychiatric disorders.

Current theories of catatonia pathogenesis rely on concepts of antagonism of 
GABA, dopamine or glutamate receptors [19]. Traditional treatment uses the 
GABA-A receptor non-competitive agonists benzodiazepines with success rates of 
up to 80%, a practice which has a theoretical basis in findings of reduced GABA-A 
receptor density in the motor cortex of catatonic patients [20, 21]. However, more 
recent evidence has supported the use of memantine and amantadine, both antago-
nists at the NMDA receptor (NMDAR), achieving success in patients refractory to 
benzodiazepines [17]. Electroconvulsive therapy (ECT)  – for poorly understood 
reasons  – is also very effective and is often the treatment of choice in critically 
unwell patients, such as those with autonomic dysregulation, severe dehydration or 
venous thromboembolism [22]. Optimal management involves both symptomatic 
treatment of the catatonia and correction of the underlying cause, as well as sup-
portive therapy with venous thromboembolism prophylaxis, urinary catheterisation 
and artificial rehydration and feeding as indicated [23].

The presence of these medical comorbidities reminds us that catatonia may also 
be seen as a form of extreme illness behaviour, just as depression has been likened 
to the psychomotor response to infection (reduced social interaction, oral intake and 
activity) [24].
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18.2  Autoimmune Movement Disorders

What distinguishes catatonia from most other psychiatric syndromes is its status as 
a movement disorder. In recent years, increasing numbers of neurological diseases 
have been shown to have autoimmune causes, or at least an inflammatory compo-
nent to pathogenesis (see Table 18.1). Several of these feature prominent movement 
disorders and altered mental status is common as well. Some bear marked similari-
ties to catatonia, for instance, emotional triggers in narcolepsy, anxiety in stiff per-
son syndrome and choreiform movements in various disorders [25–27].

18.3  Infective Causes of Catatonia

In our recent systematic review, we found 124 cases of catatonia in the context of 
infective illness [13]. Notably, 45 out of 47 cases of specific viral infection involved 
viruses that affect the central nervous system, but it is unclear what the causal mech-
anism of catatonia may be. Our findings are shown in Table  18.2.

18.4  Inflammatory Causes of Catatonia

The results of a recent systematic review of autoimmune causes of catatonia are 
presented in Table 18.3. The most striking finding is that the vast majority of cases 
were due to autoimmune encephalitis, specifically NMDA receptor encephalitis. In 
fact, in one case series of NMDA receptor encephalitis, 88% of patients developed 
catatonia at some point in their illness, with features including negativism, echophe-
nomena, grimacing and alternating stupor and excitement [34]. A recent study 

Table 18.1 Autoimmune disorders affecting the central nervous system [28–33]

Autoimmune CNS disorders
   • Brainstem encephalitis
   • Cerebellar ataxia in coeliac disease
   • Chorea associated with SLE
   • Encephalomyelitis
   • Multiple sclerosis
   • Narcolepsy
   • Neuromyelitis optica
   • Neuromyotonia
   • NMDAR encephalitis
   • Opsoclonus-myoclonus ataxia
   • Paraneoplastic cerebellar degeneration
   • Progressive encephalomyelitis with rigidity and myoclonus (PERM)
   • Rasmussen’s encephalitis
   • Sensory neuronopathy
   • Sjögren’s syndrome
   • Stiff person syndrome
   • Sydenham’s chorea

18 Immune Dysfunction and Catatonia
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systematically assessed 58 inpatients with NMDA receptor encephalitis, using a 
rigorous threshold of DSM-5 criteria or the presence of four items on the Bush-
Francis Catatonia Screening Instrument to define catatonia [35]. They found that 41 
individuals (71%) had catatonia and the full spectrum of catatonic features was 
present, including motor signs, disordered speech and alternating stupor and excite-
ment. Benzodiazepines and electroconvulsive therapy (ECT) were not curative on 
their own, but in some cases were useful to treat catatonia alongside immunother-
apy. While catatonia is poorly recognised, a systematic review of the psychiatric 
presentation of all reported cases of NMDA receptor encephalitis found catatonia to 
be present in 32.7% of cases [36].

Table 18.2 Infective causes of catatonia. Rogers JP, Pollak TA, Blackman G, David AS. Catatonia 
and the immune system: a review. Lancet Psychiatry 6 (7):620–630. Copyright © Elsevier 2019. 
doi: https://doi.org/10.1016/S2215- 0366(19)30190- 7

Infective cause n Suspected organisms

n with 
laboratory 
evidence of 
specific 
organism

Bacterial 
meningitis/
encephalitis

5 Borrelia burgdorferi (4), unspecified (1) 4

Viral 
meningitis /
encephalitis

26 Adenovirus (1), Cytomegalovirus (1), Coronavirus 
(1), Epstein Barr virus (1), HHV6 (1), Herpes 
simplex virus (8), Japanese encephalitis virus (1), 
Measles virus (2), Tick-borne encephalitis virus (1), 
Varicella zoster virus (1), unspecified (9)

14

Cerebral 
malaria

2 Plasmodium falciparum (1), unspecified (1) 1

CNS infection 
unspecified

3 Unspecified (3) 0

Respiratory 
tract infection

10 Influenza (1), Group A Streptococcus (2), 
Mycoplasma (1), Klebsiella (1), Epstein Barr Virus 
(1), unspecified (4)

2

HIV-related 22 HIV (20), HIV and John Cunningham (JC) virus (2) 22
Syphilis 3 Treponema pallidum (2) 2
Systemic 
bacterial 
infection

31 Coxiella burnetti (1), Salmonella typhi (29), 
unspecified (2)

28

Systemic viral 
infection

4 Cytomegalovirus (2), Epstein Barr virus (1), 
Flavivirus (1)

3

Prion-related 
disorders

7 PrP (7) 7

Other 11 Flavivirus vaccination (1), Tropheryma whipplei (1), 
E. coli (1), Mycobacterium tuberculosis (1), Taenia 
solium (1), Chlamydia trachomatis (1), 
Trypanosoma cruzi (1), unspecified (4)

2

Total 124 – 85
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Case series of other forms of encephalitis have not been systematically evaluated 
for the presence of catatonic features, although there is some evidence that catatonia 
may be more common in patients with antibodies to the NMDA receptor than in 
those with antibodies to the voltage-gated potassium channel or calcium channel 
[37]. Antibodies to the GABA-A receptor would fit with a theoretical GABA-ergic 
hypofunction in catatonia [18].

18.5  Catatonia Variants

Encephalitis lethargica, as vividly described in Oliver Sacks’ memoir Awakenings, 
was a cryptogenic disorder that frequently presented with catatonia or had catatonia 
as a sequela [38]. Although encephalitis lethargica has often been linked to pan-
demic influenza, it appeared before the 1918 outbreak, no contemporary investiga-
tors found evidence of an infective cause and there was no convincing contagion [39]. 
Moreover, modern investigators have found no viral antigens present, while benefit 
has been noted from immunotherapies [40]. A post-infective immune response has 
been proposed [41] and one study found that of twenty contemporary paediatric 

Table 18.3 Autoimmune causes of catatonia. Rogers JP, Pollak TA, Blackman G, David 
AS. Catatonia and the immune system: a review. Lancet Psychiatry 6(7):620–630. Copyright © 
Elsevier 2019. doi: https://doi.org/10.1016/S2215- 0366(19)30190- 7

Category of autoimmunity n Specific disorder n

Autoimmune thyroid 
disorders

13 Hyperthyroid state 3
Hypothyroid state 4
Euthyroid state with thyroid antibodies 4
Thyroid state not stated 2

Autoimmune encephalitis 259 GABA-AR encephalitis 2
NMDAR encephalitis 249
Progressive encephalomyelitis with rigidity and 
myoclonus (PERM)

1

‘Voltage-gated potassium channel (VGKC) 
complex’ encephalitis

4

Unspecified 3
Demyelinating disorders 13 Acute disseminated encephalomyelitis 2

Multiple sclerosis 10
Neuromyelitis optica 1

Pernicious anaemia 4 Pernicious anaemia 4
Systemic lupus 
erythematosus (SLE) and 
related

53 Antiphospholipid syndrome 2
SLE 51

Other 4 Addison’s disease 1
Crohn’s disease 1
MOG antibody disease 1
Paediatric autoimmune neuropsychiatric disorders 
associated with streptococcal infections (PANDAS)

1

Total 346
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patients with CSF samples available, ten tested positive for antibodies to the NMDA 
receptor, four of whom had convincing catatonic features [40]. Another two cases of 
NMDAR positivity have since been reported in encephalitis lethargica, while sev-
eral children have been found to have antibodies to the dopamine D2 receptor [42, 
43]. This suggests it is possible that a number of the cases formerly identified as 
encephalitis lethargica may be catatonia due to autoimmune encephalitis.

Neuroleptic malignant syndrome is a more recent disorder, recognised since the 
advent of dopamine D2 receptor antagonists in the 1960s. It is characterised by 
rigidity, altered mental status, hyperthermia and autonomic instability [44]. Some 
have suggested that neuroleptic malignant syndrome represents a form of 
medication- induced catatonia; certainly, the syndrome is more common in patients 
who have already shown signs of catatonia [45, 46]. Interestingly, it appears to be 
common in patients with NMDAR encephalitis [47]. Raised creatine kinase is a 
recognised hallmark of neuroleptic malignant syndrome, [48] but it has also been 
noted that raised counts of leukocytes and platelets are common, suggesting that an 
inflammatory component may be central [49, 50]. These studies also highlight low 
serum iron in neuroleptic malignant syndrome and – since iron is a negative acute 
phase marker – use this to point to further evidence of immune activation.

18.6  Laboratory Markers in Catatonia

Low serum iron is also the most commonly reported laboratory finding in catatonia. 
This was first hypothesised based on the similarity between NMS and catatonia, 
given the ferropenia present in NMS. A small initial study found low serum iron in 
three of twelve catatonic episodes, occurring in eleven patients [51]. In two of these 
episodes, the patient developed NMS, suggesting that low serum iron may identify a 
subgroup of catatonic patients at high risk of NMS. Lee performed a larger study, 
which sought to replicate this with 39 patients with catatonia admitted to a psychiat-
ric intensive care unit, 17 of whom developed low serum iron [52]. Of the ferropenic 
patients in this study, 7 developed malignant catatonia, of whom 5 developed 
NMS. There was an association between low serum iron and non-response to benzo-
diazepines. None of the patients with normal serum iron developed malignant cata-
tonia or NMS. Ferropenia appears to be relatively specific to catatonia, since one 
study found rates of ferropenia to be 35% in catatonia and only 7.5% in non- catatonic 
patients with psychosis [53]. A more recent study found a trend towards low serum 
iron in catatonia, but no statistically significant difference when compared to a psy-
chiatric control group, although the sample size was smaller than the Peralta study 
[54]. This ferropenia is, in our view, unlikely to represent an acute phase response 
due to a primary muscular pathology as part of developing NMS. This is because, 
firstly, many of the patients with low serum iron in these studies did not in fact 
develop NMS and some had not been treated with antipsychotics. Secondly, in one 
case where the authors managed to perform serial venipuncture, ferropenia predated 
the rise in CPK in what was thought to be developing NMS by four days [55].
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The place of ferropenia in the acute phase response is well established. It is 
caused by the up-regulation of ferritin and hepcidin production by the actions of 
TNF-α and IL-1 on the liver, resulting in reduced absorption and increased binding 
of free iron [56]. Its adaptive function appears to be the deprivation of pathogens of 
the iron they require for growth [57]. In catatonia – or a subgroup of catatonia, it 
may be a maladaptive response to extreme stress, mediated by the acute phase 
response.

One study also demonstrated raised creatine kinase in catatonia compared to 
healthy controls, [58] but another group did not replicate this [54] and it is question-
able as to whether any rise in creatine kinase is a consequence of rigidity rather than 
part of the pathogenesis. D-dimer and hsCRP have also been found to be raised 
compared to other psychiatric patients in single studies, [54, 59] but these findings 
have not been repeated.

18.7  Conclusions

Catatonia has a heterogeneous presentation with an extremely diverse list of possi-
ble aetiological factors. It is therefore likely that the pathophysiology will not be 
uniform, although the existence of effective treatments suggests there may exist a 
final common pathway.

Given the crude measurements available in studies to date for activation of the 
innate immune system, there does not appear to be evidence that all cases of catato-
nia demonstrate systemic inflammation. The findings of low iron, raised D-dimer 
and raised hsCRP, however, do hold out the possibility that a sub-group of patients 
with catatonia have an inflammatory pathology.

More promising is the evidence for specific autoimmune causes of catatonia, 
notably autoimmune encephalitis and systemic lupus erythematosus. Catatonic 
features in NMDA receptor encephalitis have been systematically studied, but 
it is possible that other forms of autoimmune encephalitis also feature catatonia 
prominently.

18.8  Future Directions

Synthesis of existing studies of laboratory markers in catatonia into a meta-analysis 
would clarify some of the ambiguities in the current literature. It will also be neces-
sary to conduct larger studies where patients with catatonia are compared against 
non-catatonic psychiatric patients in terms of inflammatory markers. Priority should 
be given to research that examines more subtle indicators for activation of the 
humoral immune system (such as cytokines). Moreover, forms of autoimmune 
encephalitis other than NMDARE need to be systematically studied for the presence 
of catatonic features, while conversely patients with catatonia should be screened 
for known encephalitis-causing antibodies.

18 Immune Dysfunction and Catatonia
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19Suicide as a Systemic Disorder

Aiste Lengvenyte, Emilie Olié, and Philippe Courtet

19.1  Introduction

Suicide, broadly defined as the intentional termination of one’s own life, is a com-
plex phenomenon, which affects human societies worldwide. Despite increasing 
efforts to reduce this burden, suicide rates remain as high as ever, and in some 
Western countries are even growing. Suicide transcends common disciplines. It is 
driven by intricate interactions between genetic predisposition and environment. 
Accumulating evidence indicates that the alteration of the immune system is of 
paramount importance to the pathophysiology of suicidal behaviours (SB) [1]. In 
this chapter, we will overview the current evidence for the role of inflammation in 
the pathway from health to suicide.

19.2  Suicide and Inflammation: Epidemiological 
and Clinical Findings

Recent analyses of large-scale registry data contributed significantly to the increas-
ing appreciation of the innate immunity involvement in the pathway from health to 
suicide. Data from Danish registries showed the dose-dependent long-term increase 
in SB risk following infections treated with anti-infective agents for up to 5 years. 
Moreover, the risk was the highest for individuals treated with broad-spectrum anti-
biotics and requiring hospitalization [2]. Another large-scale sero-epidemiological 
case-control study from Denmark also showed a specific association between 
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herpes simplex virus type 1 infection and suicide attempt or suicide in an otherwise 
healthy population [3].

Accordingly, medical conditions whose core feature is immune system dysfunc-
tion, such as systemic lupus erythematosus [4], multiple sclerosis [5], and asthma 
[6] have also been consistently associated with SB. An inflammatory response to 
increased air pollen counts in sensitized individuals could also serve as a putative 
explanation for increased suicide occurrence in spring season [7]. Indeed, intranasal 
corticosteroids have been shown to reduce suicide risk [8]. Though allergic condi-
tions consist of various immune responses in the periphery with unknown effects on 
the central nervous system (CNS), supporting evidence for the peripheral inflamma-
tion and CNS function has been provided by tumour necrosis factor (TNF)-α inhibi-
tors trials. Apart for some studies demonstrating the causal relationship between the 
induced inflammation and subsequent onset of depression [9], suicidal ideation and 
attempts have also been documented in previously psychiatrically healthy patients 
with multiple sclerosis following treatment with interferon-β [10]. Seasonal changes 
in vitamin D, which contributes to immune function via T-helper system promotion, 
concentration might also add to this connection, as deficiency in vitamin D has been 
associated with both higher levels of inflammatory cytokines in blood and suicide 
attempt history [11].

Substantial evidence also links the presence of infectious agents in the CNS with 
SB risk, very likely at least partly via increased neuroinflammation. Studies have 
consistently confirmed the association between seropositivity to Toxoplasma gondii 
and cytomegalovirus, common conditions in worldwide populations causing chronic 
low-grade inflammation and increased SB risk [12].

19.3  Peripheral Inflammation Markers and Suicide

A mounting number of studies detected inflammatory marker changes in the blood 
of suicidal subjects. Suicide attempt history in psychiatric patients has been related 
to higher neutrophil to lymphocyte ratio [13]. Furthermore, meta-analytical evi-
dence demonstrated increased interleukin (IL)-1β and IL-6 in in-vivo blood levels 
and decreased in-vitro IL-2 levels in suicidal patients compared to both non-suicidal 
patients and healthy controls [14]. Another meta-analysis confirmed lower IL-2 
plasma levels in suicidal patients, also adding that these subjects had lower IL-4 and 
higher TNF-β plasma levels than healthy controls, but not psychiatric patients [15].

Contrary to cytokines, C-reactive protein (CRP) has a sufficiently long half-life 
and is widely measured in everyday clinical practice, supporting its applicability in 
clinical research. A study that measured fasting high sensitivity CRP (hs-CRP) in 
depressed patients found a direct dose-dependent relationship between hs-CRP and 
suicide attempt history, and low-grade inflammation (hs-CRP > 3 mg/L) compared 
to those with low levels of hs-CRP (<1 mg/L), even after exclusion of patients with 
chronic diseases and high CRP levels (>10 mg/L). Meanwhile, suicidal ideation was 
not related to hs-CRP levels in this study, suggesting that inflammatory changes 
may serve as a trait, but not state, markers for suicidal vulnerability in depressed 
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patients [16]. Accordingly, two recent studies with bipolar disorder and unipolar 
depression patients reported a positive link between high serum CRP levels 
(>3 mg/L) and suicide attempt history compared to those with low levels of CRP 
[17, 18], though the study in depressed people found that the existence of physical 
illness could explain this relationship [18]. A study in youth observed distinct 
inflammatory profiles in suicide attempters compared to suicide ideators and healthy 
controls, as suicide attempters had higher CRP, TNF-α mRNA, and lower glucocor-
ticoid receptor mRNA levels [19]. In a study of women with depression and anxiety 
diagnoses, the biological profile of patients assessed to be at increased suicide risk, 
the biological cluster containing increased levels of IL-6, lymphocytes, monocytes, 
white blood cell count, and polymorphonuclear leukocyte count significantly 
impacted suicide risk, while the cytokine IL-8 was independently and negatively 
associated with increased suicide risk [20].

19.4  From Systemic Inflammation to Central Nervous 
System Changes

Several lines of evidence converge on the link between peripheral and central 
inflammation and its effects on brain structure and function. Possibly due to their 
short half-life, cytokine levels in the periphery do not reflect their levels in the 
CNS. Peripheral and central inflammation are nevertheless tightly linked. In a study 
with depressed patients, plasma CRP levels were related to cerebrospinal fluid 
(CSF) CRP levels, which, in turn, were linked to CSF cytokine receptors [21]. 
Different mechanisms have been proposed to link immune system and brain func-
tion changes that can mediate suicidal behaviours. Firstly, systemic inflammation 
and neuroinflammation cause blood-brain barrier (BBB) lesions, including changes 
of BBB permeability [22]. An increase in blood-brain barrier (BBB) permeability 
impairs synaptic transmission and neuronal functioning [23]. Interestingly, changes 
in blood levels of S100B, a protein biomarker of BBB permeability, were found in 
adolescents with suicidal ideation in comparison to healthy controls [24]. Altogether, 
it is hypothesized that BBB permeability may have an impact on the communication 
between peripheral inflammation and the brain [25], and may play a role in suicidal 
physiopathology.

Systemic inflammation is also proposed to affect the body’s interoceptive sys-
tems. Following the immune activation, circulating inflammatory mediators activate 
visceral autonomic afferents, humoral, and cellular interoceptive pathways in paral-
lel that then communicate the changes in immune state to the brain. When inflam-
mation is severe, chronic, occurs during critical developmental period, or on a 
background of other chronic brain exposures, prolonged activation of interoceptive 
pathways can precipitate long-standing maladaptive neurobiological and behav-
ioural changes [26]. Systemic inflammation has been demonstrated to alter the 
microstructure of the insular cortex, which is implicated in representing internal 
physiologic states including inflammation, also linking it to subjective fatigue [27]. 
Moreover, in accordance with the stress-diathesis model of suicide, interoceptive 
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pathways activation has been linked to the stress sensitization. For example, direct 
monocyte trafficking to brain, a cellular interoceptive pathway, increases signifi-
cantly following severe stress, and possibly serves as a mechanism for amplifying 
behavioural stress responses when stress is repetitive or prolonged [28]. Self- 
reported interoceptive deficits, or the inability to effectively and accurately monitor 
the physiological state of the body, have been linked to both suicidal ideation and 
suicide attempts [29, 30], and are more pronounced in the extreme end of the sui-
cidal continuum [30]. Indeed, in a large multiple sample study, self-reported intero-
ceptive deficits in adult participants were associated with suicide attempts history, 
but not suicidal ideation [31].

19.5  Central Inflammation and Suicide

While normal brain function requires low levels of inflammatory cytokines, when 
inflammation surpasses brain adaptive capacity, elevated cytokine levels result in 
anatomical and functional damage, entailing maladaptive neurobiological and 
behavioural changes. Cerebrospinal fluid (CSF) levels of IL-6 are increased in sui-
cide attempters regardless of their psychiatric diagnosis [32], and IL-1β and IL-6 
levels in both CSF and post-mortem brain samples have been linked to suicidality in 
patients with psychiatric disorders [14]. Consistently, a human post-mortem study 
found a significant increase in the complement system, which plays a critical role in 
inflammation, component 3 expression in the prefrontal cortex of depressed suicide 
subjects [33]. Another putative neuroinflammation marker found in patients with 
suicidal ideation, the translocator protein (TSPO), reflecting microglial activation. 
A post-hoc analysis of a small sample of depressed patients demonstrated that 
TSPO was increased in individuals with suicidal thoughts compared to those with-
out suicidal thoughts, who were not different from healthy controls, most robustly 
in the anterior cingulate cortex and insula [34].

Compelling evidence comes from studies examining the relationship between 
conditions directly causing neuroinflammation and glial activation in the brain, such 
as traumatic brain injury [35] and concussion [36], and SB. Microglia and macro-
phages belong to the innate immune system and are highly reactive to alterations in 
homeostasis. Upon the recognition of environmental stressors, they morph into 
active phenotypes and induce the transcription of the inflammasome [37]. In the 
face of repetitive environmental challenges, microglia and macrophages are primed 
for amplified and persistent inflammatory responses. This chronic neuroinflamma-
tion might increase susceptibility to new stressors, serving as a neurobiological 
mediator within the stress-diathesis model of suicide. Indeed, individuals with trau-
matic brain injury history have been demonstrated to have significantly higher 
TNF-α levels than healthy controls, which were associated both with disinhibition 
and suicidal ideation up to 12 months after the injury [38]. Several post-mortem 
studies found higher microglia priming, demonstrated by overactive de- ramification, 
in the anterior cingulate cortex of suicide descendants compared to subjects that 
died from other causes [39, 40].
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A study has demonstrated that, within the default mode network, which is crucial 
for the self-referential processes, IL-6 covaried positively with the connectivity of 
the subgenual anterior cingulate cortex and negatively with a region of the dorsal 
medial prefrontal cortex [41]. Increased default mode network activity has been 
observed in suicide attempters, especially in recent attempters [42]. Salience net-
work, which is involved in coordinating the activation of executive control and 
default mode networks coherence, has been demonstrated to decrease in functional 
connectivity in response to increased plasma IL-6 and TNF-α concentration [43], 
and reduction in suicidal ideation is associated with increased salience network 
coherence [44].

Genetic and epigenetic changes have been proposed to take part in this complex 
relationship between inflammation and SB.  A family-based analysis revealed a 
genetic overlap between IL-8 and risk for suicide attempt in females [45]. Post- 
mortem studies demonstrated increased mRNA and protein levels of IL-1β, IL-6, 
TNF-α, lymphotoxin A, and certain Toll-like receptors, as well as decreased anti- 
inflammatory cytokine IL-10, and IL-1 receptor antagonist levels in the prefrontal 
cortex of depressed individuals who died by suicide compared with controls [46, 
47]. In accordance, a study that used two different cohorts of brain samples revealed 
consistently increased TNF-α expression in the dorsolateral prefrontal cortex of all 
individuals who died by suicide regardless of psychiatric diagnosis [48].

19.6  Kynurenine Pathway

A growing body of evidence suggests that a putative pathway linking inflammation 
and SB is the dysregulation of the kynurenine pathway of tryptophan metabolism. 
Under normal circumstances, around 90% of tryptophan is metabolized via this 
pathway, raising the levels of cellular energy, while a fraction of tryptophan is con-
verted to 5-HT and, subsequently, melatonin. In the brain, where tryptophan is 
transported via the BBB, the kynurenine pathway produces several neuroactive 
compounds, of which quinolinic acid and kynurenic acid are of particular impor-
tance. Increased levels of pro-inflammatory cytokines due to the inflammation 
induce the kynurenine pathway, preferentially generating cellular energy, in disad-
vantage of 5-HT production [49]. Chronic excess of pro-inflammatory cytokines 
continually up-regulates the expression of the enzymes that launch the kynurenine 
pathway hepatic tryptophan-2,3-dioxygenase (TDO) and extrahepatic 
indoleamine- 2,3-dioxygenase (IDO), while in the brain-activated microglia and 
infiltrating monocytes and macrophages convert kynurenine into quinolinic acid. 
Quinolinic acid, synthesized mainly by activated microglia and brain-infiltrating 
macrophages, selectively agonizes N-methyl-D-aspartate (NMDA) receptors, inhib-
its glutamate uptake by astrocytes, and stimulates glutamate release, resulting in 
decreased brain-derived neurotrophic factor (BDNF) expression and ecotoxicity 
[50]. Moreover, it has pro-inflammatory and immunoregulatory properties. 
Meanwhile, astrocytes express the enzyme kynurenine aminotransferase essential 
to produce kynurenic acid, which, in contrast to quinolinic acid, exerts 
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neuroprotective properties via antagonism of NMDA and cholinergic α7 nicotinic 
receptors [51]. Preclinical evidence shows that chronic mild stress leads to increased 
IDO expression and increased levels of quinolinic acid in rats. Interestingly, antide-
pressants restored these effects [52].

Plasma level of kynurenine, the first metabolite produced along the kynurenine 
pathway, has been reported to be significantly elevated in depressed suicide attempt-
ers compared to non-suicidal patients [53]. Another study found a net decrease in 
plasma tryptophan levels and an increase in kynurenine/tryptophan ratio in suicidal 
adolescents with major depressive disorder, compared to non-suicidal individuals 
with major depressive disorder and healthy controls. Moreover, the kynurenine/
tryptophan ratio was correlated with the severity of suicidal ideation [54]. Quinolinic 
acid levels in CSF have been demonstrated to be two to three times in suicide 
attempters compared to controls [55]. Moreover, in accordance with the inflamma-
tory hypothesis, they positively correlated with IL-6 levels in CSF. Notably, quino-
linic acid levels, though decreasing, remained increased at almost 2 years after the 
suicide attempt, and the magnitude of suicidal symptoms during the follow-up was 
related to fluctuations in cytokines and kynurenic acid, with direct relationship with 
the former and inverse with the latter, showing sustained dysregulation of the 
tryptophan- kynurenine pathway [56]. Post-mortem study demonstrated increased 
counts of quinolinic acid-reactive microglia cells in the subgenual anterior cingulate 
cortex and anterior midcingulate cortex in depressed suicide completers [57]. 
Moreover, the deficient activity of one kynurenine pathway enzyme has been linked 
to increased suicidal vulnerability [58]. Accordingly, a post-mortem study has dem-
onstrated decreased 5-HT transporter and increased 5-HT1A and 5-HT2A binding 
in the neocortex of depressed suicide victims compared to healthy controls [59], 
suggestive of an adaptive response to low 5-HT availability in the brain, which 
could result from the kynurenine pathway hyperactivation. Involvement of the kyn-
urenine pathway in the pathophysiology of suicide might also explain the specific 
rapid anti-suicidal effect of ketamine, an NMDA-antagonist [60].

19.7  Inflammation as a Mediator Between Stress 
and Suicidal Behaviour

Stress, broadly referred to as the disruption of homeostatic balance by a stressor has 
been proposed to play a crucial role in increased SB susceptibility. Glucocorticoids, 
the end-products of the stress-response pathway, execute rapid anti-inflammatory 
action via a plethora of mechanisms, such as altered gene expression of pro- 
inflammatory cytokines [61], and protective action on the BBB [62]. Notably, glu-
cocorticoids have a direct action on the brain, as their receptors are expressed by 
microglia [63]. However, this tight relationship between the stress-immune axes is 
highly susceptible to dysfunction, and excessive glucocorticoid release can contrib-
ute to increased inflammation by stimulating the release of IL-1β from microglia, 
which further contributes to activation of microglia and recruitment of monocytes 
into the brain.
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Glucocorticoids and peripheral catecholamines facilitate inflammatory responses 
to future stimuli by stimulating monocytes to leave the bone marrow, down- 
regulating inhibitory receptors on microglia, and priming inflammatory responses 
mediated by peripheral monocytes or macrophages [64]. Pre-clinical studies show 
that stressors significantly increase microglial reactivity in the brains of experimen-
tal rodent models, which then contributes to altered behavioural responses [65]. 
Pro-inflammatory stress effects are also seen in clinical populations, as stress sig-
nificantly increases the levels of circulating pro-inflammatory cytokines [66], pos-
sibly contributing to increased vulnerability when facing life challenges. Conversely, 
baseline peripheral inflammation modifies the prefrontal activity during social 
stress in patients having a history of depression but independently of suicidal sta-
tus [67].

Inflammatory immune system dysregulation has also been proposed to act as a 
biological mediator linking SB and early life adversity. Solid evidence proves that 
early life adversity increases SB risk [68]. Early-life exposure to stress can trigger 
dysfunctional immune reprogramming, altering brain development, and increasing 
reactivity to stressors later in life. Pro-inflammatory state in adults, demonstrated by 
increased levels of such peripheral inflammation markers like CRP, IL-6, TNF-α 
[69], and soluble urokinase plasminogen activator receptor [70], has been consis-
tently linked to early life adversity history. In accordance with the stress-diathesis 
model, unfavourable childhood environment has been associated with larger IL-6 
stress responses in adulthood [71]. Increased levels of pro-inflammatory cytokines 
in depressed adolescent subjects with a childhood trauma history have been linked 
to inhibitory control deficits [72], behaviourally translating to impulsivity, which is 
linked to suicidality [73]. Interestingly, lithium, a proven anti-suicidal agent, is an 
inhibitor of the glycogen synthase kinase-3, which is activated in the brain by stress 
and promotes inflammation, as well as aggressive and depression-like behaviours in 
rodents [74].

19.8  Inflammation, Intermediate Phenotypes and Suicide

The increasing interest in the dimensional approach has led to a better understand-
ing of certain behavioural dimensions that are implicated in suicidality. Anhedonia, 
a transdiagnostic positive valence symptom dimension, defined as the loss of plea-
sure or interest in previously rewarding stimuli, is independently related to increased 
suicidal ideation risk [75]. Convergent evidence suggests that inflammatory activa-
tion in response to physical, psychological or immunological stress disrupts meso-
limbic reward functioning by interfering with dopamine synthesis, or via 
kynurenine-induced oxidative stress [76]. In animal models, chronic social stress 
led to immune activation and reduced the functioning of the ventral tegmental area- 
nucleus accumbens dopaminergic pathway, resulting in reduced reward-directed 
behaviours [77]. In humans, inflammation has been repeatedly linked to anhedonia 
[78] and related brain changes, such as the activation of the posterior cingulate cor-
tex, prefrontal cortex, and basal ganglia regions, during reward processing [79]. 
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Both increased glutamate levels in the basal ganglia and dorsal anterior cingulate 
cortex and anhedonia have been noted in depressed patients with serum CRP levels 
of 3 mg/L or higher, relative to those with CRP < 3 mg/L [80]. Another study identi-
fied that patients presenting a combination of elevated plasma CRP, basal ganglia 
glutamate levels, and greater severity of anhedonia also demonstrated lower regional 
homogeneity and impaired network integrity in the brain, supporting the link 
between peripheral inflammation, increased glutamate toxicity, and altered brain 
functionality [81]. Inflammation-induced neural responses to reward may provide 
insight into the sex gaps in suicide. For example, a functional magnetic resonance 
study that used an experimental inflammatory challenge found that endotoxin led to 
a reduced reward-related ventral striatum activity in anticipation of reward only in 
female participants [82]. Interestingly, anhedonia has also been linked to the ket-
amine’s anti-suicidal effect [83].

Another intermediate phenotype, possibly linking inflammation and SB, is 
impulsivity. It has been linked to SB, especially the recent ones [73]. Increased 
anger and hostility have been observed in patients with hepatitis C that underwent 
IFN-α treatment [84]. In a sample with psychiatric inpatients, admitted because of 
suicide attempt or suicidal ideation, and healthy controls, TNF-α mRNA was asso-
ciated with impulsivity and hopelessness [85]. Trait aggression and impulsivity 
have been proposed to mediate the relationship between T.Gondii infection and SB 
[86]. However, while some studies link immune system dysfunction to maladaptive 
decision-making patterns, characterized by impulsivity, present focus, and inability 
to delay gratification that can result in SB [87], other studies suggested that inflam-
matory profile and impulsivity both increase SB risk independently [88].

19.9  Conclusion

The current suicide prevention, prediction, and treatment strategies, vastly based on 
heterogenous categorical constructs of mental disorders, are both overwhelmingly 
unspecific and unsatisfactory in their outcomes. In light of strengthening position of 
dimensional approach to mental disorders in medicine, reflected by the rise of such 
frameworks as the Research Domain Criteria, inflammation may be regarded as a 
transdiagnostic phenomenon, conferring to increased suicide risk. As described in 
this chapter, inflammatory changes are the common denominator in suicidal behav-
iours occurring throughout a range of ailments of varying severity. Peripherally, 
increased cytokines and CRP levels are detected in suicide attempters and com-
pleters, while microglia activation and kynurenine pathway activation seem to be 
involved centrally. Multiple biological bodily systems are implicated in this intri-
cate relationship, spanning from subtle molecular to overt neuroanatomical altera-
tions. Addressing the inflammatory pathways is a viable way to complement clinical 
and research practices by both serving as the heuristic in the assessment and inter-
vention in suicidal behaviour risk, stratifying intervention options for susceptible 
individuals, and facilitating the development of novel specific therapeutic targets in 
suicide.
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20.1  Introduction

Psychiatric disorders are frequent in the general population, with an estimated life-
time prevalence of 30% [1]. Generally characterized by symptoms of severe inten-
sity and recurrent/chronic course, they substantially impact the patient’s daily 
functioning and quality of life and are responsible for life-years lost due to prema-
ture deaths, including suicide. Their socioeconomic repercussions are high, with 
substantial indirect costs, primarily related to the high rate of workplace absentee-
ism and loss of productivity at work, as well as direct medical costs mainly attribut-
able to medical consultations, medications, and hospital admission. Based on data 
from the Global Burden of Disease Study, major depression is the most common 
mental disorder, representing one of the top leading causes of years lived with dis-
ability (YLDs) [2, 3].

Over the last five decades, significant advances in the development of pharma-
cological strategies have modified the poor prognosis of psychiatric diseases, nota-
bly in major depression. Controlled research has provided high-level evidence for 
the efficacy of a large panel of medications sharing common mechanisms of action 
primarily targeting monoamine systems in the management of mental disorders. 
However, a significant number of psychiatric patients still fail to respond success-
fully to these pharmacological treatments, experiencing insufficient clinical 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-71229-7_20&domain=pdf
https://doi.org/10.1007/978-3-030-71229-7_20#DOI
mailto:bruno.aouizerate@u-bordeaux.fr
mailto:sylvie.vancassel@inrae.fr
mailto:nathalie.castanon@inrae.fr
mailto:lucile.capuron@inrae.fr


336

improvement after several weeks or months of administration. Side effects may 
also occur, therefore limiting the gradually increasing dosage regimen classically 
recommended until optimal therapeutic response is obtained. These issues high-
light the necessity to improve current knowledge on the biological determinants of 
psychiatric diseases. Such a scientific approach is expected to ensure the promo-
tion and use of innovative therapeutic alternatives that can be particularly helpful 
in psychiatric patients who are unresponsive to conventional treatments. This 
implies a better phenotyping of patients in order to match specific clinical profiles 
to biomarkers in the perspective to propose more adapted treatments targeting the 
biological substrates intimately related to clinical symptoms. This research strat-
egy is in line with the Research Domain Criteria (RDoC) project introducing a 
conceptual and methodological breakthrough in mental health by emphasizing the 
need for a “biosignature” of clinical symptomatology enabling to define distinct 
and homogenous patient subgroups so as to improve therapeutic management [4, 
5]. In this context, a growing attention has been paid to the critical role of the 
immune system in the emergence of neuropsychiatric symptoms with the aim of 
establishing close relationships between identified inflammatory pathways and key 
clinical symptom dimensions for the further development of appropriate and indi-
vidualized therapies.

20.1.1  The Role of Inflammation in the Development 
of Neuropsychiatric Symptom Dimensions

Compelling evidence for a role of inflammation in the development of neuro-
psychiatric symptoms comes from preclinical and clinical findings indicating 
that treatment with inflammatory agents, including proinflammatory cytokines 
and endotoxins, induces behavioral alterations that resemble symptoms of major 
depression [6, 7]. The model of interferon (IFN)-alpha-induced depression in 
clinical settings has contributed significantly to demonstrate the causal role of 
cytokines in the pathophysiology of major depression in vulnerable subjects [7, 
8]. In addition, several clinical observations have indicated that chronic inflam-
matory conditions, such as rheumatoid arthritis, ankylosing spondylitis, systemic 
lupus erythematosus, obesity, diabetes, or cardiovascular diseases, are frequently 
characterized by depressive symptoms that can be relieved by pharmacologi-
cal anti-inflammatory or anticytokine interventions [7, 9]. Similarly, basal and 
stimulated-levels of inflammatory markers, including the acute phase protein, 
C-reactive protein (CRP), or the proinflammatory cytokine, Interleukin (IL)-6, 
have been associated with an increased risk for the development and persistence 
of depressive symptoms [10–15]. Four recently published meta-analyses based 
on 20 to 80 studies examining peripheral cytokine profile reported concordant 
results, with circulating concentrations of the proinflammatory cytokines IL-6 
and Tumor Necrosis Factor (TNF)-alpha found to be higher in depressed subjects 
[16–19]. Increased levels of IL-6 were also found in the cerebrospinal fluid (CSF) 
of depressed patients [20].
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Strong relationships have been established between markers of inflammation and 
the clinical severity of neuropsychiatric symptoms. Accordingly, peripheral concen-
trations of high-sensitive (hs) CRP were found to correlate with the intensity of 
depressive manifestations [21–25]. Interestingly, correlations were the strongest 
with the dimensions of anhedonia, loss of interest, apparent sadness, cognitive dis-
turbances and suicidality [22]. Similarly, higher levels of IL-6 were associated with 
more severe symptoms of anhedonia [26], slowness of thought and movement [27], 
and cognitive impairment on sustained attention in depressed patients [28]. In large 
cohort studies of nonpathological populations, relationships between hsCRP and 
symptom dimensions were also established, but rather with nonspecific symptoms 
including fatigue, reduced appetite and sleep alterations [29].

Semiological, temporal, and clinical specificities were reported regarding the 
relationships between systemic inflammation and neuropsychiatric dimensions, 
allowing deconstructing inflammation-driven symptom dimensions based on their 
phenomenological aspects. This relies on clinical evidence showing that IFN-alpha 
treatment in medically ill patients induced two distinct sets of symptoms that dif-
fered by their time-course and responsiveness to classical antidepressant treatment 
[7, 30]. The first set, characterized by symptoms of fatigue, lassitude, decreased 
motivation, motor slowing, and changes in appetite and sleep, developed at early 
stages of IFN-alpha treatment in almost every patient. In contrast, the second set of 
symptoms, which included sadness, depressed mood, anhedonia, and cognitive 
alteration, developed at later stages of treatment in a subpopulation of patients 
(30–50%), suggesting vulnerability factors. This second set of symptoms was pre-
vented by the prophylactic administration of paroxetine, a selective serotonin reup-
take inhibitor (SSRI), in contrast to the first set of symptoms that did not respond to 
the antidepressant [30]. The differences between these two symptom dimensions in 
terms of temporal dynamics and antidepressant responsiveness suggested that they 
likely involved distinct underlying neurobiological mechanisms. This assumption 
was supported by preclinical studies performed in rodent models of inflammation 
developed to experimentally dissociate sickness behavior (appearing early after the 
immune stimulation) from protracted depressive-like behaviors [31–34]. These 
models showed that depressive-like symptoms, assessed in behavioral tests model-
ing despair/resignation, anhedonia, anxiety, or measuring cognitive performance, 
were still present while sickness behavior and increased circulating cytokines levels 
were no longer detectable [32–38]. Further supporting the implication of distinct 
underlying mechanisms, neuroanatomical dissociations were found to correlate 
with the time-course dissociation between lipopolysaccharide (LPS)-induced sick-
ness and depressive-like behaviors in mice [31]. Since then, the use of preclinical 
models together with clinical studies helped decipher the mechanisms differentially 
involved in the development of inflammation-driven specific symptom dimensions 
and likely to be common to multiple neuropsychiatric conditions in which increased 
inflammatory markers have been reported. These studies particularly focused on the 
potential role of neurobiological systems known to be involved in mood regulation 
and targeted by inflammatory cytokines [6, 7, 39, 40].
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20.1.2  Mechanisms Differentially Involved in the Development 
of Inflammation-Induced Specific Symptom Dimensions

Among the mechanisms that are likely to underlie the association of inflammation 
with neuropsychiatric symptoms, one of the most relevant refers to the impact of 
inflammatory factors on neurotransmitter metabolism and function. Consistent with 
this notion, a large database substantiates the differential contribution of 
inflammation- induced alterations in monoamine and glutamate systems, respec-
tively (through effects on amino-acid metabolism and related enzymatic pathways) 
in the development of specific neuropsychiatric symptom dimensions.

20.1.2.1  Inflammation-Induced Alterations in Tryptophan 
Metabolism: Relevance to Serotonin/Glutamate Functions 
and Related Mood, Emotional and Cognitive Symptoms

Peripheral cytokines are able to impact serotonin (5-HT) and glutamate functions 
through the induction of the enzyme, indoleamine-2,3-dioxygenase (IDO). The 
activation of IDO by inflammatory factors leads to the transformation of tryptophan 
(TRP), the essential amino-acid precursor of 5-HT, in kynurenine (KYN) instead of 
5-HT, contributing presumably to 5-HT deficit. KYN is then converted into neuro-
toxic derivatives such as quinolinic acid in microglia at the expense of the neuropro-
tective compound kynurenic acid in astrocytes [7, 41, 42]. In line with this, treatment 
with IFN-alpha in medically ill patients was found to induce significant reductions 
in circulating levels of TRP together with increases in KYN and in the ratio of 
KYN/TRP, indicative of augmented IDO activity [43]. Interestingly, these altera-
tions correlated with depressive, anxious and cognitive symptoms [8, 43, 44]. 
Similar findings were reported in elderly subjects with elevated markers of inflam-
mation, where inflammation-associated TRP catabolism correlated with depressive 
symptoms including pessimistic thoughts, reduced appetite, sleep disturbances, and 
lassitude [45]. These findings were corroborated by the observation that an elevated 
KYN/TRP ratio was linked to depressive symptom severity in patients with masto-
cytosis [46] and by data showing that depressed patients exhibit increased KYN/
TRP ratio [47] together with lowered kynurenic acid/quinolinic acid ratio [48–50] 
correlating with severe anhedonia [48].

IDO-driven degradation of TRP along the KYN pathway leads to the production 
of neuroactive metabolites, including quinolinic acid, which exerts neurotoxic 
effects by stimulating glutamate transmission through activation of NMDA recep-
tors, elevation of glutamate release, and inhibition of glutamate reuptake by astro-
cytes [7, 41, 42]. Consistent with this, elevated CSF concentrations of KYN and 
quinolinic acid were reported in patients treated with IFN-alpha and were associ-
ated with increased depressive symptoms [51]. Similarly, a postmortem brain analy-
sis of depressed patients showed greater quinolinic acid-microglial cell 
immunoreactivity within both ventral and dorsal portions of anterior cingulate cor-
tex [52], known to be involved in the regulation of emotional processes [53, 54]. 
Besides, a recent study using magnetic resonance spectroscopy in IFN-alpha-treated 
patients indicated that treatment-induced increased glutamate levels in the dorsal 
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anterior cingulate cortex, which is intimately connected to basal ganglia, and is cor-
related with reduced motivation [55]. Similar findings were found in depressed 
patients who exhibited increased inflammation correlating with higher levels of glu-
tamate in the basal ganglia that were in turn associated with greater anhedonia and 
motor retardation [56].

Strong support for a role of inflammation-induced IDO activation and related 
modulation of 5-HT/glutamate functions in depressive symptoms was also pro-
vided by preclinical studies. Rodent models of inflammation have shown that IDO 
activation, which occurs after the induction of cytokine production in immune-
challenged animals [57, 58], coincides with the development of depressive-like 
symptoms [31, 34, 36, 37, 59, 60]. Concomitance between protracted brain IDO 
expression and depressive-like behaviors was also reported in aged mice [61, 62] 
and in medical conditions associated with chronic inflammation [63–67]. In addi-
tion, cytokine- induced IDO activation also paralleled the development of anxiety-
like behaviors and/or cognitive alterations in animals treated with cytokine 
inducers [38, 64, 68–70], as well as in rodent models of chronic inflammatory 
diseases [67, 71–74]. Importantly, pharmacological or genetic inhibition of IDO 
activation in these inflammatory conditions abolished the induction of emotional 
and cognitive alterations without impacting sickness behavior [36–38, 59, 64, 67, 
71–73], highlighting the causal role of IDO in the induction of these symptom 
dimensions.

While impaired 5-HT synthesis was initially thought to represent the main path-
way by which cytokine-induced IDO activation promotes behavioral alterations, the 
lack of detectable impact on 5-HT turnover reported in several preclinical studies 
weakened this hypothesis [59, 61, 70, 75]. Nevertheless, it is worth mentioning that 
these findings do not necessarily discard the involvement of inflammation-related 
alterations of 5-HT neurotransmission in associated depressive symptoms. In sup-
port of this, cytokines were shown to increase expression of the 5-HT transporter 
[76], a mechanism that may be responsible for worsened disruptions in 5-HT neu-
rotransmission contributing in turn to depressive symptoms. Mounting evidence 
rather supports the key role of neurotoxic KYN metabolites (e.g., quinolinic acid, 
3-hydroxykynurenine [3-HK]), in the development of inflammation-related depres-
sive symptoms [75, 77, 78]. In line with this, direct peripheral administration of 
KYN or 3-HK in rodents induces depressive-like behaviors, anxiety-like behaviors 
and/or cognitive impairments in a dose-dependent manner [38, 59, 75, 77, 79, 80]. 
In contrast, inhibition of the enzymes synthetizing the NMDA receptor agonist 
quinolinic acid [77, 78], or direct blockade of these glutamate receptors [81] abro-
gates cytokine-induced depressive-like behaviors. Interestingly, the efficiency of 
this effect was shown to differ according to symptoms, with behavioral changes 
modeling anhedonia being less impacted [77]. This agrees with a recent study 
reporting that inflammation-induced impairment of motivation-driven behaviors 
persists in IDO deficient mice [82]. While the dissociation between activation of the 
KYN pathway and specific depressive symptoms may rely on regional brain differ-
ences [75, 77, 78], it may also reflect the involvement of other metabolic pathways 
and/or neurotransmission systems.
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20.1.2.2  Inflammation-Induced Alterations in Tyrosine 
Metabolism: Relevance to Dopamine Function 
and Related Symptom Dimensions

In addition to their effects on IDO and related monoamine pathways, proinflamma-
tory cytokines are able to modulate the activity of GTP-cyclohydrolase I (GCH-I), 
a key enzyme for tetrahydrobiopterin (BH4) synthesis [83]. BH4 is an essential 
cofactor for aromatic amino acid hydroxylases, including phenylalanine hydroxy-
lase (PAH), tyrosine hydroxylase (TH), TRP-hydroxylase (TPH), and nitrite oxide 
synthases (NOS). It is then crucial for the synthesis of noradrenaline, dopamine 
(DA), 5-HT, and nitric oxide from their respective precursors, the essential amino 
acids tyrosine, TRP, and arginine [84–87]. BH4 synthesis results from the sequen-
tial action of three complementary enzymes, GCH-I, 6-pyruvoyl tetrahydrobiop-
terin synthase (PTPS), and sepiapterin reductase (SPR) [88]. In human, the induction 
of GCH-I in macrophages and monocytes is not relayed by the activation of PTPS 
under inflammatory challenge, leading to accumulation of neopterin, a peripheral 
early marker of immune activation, at the expense of BH4 [87, 89]. Moreover, pro-
inflammatory cytokines, such as IFN-gamma, trigger formation of large amounts of 
reactive oxygen species that can also destroy the oxidation-labile BH4 and then 
contribute to the substantial reductions in BH4 levels [90]. Consistent with this 
notion, elevated plasma levels of neopterin [43] together with reduced BH4, 
reflected in increased phenylalanine/tyrosine ratio [91], were reported in patients 
treated with IFN-alpha and in multiple inflammatory conditions [89].

Due to its crucial role as cofactor in the activity of TH and TPH, the oxidation 
and reduced production of BH4 during inflammatory conditions may lead to signifi-
cant disruptions in monoamine biosynthesis and neurotransmission [83, 89, 92]. In 
line with this, inflammatory cytokines have been shown to strongly affect DA and 
DA-relevant neurocircuitry [93–96]. Interestingly, IFN-alpha-induced reductions in 
BH4, as indicated by increased phenylalanine/tyrosine ratio, correlated with 
increased levels of systemic markers of inflammation together with reduced CSF 
levels of DA and its metabolite, homovanillic acid [91]. In the same study, the oxi-
dized form of BH4, BH2, was also increased in the CSF of IFN-alpha treated 
patients. Measurements of monoamine levels in murine models of partial deficien-
cies in BH4 have confirmed its important role in monoamine synthesis [97]. 
Accordingly, reduced levels of 5-HT and DA were described in the brain of hph-1 
mouse, which are genetically deficient for BH4 [98–102]. Interestingly, those mice 
exhibited anxiety and depressive-like behavior when compared to wild-type control 
mice [101]. Similarly, mice deficient in the SPR gene (Spr−/−), which catalyzes the 
final step of BH4 synthesis, displayed reductions in brain BH4 and monoamine 
levels, including DA and 5HT, together with disruption in brain maturation, severe 
growth retardation, and locomotor deficits at adulthood [103–105]. Interestingly, 
oral supplementation with tyrosine or BH4 and neurotransmitter precursors 
improved body weight and motor alterations, and restored phenylalanine metabo-
lism in these animals [103, 106].

Impairments in DA activity and related neurocircuitry have been repeatedly doc-
umented during inflammatory conditions. Inflammatory challenges (e.g., IFN-alpha 
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or endotoxin administration, typhoid vaccine) in clinical populations lead to signifi-
cant alterations in the activity of the basal ganglia and substantia nigra that correlate 
with symptoms of fatigue, reduced motivation, anhedonia, and psychomotor slow-
ing [94, 107–110]. Similarly, increased phenylalanine/tyrosine ratio was shown to 
correlate with reduced motivation, fatigue, and motor symptoms in elderly subjects 
with low-grade inflammation [45]. Moreover, dietary depletion of DA precursors, 
including phenylalanine and tyrosine, was found to decrease neural activation of the 
ventral striatum to hedonic reward [111], similar to that observed following admin-
istration of IFN-alpha or endotoxin [94, 107]. Interestingly, the phenylalanine/tyro-
sine ratio was shown to be lower in depressed patients who responded to 
electroconvulsive therapy [112] whereas reduced BH4 levels were found in post-
mortem brains of subjects with a history of severe depression [113, 114].

Animal studies have confirmed the role of inflammatory processes in the occur-
rence of alterations in DA function and neurocircuitry and their repercussions on the 
development of DA-related symptoms. Accordingly, nonhuman primates treated 
with IFN-alpha were found to exhibit lower D2/D3 DA receptor density and reduced 
striatum DA release in response to amphetamine that correlated with low motivation 
for food-related rewarding stimulus [115]. Interestingly, reduction in DA was 
restored by L-DOPA administration via reverse in vivo microdialysis, suggesting a 
specific effect of IFN-alpha treatment on impaired DA synthesis [116], consistent 
with the clinical findings documenting disrupted presynaptic DA function in IFN- 
alpha- treated patients [94]. In line with these data, studies in rodents have indicated 
that acute peripheral administration of TNF-alpha induces anhedonia and increases 
the catabolism of monoamines in the nucleus accumbens [117]. Similarly, treatment 
with IL1-beta or IL6 was found to reduce motivation for food in rats and to signifi-
cantly lower extracellular DA release in the nucleus accumbens at high dose of IL6 
[118, 119].

Administration of BH4 has been tested in depressed patients with contrasting 
results, inducing either improvement in depressive symptoms [120, 121] or no 
effect [122]. At the preclinical level, peripheral BH4 injection was found to increase 
hyper-locomotion induced by methamphetamine challenge in mice [123]. A prolo-
comotor effect of repeated BH4 administration was also reported in a rat model of 
neonatal serotoninergic lesion [124]. More recently, acute peripheral injection of 
BH4  in mice was shown to enhance amphetamine-stimulated DA release in the 
nucleus accumbens and to increase motivation [125]. However, it remains unclear 
whether BH4-mediated enhancement of DA release is due to an increase in DA 
synthesis or to a direct prorelease effect independently of its cofactor action on TH.

20.1.2.3  Inflammation-Induced Alterations in Brain Circuitry
Chronic inflammation has been linked to functional brain abnormalities in numer-
ous neuroimaging studies. In particular, inflammatory stimuli were found to disrupt 
frontal-subcortical loops, involving the anterior cingulate cortex and the basal gan-
glia. In medically ill patients, treatment with IFN-alpha was found to increase activ-
ity of the dorsal anterior cingulate cortex during an attention-demanding task. This 
activation was highly correlated with the number of errors made during the task in 
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IFN-alpha treated patients, albeit task performance of these patients was similar to 
that measured in control subjects [126]. The dorsal anterior cingulate cortex is 
highly implicated in error detection and conflict monitoring [127–130]. Accordingly, 
overactivation within this cortical area may reflect an aberrant error processing, pos-
sibly source of automatic negative thoughts as shown in patients with obsessive- 
compulsive disorders [126, 131–134]. Increased activity of the anterior cingulate 
cortex was also found to be part of the response to peer rejection and was considered 
a predictive marker of the development of depressive symptomatology [135, 136]. 
Interestingly, studies investigating social exclusion and associated negative affect in 
healthy subjects reported significant associations between greater activity in the 
dorsal anterior cingulate cortex and insula and increased peripheral concentrations 
of inflammatory markers in response to acute social stress [137]. The activity of the 
ventral anterior cingulate cortex, which is specifically involved in the regulation of 
emotional responses [127, 128] is also highly modulated by inflammation. 
Accordingly, acute inflammatory challenge (typhoid vaccination) in healthy sub-
jects was found to produce an inflammatory response that was associated with mood 
deterioration, which correlated with increased activity of the subgenual anterior cin-
gulate cortex during the processing and recognition of facial emotions [138].

The basal ganglia were found to represent privileged targets for inflammatory 
processes. Neuroimaging studies in patients treated with IFN-alpha have contrib-
uted to reveal changes in basal ganglia activity, notably in the striatum and globus 
pallidus, during the first weeks of treatment [108]. Interestingly, these brain altera-
tions were associated with the intensity of fatigue experienced by patients at early 
stages of treatment. In another study, lowered activation of the ventral striatum in 
response to monetary rewards was found to correlate with IFN-alpha- induced 
reduced motivation, depression, and fatigue [94]. Midbrain DA neurons projecting 
to the striatum have been extensively demonstrated to encode a reward prediction 
error rule and provide information about the predictability of reward, which is 
essential during reward-directed learning [139–141]. An error signal is therefore 
generated when differences are perceived between reward expectation and reality. 
Increases in plasma levels of IL-6 after acute stress in healthy volunteers were 
recently coupled to blunted reward prediction error signals within the ventral stria-
tum during reinforcement learning [142]. Interestingly, reduced prediction errors in 
the striatum and midbrain were documented in depressed patients and this reduction 
was inversely correlated with severity of anhedonia [143]. Increased levels of 
hsCRP were also found to be associated with decreased functional connectivity 
between the medial prefrontal cortex and ventral striatum, which in turn correlated 
with anhedonia and motor slowing in depressed subjects [96].

Because of their neurotoxic effects, IDO-related KYN derivatives, including 
quinolinic acid, may also contribute, at least in part, to structural brain abnormali-
ties. In support of this notion, a decreased kynurenic acid/quinolinic acid ratio, 
which correlated with severity of anhedonia [48], was found to be associated with 
reduced thickness of the pregenual cingulate cortex in a sample of depressed 
patients [49]. In line with this, elevated levels of hsCRP or IL-6 were linked to 
reduced volume of multiple brain regions, including the prefrontal cortex, 
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amygdala, striatum, and hippocampus [144–147], found to be involved in disrupted 
emotional behaviors and cognitive aspects mediating the expression of neuropsy-
chiatric symptoms [53, 148].

20.1.3  Towards the Promotion of a Phenotype-Guided Medicine

The discovery that inflammatory processes play a crucial role in the development of 
various neuropsychiatric symptom dimensions that are common to multiple psychi-
atric conditions places these processes as prime targets for the implementation of 
new therapeutic strategies. Inflammatory factors significantly impact the functional-
ity of two distinct enzymatic pathways, IDO and GCH-I, thereby contributing to 
monoamine deficits contrasting with the excessive production of compounds with 
neurotoxic properties related to overactivation of the glutamate system (Fig. 20.1). 
Disruptions in these pathways were found to lead to profound structural abnormali-
ties along with significant changes in the functional activity and connectivity of 
brain circuits regulating cognition, emotion, arousal, and motivational aspects, and 
encompassing key brain regions such as the anterior cingulate cortex, basal ganglia, 
amygdala, and hippocampus. Close relationships were established with specific 
clinical dimensions ranging from depressive symptoms (sadness, anhedonia, sui-
cidal thoughts) to cognitive (memory/attention/concentration deficit) and neuroveg-
etative symptoms (fatigue/anergia, abnormal sleep, psychomotor retardation). 
Noteworthy, the activation of GCH-I and IDO pathways by inflammatory processes, 
and the related alterations in monoamine and glutamate function, are not exclusive 
and may share common paths since both monoamines and glutamate are critically 
involved in basal ganglia function where they are highly interconnected [149–151]. 
In line with this, data obtained in clinical and preclinical models of IFN-alpha- 
induced neuropsychiatric symptoms indicate that inflammation-induced anhedonia 
relies on alterations in both DA and glutamate systems [56, 94, 115, 152].

This type of research is particularly relevant to the area of integrative and trans-
lational neurosciences interconnecting biomarkers, mainly referring to inflam-
matory mechanisms, executive function, emotional processing, reward, and 
behavior-related neurocircuitry, to particular clinical symptom domains. Increasing 
knowledge regarding immune-to-brain interactions is expected to facilitate the 
development and implementation of novel and innovative therapeutic interventions 
against inflammation targeting, at distinct levels of integration, mechanisms, pro-
cesses, and brain circuits underlying the expression of specific clinical profiles. This 
will help to prevent or interrupt the cascade of biological events associated with 
inflammation leading to psychiatric illnesses. Overall, this research approach is a 
necessary step for the promotion of a precision medicine as a medical procedure 
intending to better determine “which therapeutics for which patients” [4, 5, 153]. 
Precise characterization of clinical phenotypes based on the patient’s inflammatory 
profile should contribute to further guide decision toward adapted and personalized 
strategies in everyday practice, thereby enabling improvement in the poor treatment 
outcomes in Psychiatry.
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Fig. 20.1 Inflammation-induced alterations in indoleamine-2,3-dioxygenase (IDO) and GTP- 
cyclohydrolase 1 (GCH-I) pathways and associations with neuropsychiatric symptom dimensions. 
Inflammatory factors activate the enzymes IDO and GCH-I that are involved in the biosynthesis of 
serotonin, dopamine, and glutamate. Inflammation-induced IDO activation leads to the degrada-
tion of tryptophan, the essential amino acid precursor of serotonin, along the kynurenine pathway, 
contributing presumably to serotonin deficit. Kynurenine is further degraded in glutamatergic neu-
roactive compounds, including quinolinic acid that stimulates NMDA receptors (NMDA-R) and 
promotes oxidative stress. This pathway is believed to contribute to the development of 
inflammation- related mood and cognitive symptoms, including sadness, suicidal thoughts, cogni-
tive alterations, and anhedonia. The activation of GCH-I under inflammatory condition leads to the 
formation of neopterin to the detriment of tetrahydrobiopterin (BH4), an essential co-factor for 
phenylalanine hydroxylase (PAH)/tyrosine hydroxylase (TH), tryptophan hydroxylase (TPH), and 
nitric oxide synthases involved in the synthesis of serotonin, dopamine, and nitric oxide, respec-
tively. Inflammatory factors also trigger formation of high amounts of reactive oxygen species 
(ROS) that destroy the oxidation-labile BH4 and then amplify BH4 deficit. Inflammation-driven 
alterations in GCH-I/BH4 pathway were found to contribute to the development of fatigue, aner-
gia, reduced motivation, motor slowing, and anhedonia. Abbreviations: BH4 tetrahydrobiopterin, 
GCH-I GTP- cyclohydrolase I, 5-HTP 5-hydroxytryptophan, IDO indoleamine-2,3-dioxygenase, 
NMDA-R NMDA receptors, PAH phenylalanine hydroxylase, ROS reactive oxygen species, TH 
tyrosine hydroxylase, TPH tryptophan hydroxylase
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Autoimmune Psychosis

Karl Bechter

21.1  Introduction

Years ago the mild encephalitis (ME) hypothesis of severe mental disorders (SMDs), 
(especially relevant when presenting with psychotic syndromes of the affective or 
schizophrenia spectrum) was proposed [1]. ME was defined as a type of low-grade 
neuroinflammation that was not  diagnosed using  available clinical methods. 
Nevertheless it was thought to be the underlying cause of the observed psychiatric 
syndrome. The idea of ME hypothesis was based on findings in natural Bornavirus (a 
highly neurotropic virus) infection, including meningoencephalitis, on models of 
Bornavirus infection in animals, and especially on the findings about the prevalence 
of antibodies against Bornavirus in SMD cohorts and own clinical studies in 
Bornavirus seropositive SMD cohorts [2–4]. Based on the clinical studies including 
CSF investigations and on general considerations [5, 6], a Bornavirus infection- 
triggered autoimmune ME appeared a plausible concept and explanation of observed 
clinical syndromes in therapy-resistant patients of the schizophrenia and affective 
spectra and might justify rather aggressive immune modulating therapy. At that time, 
CSF filtration was a promising therapy, which was successfully used in the (typically 
infection-triggered) autoimmune neurological disorder Guillain-Barre- Syndrome 
(GBS) [7, 8]. Although CSF filtration was strikingly successful in about two-third of 
the overall few cases treated with this method (see below), the technical difficulties 
were considerable, and better alternative therapies in GBS were developed. 
Nevertheless, the case of successful CSF filtration in cases of SMDs supported the 
principal idea of undetected low-grade encephalitis prevailing in SMD cohorts. 
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Meanwhile, evidence supports the plausibility that low-grade neuroinflammation 
may be involved in the pathogenesis of SMDs, reflecting a relevant subgroup of 
unknown size [9–26]. However, the difficulty of defining the exact type of the actual 
underlying pathological process in the individual SMD patient is still a major 
research question. These clinical challenges of defining and diagnosing autoim-
mune psychosis (AP) were recently outlined in the notion of precision medicine 
[27]. An example is the discovery of N-Methyl-D-aspartate-receptor autoantibodies 
(NMDAR abs) and respective autoimmune encephalitis (AE) [28]. The new diagno-
sis of AE in neurology revived the plausibility of analogous pathological relevance 
of autoimmunity in a subgroup of SMDs [27]: the challenges of a diagnosis of AP 
ranged from genetics and environmental risk factors to clinical presentation and 
treatment. Others voiced possible autoimmune pathology related to previously 
unknown antibodies [29], from neurovascular and blood brain barrier dysfunction 
[30] and, more speculatively though based on brain biopsy findings, from cellular 
immunity [31]. Apparently, the time was ripe for, and the clinical field required, a 
consensus definition of AP.

21.2  The Recent Consensus Definition of Autoimmune 
Psychosis (AP)

After nearly 2  years of discussion, a large international group of clinicians and 
researchers proposed detailed criteria for the diagnosis, differential diagnosis, and 
management of AP, designed for use in SMD cohorts and in general psychiatry [32]. 
The evidence linking inflammation, immune dysregulation, and autoimmunity to 
psychotic disorders (lastly the consensus definition of AP) and AE was evaluated 
and was both convincing and rather similar. The consensus criteria may eventually 
allow one to diagnose “definite” or “probable” AP. The criteria were chosen rather 
conservatively, thus AP diagnosis by consensus criteria was rather close to consen-
sus criteria of AE diagnosis. But compared to AE diagnosis, “definite” and “proba-
ble” AP diagnosis was focusing on cases with pure psychiatric syndromes. A third 
diagnosis of “possible” AP was reserved for specialized research groups only, 
involved in research projects in the psycho-neuro-immunology field. Of notice, the 
AP case as defined by these consensus criteria would match the previous ME crite-
ria. Beyond the importance of clinical signs (red flags), the paraclinical methods of 
CNS antibody testing, neuroimaging, EEG, and CSF examination are prominent in 
AP diagnosis in multimodal approaches. Treatments of AP include a panel of poten-
tially escalating options, similar to what is being used in treatment of AE. But it 
should be mentioned that no controlled studies in AP are available yet, representing 
a primary research requirement for now.

Some criticism was raised against this position paper and the proposed consen-
sus diagnosis of AP, to  which we replied [33]. The criticisms raised from two 
renowned neurological research groups included aspects of terminology, although 
there was contradiction between them about the use of the terms of “autoimmune 
epilepsy” and “autoimmune dementia”  (as compared to AP), illustrating the 
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problem of accepted consensus terminology/nosology prevailing also in neurology. 
Indeed, terminological and nosological principles are in some way competitive 
terms in clinical use that need typically some compromise in different principles. 
But terminology apparently needs to be checked with regard to theories and emerg-
ing insights [34]. The best choice of a clinical term may be defined by the best clini-
cal practice effect: e.g., although the term ME might theoretically better describe 
and (by respective diagnostic approach) pick up a case of SMD caused by low-grade 
neuroinflammation, including options for differing etiologies of ME (infectious or 
autoimmune ME), the term AP might more directly point to the possibility of auto-
immune ME as a differential diagnosis of SMD, thus focusing on the awareness of 
the psychiatrist to such differential diagnoses bound to important differing treat-
ment consequences. The situation is analogous to the criticisms raised contra or pro 
the terms autoimmune epilepsy and autoimmune dementia. The predominant clini-
cal utility of terms will eventually depend on practicability, not least shortness, and 
also the overall epidemiological prevalence of respective types of pathology within 
the cohort of special interest. In an epilepsy and dementia cohort of neurological 
patients, a term specifically addressing the option of autoimmune etiology may 
heighten the  awareness of clinicians to  a rare possibility with specific treatment 
options, when AE represented a rare type of pathophysiology; but such a term would 
be unnecessary when most epilepsy or dementia cases were of autoimmune etiol-
ogy. Terms also have their history, for example, related to predominant clinical rel-
evance and/or to  ease of diagnostics: the historic template for definition of 
encephalitis was infectious encephalitis [35]; for schizophrenia it may have been the 
predominant psychopathological appearance, which may include important com-
pensatory aspects on the psychopathological level, which in a historical perspective 
may be somehow similar to (scientific) misinterpretations of predominant signs in 
diabetes mellitus [36].

The difficulties to represent and the inevitable need to (partially) neglect poten-
tially relevant aspects of disease etiology and pathophysiology in categorical clini-
cal terms, are illustrated in Fig. 21.1, sorted by general principles and detailed in 
various aspects of potential relevance for best practice use:

21.3  AP/ME and Expected Difficulties of Future Research

The hypothesis that mild neuroinflammation may potentially represent the core of 
pathology (in certain stages/subgroups of SMDs) but may remain undetected due to 
limitations of available clinical methods, was raised by various arguments including 
the epidemiology and the age of onset of major SMDs, eg. a similarity of age- 
related variance of pathogenicity of infections (depending on age-related variance 
of immunological resistance factors), and when compared with animal models of 
Bornavirus and with findings in natural Bornavirus infection [1]. Bornavirus was 
known as the most frequent cause of meningoencephalitis in horses and sheep in 
Middle Europe. When BDV-specific antibodies were found also in humans, the pos-
sibility of human cases of Bornavirus encephalitis was raised, and the possibility of 
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formes frustes presenting with pure psychiatric syndromes lacking neurological 
hard signs represented a serious concern [2–4]. Clinical data in cohorts of Bornavirus 
seropositive psychiatric patients, compared with patients from neurology and sur-
gery, suggested the prevalence of a small subgroup of neurological patients suffer-
ing from classical lymphocytic meningoencephalitis caused by Bornavirus infection. 
Clinical data also suggested  that  a considerable subgroup of psychiatric patients 
suffering from various SMDs that were  potentially caused by mild form of 
Bornavirus encephalitis [37–39]. Clearly, Bornavirus infection may represent only 
a rare cause of SMD in our hospital which is  located in an endemic region 
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with a maximum 3% of cases (compare [40]). When assuming a potential role of 
Bornavirus in the etiology of a subgroup of SMDs, two main pathological scenarios 
appeared to be potentially relevant [1] either  acute infectious ME or infection- 
triggered autoimmune ME. The term mild encephalitis (ME) was proposed for cases 
that were not suffering from neurological hard signs nor presenting any other estab-
lished signs/findings of classical encephalitis. Instead, cases presented only psychi-
atric syndromes (potentially associated with neurological soft signs). Both ME 
types (or models) were compatible with findings in Bornavirus infection and with 
animal models of Bornavirus infection. The ME hypothesis was thought to poten-
tially provide a generalizable model for the role of infections and infection- triggered 
CNS autoimmunity in SMD subgroups by other infectious agents and from a num-
ber of circumstantial aspects and arguments [40].

Proof of any type of Bornavirus ME or triggered autoimmune ME in SMD sub-
groups remained challenging [40]. This was not surprising, as a non-deadly menin-
goencephalitis, could be represented by both suspected types of ME and remains 
difficult to prove in humans. Even in human malaria, burdened with a considerable 
number of deaths and frequently associated with severe brain involvement, cerebral 
malaria was evaluated “understudied” mainly for ethical reasons [41]. In 
the  Bornavirus research field considerable confusion arose from the  erroneous 
methodology used in several studies [42]. The human strain (Bornavirus 1) recently 
caused three deadly cases of encephalitis in Germany, one spontaneous case of clas-
sical encephalitis [43], and three cases (two of these cases ending fatally) occurred 
after organ transplant from a neurologically healthy organ donor [44].

Bornavirus meningoencephalitis presenting with classical neurological syn-
drome has been proven as a rare disease. This may support the view, that cases of 
Bornavirus ME presenting with pure psychiatric syndromes may rarely prevail and/
or Bornavirus-infection-triggered autoimmune ME may occur (compare [45]), but 
remain difficult to prove. Nevertheless, Bornavirus infection is discussed in detail 
here, as it may represent a recent example of the difficulties faced in  psycho- 
immunological research and the respective interplay with infections and indepen-
dent environmental factors (compare also with [40]).

21.4  Conclusion

The recent consensus criteria of AP diagnosis and treatment represents an important 
step to a differential diagnosis with consequent new potential treatment options in 
an emerging autoimmune research field. The consensus-defined AP group repre-
sents only a small subgroup of SMDs, but the new AP concept appears rather rele-
vant clinically offering improved treatment options for this subgroup. AP criteria 
match the proposed ME criteria, which remains preliminary, requiring further 
improvements to defining ME, e.g. by more sensitive diagnostic methods, including 
newly discovered CNS autoantibodies and others. The ME category will require 
refined differentiation between sub-categories of low-grade immune-inflammatory 
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pathologies involved in SMDs, like parainflammation [46] and neuroprogression 
[47–49]. Clinical terminology is important to guide  the diagnostic approach and 
select the best available treatments, but will be possible only from emerging insights 
into the most relevant pathophysiological processes involved in SMDs. Therefore, 
it is important to further discuss and sharpen the defining criteria of mild neuroin-
flammatory processes, to achieve a  well-balanced consensus based on improved 
diagnostic methods and inform better clinical decisions.
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22.1  Introduction

The last decade has seen increasing evidence for dysregulations of the immune 
system as one of the contributing factors to the schizophrenia syndrome. Genetic 
associations show that people with schizophrenia on average have an immune sys-
tem subtly more prone to activation. This is expressed in major histocompatibility 
complex molecules [1, 2], its enhancers [3], complement factor 4 [4] and environ-
mental circumstances that naturally activate the immune system, such as prenatal 
infection, trauma, and stress. This may put components of the immune system (i.e., 
microglia) in an altered state of activity [5, 6]. Under such circumstances, microglia 
and other glia may reduce their neurotrophic function and produce less growth fac-
tors, such as brain-derived neurotrophic factor (BDNF), leading to decreased prolif-
eration of neurons, resulting in reduced connectivity and, finally, brain tissue 
degradation. In addition, pruning may be increased by opsonization of synaptic 
buds with activated complement [7, 8]. Glutamatergic and dopaminergic neuro-
transmissions are particularly vulnerable for an increased activation of microglia, 
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which can induce or exacerbate positive, negative, and cognitive symptoms of 
schizophrenia [9, 10].

Over the years, many studies have presented evidence to support this theory. A 
schizophrenia genome-wide association study found associations between schizo-
phrenia and certain genes that are involved in immune processes [11]. Peripheral 
blood markers, such as BDNF, interleukin (IL)-10, and C-reactive protein (CRP), 
are associated with cognitive decline in schizophrenia [12–14]. Interestingly, a 
recent study identified macrophages in the brain side of the endothelial wall in a 
subgroup of patients with schizophrenia but not in controls, demonstrating an influx 
of peripheral immune cells [15].

The immune hypothesis readily suggests a possible treatment for those patients 
with schizophrenia in which the underlying pathophysiology is related to a subtle 
increase in the activation of microglia. Many medications can decrease the pro-
duction of pro-inflammatory factors; however, it is not certain whether these 
agents can induce microglia, astrocytes, and other cells to resume their normal 
neurotrophic functions [16, 17]. For one frequently used anti-inflammatory drug, 
minocycline, Sellgren et  al. showed that this drug was indeed able to reduce 
microglia engulfment of complement opsonized synapses in a stem cell model 
derived from patients [18]. This finding suggests that at least minocycline, but 
perhaps also other anti- inflammatory drugs, can correct one of the basic mecha-
nisms underlying schizophrenia. Yet, components that work in vitro do not always 
work in vivo.

In two previous meta-analyses on augmentation with anti-inflammatory medica-
tions [17, 19], we investigated the efficacy of immune modulatory compounds on 
symptoms of schizophrenia. The data we present here are based on the findings in 
these two meta-analyses. We discuss those compounds of which meta-analytic data 
showed a significant effect.

22.2  Immunomodulatory Strategies

22.2.1  General Considerations When Interpreting the Data

It should be stressed that the schizophrenia syndrome is a heterogeneous disorder 
both with respect to the underlying etiology and to the clinical expression. This is of 
importance when interpreting the presented data. First, we could not identify studies 
that selected patients with evidence of immune dysfunction (i.e. altered cytokine 
status at baseline). Therefore, the effect sizes of the compounds presented reflect the 
efficacy in patient groups which are diagnosed according to DSM or ICD criteria, as 
is at present the common practice in psychiatric research. In patient groups selected 
for altered immune status, the effect sizes might be attenuated. Moreover, the effi-
cacy of compounds that showed no significant effect might reach the level of signifi-
cance in subgroups with baseline altered immune status. Second, as schizophrenia 
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is by and large a chronic disorder, the phase of the disorder (either first-episode or 
later multi-episode) may affect results, and should be taken into account. Third, the 
clinical expression of schizophrenia consists of three broad domains: positive symp-
toms (delusions and hallucinations), negative symptoms (affective blunting and loss 
of social responsivity), and cognitive disorders (i.e. disorders of attention and work-
ing memory). The effects of immune modulation may vary between these symptom 
domains.

Therefore, Table 22.1 presents the mean weighted effects sizes [ES] for the main 
analyses as reported by Cakici et al. [19] as well as the ES for the positive- and 
negative symptom domains, when available.

22.2.2  Aspirin

Aspirin is an NSAID that modifies cyclooxygenase-2 (COX-2) activity and irrevers-
ibly inhibits cyclooxygenase-1 (COX-1), thereby suppressing the production of 
prostaglandins and thromboxanes, which are involved in the inflammatory process 
[20, 21]. Aspirin also reduces hypothalamic-pituitary-adrenal axis response [22]. 
The BBB is not readily crossed by aspirin, and aspirin levels in the central nervous 
system are lower than in peripheral blood [23]. Two studies provided 1000 mg aspi-
rin daily to schizophrenia patients in addition to their regular treatment for 3 [24] or 
4  months [25]. A significant positive influence on total symptom severity was 
observed (ES: 0.3, p = 0.014).

22.2.3  Fatty Acids

Fatty acids, especially EPA (Eicosapentaenoic Acid) and DHA (Docosahexaenoic 
Acid), have several mild anti-inflammatory effects, such as decreasing levels of 
serum IL-1β, tumor necrosis factor alpha (TNF-α) and interferon-γ levels, and 
neuroprotective effects [26, 27]. Fatty acids also enhance synaptic plasticity and 
membrane fluidity and affect dopaminergic, serotonergic, and glutamatergic neuro-
transmission [26, 28]. Eleven studies were included, of which seven studies added 
EPA, one study added DHA, and four studies added omega-3 fatty acids (i.e., com-
bination of EPA and DHA) to antipsychotic treatment for patients with schizophre-
nia [29–39]. Daily treatment doses of fatty acids varied (EPA 0.5 to 4 g, DHA 2 g, 
omega-3 0.4 g to 2.2 g) as did treatment duration across the studies (8 weeks to 
2 years). We observed a trend toward beneficial results for treatment with EPA and/
or DHA fatty acids (ES; 0.19, p = 0.075). One study reported a large negative ES 
of −0.64 and was regarded as an outlier in an additional analysis [29]. Exclusion 
of this outlier yielded a mean weighted ES of 0.23, which was significant (CI, 0.05 
to 0.41; p = 0.012). Subgroup analysis showed a trend toward beneficial effects for 
FEP patients (ES: 0.31; CI, −0.02 to 0.64; p = 0.064).

22 Anti-inflammatory Agents for Patients with Schizophrenia
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22.2.4  Estrogens

Estrogens, especially 17β-estradiol, have immunomodulatory effects by, for exam-
ple, regulating innate immune signaling pathways and modulating inflammatory 
elements such as cytokines [40]. Other properties of estrogens include reducing 
antioxidative stress, controlling energy balance and glucose homeostasis, and influ-
encing dopaminergic neurotransmission [41]. Eleven studies provided estrogen as 
augmentation therapy for patients with schizophrenia [42–52]. Nine studies included 
only females and two studies included only males [44, 45]. Four studies applied 
(ethinyl) estradiol [42, 46, 47, 49], two studies applied conjugated estrogen [43, 50], 
and five studies applied raloxifene, a selective estrogen receptor modulator [44, 45, 
48, 51, 52]. Estrogen doses ranged from 0.05 mg per day (patch) to 2 mg per day 
(orally), and raloxifene doses varied from 60 to 120 mg per day (orally). A signifi-
cant positive effect of estrogen was observed (ES; 0.78, p  <  0.001). One study 
reported a large ES of 3.7 [43]. Exclusion of this outlier yielded a mean weighted 
ES of 0.57, which was still significant (CI, 0.25 to 0.90; p = 0.001). A significant ES 
was also found when analyses were restricted to female studies only (ES: 0.52; CI, 
0.18 to 0.87; p = 0.003; I2 = 72%).

22.2.5  Melatonin

Melatonin is a multifunctional hormone, best known for its role in regulation of 
day–night cycle. It is also an antioxidant and a widespread anti-inflammatory mol-
ecule, modulating both pro- and anti-inflammatory cytokines, which can easily pass 
the BBB [53]. One study (N = 18) investigated the effects of adding 3 mg melatonin 
daily to regular antipsychotic treatment for patients with schizophrenia for 8 weeks 
[54]. This single small study reported significant beneficial results on decreasing 
symptom severity in schizophrenia (ES: 2.82; p < 0.001).

22.2.6  Minocycline

Minocycline is a broad-spectrum tetracycline antibiotic that has strong inhibitory 
effects on microglia cells and can easily cross the BBB [55]. Ten studies assessed 
the effect of minocycline augmentation therapy for schizophrenia patients [56–65]. 
The daily treatments doses varied from 100 to 300 mg, and the duration of treatment 
was relatively long, ranging from 2 to 12 months. Minocycline treatment in addition 
to regular antipsychotic treatment showed significantly beneficial results on symp-
tom severity (ES: 0.4; p = 0.007).. It should however be mentioned that one, well- 
conducted study, reported a large negative ES of −0.24 [58]. Excluding this study 
from the analysis yielded a mean weighted ES of 0.47 (CI, 0.18 to 0.76; p = 0.002). 
Subgroup analysis for patients with early-phase schizophrenia (retaining Deakin 
et  al. [58]) showed a trend toward positive effects (ES: 0.38; CI −0.02 to 0.78; 
p = 0.060).

 N. J. M. van Beveren et al.



375

22.2.7  N-Acetylcysteine

NAC has evident anti-inflammatory properties and can modulate immune functions 
during the inflammatory response by inhibiting TNF-α, IL-1β, and IL-6 [66]. NAC 
can also easily pass the BBB [67]. Five studies investigated the effects of NAC aug-
mentation therapy on symptom severity of patients with schizophrenia [68–72]. 
One of those studies restricted inclusion to FEP patients only [72]. Treatment doses 
varied from 600 mg to 3600 mg, and duration of treatment varied from 8 to 52 weeks. 
NAC as augmentation therapy had significantly beneficial effects on decreasing 
symptom severity in patients with schizophrenia compared with controls (ES: 1.00; 
p < 0.001). Subgroup analysis showed that augmentation therapy with NAC is ben-
eficial in all illness stages, including FEP which yielded the largest ES (ES: 1.42; 
CI, 1.02 to 1.81; p < 0.001), early-phase schizophrenia (ES: 0.98; CI, 0.45 to 1.51; 
p < 0.001), and chronic schizophrenia (ES: 0.44; CI, 0.11 to 0.77; p = 0.010).

22.2.8  Pioglitazone

Pioglitazone is an antidiabetic agent with antioxidant and anti-inflammatory actions 
[73], and it can cross the BBB [74]. One study (N = 21) provided 30 mg piogli-
tazone daily in addition to standard treatment for 8 weeks to patients with schizo-
phrenia [73]. This single small study showed significant beneficial results on 
reducing symptom severity (ES: 0.79; p = 0.012).

22.2.9  Piracetam

Piracetam is a nootropic analgesic agent and has anti-inflammatory effects. It can 
reduce TNF-α, IL-1β, and myeloperoxidase. There is some evidence that piracetam 
can cross the BBB [75]. One study (N = 14) provided 3200 mg piracetam in addition 
to regular antipsychotic treatment for 8  weeks to schizophrenia patients [76]. A 
significant positive influence on total symptom severity was observed in this single 
small study (ES: 0.77; p = 0.014) (Table 22.2).

22.2.10  Withania somnifera Extract

WSE, mostly used as a medicinal herb in Ayurvedic medicine, has anti- inflammatory 
actions (i.e., inhibition of NF-κβ inflammatory signaling pathways and COX-2) [77, 
78]. WSE consists of various phytochemicals, of which the effects of 1000 mg with-
aferin A on symptom severity was investigated in one study for 12 weeks [79]. WSE 
with drug ligand withaferin A can readily cross the BBB [80]. A significant positive 
influence on total symptom severity was observed (ES: 0.81; CI, 0.32 to 1.30; 
p = 0.001; I2 = 0%).

22 Anti-inflammatory Agents for Patients with Schizophrenia
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22.2.11  Effects of Moderators

Meta-regression analysis showed that illness duration, treatment duration, treatment 
dose, and baseline severity were insignificant predictors of the ES estimates for the 
effects of augmentation with EPA and/or DHA fatty acids, estrogen, and minocy-
cline (Table 22.3). Study quality was not a significant moderator for the celecoxib, 
EPA and/or DHA fatty acids, minocycline, and NAC studies. For the estrogen stud-
ies, we observed that the beneficial effects of estrogen were mainly seen in good 
quality studies.

22.2.12  Effects on Negative Symptoms and Cognition

It is increasingly acknowledged that the prognosis of the schizophrenia syndrome is 
greatly influenced by the presence of negative symptoms, which include apathy and 
social withdrawal [81]. Similarly, recent considerations recognize cognitive deficits 
as the core component of the disorder, which may well be present years before psy-
chotic phenomena emerge [82]. Anti-inflammatory agents may have additional 
effects on these symptom domains as compared to regular treatment strategies.

Augmentation therapy with minocycline (ES: 0.51; 95% CI, 0.17 to 0.84; 
p = 0.003), NAC (ES: 0.75; 95% CI, 0.19 to 1.32; p = 0.009), and estrogen (ES: 
0.45; 95% CI, 0.13 to 0.77; p = 0.006) showed positive results on improving nega-
tive symptoms.

The heterogeneity of the cognitive tests used across studies was too great to 
make a quantitative review of cognitive effects. Notwithstanding, it seemed that 
minocycline improved attention, executive functions, and memory [62, 63]; NAC 
[71] improved attention, memory, and executive functions. However, other studies 
did not observe any beneficial effects on cognition for minocycline [56, 58, 60, 64] 
and NAC [69]. For the anti-inflammatory components bexarotene, celecoxib, 

Table 22.2 Meta-analysis of RCTs with aspirin, fatty acids, estrogen, minocycline, and NAC in 
schizophrenia: efficacy signal

Anti-inflammatory component Positive symptoms Negative symptoms Cognitiona

Aspirin ES = 0.23; p = 0.34 n/a −
Fatty acids ES = −0.11; p = 0.48 ES = 0.20; p = 0.47 −
Estrogen ES = 0.43; p = 0.01b ES = 0.35; p = 0.02b −
Minocycline ES = 0.19; p < 0.01 ES = 0.51; p < 0.01 ±
NAC ES = 0.57; p = 0.04 ES = 0.69; p < 0.01 ±

ES effect size (Hedges' g), FEP first-episode studies, n/a not available, NAC N-acetylcysteine, p 
p-value, RCTs randomized controlled trials, − probably no effects, ± probably some effects
aHeterogeneity of the used cognitive tests across the studies was too great to make a quantitative 
review of these effects
bOne outlier was excluded from analysis
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dextromethorphan, melatonin, pioglitazone, piracetam, and WSE no data on cogni-
tive effects were reported.

22.3  Discussion

The results of aspirin, fatty acids, estrogens, minocycline, and NAC showed signifi-
cantly better results than placebo meta-analysis of at least two studies [19], while 
pioglitazone, piracetam, and WSE were significant in single studies.

22.3.1  Effects on Symptom Severity of Specific Components

Fatty acids as augmentation therapy for patients with schizophrenia showed border-
line significant effects on decreasing symptom severity in the current study. 
However, the included studies showed great heterogeneity in the specific methods 
of additional treatment. Researchers investigated the addition of different fatty acids 
(i.e. EPA or DHA) or a combination of fatty acids (i.e. EPA and DHA combined). 
Moreover, three research groups added antioxidants to the fatty acid treatment 
regime [29, 31, 32]. Considering fatty acids augmentation (without antioxidants), 
the results showed a negative association, but this result was greatly influenced by a 
very substantial outlier [29]. Excluding, this outlier showed a positive significant 
association. Furthermore, FEP patients might benefit the most from treatment with 
fatty acids compared with patients with a longer illness duration.

In summary, based on the available data, a clear statement about the efficacy of 
fatty acids, either alone or in combination with antioxidants cannot be made yet. 
Possibly, fatty acids can be beneficial, but the field is still investigating what specific 
combination of fatty acids is efficacious, and whether or not antioxidants are benefi-
cial. Further research is warranted before a clear recommendation can be made.

Estrogen augmentation therapy for schizophrenia patients showed beneficial 
effects for a relatively short duration of treatment (starting at 4 weeks). Estrogens 

NAC
Study Sepehrmanesh et al. 

(2018)
MMSE (visuospatial/language/attention/concentration/memory 
recall/orientation)a

+

The digit span test, backward (verbal ability/memory short term)a +
The digit span test, forward (verbal ability/memory short term)a +
The digit symbol substitution test (brain damage/dementia/age/
depression)a

+

The stroop test (processing speed/executive functions/working 
memory/cognitive development)a

+

+ positive significant effects on improving cognition (p-value < 0.05), NAC N-acetylcysteine
aCognitive domains were not subdivided
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act in different ways in the brain and may cause their beneficial effects by mecha-
nisms that are not related to inflammation (e.g., by affecting angiotensin and neuro-
transmission) [83, 84].

Minocycline has strong inhibitory effects on microglia cell activation and may, 
therefore, be expected to have potential as augmentation therapy for schizophrenia 
[85]. Microglia activation plays an important role during brain development, but 
excessive microglia activation is also considered a hallmark of neuro-inflammation 
[85]. However, it should be noted that a large negative study provided almost 22% 
of the total amount of patients [58]. Deakin and colleagues investigated first-episode 
patients with an illness duration shorter than 5 years. Minocycline seems to have 
beneficial effects on improving negative symptoms in schizophrenia We noted that 
the study population studied by Deakin and colleagues had relatively low baseline 
levels of PANSS negative symptoms (+/− 17) compared with other studies investi-
gating early-phase schizophrenia patients (>22).

NAC has clear anti-inflammatory and immune modulating actions. All five stud-
ies included in this meta-analysis showed beneficial effects on improving symptom 
severity. Only one study restricted inclusion to FEP patients and yielded the largest 
beneficial effects on symptom severity [72].

22.3.2  Side Effects

Of the five agents that showed positive results in at least two studies, aspirin use 
increases the risk of gastrointestinal bleeding and should, therefore, be combined 
with gastric protection. This serious side effect does not happen infrequently and, 
therefore, should be considered and monitored. On the other hand, aspirin also pos-
sesses cardioprotective properties, which can be beneficial in schizophrenia patients 
with metabolic syndrome.

Estrogens are not safe for a longer treatment duration than 1 to 2 months unless 
combined with progesterone. Estrogens such as raloxiphene are sometimes accom-
panied with hot flashes and gastrointestinal problems. There are potential risks for 
the occurrence of thromboembolic events and fatal stroke in women with or at 
increased risk for cardiovascular disease. Therefore, clinical risk for thromboem-
bolic events should be evaluated and monitored during treatment [86, 87].

Fatty acids are usually well tolerated. There are some reported side effects during 
administration such as gastrointestinal effects (e.g., constipation or diarrhea) and 
infection (e.g., upper respiratory infection). The omega-3 fatty acid and antioxidant 
combination might be beneficial [29, 88].

NAC is a well-tolerated drug that can also be administered during pregnancy. 
NAC has other beneficial effects in schizophrenia, such as attenuating addiction 
[89]. For minocycline, in the published studies, no serious adverse events were 
observed in the treatment groups.

22 Anti-inflammatory Agents for Patients with Schizophrenia
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22.3.3  Limitations

An important limitation is that many anti-inflammatory augmentation treatment 
strategies have not been sufficiently investigated. Components with strong anti- 
inflammatory potency, such as glucocorticosteroids, have not been applied yet to 
patients with schizophrenia. Most studies did not stratify schizophrenia patients in 
subgroups of illness duration. Especially important with respect to personalized 
medicine efforts, there was insufficient description of signs of inflammation before 
the start of anti-inflammatory therapy. For designing future research it would be 
interesting to investigate whether signs of (low-grade) inflammation before the start 
of the trials would influence the outcome and degree of inflammation. There is 
increasing evidence from the biomarker research field that cytokine alterations are 
already present from disease-onset [90–92]. It is paramount for further trials to 
stratify patients according to the presence of immune alterations and to investigate 
which inflammatory subtypes would benefit the most from anti-inflammatory ther-
apy. This opens up the way for personalized medicine based on inflammatory 
markers.

22.4  Conclusion

The anti-inflammatory medications minocycline, fatty acids, aspirin, estrogens, and 
NAC improved symptom severity in patients with schizophrenia. Generally, greater 
beneficial results are reported in early-psychosis studies. Studies investigating the 
effects on cognitive functions are scarce. Taken together, there is evidence for effi-
cacy of some anti-inflammatory agents on symptom severity in schizophrenia, 
which could confirm the immune hypothesis in schizophrenia, but the field needs 
larger studies aimed at investigating the effects on negative and cognitive symptoms 
in patients groups stratified for the presence of immune abnormalities at baseline.
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23Immunomodulation of Resistant 
Depression

Djamila Bennabi and Emmanuel Haffen

23.1  Introduction

Depressive disorders are a severe and impairing psychiatric illness, directly account-
ing for 4.4% of disease burden worldwide and 7.2% in the European Union [1]. 
Major depressive disorder (MDD) is a predominantly recurrent disorder, as 50–80% 
of patients who have received psychiatric care for an episode of major depression 
have at least one more episode and a median of four episodes in a lifetime. In addi-
tion to frequent psychiatric comorbidity, co-occurring medical conditions are also 
common, leading to greater severity, disability and poorer treatment response [2, 3]. 
Moreover, approximately 20–30% of patients with MDD develop a chronic course 
of their disease, resulting in decreased quality of life and increased care utilisation 
and costs [2, 3]. Despite the progress in pharmacopoeia, it has been estimated that 
more than one-third of MDD patients do not respond satisfactorily to initial and 
subsequent antidepressant treatments, including combinations of pharmacotherapy 
and psychotherapy [4, 5]. Treatment-resistant depression (TRD), defined as the fail-
ure of at least two attempts of antidepressant treatment administered sequentially at 
an adequate dose and duration, increases the burden of the disease and the resulting 
costs [6]. Several factors have been related to a poor response to antidepressant 
treatment, including psychosocial factors, severity and duration of the current 
depressive episode, psychiatric and somatic comorbidities and biological factors 
[7–9]. Taken together, all these considerations underlie the particular relevance for 
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the determination of contributing factors and the necessity of implementation of 
alternative therapeutic options.

The involvement of inflammatory processes and brain-immune interactions in the 
pathogenesis, course and treatment of MDD has received increased attention over the 
last 20 years [10, 11]. Elevations in proinflammatory mediators have been repeatedly 
shown to produce effects on key processes such as impairment of hippocampal (HC) 
neuroplasticity, induction of glucocorticoid insensitivity of the hypothalamic-pitu-
itary-adrenal axis (HPA), increase of oxidative stress in the HC, reduction of serotonin 
levels and creation of neurotoxic serotonergic metabolites (i.e., 3-hydroxykynurenine 
and quinolinic acid) [12]. Activation of astrocytes and microglial cells and disrup-
tion of the blood-brain barrier have similarly been implicated in the pathophysiology 
of depression through anti-neuroplastic, pro-oxidative and pro-inflammatory effects 
[13, 14]. The role of inflammation has also been emphasised in TRD. Especially, 
preliminary evidence indicates that treatment resistance could imply dysregulated 
inflammatory activity and that high inflammation might be a predictor of poor clini-
cal response to pharmacological treatment. Moreover, levels of inflammation might 
be modifiable with antidepressant treatment and some types of anti-inflammatory 
treatments can produce antidepressant effects in depressed patients with peripheral 
blood evidence of inflammation [15–17]. Accordingly, a neuroimmune model of 
depression has been proposed and immunomodulatory therapies have been studied 
in patients with MDD.

23.2  Inflammation, Resistance and Prediction of Outcome

Evidence indicates that treatment resistance might be associated with dysregulated 
inflammatory activity. A broad inflammatory state, including high levels of Th1 and 
Th2 cytokines and chemokines, has been reported in TRD in comparison to non- 
TRD patients and healthy controls [17, 18]. This immune dysregulation is thought 
to represent a common link between treatment resistance and other core elements of 
TRD, such as physical illness or poor physical health [19, 20], chronicity and/or 
recurrence of depressive illness [19], cognitive impairment [21] or early life trauma 
[17, 22]. It has also been proposed that the multiple effects of inflammation on neu-
rotransmission and neurogenesis may in part serve to explain the resistance to anti-
depressants in patients with increased inflammation.

Exploring the unique immune-modulatory effects of antidepressant classes is 
critical to further developing innovative treatment approaches. Antidepressants, 
especially selective serotonin reuptake inhibitors (SSRIs), are now considered to 
exert some of their neurobiological effects via the immune system [23]. The most 
prominent effects of antidepressants comprised a decline in blood levels of IL-1β, 
IL-6 and (partially) TNF-α [16, 23]. For example, a meta-analysis of 22 studies 
indicated that SSRIs may reduce the level of IL-1β, IL6 and TNF-α, without 
reducing cytokine levels [23]. It has been suggested that while noradrenalin 
reuptake inhibitor antidepressants suppress Th1-type cytokines and shift the bal-
ance towards humoral immunity, SSRIs reduce the production of Th2-type 
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cytokines and shift the balance towards a cellular immune response. The immu-
nomodulatory effects of conventional antidepressants might also implicate other 
cell populations including a transient increase in the circulating T cell popula-
tion, an increased circulating B cell population, and an increased number of NK 
cells [24, 25].

Concerning the question as to whether inflammatory marker levels at baseline 
may predict treatment outcome, a data trend towards a relationship between the 
grade of inflammation, the antidepressant applied and the therapeutic outcome has 
been observed. High baseline levels of IL-12p70, IL-6, IL-8 and TNF-α have been 
associated with poorer treatment outcomes in samples of TRD patients [12, 16]. 
Moreover, elevated post-treatment C-reactive protein (CRP), IL-6 and monocyte 
chemoattractant protein-4 (MCP4) predicted poorer long-term and physical health 
outcomes in depressed patients [17, 26]. An open-label trial by Uher and colleagues 
[27] demonstrated that the CRP level at baseline differentially predicted treatment 
outcome with escitalopram and nortriptyline, with a better response to escitalopram 
in those patients with low levels of CRP (<1 mg/L) and a better response to nortrip-
tyline when serum levels of CRP were higher. A direct comparison of immune 
effects of SSRIs and SNRIs conducted by Yoshimura demonstrated that plasma IL-6 
level, but not plasma TNF-α level, was higher in SSRI-refractory than SSRI- 
responsive depressed patients, and higher in SNRI-refractory than SNRI-responsive 
depressed patients [28].

23.3  Immunomodulatory Strategies 
in Treatment-Resistant Depression

23.3.1  Cytokine Inhibitors

Treatments with monoclonal antibodies represent a promising therapeutic approach 
in TRD, though associated with the risk of potentially serious side effects [15]. An 
interesting study conducted by Raison and colleagues suggests that TNF-α antago-
nists may hold promise for the treatment of resistant depression in individuals with 
elevated peripheral inflammatory activity [29]. In this double-blind, placebo- 
controlled trial testing infliximab, 60 medically healthy adults with TRD were ran-
domised to either receive three infusions of infliximab (5 mg/kg) or three saline 
infusions at baseline, week 2 and week 6. Although there was no significant differ-
ence in change in depressive symptoms between treatment groups, an exploratory 
analysis focusing on patients with a baseline CRP concentration greater than 5 mg/L 
revealed a treatment response (50% reduction in HAM-D score) of 62% in 
infliximab- treated patients versus 33% in placebo group [29]. Conversely, in patients 
with CRP <5 mg/L, the treatment response was 41% for the infliximab group and 
57% for the placebo group. For patients with a baseline CRP >5 mg/L, the effect 
size observed was 0.41, which is in line with the efficacy of standard antidepressants 
compared to placebo. Nevertheless, because the test of the a priori hypothesis in this 
study was negative, the question has remained as to whether targeting TNF-α via 
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large molecules introduced in the periphery alone can produce an antidepressant 
effect, or whether therapies that reduce TNF-α signalling must instead directly 
engage targets in the CNS [30].

It is also suggested that reducing the levels of TNF-α improves sleep alterations 
in a subset of patients. In 36 patients with TRD, Weinberger and colleagues mea-
sured sleep parameters at baseline and 2 weeks after three infusions (week 8) of 
either the TNF-α antagonist infliximab (n = 19) or placebo (n = 17); the authors 
observed an increase in sleep efficiency in infliximab-treated patients with high 
inflammation (CRP >5 mg/L) (n = 9) [31]. Like infliximab, etanercept is another 
TNF-α antagonist that may even be useful as a monotherapy for depression. 
However, its application as monotherapy in two patients suffering from TRD 
revealed equivocal antidepressant effects [32]. Notwithstanding, a meta-analysis of 
seven randomised controlled trials (RCTs) showed a significant antidepressant 
effect of anti-cytokine treatments in 2370 patients with chronic inflammatory condi-
tions with a small-to-moderate size effect [33]. These results suggest that anti- 
cytokine drugs may be particularly effective in TRD patients with increased 
inflammation.

23.3.2  Non-steroidal Anti-Inflammatory Drugs (NSAIDs)

The targeting of inflammatory signalling pathways has also been suggested as an 
interesting strategy to improve the responsiveness of unipolar depressive patients. 
The administration of pharmacological agents that inhibit cyclo-oxygenase (COX), 
the enzyme that converts arachidonic acid into prostaglandin, is the most common 
approach in this regard. Prostaglandins have been shown to be increased in depres-
sion and are known to exert an important role in the inflammatory response. A meta- 
analysis of 14 studies conducted by Köhler and colleagues emphasised the 
antidepressant properties of the selective COX-2 inhibitor celecoxib in monother-
apy on remission and response, without increased risks of adverse effects [34]. 
Augmentation with COX-2 inhibitors has been studied in MDD with promising 
results. To date, celecoxib at a daily dose of 400 mg/day as an add-on therapy to 
antidepressants was found to improve depressive outcomes in three RCTs (com-
pared to reboxetine 4  mg/day, and fluoxetine 40  mg/day, sertraline 200  mg/day; 
N = 40 for each RCT) [35–37]. Interestingly, in the study by Müller and colleagues, 
the ratio of kynurenine to tryptophan, which reflects the activity of the pro- 
inflammatory cytokine-driven enzyme Indoleamine 2,3-Dioxygenase (IDO), pre-
dicted the antidepressant response to celecoxib [37].

A pharmacovigilance study (n = 1528) reported a positive association between 
chronic exposure to NSAIDs (excluding COX-2 inhibitors and salicylates) and 
poorer antidepressant outcomes after adjustment for comorbidities and sociodemo-
graphic variables [38]. Interestingly, resistance to antidepressant treatment was not 
related to the use of COX-2 inhibitors and salicylates alone. It was stressed that 
authors were not able to adjust the association with medical conditions and sug-
gested avoiding classical NSAIDs in patients with depression and to prefer other 
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inflammatory mechanism-related actions such as COX-2 inhibitors and salicylates 
among these patients. Based on these data, it seems that an add-on strategy with 
NSAIDs might be a good strategy in MDD, even though additional studies with 
larger sample size effects including the measurement of immunological biomarkers 
are necessary in TRD patients.

23.3.3  Minocycline

Minocycline, a tetracycline derivative, has effects on multiple interacting systems 
that are thought to be involved in the pathophysiology of depression due to its anti- 
inflammatory, anti-oxidant and anti-apoptotic effects, as well as on the modulation 
of glutamate and monoamine neurotransmission [39, 40]. Studies in animal models 
have shown that minocycline administration decreases glutamate-induced neuro-
toxicity and has antidepressant-like properties [41]. There is also some preliminary 
evidence suggesting that minocycline augmentation of antidepressant treatment is 
effective in psychotic unipolar depression [42]. In a multi-site, 12-week, double- 
blind, placebo-controlled, pilot trial, Husain and colleagues examined the efficacy 
of minocycline (200  mg daily) as an adjunct to treatment as usual (TAU) in 41 
patients with treatment-resistant MDD [43]. A large improvement in depressive 
symptoms was observed in the minocycline group compared to the placebo group, 
with an effect size of 1.21. Although these results seem promising, studies with 
larger sample sizes and longer follow-up periods are required before minocycline 
can be recommended for routine clinical use. Moreover, the measurement of inflam-
matory cytokines such as IL-6 and TNF-α, amongst others, is necessary to deter-
mine the association between changes in inflammatory biomarkers and improvement 
in depressive symptoms.

23.3.4  Ketamine

The N-methyl-D-aspartate (NMDA) receptor antagonist ketamine has rapid antide-
pressant effects, with potential application in TRD and suicidal ideation. Assumed 
modes of action range from the inhibition of NMDA receptors, activation of AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors and molecular 
signalling through mTOR (the mammalian target of rapamycin), which result in 
enhanced expression of hippocampal brain-derived neurotrophic factor (BDNF) 
and increased synaptogenesis. Further anti-inflammatory properties have been 
found, i.e. reduced release of pro-inflammatory cytokines like TNF-α and IL-6 in 
TRD. Especially, Park and colleagues observed that baseline cytokine levels and 
changes in the cytokine levels, including IL-6 and TNF-α, at 230 min after ketamine 
infusion were not related to a positive antidepressant response in TRD [44]. Kiraly 
and colleagues obtained similar results in 33 patients suffering from TRD, despite a 
significant decrease in the levels of IL-6 and IL-1α compared to baseline values 
[45]. These findings support the idea that ketamine rapidly modulates 
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proinflammatory cytokines, but that this modulation is not the primary mechanism 
involved in its rapid antidepressant effects in TRD [44].

23.3.5  Non-pharmacological Anti-inflammatory Strategies

Some non-pharmacological treatments used in TRD in monotherapy or as add-on 
strategies have demonstrated anti-inflammatory effects. Electroconvulsive therapy 
(ECT) is recognised as an effective strategy in the treatment of TRD, even though 
the cerebral mechanisms underlying its effects remain unclear. Mounting evidence 
from both animals and human studies suggest that ECT influences the immuno- 
inflammatory cascade that is activated during MDD [46]. An acute and transient 
immune activation with an increase of pro-inflammatory cytokines has been reported 
immediately following an ECT session, whereas repetitive ECT treatment results in 
long-term down-regulation of immune activation. ECT has been found to increase 
lipopolysaccharide-stimulated production of pro-inflammatory IL-6 and TNF-α, 
whereas cytokines with anti-inflammatory properties IL-4 and IL-10 were unaf-
fected [47]. After an initial increase in these levels, repeated ECT led to a normalisa-
tion of TNF-α levels in depressed patients. Nevertheless, it is unclear whether such 
a normalisation results from a direct suppressive effect of the treatment on the 
immune system or whether it is merely secondary to clinical remission [48]. 
Inflammatory processes have also been implicated in the action of deep brain stimu-
lation (DBS), as the positive effects have been linked to regional inflammation, 
which was temporally correlated with elevations in glial fibrillary acidic protein 
(GFAP) immunoreactivity [49]. Interestingly, this study suggested that the use of 
anti-inflammatory drugs after electrode implantation may attenuate the early anti- 
depressive response in DBS patients.

Transcranial direct current stimulation (tDCS) has also been explored as a non- 
pharmacological treatment for depression. While data for TRD are unavailable, 
Brunoni and colleagues observed in 236 depressed patients that plasma levels of 
nerve growth factor predicted early depression improvement for tDCS versus esci-
talopram, while other biomarkers (i.e. IL-1ß, IL-6, IL-8, IL-10, IL-12p70, IL-18, 
IL-33, TNF-α), and its soluble receptors sTNFr1 and sTNFr2) did not significantly 
predict treatment improvement [50].

Other non-pharmacological therapeutic approaches, such as exercise and mind- 
body therapies (MBTs) have been described as able to regulate emotional and affec-
tive response to stress and therefore influence the immune system in MDD. MBTs 
may lead to a decrease in CRP levels [51], and regular endurance exercise has been 
found to decrease inflammatory markers, mainly CRP [52] with further effects on 
tryptophan availability, thereby influencing the kynurenine pathway [53]. In addi-
tion, high baseline levels of TNF-α have been found to predict better outcomes with 
exercise treatment as opposed to antidepressant medications, for which high TNF-α 
is linked to a poor response [54]. Harley and colleagues [55] pooled an 
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antidepressant randomised controlled trial (RCT) and a psychological intervention 
RCT for MDD and reported that elevated CRP predicted a greater non-response to 
interpersonal psychotherapy or cognitive behavioural therapy (CBT) but a good 
response to nortriptyline or fluoxetine.

23.4  Discussion

Mounting evidence has demonstrated that immune processes, both within the central 
nervous system and the periphery of the body, play a central role in the pathogenesis, 
course and treatment of depression. Immunomodulatory therapies represent one of 
the most interesting therapeutic alternatives in MDD, especially for patients with 
an immunological deregulation profile and/or treatment resistance to conventional 
therapy. Heightened inflammation has been associated with a poor response to psy-
chological intervention [55], a good response to anti-inflammatory agents [29, 56] 
and a poorer response to antidepressants, albeit with mixed findings [16]. However, 
there is currently insufficient evidence to support a personalised treatment selection 
strategy based on inflammatory markers and to recommend the clinical use of any 
particular agent in TRD. Firstly, current studies are limited by small sample sizes, 
poorly defined illness durations or variation in the definition of TRD, which makes it 
impossible to provide recommendations on the routine clinical use of immunomodu-
latory therapies. Secondly, many of the factors often present in TRD complicate the 
interpretation of the inflammation literature, including the intake of multiple medica-
tions, prolonged illnesses and comorbidities. Thirdly, the immune mechanism lead-
ing to pro-inflammatory activation in MD, and possibly to resistance, remain unclear 
and need to be elucidated.

Due to the paucity of research focusing specifically on well-established TRD, a 
better characterisation of immunological dysregulation in these patients is neces-
sary. Immune analyses, conducted at baseline and at the end of each line of treat-
ment, could help to stratify patient groups based on their immune profile and to 
tailor treatment selection.

Other agents with anti-inflammatory activity are promising approaches in the 
field of MDD. Supplemental polyunsaturated fatty acids (PUFAs), nutraceuticals 
like zinc and omega-3 fatty acids or curcumin have been shown to have beneficial 
effects on depression due to their ability to modulate immunity [57]. Statins [58] 
and the antidiabetic drug pioglitazone [59] have all been proposed as agents with 
supposed antidepressant and anti-inflammatory properties.

More research is also needed to identify specific treatment strategies via targeted 
modulation of the gut microbiome, in line with recent data showing therapeutic ben-
efits of supplementing with probiotics containing Lactobacillus and Bifidobacterium 
[60, 61]. The range of antidepressants may increase in the future if promising initial 
data on other drug targets such as toll-like receptor inhibitors or glycogen synthase 
kinase-3 inhibitors are verified in upcoming clinical trials [15].
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23.5  Conclusion

While the currently published evidence strongly advocates for the development of 
novel pharmacological and behavioural strategies that target the immune system, 
prospective studies on the efficacy of anti-inflammatory treatment that combines the 
evaluation of depressive symptoms with the quantification of inflammatory bio-
markers are needed before these alternative approaches can be applied in clinical 
practice. Well-designed clinical trials are still required in order to better identify the 
most appropriate strategies in TRD. The implementation of such variables in clini-
cal practice could assist in guiding optimal care targeting specific vulnerable sub-
groups and planning short- and long-term treatments through relevant staging models.
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24Diet, Immune System, and Psychiatric 
Disorders

Jane Pei-Chen Chang and Kuan-Pin Su

24.1  Introduction: The Era of Nutritional Psychiatry

Nutritional psychiatry is an emerging field that holds promise to reduce the burden 
carried by psychiatric disorders. Nutritional psychiatry emerged in the past two 
decades and has been formally supported by the International Society of Nutritional 
Psychiatric Research (ISNPR) in 2015 as a new field of research focused on devel-
oping a comprehensive, cohesive, scientifically rigorous evidence base to support a 
shift in thinking around the role of diet and nutrition in mental health [1]. 
Recent research evidence supports the notion of nutritional psychiatry, where higher 
intakes of a “healthy” diet (i.e. fruit, vegetables, fish, and whole grains) were associ-
ated with a reduced likelihood of depression (OR: 0.84; 95% CI: 0.76, 0.92) [2]. 
Moreover, cross-sectional, prospective observational studies and meta-analyses 
reported inverse associations between adherence to healthy dietary patterns and 
reduced risk for or likelihood of mental health disturbances in both youth and adults 
[2, 3]. In addition, new studies have focused on the understanding of the biological 
pathways that mediate the observed relationships between diets, nutrition, and 
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mental health. These are pointing to the immune system and the gut-brain axis 
(GBA) as the key targets for nutritional interventions in mental health.

Major depressive disorder (MDD) and attention deficit hyperactivity disorder 
(ADHD) are two common psychiatric disorders seen in adults and children. Both 
disorders not only cause disability and mortality to the affected individual but also 
affect their family members and have a great impact on the society as a whole. 
Depression is estimated to affect 350 million people, and on average about 1 in 20 
people report having an episode of depression in the previous year [4]. MDD has 
been  predicted by World Health Organization (WHO) to be  one of the leading 
causes of disability by 2030. Although there are more than 50 kinds of antidepres-
sant available, only less than one-third of people recovered with the first selected 
serotonin-reuptake inhibitor (SSRI), the first-line treatment in MDD, in the largest 
study of MDD conducted in the United States [5]. Recent studies supported that 
nutritional supplementation may offer another treatment option for MDD, with evi-
dence for omega-3 polyunsaturated fatty acids (n-3 PUFAs) [6–9] and probiotics 
[10, 11].

ADHD, a common neurodevelopmental disorder with a prevalence rate of 
5–10% [12], has as a high comorbidity with other psychiatric disorders, including 
conduct disorders [13], mood disorders [13], anxiety disorders, and substance use 
disorders [14]. If  left untreated, it can have a great impact on the society, where 
there would be more absenteeism at work, more motor vehicle accidents, more sub-
stance use problems, and lower economic growth [15]. Despite the efficacy of phar-
macotherapy in children with ADHD, around 60–80%, about 20–40% of patients 
with ADHD either respond poorly to the current medications available or suffer 
from medication side effects [16]. On the other hand, studies have pointed to nutri-
tional interventions, such as n-3 PUFAs [17, 18] and probiotics [19, 20], as potential 
treatment options in children with ADHD.

In this chapter, we discuss the research evidence supporting nutritional supple-
ments in MDD and ADHD, focusing on n-3 PUFAs and probiotics in the context of 
inflammatory regulation.

24.2  Omega-3 Polyunsaturated Fatty Acids (N-3 PUFAs)

There are two main types of PUFAs in the human body, the omega-6 polyunsatu-
rated fatty acids (n-6 PUFAs) from the cis-linoleic acid (LA, 18:2n-6) and the 
omega-3 PUFAs (n-3 PUFAs) from the α-linolenic acid (ALA, 18:3n-3). N-3 and 
n-6 PUFAs are important constituents of all cell membranes; they are called the 
essential fatty acids (EFAs), because they are crucial for the survival for the humans 
and mammals but cannot be synthesized within the body [21]. EFAs can only be 
obtained from diets [21]. The PUFAs appear to be biologically active, and some of 
their functions require their conversion into metabolites including eicosanoids. 
Linoleic acid can be converted to gamma-linolenic acid (GLA, 18:3n-6) and GLA 
can be elongated to form dihomo-GLA (20:3n-6), which is the precursor of the 
prostaglandin (PG)-1  s. Dihomo-GLA can also be converted to arachidonic acid 
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(AA, 20:4n-6), which is the precursor of the PG-2 s, thromboxanes (Txs), and the 
Leukotriene (LT)-4 s. On the other hand, ALA can be converted to eicosapentaenoic 
acid (EPA; 20:5n-3), and EPA forms the precursor of PG-3 s and LT-5 s. In addition, 
EPA can be converted to docosahexaenoic acid (DHA; 22:6n-3). Both PGs and LTs 
are highly biologically active, have immunoregulatory action, and are known to be 
involved in the pathophysiology of inflammation-associated disorders, such as ath-
erosclerosis, asthma, cardiovascular diseases, cerebrovascular diseases, inflamma-
tory bowel syndrome, neurological diseases, and metabolic syndrome [21, 22].

Several lines of evidence support the importance of n-3 PUFAs in brain disorders 
[7, 8, 23]. DHA and EPA are both essential for the brain and the body, and the defi-
ciency of both may impair brain development and contribute to the development of 
several brain disorders such as depression. For example, deficiency of DHA has 
been associated with neuronal membrane instability and dysfunctional transmission 
of serotonin, norepinephrine, and dopamine [24, 25], which might be connected to 
the etiology of the mood and cognitive dysfunction of depression. In addition, clini-
cal trials showed that n-3 PUFAs helped to improve and prevent symptoms of 
depression [7–9, 25, 26] and cognitive function in mild cognitive impairment [27].

24.2.1  N-3 PUFAs and Inflammation

EPA is important in balancing the immune functions and physical health by reduc-
ing membrane AA (a n-6 PUFAs) and prostaglandin E2 (PGE2) synthesis [28], and 
might be associated with medical comorbidity and somatic symptoms in depression 
[29]. EPA and DHA have been shown to increase anti-inflammatory actions via 
inhibition of free radical generation and oxidant stress [21], and to regulate neu-
rotransmitter and immune functions via the modulation of lipid rafts signalling plat-
forms on the cell membrane [30]. In cellular experiments, we reported that both 
EPA and DHA reduced expressions of tumour necrosis factor (TNF)-α, interleukin 
(IL)-6, nitric oxide synthase, and cyclo-oxygenase-2, induced by interferon (IFN)-γ, 
and induced upregulation of heme oxygenase-1 (HO-1) in BV-2 microglia. In addi-
tion, EPA and DHA caused AKT and extracellular-regulated kinase (ERK) activa-
tion, which could be attenuated by phosphoinositide-3 (PI-3) kinase/AKT and 
mitogen-activated protein kinase (MEK)/ERK inhibitors. EPA and DHA also 
increased IkB kinase (IKK)α/β phosphorylation, IκB α phosphorylation, and IκB α 
degradation, while both nuclear factor (NF)-κB and IκB protease inhibitors could 
inhibit DHA-induced HO-1 expressions [31]. Moreover, a recent animal study fur-
ther showed that n-3-deficient diet exacerbated inflammation in an animal model of 
maternal immune activation, where the pregnant mice were injected with lipopoly-
saccharide (LPS) to induce inflammation reaction. This  induced spatial memory 
deficits in the adult offspring; while the adult offspring of the mice fed with n-3- 
balanced diet during gestation had no memory deficits [32].

One of the hypothesized mechanisms underlying PUFAs’ psychotrophic effects 
is their anti-inflammatory action [33]. Moreover, n-3 PUFAs have been found to 
have beneficial effects in cytokine-induced behavioral changes in animal models of 
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depression [34, 35]. Of particular relevance, our previous study demonstrated that 
lower n-3 PUFA levels in the peripheral blood are associated with an increased risk 
of developing IFN-α-induced depression over the following weeks [36]. In addition, 
we conducted a 2-week, double-blind, RCT, to test the effects of n-3 PUFA supple-
mentation in the prevention of IFN-α-induced depression. We found that the inci-
dent rates of IFN-α-induced depression were significantly lower in EPA-, but not in 
DHA- or placebo-treated patients [8]. This study further confirms the notion that 
n-3 PUFAs may be effective antidepressants in the context of depression associated 
with inflammation.

24.2.2  N-3 PUFAs in Depression

Epidemiological studies have observed that societies with high consumption of n-3 
PUFAs appear to have lower prevalence rates of depression [37]. Case-controlled 
studies revealed lower levels of n-3 PUFAs in patients with depression [38]. N-3 
PUFAs concentration has been shown to become increasingly suboptimal toward 
the clinical spectrum of depressive symptoms [39], and its level is significantly 
negatively correlated with the severity of depressive symptoms [40]. N-3 PUFAs 
effectively treated depressive disorders in recent studies and some studies have 
shown EPA alone [41] or a combination of EPA and DHA [9, 25] had positive 
effects for patients with MDD. N-3 PUFAs improved the 4-month course of illness 
in patients with bipolar disorder in a preliminary trial [42], and in the further analy-
sis and of the preliminary trial found that n-3 PUFAS are more beneficial in the 
depressive phase than in the manic phase in patients with bipolar I disorder [29, 43]. 
In fact, n-3 PUFAs have been found to have antidepressant effects in several placebo- 
controlled trials [6, 26].

To translate numerous supportive evidence from RCTs and meta-analyses of n-3 
PUFAs’ antidepressant effects, the sub-committee of the International Society for 
Nutritional Psychiatry Research (ISNPR) organized an expert panel and conducted 
a literature review and a Delphi-process to develop a consensus-based practice 
guideline for clinical use of n-3 PUFAs in MDD [44]. The key practice guidelines 
include not only the formulation and dosage but also the agreement on using n-3 
PUFAs in MDD treatment for pregnant women [45–48], children, and the elderly, 
and prevention in high-risk populations [49].

24.2.3  N-3 PUFAs in ADHD

Deficiency in n-3 PUFAs has recently been investigated as a potential pathogenetic 
mechanism in ADHD [50]. In epidemiological studies, children of mothers who 
have lower seafood intake during pregnancy are at risk of suboptimal outcomes for 
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prosocial behaviors, fine motor coordination, verbal communication, and social 
development [23]. Moreover, we have shown that children with ADHD have greater 
severity of EFA deficiency, a clinical syndrome associated with insufficient fatty 
acid levels and comprising symptoms such as dry and scaly skin, eczema, and dry 
eyes [51]. In addition, EFA dietary deficiency in children with ADHD correlates 
negatively with plasma DHA levels [50], and a recent case-control study showed 
that EFA deficiency positively correlates with ADHD symptoms [51]. In terms of 
PUFAs levels, lower red blood cells (RBCs) PUFAs [50] and a higher n-6/n-3 ratio 
[52] have been reported in ADHD, and lower n-3 PUFAs levels are positively asso-
ciated with the severity of ADHD symptoms in children [52, 53]. A recent meta- 
analysis also showed that children with ADHD had lower blood levels of DHA, 
EPA, and total n-3 PUFAs when compared with typically developing (TD) chil-
dren [17].

Of note, single nucleotide polymorphisms (SNPs) of the FADS1 and FADS2 
(fatty acid desaturase) genes, which code for the enzymes, delta-5 desaturase and 
delta-6 desaturase, responsible for the metabolism of PUFAs, are associated with 
ADHD [54]. ADHD has been associated with SNP rs498793 in the FADS2 gene, 
while the two SNPs rs174545 and rs174548  in the FADS1 gene were nominally 
associated with ADHD in the prenatal alcohol-exposed group of children [54].

Meta-analyses further showed positive effects of n-3 PUFAs on ADHD clinical 
symptoms [17, 55–59] and cognitive symptoms [17]. In addition, a recent meta- 
analysis also showed that n-3 PUFAs supplementation with EPA  ≥  500  mg/d 
improved clinical hyperactivity/impulsivity symptoms [17]. In addition, due to its 
safety profile and anti-inflammatory effects, n-3 PUFAs have been of great interest 
as a potential treatment for ADHD.  Moreover, a previous study examining 10 
ADHD clinical trials with 699 children with ADHD (predominantly males, 60–87%) 
showed that a high dose of EPA (1–2 g) supplementation was required to show sig-
nificant improvement of clinical symptoms in ADHD [60].

The findings from clinical trials of n-3 PUFAs in children with ADHD have been 
controversial. Some clinical trials with n-3 PUFAs supplementation in ADHD have 
shown improvement in clinical symptoms [61–63] and cognitive performances [64–
66]. Moreover, most of the trials used DHA as the main component of the n-3 
PUFAs [63, 64, 66], or used a rather low combined dosage of DHA and EPA 
(<500 mg/d) [61, 65]. On the other hand, we recently showed that a high EPA dos-
age of 1200 mg/d improved cognitive function (focused attention and vigilance) in 
children with ADHD with a low EPA level (more inflamed), but did not improve 
cognitive function in those children with normal or high EPA level [9]. This further 
implies that subtyping ADHD with inflammation status or endogenous n-3 PUFAs 
level may contribute to the personalized medicine in ADHD with n-3 PUFAs as 
treatment; where endogenous n-3 PUFAs levels and inflammation status can be 
used as a treatment response predictor of n-3 PUFAs in ADHD.
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24.3  Gut-Brain Axis (GBA), Probiotics, and Inflammation

Dysregulation of the gut-brain axis (GBA) has been suggested to be associated with 
inflammation observed in both MDD and ADHD. The GBA is the bidirectional com-
munication system that allows gastrointestinal (GI) microbes to communicate with 
the brain [67]. GI microbes help protect against GI pathogens and exert neuroactive 
properties to influence the brain [68], and can communicate with the brain through a 
variety of routes, including activation of the vagus nerve, production of short-chain 
fatty acids (SCFAs), and cytokines [69]. There are more than a 1000 different species 
in the GI tract [70] and their composition can be affected by genetics [71], disease, 
medication [72], and age [73]. A high variability of GI microbes is important in that 
they may be able to stop the growth of pathogenic bacteria [74], strengthen GI per-
meability to prevent systemic inflammation, and allow normal physiological func-
tioning in other organs, especially the brain [69]. Moreover, healthy microbial 
composition in the GI tract is crucial for human neurodevelopment at the age of 
2–3 years [75], since GI microbes affect both the function and maturation of immune 
cells, which further affect neurodevelopment. An animal study showed that introduc-
ing microbiota to germ-free (GF) mice helped reverse impaired maturation of 
microglia [76]. Findings from preclinical studies further suggested that the vagus 
nerve may be the key communication route between GI microbes and the brain: (1) 
post-vagotomy was associated with elimination of central effects of Lactobacillus 
rhamnosus [77] and (2) humans who received a vagotomy at an early age have a 
decreased risk of certain neurologic disorders [78]. Moreover, GI microbes may 
regulate central neurotransmitters indirectly, since they produce neurotransmitters 
that affect the brain functions via enteric nervous system. GI microbes are also capa-
ble of producing neurotransmitters that are associated with brain function, for exam-
ple, Lactobacillus and Bifidobacterium spp. can produce γ-aminobutyric acid 
(GABA), while Bifidobacterium infantis has been associated with plasma tryptophan 
levels, which may influence central serotonin transmission [79]. Escherichia, 
Bacillus, and Saccharomyces spp. produce noradrenaline; Candida, Streptococcus, 
Escherichia, and Enterococcus spp. produce serotonin; Bacillus produce dopamine; 
and Lactobacillus produce acetylcholine [80, 81].

SCFAs are essential metabolic products produced by GI microbes from polysac-
charides that cannot be properly digested by the GI system. Bacetroides spp. and 
Clostridiae spp. are two of the important microbes that are associated with produc-
tion of SCFAs. SCFAs act on leukocytes and endothelial cells through at least two 
mechanisms: activation of G-protein-coupled receptors (GPCRs: GPR41 and 
GPR43) and inhibition of histone deacetylase (HDAC). SCFAs regulate several leu-
kocyte functions including production of cytokines, TNF-α, IL-2, IL-6, and IL-10, 
eicosanoids, and chemokines. SCFAs affect not only the immune system but also 
the CNS [76]; they may also affect the brain through GPCRs sparsely located in 
the brain.

GBA also use cytokines as another mean of communication to relay messages 
from the GI to the brain [82]. Cytokines from GI can travel to the brain via blood-
stream, but under normal healthy circumstances, these cytokines are blocked 
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from entering the brain by the blood-brain barriers (BBB). However, more evi-
dence has shown that the cytokines can cross BBB and affect the brain where 
the BBB is deficient, such as the hypothalamus. For example, cytokines includ-
ing IL-1 and IL-6 have been shown to activate the hypothalamus-pituitary-adre-
nal (HPA) axis and influence the release of cortisol, which may then affect GABA 
and result in gut dysbiosis, which is the imbalance between protective and patho-
genic microbes in the GI. Moreover, an animal study showed that stress changes 
the gut barrier function and allows LPS and other molecules to reach the blood-
stream, and result in the production of inflammatory cytokines [83]. Another 
animal study showed that early stressors such as maternal separation alter behav-
ioral phenotype and decrease GI microbiota diversity [84]. Gut dysbiosis and 
HPA axis dysregulation have both been suggested to play a role in the pathogen-
esis of both MDD [85, 86] and ADHD [87, 88].

Probiotics, on the other hand, are live microorganisms that claim to provide 
health benefits by restoring GI microbes, reverse dysbiosis, and improve the dys-
regulation of GBA. Recent studies have supported the effect of probiotics not only 
in physical disorders but also in psychiatric disorders.

24.3.1  GBA and Probiotics in MDD

A growing body of literature suggested that a dysfunctional GBA may contribute to 
the pathophysiology of depression. Gut dysbiosis has been suggested to lead to 
depression-like behavior. Administration of antibiotics in mice was shown to lead to 
gut dysbiosis, depression-like behavior, and altered neuronal hippocampal signal-
ing. This phenotype is reversible after administration of probiotic treatment with 
Lactobacillus casei [89]. Some studies [90, 91] further showed that transplanting GI 
microbiota from humans with depression to germ-free or microbiota-deficient 
rodents induces a depression-like phenotype, including anhedonia and anxiety-like 
behaviors. However, such behavioral changes were not observed in mice receiving 
microbiota transplantation from healthy controls. Moreover, sequencing the fecal 
microbiota of patients with depression and healthy controls further showed that 
several genera were different between the two groups [92]. The depression group 
had higher levels of Enterobacteriaceae and Alistipes, and lower levels of 
Faecalibacterium [92]. Depression has also been associated with higher levels of 
Anaerostipes, Blautia, Clostridium, Klebsiella, Lachnospiraceae incertae sedis, 
Parabacteroides, Parasutterella, Phascolarctobacterium, and Streptococcus and 
lower levels of Bifidobacterium, Dialister, Escherichia/Shigella, Faecalibacterium, 
and Ruminococcus [93]. Although no consensus has emerged from existing human 
studies of depression and gut microbiota concerning which bacterial taxa are most 
relevant to depression, studying microbial functioning in depression may be more 
productive than a purely taxonomic approach [93].

Alternatively, intervention with probiotics has shown improvement in depres-
sion symptoms [86]. Depression and anxiety symptom severity were negatively 
associated with GI microbiota diversity in psychiatric inpatients [94]. Moreover, 
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GI microbiota diversity early in the course of hospitalization was able to predict 
depression remission at discharge [94].

24.3.2  GBA and Probiotics in ADHD

Several conditions associated with the risk of ADHD have been associated with 
gut dysbiosis. These conditions included (1) maternal prenatal stress, (2) the 
delivery mode of caesarean section (CS), (3) preterm birth, (4) not breast feeding, 
and (5) comorbidity with allergic disorders [95]. Maternal prenatal stress and 
preterm birth were associated with decreased lactobacillus [95], on the other 
hand, lactobacillus has been shown to protect the CNS, and has been associated 
with breast feeding [96]. Furthermore, CS, especially emergent CS, has been 
associated with a decrease in Bifidobacterium [97], which is important to assist 
with the encoding of CDT (cyclohexadienyl dehyratase); CDT is important for the 
synthesis of phenylalanine, the precursor of tyrosine. Tyrosine is metabolized to 
dopamine, one of the key neurotransmitters in the pathophysiology of ADHD 
[98]. CDT was negatively associated with reward anticipation, where decreased 
CDT leads to high phenylalanine, abnormal dopamine, and a reduced reward 
response, one of the hallmarks of ADHD [98]. ADHD was associated with a 
decrease in Faecalibacterium [99], while a decrease in Faecalibacterium has been 
associated with increased ADHD symptoms and allergic conditions [95]. 
Furthermore, a decreased microbial diversity (alpha diversity) has also been 
reported in ADHD [100], which may contribute to a “leaky gut” and low-grade 
systemic inflammation reported in ADHD.

GI microbes may also affect the brain via activation of the vagus nerve and 
alteration of the ANS. On the other hand, alteration of the ANS has also been 
reported in ADHD [101]. For example, low heart rate variability, reduced car-
diac-linked parasympathetic activity associated with relative sympathetic domi-
nance, has been suggested as a possible noninvasive marker for prefrontal 
hypoactivity in ADHD [102]. In sum, GI microbiota may play an important role 
in ADHD by altering the ANS and affecting the synthesis and metabolism of 
neurotransmitters associated with ADHD, including dopamine, serotonin, nor-
epinephrine, and GABA [103].

Several studies with nutritional supplementation, including probiotics and n-3 
PUFAs, showed advantageous effects in children with ADHD. A 10- week pilot 
study of broad spectrum of micronutrients increased the GI microbial diversity and 
increased Bifidobacterium abundance, which is associated with a decrease in clini-
cal ADHD symptoms [104]. Furthermore, Lactobacillus administered to mothers 
prenatally (4 weeks before delivery) or postnatally (6 weeks, if they breastfed) or to 
the children, helped prevent the development of ADHD and autism spectrum disor-
der (ASD) in the children at the age of 13 [20]. Studies with n-3 PUFAs supplemen-
tation in healthy volunteers also showed an increase in Bifidobacterium and 
Lactobacillus [105], which are both neuroprotective. This may further offer some 
explanation for the treatment effects of n-3 PUFAs in ADHD.
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24.4  Conclusion

Nutritional psychiatry is an emerging field that focuses on how diet and nutrition 
can transform the therapeutic strategies in psychiatric disorders. Epidemiological 
studies, case-control studies, and clinical studies have supported N-3 PUFAs and 
probiotics as potential treatment options for both MDD and ADHD via immuno-
regulation and restoration of the gut dysbiosis. However, more studies will be 
needed to provide more evidence for the personalized medicine approach of nutri-
tional interventions in psychiatric disorders.
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25.1  Introduction

Extensive peer-reviewed literature clearly and consistently highlights the impor-
tance of nutrition across the lifespan for general well-being and the prevention and 
treatment of specific disease states. Unfortunately, only a small percent of people 
are following recommended dietary guidelines and recommendations. Dietary- 
related risk factors are increasingly driving ill-health. The Global Burden of Disease 
Series consistently lists child and maternal malnutrition and dietary risks (a collec-
tive of risks from excessive or inadequate food and nutrient intakes) as two primary 
drivers of disease and ill-health [1]. Globally in 2017, dietary factors were the lead-
ing risk factors for death (10.9 million deaths) and second leading risk factor for 
disability-adjusted life-years (DALYs) (255 million DALYs). High intake of sodium 
(three million deaths), low intake of wholegrains (three million deaths), low intake 
of fruits (two million deaths), low intakes of nuts and seeds (two million deaths), 
diets low in vegetables (1.5 million deaths), and low in seafood omega-3 fatty acids 
(1.5 million deaths) were the leading dietary risk factors for mortality [2].

In developed countries, dietary risks are directly implicated in the development 
of obesity, cardiovascular disease, diabetes and other endocrine disorders, and can-
cer. In low-to-middle-income countries, child and maternal malnutrition supersedes 
the typical dietary risks of developed countries and is driving the greatest burden of 
disease. Low levels of resources, suboptimal agricultural techniques, and an arid 
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landscape significantly contribute to food insecurity in these regions. Interestingly, 
the prevalence of preventable chronic diseases typically seen in developed countries 
is rising, with the increasing availability of energy-dense, low-nutrient processed 
foods a likely driving factor [1].

Evidence supports a plant-based approach to eating for both environmental 
and health benefits [3]. Definitions for plant-based eating differ. However, they 
generally include higher amounts of vegetables, fruit, wholegrains, nuts and 
seeds, some fish and seafood, and beneficial oils such as extra virgin olive oil. 
This approach also emphasizes a reduced consumption of meat and dairy prod-
ucts, and limiting highly processed foods, which are limited in beneficial nutri-
ents and generally high in added sugar and fats. It is well established that food 
intake and body weight are inherently linked; however, the importance of diet 
quality can often be overlooked. A 2017 meta-analysis pooled hazard ratios for 
all-cause mortality and found people who maintained a higher-diet quality over 
the 12-year period had a 9–14% lower risk of death from any cause [4]. Large-
scale, international changes to food policy and the food environment are needed 
improve dietary intake.

The impact of nutrition on brain function, mental health and as a potential treat-
ment for common mental illness has previously been under-explored. The emerging 
field of nutritional psychiatry is showing promise, particularly in the fields of gen-
eral mental health and common mental illness, with consistent evidence from large 
epidemiological studies confirming a relationship between diet quality and domains 
of mental health, and more recently RCTs showing a causal relationship for 
improvements in diet quality and improvements in symptoms for people living with 
major depressive disorder [5, 8]. The pathways thought to be mediating this include, 
but are not limited to, inflammation and the gut microbiome, both of which are 
linked to physical health domains including chronic disease [7]. This further drives 
the idea that mental health and physical health are interrelated and should be treated 
as such. This chapter reviews the current evidence and future application of nutri-
tional psychiatry.

25.2  The Role of Diet-Induced Inflammation in Mental Health

Diet-induced inflammation may explain the inverse relationship between poor diet 
quality and mental disorders. Associations between habitual diet quality and sys-
temic inflammation has been revealed by population-based studies. For example, a 
cross-sectional study conducted on healthy women (The Nurses’ Health Study) 
demonstrated that consumption of western dietary pattern was highly correlated 
with inflammatory markers such as C-reactive protein (CRP), interleukin 6 (IL-6) in 
plasma [6]. Conversely, the same study reported that a prudent dietary pattern, high 
in fruits, vegetables, fish, poultry, and whole grains, was associated with reduced 
levels of plasma inflammatory markers [6]. The ATTICA study reported similar 
findings, with adherence to a Mediterranean style diet being associated with lower 
levels of plasma inflammatory and coagulation markers [7].
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Clinical trial data also support the role of diet quality in inflammation. For exam-
ple, in a randomized control trial, healthy men who consumed 8 servings/d of veg-
etables and fruits had significantly reduced plasma CRP concentrations compared to 
those consuming 2 serving/d [8]. Hyperlipidemic adults who received a diet enriched 
with soy proteins, viscous fibre, and almonds reported lower levels of CRP markers 
compared to those who received a diet low in saturated fat or the same diet with 
statins [9]. Also, a randomized cross-over trial in 50 men showed that consumption 
of trans-fatty acids increased plasma CRP concentrations [10].

The growing evidence for diet-induced inflammation has led to the development 
of the Dietary Inflammatory Index (DII®) [11], a literature-derived dietary pattern 
based on the inflammatory potential of individual diet components. The DII scores 
has been validated against a number of different inflammatory markers (IL-1β, IL-4, 
IL-6, IL- 10, TNF-α, and CRP). Recently, the DII tool was modified to correct limi-
tations related to generalizability, resulting in a tool that provides an estimate of the 
inflammatory potential of an individual’s diet from up to 45 individual food param-
eters [11].

The DII has been widely used to measure the impact of dietary inflammation on 
a range of health outcomes including mental disorders [7800]. A large study based 
on the UK Biobank data (n = 69,843) showed that a more pro-inflammatory dietary 
pattern was more common in individuals with mental disorders (e.g. schizophrenia, 
bipolar disorder, and MDD), which persisted after adjusting for confounders (age, 
sex, total energy intake) [12]. Akbaraley et al. used the DII scores to determine the 
inflammatory potential of diet and showed that for each increment of 1 standard 
deviation of DII scores, the recurrent odds for depression increased by 66% in 
women [13]. Another meta-analysis investigated the influence of various a priori 
dietary patterns on depression in 41 prospective and cross-sectional studies. The 
Mediterranean diet, the Healthy Eating Index (HEI) and Alternative HEI (AHEI), 
the Dietary Approaches to Stop Hypertension (DASH) diet, and the Dietary 
Inflammatory Index were the dietary patterns considered for this analysis. Both the 
Mediterranean diet and a lower score of Dietary Inflammatory Index (i.e. a more 
anti-inflammatory dietary pattern) was associated with lower risk of depression both 
in the prospective and cross-sectional study designs [14].

25.3  Specific Anti-inflammatory Nutrients in Mental Health

Food contains important individual nutrients that are essential for the development 
and functioning of the brain. This includes nutrients such as omega −3/6 fatty acids, 
vitamins (e.g. E, C, and B vitamins), and minerals (e.g. zinc, magnesium, copper). 
These nutrients as well as bioactive plant compounds such as polyphenols (e.g. 
anthocyanins, flavonoids) possess many important functions to brain health includ-
ing the modulation of pathways that can damage the brain by reducing inflammation 
and oxidative stress.

The second largest proportion of lipids in humans are found in the central ner-
vous system (CNS). The brain constitutes polyunsaturated fatty acids (PUFA) in the 
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form of omega-3 and omega-6 fatty acids. Omega-3 fatty acids and their metabo-
lites are important signaling molecules in the process of regulating inflammation 
and neuroinflammation via inhibition of multiple inflammatory processes such as 
leucocyte chemotaxis and adhesion molecule expression as well as via the produc-
tion of anti-inflammatory compounds such as resolvins, protectins, and maresins 
[15]. There are multiple lines of evidence demonstrating the association between 
the dietary intake of omega-3 fatty acids and neuropsychiatric pathologies, in par-
ticular depression and anxiety [19–21]. Pre-clinical studies have showed that depri-
vation of omega-3 fatty acids can induce depression-like behaviours in animal 
models [19, 20]. Additionally, there is a substantial body of evidence from human 
trials showing that omega-3 fatty acids are useful as adjunctive treatments for 
depression [17], particularly formulations high in eicosapentaenoic acid (rather than 
docosahexaenoic acid) [17].

Oxidative stress is implicated in the pathophysiology of both neurodegenerative 
and psychiatric disorders [21]. An imbalance of cellular redox potential and the body’s 
oxidative stress defensive mechanisms lead to an excessive concentration of free radi-
cals/reactive oxygen species (ROS), which possess detrimental effects including the 
upregulation of inflammatory pathways and is also implicated in neurological and 
psychiatric disorders [22]. Polyphenols in foods such as colourful fruits, vegetables, 
spices, teas, and wines are promising free radical scavengers that demonstrate antioxi-
dant and anti-inflammatory properties [23]. The potential of polyphenols to enhance 
cognitive process via modulating extracellular signaling pathways and protection 
against ROS-derived lipid peroxidation and neuroinflammation have been shown in 
rats [24]. Berries, red wine, and peanuts are abundant source of resveratrol, a non-
flavonoid polyphenol, and intake of these elements has been demonstrated to act 
against Abeta-induced toxicity and attenuate degeneration of memory and Abeta 
pathology in rats [25]. In humans, consuming polyphenol- rich foods or supplements 
has demonstrated positive implications in improving mood although there is limited 
evidence and methodological inconsistencies [26, 27].

Finally, minerals (e.g. zinc, copper) in diet also play a critical role in the etiology 
of mental disorders, especially depression and anxiety [28]. Minerals are vital for 
neurotransmission (e.g. glutamatergic system and monoaminergic system), oxida-
tive stress pathways, and immune functioning [29, 30]. Ample evidence demon-
strates that lack of these minerals is associated with psychiatric disorders. For 
instance, dietary zinc is inversely associated with risk of depression [31]. Depressed 
subjects had lower blood levels of zinc compared to healthy subjects and interven-
tion studies have shown that zinc supplementation may be an effective intervention 
for depression [29, 30].

25.4  The Role of the Diet-Gut-Brain Axis in Inflammation

A potential pathway whereby dietary intake may modulate inflammation and men-
tal health is via the significant influence of dietary components on gut microbiota 
composition [7900]. Rapidly expanding evidence highlights the gut-brain axis as a 
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promising target for the treatment and management of mental illness and its role in 
neuropsychiatric disorders [32]. The gut brain-brain axis comprises the central ner-
vous system, neuroendocrine and neuroimmune system, sympathetic and parasym-
pathetic parts of the autonomic nervous system, enteric nervous system, and the gut 
microbiota [33]. Studies from germ-free rodents, antibiotics, probiotics, gastroin-
testinal infection, and fecal microbiota transplant studies [38–40] suggest that the 
gut microbiota modulates brain function and mental health through the gut-brain 
axis and this is mediated via several mechanistic pathways such as altering the 
immune and inflammatory system, hypothalamic-pituitary-adrenalin axis (HPA), 
tryptophan metabolism, production of bacterial metabolites, and through the vagus 
nerve [37]. Gut microbiota also interacts with the innate and humoral immune sys-
tem and may therefore perform immunomodulatory functions [38]. Evidence shows 
that the gut microbiota triggers the stress response system of the brain and, vice 
versa, stressful conditions can alter the gut microbiota in a bidirectional fashion [33].

Growing evidence suggest that psychological stress can weaken the GI epithelia 
and increase intestinal permeability [39]. The GI epithelial integrity is essential in 
order to prevent food substances in the lumen from reaching the circulation and 
bacterial translocation [40]. Increased intestinal permeability facilitates the passage 
of bacteria and endotoxins such as lipopolysaccharides (LPS) to the peripheral cir-
culation [41] and triggers the innate immune system, which in turn exacerbates the 
production of pro-inflammatory cytokine and heighten chronic neuroinflammation 
[42]. Moreover, elevated concentration of serum IgM, and IgA, against LPS of 
enterobacteria was found in patients with MDD compared to subjects without 
MDD [39].

Multiple dietary components can influence the gut microbiota including fibre, fat 
(including omega-3 fatty acids, and saturated fat), and polyphenols. Pre-clinical 
data report that high fat diet can unfavourably modify the gut microbial composition 
by creating a shift in the bacterial phyla [43]. Diets high in saturated fats and low in 
fibre may facilitate intestinal permeability, thereby triggering inflammation [44]. 
Further, animal models suggest that administering a diet with a higher proportion of 
fat can increase brain inflammation, reduce brain-derived neurotrophic factors 
(BNDF), and impede cognition [45].

Increasing intake of prebiotic fibre has been  shown to restore the microbiota 
composition and rectify the immune imbalance caused by a high fat diet [46]. 
Consumption of fermented foods favourably influences the gut by reinstating a 
healthy gut microbiome, attenuating inflammation, and improving the gut barrier 
[47]. Producing short chain fatty (SCFA) acids is one way how the gut microbiota 
regulates inflammation. Acetate, butyrate, and propionate are the key SCFAs that 
result from the bacterial fermentation in the hind gut. These molecules act as inflam-
mation regulators in addition to serving as energy substrates for colonocytes [48, 
49]. At the cellular level, the inflammatory response is driven by the activation of 
nuclear factor kappa-B (NFκB) and subsequent transcription of pro-inflammatory 
cytokines [49]. Pre-clinical evidence shows SCFA, especially butyrate, can attenu-
ate transcription of NFκB and the production of pro-inflammatory factors such as 
NFκB and may strengthen the gut epithelial integrity. This is imperative in terms of 
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suppressing bacterial translocation and thereby attenuating inflammation [50]. 
Similar to studies that have investigated dietary fibre, a recent animal study demon-
strated that anthocyanins, a particular class of polyphenols, could prevent dysbiosis 
caused by a high-fat diet and that the changes in gut bacterial genera caused by the 
polyphenols were correlated with anti-neuroinflammatory properties [51]. 
Furthermore, the anti-neuroinflammatory effect of polyphenols was associated with 
modulation of gut-mediated metabolites within the kynurenine pathway, a pathway 
implicated in the severity of depressive symptoms [51, 52].

25.5  Obesity and Inflammation in Mental Illness

In addition to the direct role of diet-induced inflammation in mental illness, diet- 
induced inflammation may also indirectly affect mental illness by driving obesity 
[53]. Multiple lines of evidence suggest that obesity is a pro-inflammatory state. 
Population-based studies have shown that people with obesity had elevated circula-
tory levels of pro-inflammatory and pro-coagulant proteins [58–60]. Adipose tissue 
upregulates inflammatory molecules including IL-6, MCP-1, iNOS, MMPs, and 
lipocalin [57]. Altered adipocyte function, leptin, hypothalamic pituitary adrenal 
(HPA) axis dysfunction, oxidative stress, and inflammation are speculated to play 
synergistic role in obesity-associated inflammation, diet-induced inflammation, and 
neuropsychiatric disorders [58]. A meta-analysis of 17 studies showed a positive 
association between obesity and depression in the general population with a pro-
nounced link in women [55]. Intervention trials have demonstrated that weight- 
reduction reduces circulating inflammatory markers and depressive symptoms. For 
example, a group of women who were under a calorie restriction diet experienced 
reduction in adipose tissue along with reduced circulatory TNFa, IL-6, IL-8 and 
leptin [56]. Furthermore, the recent RAINBOW randomized controlled trial, 
reported that the subjects in the collaborative treatment arm that incorporated 
weight-loss dietary counselling, problem-solving therapy, and antidepressant medi-
cation as per need reported statistically significant attenuation in body mass index 
and depressive symptoms compared to the subjects in the usual care arm [59].

25.6  Putting Theory into Practice: Dietary Interventions 
in Mental Healthcare

There is a role for diet interventions in reducing low-grade inflammation. A system-
atic review and meta-analysis exploring the effects of different dietary approaches 
on inflammatory markers in people with the  metabolic syndrome found positive 
effects on immune function [60]. Specifically, a low-fat diet lowered CRP greater 
than control; however, through sensitivity analysis it was assumed that this effect 
was dependent on weight-loss [60]. Low-carbohydrate diets achieved weight-loss 
and reductions as insulin; however, there was no significant change in CRP (based 
on limited studies) [60]. The assumption of weight-loss playing a key role into the 
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reduction in pro-inflammatory markers is supported by a review specifically assess-
ing weight-loss interventions [61]. A separate meta-analysis of 28 RCTs found that 
neither glycaemic load nor glycaemic index had an effect on a range of pro- 
inflammatory biomarkers [62], suggesting that diet-induced inflammation is not due 
to concentration changes of glucose in the blood.

Over the last two-decades, there has been a shift away from focusing on nutrients 
to focusing on foods and overall dietary patterns. Two of the most researched dietary 
patterns for health benefits are the Nordic and Mediterranean dietary patterns. 
Adherence to the traditional Nordic diet has an inverse relationship with high- 
sensitivity and C-reactive protein [63]. Subsequent intervention studies found that a 
healthy diet may reduce low-grade inflammation; however, higher quality RCTs are 
yet  to confirm this [63]. Meta-analysis of 17 RCTs found strong evidence that 
adherence to the Mediterranean dietary pattern reduces inflammation and improves 
endothelial function [64].

Intervention trials have also explored effects directly on symptoms of common 
mental illness. A 2019 systematic review and meta-analysis of RCTs explored the 
efficacy of dietary interventions as adjunctive treatment in depression and anxiety 
[65]. Dietary interventions were shown to have a small, significant effect on depres-
sive symptoms and no effect on anxiety symptoms (with limited data). The SMILES 
trial was the only RCT included in the review to test whether improving diet will 
reduce symptoms of depression in people with clinical depression as a primary 
outcome [66]. The individualized three-month intervention based on a modified 
Mediterranean diet reduced symptoms of depression greater than the social support 
group, with 32.3% (n = 10) meeting remission criteria in the diet intervention com-
pared to 8.0% (n = 2) in the social support group. Importantly, improvements in diet 
quality correlated with reductions in depressive symptoms [67]. Two further RCTs 
have replicated the impact of dietary intervention of symptoms of people experienc-
ing clinical depression. Both support the hypothesis that improvements in diet lead 
to reductions in depressive symptoms in people with clinical depression [68, 69]. 
The HELFIMED trial [68], a three-month group intervention based on the 
Mediterranean dietary pattern, combined with fish oil supplementation, had results 
remarkably similar to the SMILES trial. These positive results were maintained at 
six-month follow-up. The most recent RCT included a brief (3-week) dietary inter-
vention for young adults meeting criteria for clinical depression [69]. The interven-
tion arm had significant reductions in depressive symptoms, whereas the habitual 
diet group had no significant changes in depressive symptoms. Importantly, changes 
in certain food intakes explained some of the variance for depression outcomes. 
Furthermore, the reductions in depressive symptoms were maintained at three- 
months follow-up. Despite cohort studies demonstrating clear links between diet, 
inflammation and mental illness, none of the above RCTs have shown that the 
causal relationship between diet and depression is due to reductions in inflammation 
[70]. It should also be noted that despite there being a focus on the Mediterranean 
dietary pattern in these trials, it is possible that other traditional dietary patterns, 
known for general health benefits, could also reduce depressive symptoms.
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To examine the top tier evidence for the benefits and safety of nutrient supple-
mentation in people with mental disorders, a 2019 meta-review [17] brought 
together the data from 33 meta-analyses of RCTs; which in total contained studies 
of over 10,000 individuals with mental illness, randomized to nutrient supplement 
treatment vs. placebo-controlled conditions. This meta-review found no evidence 
for any nutrients as a ‘standalone’ treatment for any disorder, as most were trialed 
as ‘add-on’ (or ‘adjunctive’) treatments to psychiatric medications. Nonetheless, all 
nutrient supplements were found to be safe and there was no indication of serious 
adverse effects or contraindications with psychiatric medications. In terms of ben-
efits as adjunctive treatments, the majority of the evidence favoured omega-3 sup-
plements for people with major depression. Although effect sizes were mostly small 
from omega-3s, there was some evidence that omega-3 supplements containing 
higher doses of eicosapentaenoic acid had more substantial benefits for depression. 
Furthermore, the review also found some emerging evidence for L-methylfolate 
(the most bioactive form of Folate, i.e. Vitamin B9) for major depression and schizo-
phrenia, along with several benefits from N-acetylcysteine (an antioxidant amino 
acid) emerging across multiple different conditions—again when used as an adjunc-
tive treatment. Beyond these few options, however, there was very little evidence to 
support the use of other vitamins, minerals, or amino acids in the treatment of men-
tal illness.

The focus of dietary interventions in severe mental illness has been on cardio-
metabolic outcomes, given the stark physical health inequalities. While this is true 
for all mental disorders, those with severe mental illness experience the greatest 
physical health disparities. The impact of symptoms, cognitive impairments, social 
and financial constraints, and medication side effects has led to unacceptable levels 
of obesity, diabetes, cardiovascular disease, and early death. A meta-analysis of 
RCTs incorporating dietary interventions found positive effects on cardiometabolic 
outcomes (weight, waist circumference, blood glucose) [71]. Subgroup analysis and 
meta-regression analysis found much stronger effects for interventions that were (i) 
delivered by dietitians and (ii) delivered early in the course of antipsychotic treat-
ment as a preventative measure. These concepts have formed part of the recommen-
dations in the Lancet Commission into protecting the physical health of people with 
mental illness [72]. These concepts have successfully been translated into routine 
care in a mental health service, demonstrating acceptability and effectiveness for 
people in the early stages on psychosis [77–80]. The benefit of specific dietary pat-
terns and delivering dietary interventions on mental health domains for people 
experiencing severe mental illness is currently unknown, and are limited to animal 
studies and case reports.

25.7  Conclusion

The current food environment is driving high rates of preventable chronic dis-
ease. Further, there is a clear link between suboptimal dietary intake and poorer 
mental health, particularly depressive symptoms. This is thought to be mediated, 
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at least in part, through the gut microbiome and diet-induced inflammation. The 
field of nutritional psychiatry is commencing its transition from research to clini-
cal practice. Diet modification is emerging as a promising adjunctive treatment 
for people with MDD. Alongside this, there is also evidence to support the use of 
high EPA omega 3. Diet modification for symptom reduction in other mental 
disorders is unclear; however, transition to a traditional dietary pattern can assist 
in protecting the physical health of people at high risk for cardiometabolic 
complications.
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26Exercise and Inflammation

Kandola Aaron and Stubbs Brendon

26.1  Introduction

As demonstrated throughout this book, the relevance of inflammation is increas-
ingly being recognised in psychiatry. Evidence is also emerging that physical activ-
ity and exercise have anti-inflammatory properties and represent promising new 
forms of treatment for a range of psychiatric conditions, including depression [1].

Physical activity refers to any movement of skeletal muscles that requires energy 
expenditure [2]. Data from prospective cohort studies suggest that higher levels of 
physical activity is associated with a reduced risk of depression [3] and physical 
inactivity is associated with a greater risk of depression [4, 5]. Exercise is a struc-
tured form of physical activity aimed at improving or maintaining at least one com-
ponent of physical fitness [2]. Several systematic reviews have found that exercise 
can treat the symptoms of depression with a moderate to large effect size [1, 6].

People with depression have elevated levels of pro-inflammatory markers, such 
as interleukin (IL)-6 and tumour necrosis factor alpha (TNF-α) [7], which may con-
tribute to onset and progression of symptoms [8]. Some of the anti-depressant 
effects of exercise may be attributable to their capacity to ameliorate this inflamma-
tion [10].
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This chapter provides an overview (1) of the role of exercise in maintaining low 
inflammatory profile, (2) the role of exercise in reducing inflammation in clinical 
populations, (3) the potential and evidence for exercise in reducing inflammation in 
people with depression and (4) Clinical implications and future research.

It is worth noting that there are several different types of exercise that modulate 
different types of physical fitness. For example, aerobic exercise involves the use of 
large muscle groups in dynamic activities that improve the function of the cardio-
vascular system, such as running or cycling [9]. Resistance training is designed to 
increase musculature and strength and derives energy from glycolysis and stored 
phosphocreatine, such as weightlifting. Different types of exercise elicit different 
biological mechanisms and are likely to have different inflammatory profiles [11]. 
In this chapter, we primarily discuss research on aerobic exercise, but studies using 
resistance exercise will also be included where relevant.

26.2  The Role of Exercise in Maintaining a Low 
Inflammatory Profile

In non-clinical populations, systematic reviews have found that higher physical 
activity levels and exercise training are associated with lower circulating levels of 
inflammatory markers including C reactive protein (CRP) [12]. Several prospective 
cohort studies have found that low physical activity levels over a 10-year period are 
associated with higher circulating levels of inflammatory markers including 
C-reactive protein (CRP), interleukin (IL)-6, fibrinogen and adiponectin [13, 14]. 
Conversely, high physical activity levels are associated with reductions in CRP and 
IL-6 [15]. Cross-sectional studies in healthy populations have also found higher 
physical activity level to be associated with lower concentrations of inflammatory 
markers including CRP, IL-6, fibrinogen and TNF-α [16–20].

Evidence suggests that physical activity and exercise are associated with lower 
basal levels of inflammation. Several mechanisms may underlie these effects. Since 
the discovery that muscles can synthesize and release cytokines, known as myo-
kines, their actions during acute bouts of exercise are thought to play an important 
role in the long-term anti-inflammatory effects of exercise training [21].

When considering exercise as an intervention, the largest meta-analysis in this 
area contains data from 7487 mostly healthy participants across 160 randomised 
controlled trials (RCTs) investigating aerobic and resistance exercise training 
programmes [22]. The authors found that exercise training over a median of 
12 weeks (ranging from 2 weeks to 2 years) led to lower levels of pro-inflamma-
tory markers IL-18, leptin, fibrinogen and angiotensin II.  Another systematic 
review that included a subgroup analysis of 19 trials in healthy participants found 
exercise to be associated with lower levels of leptin [23]. Several large-scale 
RCTs in healthy populations have failed to find any anti-inflammatory effects of 
exercise training (e.g. [24–27]), but this is likely due to differences in study 
design, demographics, exercise protocol or modality and inflammatory markers 
assessed [27].
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During acute bouts of exercise, significant changes are seen in levels of IL-6, a 
myokine involved in a range of metabolic processes including fat oxidation and 
lipolysis [28]. One meta-analysis found that between 30 to 60 minutes of moderate 
to high intensity exercise was sufficient to cause a 145% increase in IL-6 [29]. In 
most cases, IL-6 is preceded by an increase in pro-inflammatory factors, such as 
TNF-α [30]. But the muscular release of IL-6 in response to exercise is unique in 
that it does not involve elevations of TNF-α and is instead followed by an elevation 
of anti-inflammatory markers such as IL-10 and the IL-1 receptor antagonist 
(IL-1ra) [31–33]. These factors are released by monocytes and macrophages and 
inhibit the production of pro-inflammatory cytokines including IL-1β, IL-1α and 
TNF-α [34, 35]. While IL-6 peaks at the end of an exercise session, IL-1r continues 
to increase for several hours post-exercise [33], extending the anti-inflammatory 
window of acute exercise.

Acute exercise also activates the hypothalamic-pituitary-adrenal (HPA) axis and 
the sympathetic nervous system (SNS) via neuronal signalling from the motor cor-
tex [36]. This leads to further anti-inflammatory action through hormonal changes. 
The adrenal gland and medulla trigger the release of adrenaline and cortisol, which 
further inhibit TNF-α production by monocytes and increase IL-10 release [33, 37]. 
In one study mimicking the effects of exercise, the elevations in cortisol also led to 
elevations in circulating immune-protective neutrophils and a reduction in the num-
ber of lymphocytes [33].

Muscle contractions during acute bouts of exercise essentially elicit an initial 
inflammatory spike that triggers several counteractive responses to create an anti- 
inflammatory environment mediated by myokines [38]. Repeated bouts of exercise 
stimulate a homeostatic adjustment to the various anti-inflammatory pathways acti-
vated through acute exercise, thereby extending its effects.

Another important anti-inflammatory pathway of exercise training relates to 
changes in adipose tissue. Both acute and regular exercise generally reduce adipose 
tissue, particularly around visceral organs, such as the liver [39]. For example, one 
study found that reducing participants’ daily steps from 10,000 to 1500 led to a 
significant increase in visceral fat without changes in total fat [40]. Through the 
activation of multiple pathways, the accumulation of adipose tissue can create 
chronic systemic inflammation through the release of pro-inflammatory adipokines 
(cytokines that are released by adipose tissue), such as IL-6, IL-18, TNF-α, leptin, 
resistin, angiopoietin- like protein 2 (ANGPTL2) and nicotinamide phosphoribosyl-
transferase (NAMPT) [41]. The extent to which metabolic dysfunction is present 
with the accumulation of adipose tissue will determine the degree of systemic 
inflammation. By counteracting the accumulation of adipose tissue, regular exercise 
can prevent or limit the presence of this source of chronic systemic inflammation.

It is possible that this process is still partially mediated by myokines, such as 
IL-15 [38]. IL-15 is protective against the accumulation of adipose tissue [42, 43] 
and present in higher concentrations in trained human muscle [44]. The increase in 
IL-15 can also stimulate the secretion of adiponectin [43], a cytokine that produces 
anti-inflammatory effects through insulin sensitization [45]. Longer term exercise 
(>6  months) causes higher basal levels of adiponectin in blood plasma in 
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overweight men and women [46]. In healthy women, a 10-week training programme 
produced increases in serum adiponectin and retinol-binding protein-4 (RBP4), 
which increased insulin sensitivity [45].

Some studies have found similar reductions in inflammatory markers related to 
metabolism that are independent of weight-loss [47]. Beyond reducing the amount 
of adipose tissue, animal models suggest exercise may even modulate the inflamma-
tory properties of adipose tissue [36]. The immune cell profile of adipose tissue can 
change depending on its composition of pro-inflammatory M1 macrophage cells to 
anti-inflammatory M2 macrophage cells [48]. Several animal studies have found 
that exercise training can reduce levels of pro-inflammatory cytokines through 
reducing M1 macrophage adipose tissue content [49, 50]. There is some support for 
this in humans, but the research is limited [34].

Exercise training can also induce lasting alterations in toll-like receptor (TLR)-
dependent inflammation. TLRs are proteins that upregulate the release of pro- 
inflammatory cytokines in response to pathogens via monocytes and play an 
important role in mediating the immune system [51, 52]. In one study with young 
and older healthy participants, a 12-week endurance and resistance training pro-
gramme led to lower basal levels of IL-6 and a significant reduction in TLR4 expres-
sion on cluster of differentiation 14 (CD14) monocyte cells [53]. Similar studies in 
healthy participants have also found exercise training to reduce TLR4 expression 
[54–56]. Animal models have also demonstrated that exercise training can modulate 
TLR4 expression on cells other than monocytes, including in skeletal muscles and 
adipose tissue [57]. Such findings suggest that exercise training could have a broad, 
systemic anti-inflammatory effect through TLR modulation, but more human work 
is needed in this area.

Through a series of interacting pathways, exercise training can help to create an 
anti-inflammatory environment in the body. Some key mechanisms underlying 
these effects relate to the actions of myokines, the modulation of adipose tissue, 
TLRs and monocytes. Several other potential anti-inflammatory mechanisms of 
exercise are also being established, such as the upregulation of heat shock pro-
teins [58].

26.3  The Role of Exercise in Reducing Inflammation amongst 
Clinical Populations

Given its anti-inflammatory properties, exercise could be a useful clinical tool for 
reducing inflammation in clinical populations. Several meta-analyses in people 
with cardiovascular disease found that exercise interventions can reduce concen-
trations of CRP, IL-6, fibrinogen and vascular cell adhesion molecule 1 [59, 60]. 
Meta- analyses of trials in overweight or obese individuals have found exercise 
training may reduce serum concentrations of leptin, CRP (non-significant trend 
p = 0.07; [61]) and increased the anti-inflammatory marker adiponectin [62], inde-
pendent of weight-loss [63]. One review found that combining aerobic and resis-
tance training was more effective at reducing leptin than aerobic exercise alone 
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[63]. Meta-analyses in people with pre-diabetes and type 2 diabetes found that 
exercise can reduce CRP, leptin and IL-6, but had no effect, or increased adipo-
nectin [64, 65]. In people recovering from cancer, meta-analyses have found that 
exercise can reduce IL-2, IL-6, IL-8 and TNF-α [66]. Finally, other meta-analyses 
that mostly include from people with cardiovascular disease, type 2 diabetes, over-
weight and obesity have also found that exercise interventions reduce CRP, IL-18, 
leptin, fibrinogen and angiotensin II and increase adiponectin across all population 
groups [22, 23, 67, 68]).

There is good evidence to suggest that exercise can be useful in reducing inflam-
mation across a wide range of conditions [69]. As in research on healthy partici-
pants, there are still inconsistencies in the literature. For example, a recent systematic 
review of 11 studies in people with type 2 diabetes found exercise had no effect on 
CRP [70]. In a meta-analysis of inflammatory rheumatic disease trials, exercise 
improved disease progression and joint damage, but no changes in CRP [71]. An 
earlier meta-analysis that found no significant effect of exercise on CRP did find 
that exercise decreased body fat in healthy adults [72]. Both rheumatic disease pro-
gression and adiposity are intrinsically linked with inflammation [41, 73]. It stands 
to reason that significant changes in these factors would influence inflammatory 
profiles and may be represented by variance in other inflammatory markers not 
measured in these studies.

26.4  The Potential for Exercise to Reduce Inflammation 
in People with Depression

A growing body of evidence exists to suggest that there may be an inflammatory 
component to some cases of depression [74], which is associated higher levels of 
pro-inflammatory markers, such as IL-1, IL-6, TNF-α and CRP [7, 75–77]. As exer-
cise can reduce the circulation of these pro-inflammatory markers, it could be a 
useful method of treating inflammation in people with depression. People with 
depression are also more likely to have greater amounts of adipose tissue exasperat-
ing the inflammation [78]. Through also reducing adipose tissue [39], exercise may 
indirectly attenuate inflammation further.

While several systematic reviews have found exercise interventions can effec-
tively reduce depressive symptoms [1, 6, 79], it is unclear if this co-occurs with a 
reduction in inflammation. Few interventional exercise studies have attempted to 
measure inflammatory markers in people with depression. One systematic review 
[80] of the biological mechanisms associated with exercise in people with depres-
sion found just three studies measured inflammatory markers [81–83]. However, 
none of these studies found that exercise elicited any significant changes in inflam-
matory markers. In one of the studies, changes in IL-β and higher baseline levels of 
TNF-α were associated with greater improvements in depressive symptoms follow-
ing the exercise intervention [83].

Other, more recent findings have been promising. In one RCT, people with 
depression were assigned to a cognitive behavioural therapy (CBT) group, and CBT 

26 Exercise and Inflammation



436

with exercise (CBTe) group and a waitlist control (WL) for 16  weeks [84]. 30 
matched controls were also included at baseline to make immunological compari-
sons. Participants with depression had elevated CRP, neutrophil and monocyte 
counts, and lower IL-10 than controls. Following the intervention, the CBTe group 
had significantly higher IL-10 than the other groups, but no other inflammatory 
changes were found. In a 12-week trial, 116 people with depression were assigned 
three 60-minute exercise sessions each week [85]. Blood samples were taken before 
and after the trial to measure IL-6 concentrations. After the intervention, there was 
a significant reduction in IL-6 concentrations, which coincided with reductions in 
depression severity. Exercise trials in people without depression have found that 
exercise can reduce depressive symptoms that correlate with reductions in TNF-α, 
CRP, IL-6 and IL-8 markers [86, 87]. However, high-intensity exercises such as 
interval training can cause increases in TNF-α and IL-6 [87].

Currently, very few exercise trials take blood samples pre- and post-intervention 
for measuring inflammatory markers [80]. The lack of research in this area makes it 
difficult to determine whether exercise can reduce inflammation in people with 
depression. However, recent findings have been promising.

26.5  Clinical Implications and Future Research

Exercise has the potential to treat and prevent inflammation across a range of differ-
ent populations and conditions. The transdiagnostic utility of exercise is recognised 
in a recent paper reviewing the evidence for prescribing exercise in the treatment of 
26 different conditions [69]. Similar benefits have been reported across a range of 
mental disorders [88, 89]. There are few adverse side effects associated with exer-
cise, it can be administered in low-resource settings and is accessible to most people 
[90]. Exercise also has a range of benefits that extend beyond its direct effects on 
reducing inflammation and symptoms, such as improving sleep [91] or enhancing 
quality of life in people with chronic health conditions [92]. As a result, the inclu-
sion of exercise as a transdiagnostic clinical tool is a safe and broadly beneficial 
method of reducing inflammation.

However, unlike most pharmaceutical agents, there is a lack of consensus over 
the correct ‘dose’ of exercise. Dose could refer to the frequency, duration, intensity 
or modality of exercise. It is unclear whether aerobic or resistance training is most 
suitable for treating inflammation and both are likely to have different inflammatory 
profiles [11]. For example, aerobic exercise is more effective at reducing adipose 
tissue than resistance training [93] and may be more effective at targeting inflamma-
tion caused by adipokines. In people with type 2 diabetes, some studies suggest that 
resistance exercise does not decrease the circulation of inflammatory markers (e.g. 
[65]), while others suggest it does [94, 95]. But in one of these studies, aerobic 
exercise was found to be superior at decreasing circulating adipokines [95]. In two 
studies comparing both types of exercise in healthy participants, one found that 
resistance training increased CRP levels while aerobic training did not [96] and the 
other found aerobic, not resistance training reduced CRP, IL-18 and IL-6 [86]. One 
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study combined aerobic and resistance exercise over a 24-week period and found 
healthy participants had lower CRP, leptin and resistin post-intervention [97]. Such 
conflicting findings highlight a need for more studies that make direct comparisons 
between these exercise modalities to determine the most effective at reducing 
inflammation in different populations and conditions.

It will also be important to consider the duration and intensity of exercise ses-
sions. Some studies have found high-intensity interval training (HIIT) to be superior 
to moderate intensity continuous training in reducing inflammation [98], some have 
found HIIT to increase inflammation [87] and others have found no correlation 
between intensity and inflammation [22, 65]. Exercise duration is the biggest deter-
minant of myokine response [99], which explains around 50% of the variance in 
plasma IL-6 and IL-10 following exercise [31, 100]. One meta-analysis of type 2 
diabetes trials found that the most effective exercise protocols for reducing IL-6 had 
longer durations and larger numbers of sessions [65]. Another meta-analysis of tri-
als in various health conditions found no effect of different intensity [22]. It is pos-
sible that different durations and intensities are appropriate for different population 
groups or conditions, which may underlie some of these conflicting findings.

However, it is possible for more extreme durations and intensities of exercise to 
be harmful. More extreme forms of exercise can cause muscle damage and systemic 
endotoxemia [99]. Following an acute bout of strenuous exercise, a temporary 
immunosuppressant period follows [101, 102].

For example, studies have found that long distance endurance events, such as 
triathlons, marathons (42 km), ultra-marathons (200 km) or spartathalons (246 km) 
can produce acute elevations of inflammatory markers including CRP, IL-1, IL-6, 
IL-8 and IL-10 [103–107]. One study found elevations in CRP lasting for 6 days 
after the event [105]. These negative effects are more pronounced in non-athletes 
performing strenuous exercise [108]. Similar elevations in inflammatory markers 
were not found with acute, strenuous resistance training [109], which could be 
related to the shorter exercise duration period.

Over time, the immunosuppressant effects of strenuous exercise may increase the 
risk of disease. Several studies have found that elite athletes have a greater risk of 
upper respiratory tract infection and this is likely to be partially due to the immuno-
suppressant effects of strenuous exercise [110, 111]. But it is important to note that 
these effects are only seen with extreme forms of exercise and are far outweighed by 
the vast health benefits of exercise more broadly [36]. It would be beneficial for 
future research to determine the point at which exercise can become harmful in terms 
of its intensity, duration, or overall lifetime exposure. This information will be impor-
tant in ensuring that exercise-based treatments are as safe as possible.

26.6  Conclusion

Through several interconnected pathways, both acute exercise and exercise training 
can produce anti-inflammatory effects. It is possible for exercise to be used to main-
tain a low inflammatory profile in non-clinical population groups via mechanisms 
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that include the modulation of myokine activity, adipose tissue, TLRs and mono-
cytes. These anti-inflammatory effects may extend to the treatment of people with 
inflammatory conditions.

Depression is increasingly considered to have an inflammatory component and 
several trials have shown that exercise can treat depressive symptoms. It is possible 
that the anti-inflammatory effects of exercise represent one pathway through which 
exercise reduces depressive symptoms. However, there has been little research that 
directly assesses the capacity for exercise to influence levels of inflammation in 
people with depression. Given the wider utility of exercise in the treatment of 
depression, more research in this area would be beneficial for establishing factors 
such as the optimal dose of exercise.
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