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Preface

Over recent years, there has been an exponential growth in research into the possible
role of the immune system in major mental illness, but research into immune links to
schizophrenia and related psychotic disorders has a long history (Khandaker et al.
2015). For example, in 1926 Karl Menninger published 200 cases of postinfluenzal
psychosis, one-third of which were reported to resemble dementia praecox (concep-
tual predecessor of schizophrenia). In 1927, the Nobel Prize for medicine was
awarded to Julius Wanger Jurug for his work on medical inoculation of malarial
parasites as a treatment for syphilitic psychosis. Ten years later, in 1937, Lehman
Facius described autoantibodies against brain structures in the cerebrospinal fluid of
patients with schizophrenia, paving the way to one of the many neuroimmune
concepts of schizophrenia and related disorders.

More recently, a large number of epidemiological, genetic and clinical studies
have pointed to links between schizophrenia and infection, inflammation, atopy and
autoimmunity. Contrary to the traditional view that the brain is an immunologically
privileged site shielded behind the blood–brain barrier, studies in the past 20 years
have demonstrated complex interactions between the immune system, systemic
inflammation and the brain, which can lead to changes in mood, cognition and
behaviour. Recent studies provide compelling evidence that the immune system in
general, and neuroinflammation in particular, may play a role in the aetiology of
schizophrenia and could be a promising therapeutic target. With significant invest-
ments from the academia and the industry to further investigate immunological
mechanisms and treatment options for major psychiatric disorders, research in this
field is set to grow exponentially in the coming years. Yet currently there is no book
on the topic of the neuroinflammation and schizophrenia.

This book aims to fill this gap by bringing together an internationally renowned
panel of experts to provide a comprehensive and authoritative summary of cutting
edge scientific evidence regarding the role of immune system in pathogenesis and
treatment of schizophrenia and related psychotic disorders. Comprising 11 chapters,
this book tackles a number of key aspects including historical perspectives and
basic immunobiology relevant for psychiatric disorders; possible role of infection,
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inflammatory mediators, microbiota, atopy and autoimmunity in illness pathogene-
sis; possible mechanisms including role of genes, cognition and microglial activa-
tion; and clinical implications particularly as regards to treatment of schizophrenia
and comorbidity between psychiatric and physical illness.

Chapter 1 (“A Brief History of Immunological Research into Psychosis and
Pathways for Immune Influence of the Brain”) by Norbert Müller gives a historical
overview of the wax and wane in research interest in this field over the past 150
years. Chapter 2 (“Basic Concept of Microglia Biology and Neuroinflammation in
Relation to Psychiatry”) by Daniele Mattei and Tina Notter provides an overview of
the basic concepts of neuroinflammation and neuroinflammatory processes, includ-
ing potential role of neuroinflammation and microglia activity in psychiatric disor-
ders. Chapter 3 (“Epidemiological Studies of Prenatal and Childhood Infection and
Schizophrenia”) by Håkan Karlsson and Christina Dalman provides an up-to-date
review of this topic including discussions on mechanistic issues such as sensitive
periods for exposure and possible mediating effects of inflammation and cognition.
Chapter 4 (“Cytokines, Oxidative Stress and Cellular Markers of Inflammation in
Schizophrenia”) by Rachel Upthegrove and Golam M. Khandaker reviews current
evidence linking immune dysfunction in schizophrenia and related psychotic disor-
ders focusing particularly on circulating cytokines, oxidative stress and cellular
markers of inflammation in various stages of illness from drug naïve first episode
psychosis to chronic schizophrenia. They discuss evidence of causality, potential
reasons for reported trans-diagnostic associations for inflammatory cytokines and
clinical implications as regards to new treatment and prediction of treatment
response.

Chapter 5 (“From Infection to the Microbiome: An Evolving Role of Microbes in
Schizophrenia”) by Emily G. Severance and Robert H. Yolken discusses how
disruptions in microbiome as the result of pathogen invasion, stress or immune
gene deficiency may give rise to localized inflammation, endothelial barrier com-
promise, translocation of gut-derived products and systemic inflammation leading to
neuropsychiatric consequences relevant for schizophrenia. Chapter 6 (“Autoanti-
bodies and psychosis”) by Eric Kelleher, Helen Barry, David R. Cotter, Aiden
Corvin and Kieran C. Murphy gives a comprehensive overview of psychiatric and
other clinical features of anti-NMDA-R autoantibody-mediated encephalitis as well
as a number of other autoantibodies against neuronal cell surface proteins. They
discuss evidence from clinical studies regarding treatment response to immunother-
apy in patients with antibody-mediated psychosis. Chapter 7 (“Herpes Simplex
Virus Type-1 Infection: Associations with Inflammation and Cognitive Aging in
Relation to Schizophrenia”) by Vishwajit L. Nimgaonkar, Triptish Bhatia, Abdelaziz
Mansour, Maribeth A. Wesesky and Smita Deshpande presents evidence linking
persistent infection with Herpes Simplex Virus Type 1 and cognitive ageing. They
discuss potential relevance of these findings for patients with schizophrenia, who are
particularly vulnerable due to disorder-related cognitive impairment. Chapter
8 (“Role of Infection, Autoimmunity, Atopic Disorders, and the Immune System
in Schizophrenia: Evidence from Epidemiological and Genetic Studies”) by Michael
E. Benros and Preben B. Mortensen reviews the evidence linking infection and
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schizophrenia in light of the recent large-scale epidemiological and genetic studies in
an attempt to elucidate familial confounding and shared genetic risk for schizophre-
nia and susceptibility to common infections.

Chapter 9 (“Microglial Activation and Psychotic Disorders: Evidence from Pre-
clinical and Clinical Studies”) by Tatiana Barichello, Lutiana R. Simoes, Joao
Quevedo and Xiang Y. Zhang delves into the mechanisms particularly looking at
neuroinflammation and microglial activation based on pre-clinical schizophrenia
models. They discuss the possible links between schizophrenia and
neuroinflammation in clinical studies and mechanisms by which microglial activa-
tion may influence development of schizophrenia. Chapter 10 (“Early-Life Adver-
sity, Systemic Inflammation and Comorbid Physical and Psychiatric Illnesses of
Adult Life”) by Maria Antonietta Nettis, Carmine M. Pariante and Valeria Mondelli
reviews evidence from pre-clinical and clinical studies suggesting that inflammation
could be a key mechanism through which childhood maltreatment/abuse increases
the risk of chronic psychiatric and physical illnesses of adult life including schizo-
phrenia and cardiometabolic disorders. The final chapter (Chap. 11: “Inflammation,
Antipsychotic Drugs, and Evidence for Effectiveness of Anti-inflammatory Agents
in Schizophrenia”) by Ananda K. Pandurangi and Peter F. Buckley provides an
overview of a range of therapeutic options that could be used to reduce inflammation
and their potential as treatment for schizophrenia. The authors discuss emerging
evidence from studies of biologics and other novel anti-inflammatory drugs and
highlights key issues for randomised controlled trials in this field today, notably the
need for useful biomarkers for patient selection/stratification.

This book captures the current state of science in this fast moving field, and we
are extremely grateful to the authors for their contribution. The chapters provide up-
to-date summaries of immunological risk factors for schizophrenia and related
psychotic disorders, and underlying mechanisms as informed by neuroimaging,
genetic, clinical and experimental studies. In addition, this book illuminates the
scope for immunological treatment for schizophrenia. We hope this contribution
would be of interest to researchers and clinicians alike.

Cambridge, UK Golam M. Khandaker
Schwerzenbach, Switzerland Urs Meyer
Cambridge, UK Peter B. Jones
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Abstract Infection and inflammation resulting from a malfunctioning of the
immune system have been discussed as pathological factors in psychosis for more
than 130 years. The first immune-modulating therapeutic approaches for psychosis
were developed more than 100 years ago, but the breakthrough of antipsychotic
treatment in the 1950s shifted the emphasis of research to catecholaminergic neuro-
transmission. In the 1990s, however, the unsatisfactory therapeutic effects of anti-
psychotics, and the fact that the pathological mechanisms of psychosis were still
unknown, reignited the scientific interest in other topics, including inflammation. In
parallel, the further development of immunological methods enabled a more sophis-
ticated examination of immunological and inflammatory mechanisms. Psychiatrists’
interest in this interdisciplinary field increased as a consequence of encouraging
results of psychoneuroimmunological research and broader funding of the field. In
the meantime, the benefits of anti-inflammatory treatment in psychosis have been
demonstrated in clinical studies and meta-analyses. Future studies are warranted to
evaluate the exact immunological mechanisms in the pathophysiology of the disease,
optimize the anti-inflammatory treatment approach and develop more targeted,
personalized therapies in psychosis.

Keywords History · Inflammation · Kynurenine · Psychoneuroimmunology ·
Psychosis · Schizophrenia

One of the main pathophysiological mechanisms in schizophrenia relates to abnormal
functioning of the dopaminergic system, and all currently available antipsychotic
drugs act on dopaminergic transmission. Consequently, over the last six decades,
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research on the neurobiology of schizophrenia has focussed overwhelmingly on
disturbances in dopaminergic neurotransmission, with the aim to elucidate the
exact role of dopamine in schizophrenia (Carlsson 1988). Despite all the research,
however, the precise pathogenic mechanisms underlying schizophrenia remain
unclear. Many findings point to processes beyond the dopamine hypothesis, includ-
ing the fact that the efficacy of dopamine-based antipsychotic drugs is inadequate
especially in chronic courses of psychosis. Hence, new concepts are required to
elucidate pathogenic processes that go beyond the dopamine hypothesis.
Psychoneuroimmunological research is one such new concept, which focuses on a
possible immune/inflammatory pathogenesis of schizophrenia in general and its
relation to abnormal dopamine functions in particular.

Interestingly, long before the era of dopaminergic research and modern antipsy-
chotics, infections and inflammation were discussed as causes for psychosis, and
therapeutic considerations were developed on this basis. It is well known in psychi-
atry that infectious diseases provoke psychiatric symptoms. As early as 1890 – 9 years
before he introduced the modern classification of psychoses into psychiatry – Emil
Kraepelin (1856–1926), one of the founders of modern psychiatry, described cases of
psychiatric syndromes due to infection. During an influenza epidemic, he reported
11 cases of psychiatric disorders that presented with various syndromes, such as
depressed mood, a paranoid and hallucinatory syndrome, involuntary movements,
cognitive deterioration and a delirious state (Kraepelin 1890). Kraepelin demon-
strated with these cases that:

1. Psychiatric syndromes can be caused by infectious agents.
2. The same infectious agent (in this case influenza virus) can cause completely

different psychiatric syndromes.

Kraepelin’s groundbreaking insights are still valid today, although the hypotheses
of modern research are much more generalized. Nowadays, infection and/or inflam-
mation is hypothesized to play a substantial role in psychiatric disorders, without
necessarily being overtly associated with an acute infectious disease.

Three years before Kraepelin’s publication, the young Austrian psychiatrist Julius
Wagner (1857–1940) (whose full name is Julius Ritter Wagner von Jauregg) had
observed that psychiatric patients were more resistant to infectious diseases than a
comparison group. Other authors from England, France and Germany described the
same phenomenon during epidemic typhus outbreaks in asylums. Wagner-Jauregg
published these observations in a scientific review article in 1887 (see Table 1).
While only about 17% (the mean of figures provided by different authors) of the
mentally ill in the asylums became infected by Salmonella typhi, 39% of the guards
caught the infection.

Interestingly, Wagner-Jauregg reported that the mentally ill people who recov-
ered from the typhus infection often showed an improvement of their psychiatric
symptoms (up to 75% of patients) or even recovered from their psychiatric illness
(up to 48%). In this early ‘meta-analysis’, a mean of 32% of the cases showed an
improvement, and 20% of the cases became healthy, i.e. the mental state improved in
more than 50% of those who recovered from the typhus infection (see Table 2).

2 N. Müller



These observations were made in the second half of the nineteenth century, a time
when almost no therapeutic options were available for psychiatric diseases.

On the basis of these observations, Wagner-Jauregg tried to develop an immune-
therapeutic approach. Before the Kraepelinian classification of psychoses into
‘dementia praecox’ (a concept similar to Eugen Bleuler’s ‘schizophrenia’) and
manic-depressive insanity, he successfully treated patients with different vaccines,
including attenuated Mycobacterium tuberculosis, plasmodia and Salmonella typhi.
Immunologically, these infectious agents stimulate the type-1 immune response
(a contribution of a lack of type-1 activation to an immune imbalance was repeatedly
hypothesized in schizophrenia). The most successful of his experiments was the
development of the ‘malaria therapy’ or ‘fever therapy’ of syphilis, for which he
earned the Nobel Prize in 1927. In addition to treating syphilis, he tried to develop
additional vaccination therapies for nervous diseases (Wagner-Jauregg 1926).
Wagner-Jauregg was, without doubt, a pioneer in the immune treatment of psychi-
atric disorders. However, although his immune-based ‘vaccination’ therapy was
developed in the first decades of the twentieth century – and looked promising –

his work fell into oblivion and was not followed up outside German-speaking
countries, particularly after the introduction of electroconvulsive therapy and, later,
treatment with antipsychotics.

In parallel, the Russian psychiatrist Alexander Rosenblum (1826–1903) published
studies of attenuated infectious agents in his psychotic patients. He induced fever with
malaria, typhoid and relapsing fever and reported that 11 of his 22 psychiatric patients
were cured after receiving treatment. However, his discovery did not receive wide-
spread attention because his results were published in an obscure journal (Rosenblum
and Zakon 1943).

Table 1 Typhus infections of
the mentally ill and guards
(1887)

Author Mentally ill (%) Guards (%)

Gaye 12.4 54

Wille 50 80

Wille 15 42

Campbell 13.8 38

Gottlob 4.7 12

Rath 5.3 6

Mean 17 39

Table 2 Influence of typhus
infection on mental illness
(1887)

Author Patients Unchanged Healthy Improved

Gaye 62 58 (94%) – 4 (6%)

Nasse 21 6 (29%) 10 (48%) 5 (24%)

Campbell 22 16 (72%) 3 (14%) 3 (14%)

Rath 22 7 (32%) 5 (23%) 10 (45%)

Forel 12 8 (67%) 1 (8%) 3 (25%)

Jolly 12 – 3 (25%) 9 (75%)

Mean 48% 20% 32%
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Starting from his serological research on syphilis, a result of infection with
Treponema pallidum, Felix Plaut (1877–1940) studied the role of neurosyphilis in
psychotic processes and the pathogenesis of psychiatric disorders. He argued that
this specific infection – around one third of the inpatients in the fast-growing
asylums at the end of the nineteenth century and beginning of the twentieth century
had neurosyphilis – provoked a variety of reactions in the brain, including psychosis.
He described several cases of psychotic patients, including catatonic patients, with a
positive Wassermann reaction (a complement-binding reaction used to diagnose
syphilis). Together with the bacteriologist August Wassermann, Plaut studied the
Wassermann reaction and in particular neurosyphilis by performing research on
cerebrospinal fluid. He recognized that the infection could be a trigger of psychosis
in those particular cases. At that time, it was already well known that different
pathogenic mechanisms might be responsible for psychiatric syndromes. Back in
Munich, at the university Department of Psychiatry chaired by Emil Kraepelin, Plaut
and his co-workers started animal experiments and clinical studies of the pathogen-
esis and therapy of neurosyphilis (including the malaria therapy of syphilis). The
immunology of neurosyphilis was his central research topic for 30 years. In this
context, he was the first to describe the groundbreaking finding of autochthone
antibody production in the brain of laboratory animals, i.e. Plaut demonstrated for
the first time an immune reaction of the brain. Moreover, although infection was
known as a trigger of psychosis long before Plaut, he was one of the first to
systematically study how infection with Treponema pallidum and the subsequent
immune response were associated with psychosis.

The introduction of antibiotics after the Second World War revolutionized the
treatment of infections, including syphilis. Effective treatment of syphilis with
antibiotics meant that the state of neurolues was seldom reached and, consequently,
was no longer a focus of research. Similarly, scientific interest in the tight connection
between infection and psychosis subsided and was only broader revitalized in the
1990s (Bechter 2004; Benros et al. 2011).

The discovery of the ‘neuroleptic’ effect of chlorpromazine and the role of
catecholaminergic neurotransmission in psychiatric disorders in the 1950s also
caused the focus of psychiatric research to shift. Research concentrated on dopami-
nergic, noradrenergic and serotonergic neurotransmission as pathological mecha-
nisms in psychiatric disorders, while alternative hypotheses and theories were
neglected to a large extent. Because psychoses have a substantial genetic compo-
nent, interest in genetic research grew in parallel with the development of molecular
genetic methods as of 1980s. Interestingly, the strongest genetic signal for schizo-
phrenia was found on chromosome 6p22.1, in a region related to the human
leucocyte antigen (HLA) system and other immune functions.

Modern theories about the pathogenesis of psychiatric disorders changed with the
emerging evidence suggesting that catecholaminergic functions can be influenced by
additional factors, such as the immune system and inflammatory processes. Interac-
tions between the immune system, hormones and neurotransmitters came into the
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focus of research in biological psychiatry during the 1980s. The work of Robert Ader
(1932–2011) on the conditioning of immunity and his overview of the field contrib-
uted to growing interest in the mechanisms and the topic, especially among basic
researchers (Ader 1981). During the 1980s, only isolated groups of researchers were
interested in the field, the methodological resources of immunological research were
limited, and the interpretation of the findings is often speculative because of the
limited knowledge of the interactions within the immune system. This may have
contributed to the fact that in the United States, funding of this research area was
viewed critically and only occasionally provided (Rapaport et al. 1989). In Germany,
on the other hand, the Volkswagen Foundation launched a large international
funding programme for psychoneuroimmunology at the beginning of the 1990s.
This funding allowed the first German university chair in psychoneuroimmunology
to be established at the University of Marburg: Hugo Besedovsky, a pioneer in
research into the interaction between the immune system, glucocorticoid hormone
system and neurotransmission, who showed that the immune system influences the
corticoid system in the brain, held this chair for around 15 years (Besedovsky et al.
1983). Moreover, this programme contributed both to a lively young scientific scene
in the field of psychoneuroimmunology in Germany, which continues to this day,
and to the founding of a scientific association called GEBIN (German Endocrine
Brain Immune Network), which holds regular biannual congresses.

For the reasons mentioned above, psychoneuroimmunological research was
mostly concentrated in Europe during the late 1980s and early 1990s. The research
groups of Michael Maes in Antwerp (Belgium) and Maastricht (the Netherlands),
which focussed on major depression, and my group in Munich (Germany), which
focussed on schizophrenia, contributed actively to the field and showed that
pro-inflammatory cytokines and an activated immune state play a role in schizo-
phrenia, major depression and bipolar disorder (Maes et al. 1990, 1992; Muller et al.
1987, 1991, 1993). On the one hand, the evaluation of immunological mechanisms
in schizophrenia concentrated on the neurodevelopmental effects of immune activa-
tion using animal models (Meyer et al. 2006) and, on the other hand, on the role of
the blood-brain barrier (Muller and Ackenheil 1995; Muller et al. 1999), blood-brain
axis of pro- and anti-inflammatory cytokines (Besedovsky et al. 1983; Dantzer and
Kelley 1989; Muller and Ackenheil 1995; Muller et al. 1999) and the immune effects
of antipsychotic treatment. Another aspect of the immune system’s involvement in
psychoses was introduced by research into the role of tryptophan/kynurenine metab-
olism. This metabolism pathway is driven by pro- and anti-inflammatory cytokines
and has a direct influence on melatonergic, serotonergic and glutamatergic neuro-
transmission through different neuroactive metabolites, such as kynurenic acid and
quinolinic acid (Kim et al. 2009; Linderholm et al. 2012).

Research programmes on schizophrenia and bipolar disorder were funded in the
United States and internationally from the mid-1990s by the Theodore and
Vada Stanley Research Foundation. Because of the scientific emphasis of the two
protagonists of the foundation, Fuller Torrey and Robert Yolken, these programmes
had a scientific focus on the roles of infection and immunity. A lot of scientific work
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in the field of infection, immunity and inflammation in schizophrenia and bipolar
disorder was – and still is – enabled by the Stanley Foundation. Similar to the
Volkswagen Foundation in Germany, the Stanley Foundation boosted research
internationally in the field of psychoneuroimmunology. Moreover, additional
focuses and funds were directed towards the elucidation of therapeutic approaches
involving immunomodulatory, anti-infective and anti-inflammatory compounds in
schizophrenia and bipolar disorder. The explicit therapeutic focus of Stanley
programme distinguished it from other funding programmes, the later of which
mostly focussed on elucidating the pathophysiological mechanisms of the psycho-
immune interaction.

Therapeutic studies on modulating the immune system in psychiatric disorders
provided further validation for the psychoneuroimmunological approach, for example,
by proving a benefit of anti-inflammatory drugs in patients with schizophrenia. These
studies have broadened the therapeutic spectrum in psychiatry and stimulated further
pathophysiological and therapeutic studies. For example, the cyclooxygenase-2
(COX-2) inhibitor celecoxib showed a therapeutic benefit in schizophrenia, and,
interestingly, COX-2 inhibition also had a positive effect on cognition in schizophrenia
(Muller et al. 2005). The efficacy of therapy with a COX-2 inhibitor seems most
pronounced in the first years of the schizophrenic disease process (Muller et al.
2010). Other studies demonstrated a beneficial effect of acetylsalicylic acid and other
anti-inflammatory compounds in schizophrenia and schizophrenia spectrum disorders
(Laan et al. 2010). A meta-analysis of the clinical effects of non-steroidal anti-inflam-
matory drugs in schizophrenia showed significant effects on the total, positive and
negative symptoms of schizophrenia (Zheng et al. 2017), although this effect seems to
be dependent on the duration of the disease and most pronounced in first manifestation
schizophrenia (Nitta et al. 2013) – findings that are in accordance with an inflammatory
origin of the disease. Despite these promising findings, however, further research is
needed to elucidate the exact immunological mechanisms in the pathophysiology of
schizophrenia and related disorders and to optimize immune-based treatment
approaches in order to develop more targeted, personalized therapies in psychosis.
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Abstract The hypothesis that the neuroimmune system plays a role in the patho-
genesis of different psychiatric disorders, including schizophrenia, depression, and
bipolar disease, has attained increasing interest over the past years. Previously
thought to have the sole purpose of protecting the central nervous system (CNS)
from harmful stimuli, it is now known that the central immune system is critically
involved in regulating physiological processes including neurodevelopment, synap-
tic plasticity, and circuit maintenance. Hence, alterations in microglia – the main
immune cell of the CNS – and/or inflammatory factors do not unequivocally connote
ongoing neuroinflammation or neuroinflammatory processes per se but rather might
signify changes in brain homoeostasis. Despite this, psychiatric research tends to
equate functional changes in microglia or alterations in other immune mediators
with neuroinflammation. It is the main impetus of this chapter to overcome some of
the current misconceptions and possible oversimplifications with respect to
neuroinflammation and microglia activity in psychiatry. In order to do so, we will
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first provide an overview of the basic concepts of neuroinflammation and
neuroinflammatory processes. We will then focus on microglia with respect to
their ontogeny and immunological and non-immunological functions presenting
novel insights on how microglia communicate with other cell types of the central
nervous system to ensure proper brain functioning. And lastly, we will delineate the
non-immunological functions of inflammatory cytokines in order to address the
possible misconception of equating alterations in central cytokine levels with ongo-
ing central inflammation. We hereby hope to help unravel the functional relevance of
neuroimmune dysfunctions in psychiatric illnesses and provide future research
directions in the field of psychoneuroimmunology.

Keywords Cytokines · Microglia · Microglia Sensome · Neuroinflammation ·
Psychiatry · Schizophrenia

1 Introduction

The neuroimmune hypothesis in schizophrenia has experienced a reappraisal.
The possible role of inflammatory processes in psychiatric disorders, which in
the context of the central nervous system (CNS) is frequently referred to as
neuroinflammation, has attained increasing interest over the past decade (Graeber
2014; Masgrau et al. 2017). In particular, functional abnormalities in microglia – the
resident, myeloid immune cell of the CNS – have attained increasing interest in
psychiatry in general and schizophrenia in particular (Laskaris et al. 2016).
Microglia act as the first line of defence against invading pathogens and play a key
role in central infections and central inflammation (Kettenmann et al. 2011). Similar
to monocytes/macrophages in the periphery, they constantly survey the CNS and
rapidly respond to invading pathogens, changes in the physiological microenviron-
ment, and CNS injury (Gomez-Nicola and Perry 2015; Hanisch and Kettenmann
2007). Upon activation by pathological insults, microglia can rapidly alter their
transcriptional profiles and morphological appearance, increase their motility and
phagocytic activity, and produce and secrete various factors that are integral for
combating pathogens and/or initiating and promoting tissue remodelling and repair
(Gomez-Nicola and Perry 2015; Graeber and Streit 1990; Lawson et al. 1992;
Ransohoff and Engelhardt 2012; Svahn et al. 2014; Wolf et al. 2017). The functional
diversity and dynamics of microglia are enormous, and their activation is hetero-
geneous and critically depends on the nature of the pathological insult (Gomez-
Nicola and Perry 2015; Graeber and Streit 1990; Lawson et al. 1992; Ransohoff and
Engelhardt 2012; Svahn et al. 2014; Wolf et al. 2017). However, while microglia
play a key role in inflammatory processes, their activation does not equal
neuroinflammation per se (Graeber 2014; Masgrau et al. 2017). In fact, microglia
can detect, process, and respond to signals in an entirely noninflammatory way
(Salter and Beggs 2014). Comparative to peripheral macrophages, microglia support
normal tissue function, which in the case of the CNS is neuronal integrity (Hanisch
and Kettenmann 2007; Kettenmann et al. 2011; Nimmerjahn et al. 2005; Ransohoff
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and Perry 2009; Scheffel et al. 2012). We now know that microglia are involved in
the regulation of neuronal development, synaptic plasticity, and circuit maintenance
(Arnold and Betsholtz 2013; Bilimoria and Stevens 2015; Reemst et al. 2016; Salter
and Beggs 2014). As discussed in detail below, there is substantial commonality in
the molecular signalling cascades used by microglia to exert its different functions.
Thus, alterations in microglia and inflammatory factors do not unequivocally convey
ongoing neuroinflammation or neuroinflammatory processes but might instead sig-
nify changes in brain homoeostasis (Estes and McAllister 2014; Reemst et al. 2016;
Salter and Beggs 2014; Thion and Garel 2017). These novel findings critically
challenge the concept that disorders involving changes in microglia or inflammatory
mediators are de facto neuroinflammatory disorders (Estes and McAllister 2014;
Salter and Beggs 2014). Despite this, psychiatric research tends to equate changes in
microglia activity with neuroinflammation (Biesmans et al. 2013; Brites and
Fernandes 2015; Doorduin et al. 2009; Gracia-Rubio et al. 2016; Haarman et al.
2014, 2016; Kenk et al. 2015; Monji et al. 2013; Na et al. 2014; Najjar and Pearlman
2015; Nakatomi et al. 2014; Setiawan et al. 2015; Suridjan et al. 2014). Such
oversimplifications could obscure the functional complexity of immune cells and
molecules in physiological brain processes beyond that of their classically defined
roles in inflammation resulting in possible misconceptions of disease aetiology.

In the spirit of John Maynard Keynes: ‘The difficulty lies not in the new ideas,
but in escaping the old ones’. The main incentive for writing this chapter was to
overcome some of the current misconceptions and oversimplifications with respect
to neuroinflammation and microglia activity in psychiatry. In the first sections, we
will provide an overview of the basic concepts of neuroinflammation and microglia.
We will then present key immunological and non-immunological functions of
microglia and inflammatory mediators in order to increase the awareness of the
complexity and difficulty to interpret changes in microglia and immune mediators in
psychiatric disorders.

2 Basic Concept of Neuroinflammation
and Neuroinflammatory Processes in Relation
to Psychiatry

Associations between psychiatric diseases and immune system dysfunctions have
been postulated more than 100 years ago (Kraepelin 1890; Menninger 1919) and
have remained a matter of discussion ever since. With the reconceptualization of the
‘immune privilege’ of the CNS, the field of psychoimmunology has experienced a
reappraisal. Advances in the fields of immunology and genetics, as well as the
increasing understanding of how immunological processes can influence brain
development and functions (Reemst et al. 2016; Thion and Garel 2017), have further
contributed to the growing interest and recognition of immune system dysfunction in
psychiatry. Indeed, abnormal neuroimmune functions have been implicated in the
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aetiology and pathophysiology of a number of psychiatric disorders, including
depression (Dantzer et al. 2008; Du Preez et al. 2016; Miller and Raison 2016;
Muller and Schwarz 2007), schizophrenia (Horvath and Mirnics 2014; Khandaker
et al. 2015; Muller et al. 2000; Yolken and Torrey 2008), autism spectrum disorders
(Ashwood et al. 2006; Estes and McAllister 2015; Meltzer and Van de Water 2017),
and bipolar disorder (Isgren et al. 2017; Wang and Miller 2017; Watkins et al. 2014).

The possible role of aberrant immune functions involving altered inflammatory
and neuroinflammatory processes is currently among the timeliest topics in psychi-
atry. In this field, however, immunological changes that are being revealed in the
CNS are frequently (and often misleadingly) referred to as neuroinflammation
(Graeber 2014; Masgrau et al. 2017). The extent to which the brain is considered
to be ‘inflamed’ is typically evaluated against the background of altered expression
of secreted inflammatory mediators (including cytokines and chemokines) together
with numerical, morphological, and/or functional abnormalities of astrocytes and
microglia (Graeber 2014; Masgrau et al. 2017).

The word inflammation was coined by the ancients and is derived from the Latin
word inflammare (‘to set on fire’) (Scott et al. 2004). The Roman Celsus is consid-
ered the first to have described the four cardinal signs of inflammation more than
2,000 years ago: rubor et tumor cum calore et dolore (redness and swelling with heat
and pain) (Rocha e Silva 1978). In the late nineteenth century, the German pathol-
ogist Rudolf Virchow added the fifth cardinal sign: loss of function (Scott et al.
2004). This early definition was based on the assumption that inflammation repre-
sents a purely pathological process, which was later revised to acknowledge that it
encompasses concomitant beneficial effects on tissue healing. Hence, inflammation
denotes a complex cascade of concurrent processes that cause both tissue damage
and repair (Schwartz and Baruch 2014; Serhan and Savill 2005).

Today, inflammation is considered an integral part of the body’s homoeostatic
repair and defence mechanisms and engages physiological interactions between
resident and recruited immune cells, soluble factors, and tissue-specific elements
(Schwartz and Baruch 2014; Serhan and Savill 2005). Upon initiation and proper
orchestration, it limits the spread of infection and/or tissue damage and is typically
followed by a resolution phase. The latter ensures that the affected tissues are
structurally and functionally restored and that the immunological components attain
their original functional state (Schwartz and Baruch 2014; Serhan and Savill 2005).

In general, the processes of classical inflammation can occur in the CNS like in
any other organ and show largely the same characteristics on the cellular and
molecular level (Denes et al. 2010; Filiou et al. 2014; Graeber 2014; Masgrau
et al. 2017; Schwartz and Baruch 2014). Illustrative examples of neurological
conditions where this occurs are multiple sclerosis, stroke, traumatic brain injury,
and CNS infections (Filiou et al. 2014; Graeber 2014; Masgrau et al. 2017). The
immune-driven CNS responses underlying these pathologies have been the
cornerstones of defining ‘neuroinflammation’ and involve (1) initiation of a local
immune response by CNS-resident immune cells, (2) increased production of
pro-inflammatory cytokines and chemokines, (3) additional recruitment of
CNS-resident immune cells to the primary site of trauma or infection, (4) blood-
brain barrier (BBB) leak and infiltration of blood-derived leucocytes into the brain
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parenchyma, and (5) resolution of inflammation and tissue remodelling. Hence, the
term ‘neuroinflammation’ was historically well defined and mirrored the hallmarks
of classical inflammation in the periphery (Estes and McAllister 2014; Masgrau et al.
2017). Over the past decade, however, the term ‘neuroinflammation’ has been
frequently used to describe isolated aspects of neuroinflammatory processes with
no known causative insult or overt changes in the BBB integrity (Graeber 2014;
Masgrau et al. 2017). This has led to the oversimplified assumption that a wide range
of psychiatric and neurodegenerative disorders underlie neuroinflammatory dys-
functions. The increasing understanding of how microglia and inflammatory medi-
ators exert regulatory functions in brain development and maturation independent of
inflammation adds another level of complexity on how to interpret central immune
dysfunction in these different disorders (Reemst et al. 2016; Thion and Garel 2017).

As suggested by Estes and McAllister (2014), we therefore propose that the
denotation ‘neuroinflammation’ should only be applied when all five signs of
pathological inflammation – increased cytokines and chemokines, activated
microglia and astrocytes, disturbance in BBB integrity and blood leucocyte infiltra-
tion, degenerative tissue damage, and resolution of inflammation and tissue
remodelling – are present. For alterations in isolated inflammatory mediators within
the CNS, we suggest to refer to the terms ‘changes in neuroinflammatory mediators
or processes’ or ‘changes in microglia activity states’ and specify them separately.
Clarifying the term ‘neuroinflammation’ is warranted in order to prevent oversim-
plifications, which in turn could result in the false assumption that various psychi-
atric and neurodegenerative diseases involve the same or similar pathologies. Such
oversimplifications may, in fact, impede scientific progress regarding the under-
standing of disease-specific aetiologies and, consequently, developing adequate
interventions with maximal therapeutic benefits.

3 Microglia: Historical Perspective

Microglia were first described by the German psychiatrist and neuropathologist
Franz Nissl in the late nineteenth century as ‘Stäbchenzellen’ (rod cells) that
represent reactive glial elements with migratory, phagocytic, and proliferative
potential (Ginhoux et al. 2013). During the same time, W. Ford Robertson intro-
duced the term ‘mesoglia’, which attempted to denote phagocytic elements with
mesodermal origin. In 1913, Santiago Ramón y Cajal introduced the classification of
central elements as ‘the first element’ (neurons), ‘the second element’ (neuroglia, a
term introduced by Rudolf Virchow, which comprise astrocytes and oligodendro-
cytes), and ‘the third element of the nervous system’ (cells with small round nuclei),
whereby he too stated that cells of the latter were probable to have a mesodermal
origin (Ginhoux et al. 2013; Ransohoff and Cardona 2010). In 1920, the Spanish
neuroscientist, and student of Ramón y Cajal, Pio del Rio Hortega, coined the term
‘microglia’ (Perez-Cerda et al. 2015). del Rio Hortega’s early observations and
descriptions were of tremendous accuracy. He observed the invasion of amoeboid

Basic Concept of Microglia Biology and Neuroinflammation in Relation to. . . 13



microglia into the developing brain during early embryonic development and
hypothesized that they originated from meningeal macrophages and/or peripheral
monocytes penetrating the CNS (Ginhoux et al. 2013; Kettenmann et al. 2011). He
also described that microglia change their appearance during brain maturation into
ramified cells, with a small round soma and an intricate network of fine ramifica-
tions. Furthermore, he reported that in the mature brain, microglia are present
throughout the entire brain parenchyma occupying defined, non-overlapping terri-
tories (Kettenmann et al. 2011). Upon pathological events, he observed that they
were able to retract their processes, become amoeboid, and display migratory and
phagocytic functions (Ginhoux et al. 2013; Kettenmann et al. 2011). Astonishingly,
most of these early observations and interpretation from Rio Hortega largely hold
true until today (Kettenmann et al. 2011).

4 Microglia: Ontogeny and General Facts

Although the ontogeny of microglia has been the subject of debates for decades, their
origin – primitive yolk sac (YS) macrophages – was only fully established in 2010
(Ginhoux et al. 2010). By applying an inducible lineage-tracing model using the
runt-related transcription factor 1 (Runx1) to label YS progenitors, including YS
macrophages, Ginhoux et al. could show that adult microglia arise unequivocally
from YS macrophages that invade the developing CNS at embryonic day (E) 9.5
through the bloodstream, where they proliferate in situ and are maintained through-
out adulthood (Ginhoux et al. 2010, 2013; Salter and Stevens 2017). The lack of
foetal monocyte contribution to the microglia progenitor pool could be explained by
the inaccessibility of foetal monocytes to the developing brain, as embryonic tissue
colonization of foetal monocytes starts at around E13.5, which coincides with the
formation of the BBB (Daneman et al. 2010).

YS macrophages represent an independent lineage and arise before the develop-
ment of other myeloid cells that differentiate from definitive haematopoietic stem
cells (Hoeffel et al. 2015; Orkin and Zon 2008). In contrast to other macrophage
populations, they have a unique development in the sense that they can bypass the
monocyte stage (Hoeffel et al. 2015; Takahashi et al. 1989). Hence, although
microglia may be considered to be similar to tissue-resident macrophages in periph-
eral tissues, they are the only ‘myeloid’ cells that are derived solely from yolk sac
precursors under ‘normal’ conditions (Hoeffel et al. 2015; Sheng et al. 2015).

Recent genome-wide chromatin and expression profiling coupled with single-cell
transcriptomic analyses throughout development revealed that microglia undergo
three distinct developmental stages along with brain development: early, pre-, and
adult microglia, which were shown to underlie distinct regulatory circuits
(Matcovitch-Natan et al. 2016). Morphologically, microglia undergo maturational
changes as well. While microglia during early brain development display an amoe-
boid cell morphology, they mature into ramified cells with numerous thin processes
at around postnatal day 15 (Cunningham et al. 2013; Harry 2013; Salter and Beggs
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2014). In a healthy mouse brain, depending on the region analysed, microglia
account for 10–15% of all brain parenchymal cells (Gomez-Nicola and Perry
2015; Graeber and Streit 1990; Lawson et al. 1990; Ransohoff and Engelhardt
2012; Svahn et al. 2014; Wolf et al. 2017). In contrast to this, their density shows
marked regional differences in the non-diseased adult human brain parenchyma,
ranging from approximately 0.5 to 16% of all cells (Mittelbronn et al. 2001).

The unique ontogeny of microglia with no contribution of foetal monocytes
suggests that microglia population persist in the brain parenchyma through self-
renewal of resident microglia. Previous estimates based on [3H]thymidine,
5-ethynyl-20-deoxyuridine (EdU), or 5-bromo-20-deoxyuridine (BrdU) incorporation
suggested that 0.05–1.04% of microglia in adult healthy mice of different strains and
2.35% of microglia in the young adult healthy macaque were entering cell cycle each
day (Lawson et al. 1992; Shankaran et al. 2007; Tonchev et al. 2003). A recent report
in humans using C14 retrospective birth dating of microglia isolated from postmor-
tem brains of adults born across six decades estimated that 0.08% of microglia
entered cell cycle per day in the healthy human brain, confirming the slow rate in
microglia renewal (Reu et al. 2017). However, more recent studies performed in
mice challenged the assumption that microglia are long-lived cells with slow pro-
liferation rates. Using a multicolour fluorescence fate mapping system approach, Tay
et al. revealed that microglia displayed higher and heterogeneous turnover rates in
different brain compartments that occurred in a context-dependent manner (Tay et al.
2017). Another recent report confirmed a high region-dependent turnover rate for
murine microglia revealing that proliferation is temporally and spatially coupled to
intrinsic apoptosis (Askew et al. 2017). In this study, on average 0.69% of the total
microglial cells were estimated to be proliferating, suggesting that the whole popu-
lation is renewed several times during a lifetime.

In the healthy brain, microglia form a near-regular three-dimensional lattice in
which each microglial cell occupies a unique territory. For decades, ramified
microglia have been mistakenly denoted as ‘resting’ cells. Recent studies, however,
revealed ramified microglia to be the opposite of resting: They constantly scan the
brain parenchyma for potential insults (Davalos et al. 2005; Hristovska and Pascual
2015; Nimmerjahn et al. 2005). Estimates suggest that microglia scan the entire brain
volume within a few hours (Nimmerjahn et al. 2005). While scanning the brain, the
fine microglial processes continuously contact neurons, axons, and dendritic spines
(Salter and Stevens 2017; Sierra et al. 2013; Tremblay et al. 2011). Furthermore,
process motility was shown to dramatically change in response to adenosine tri-
phosphate (ATP), neuronal activity, and neurotransmitters, whereas the latter is
partly indirectly mediated through ATP (Davalos et al. 2005; Dissing-Olesen et al.
2014; Eyo et al. 2014; Fontainhas et al. 2011; Li et al. 2012). Although microglia
process motility and interaction with neuronal synaptic elements is an established
phenomenon, the functional implications remain to be discovered.
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5 Microglia: The CNS Immune Cell

Microglia represent the central immune cell with the potential to sense and initiate
active immune defence in the CNS (Gomez-Nicola and Perry 2015; Graeber and
Streit 1990; Ransohoff and Engelhardt 2012; Svahn et al. 2014; Wolf et al. 2017).
They express numerous cell surface and intracellular receptors including pattern
recognition receptors (PRRs) that recognize pathogen-associated molecular patterns
(PAMPs) as well as damage-associated molecular patterns (DAMPs) (Kettenmann
et al. 2011; Santoni et al. 2015) through which they can virtually sense any
pathological event or changes in homoeostatic conditions and respond accordingly
(Kettenmann et al. 2011; Ransohoff and Cardona 2010; Ransohoff and Perry 2009).

Upon sensing a pathological insult, microglia rapidly alter their morphological
appearance and transcriptional programme in a context-dependent manner. In vivo
two-photon microscopy studies revealed that upon brain injury, microglial processes
rapidly and autonomously assemble on the site of injury without cell body move-
ment, establishing a potential barrier and thereby protecting the surrounding, healthy
tissue (Davalos et al. 2005; Hines et al. 2009; Szalay et al. 2016). This process
assembly was shown to be mediated by ATP (released either by damaged cells or in
a more regulated manner by astrocytes) and the microglia purinoreceptor P2Y12

(Haynes et al. 2006). Subsequent to this immediate barrier formation, microglia are
known to retract the processes adopting a more amoeboid-like morphology. These
morphological changes were found to be associated with a downregulation of P2Y12,
a conversion of ATP to adenosine by microglia ectoenzymes CD73 and CD39, and
an increase in expression of adenosine A2A receptors (Orr et al. 2009). At the end of
the range of morphological changes upon ‘activation’, microglia display a rounded
cell body with an increase in soma size and only sparse processes, which is termed
‘amoeboid’ (Kettenmann et al. 2011). Similar to peripheral immune responses, the
density of microglia increases at the site of an insult in order to provide more
immune cells to fight invading pathogens, as well as to assure the protection and
restoration of tissue homoeostasis. Microglia can become motile and actively
migrate to the sight of insult following chemotactic gradients as well as increase
their density through local proliferation (Kettenmann et al. 2011). As tissue macro-
phages, microglia increase their phagocytic activity to engulf invading pathogens
and toxic molecules as well as to promote and regulate tissue remodelling and repair
by phagocytizing apoptotic cells and cellular debris (Kettenmann et al. 2011).
During neuroinflammation, microglia can also act as antigen-presenting cells
(APCs) to activate invading lymphocytes of the adaptive immune system
(Kettenmann et al. 2011). Lastly, microglia produce and secrete various immune-
mediating factors, including pro- and anti-inflammatory cytokines and chemokines,
as well as neurotrophic factors, that are crucial for coordinating the combat against
pathogens and/or initiating and promoting tissue remodelling and repair (Gomez-
Nicola and Perry 2015; Graeber and Streit 1990; Kettenmann et al. 2011; Ransohoff
and Cardona 2010; Ransohoff and Engelhardt 2012; Svahn et al. 2014; Wolf et al.
2017).
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Descriptive studies of microglia morphology in a variety of different diseases and
animal models suggested that their ‘activation’ pattern follows a linear range (Perry
et al. 2010). This hypothesis, however, has been replaced by the macrophage-
derived polarization terminology (Perry et al. 2010). This concept of activation
was based on findings in peripheral macrophages where different stimuli could
induce different activation states termed M1 (classically activated) and M2 (alterna-
tively activated), whereby M2 phenotypes were further refined into M2a, M2b, and
M2c (Martinez and Gordon 2014). The classically activated M1 macrophages are
designated to specialize in pathogen elimination, whereas alternatively activated M2
macrophages are involved in tissue remodelling and repair (Geissmann et al. 2010;
Mantovani et al. 2005). However, this schema of activation has several limitations
(as explained by Martinez and Gordon 2014), which undermines the possibility of
applying the M1/M2 framework to microglia (Ransohoff 2016). Despite this, there
are numerous publications that employ M1/M2 terminology in order to characterize
microglia ‘activation’ states.

We now know that the functional diversity and dynamics of microglia are
enormous, and their activation is heterogeneous and critically dependent on the
nature of the pathological insult (Gomez-Nicola and Perry 2015; Graeber and Streit
1990; Ransohoff and Engelhardt 2012; Svahn et al. 2014; Wolf et al. 2017). Thus,
identifying the diverse phenotypes and functions they can adopt in response to an
insult or in different diseases remains to be a major challenge. Novel technologies
including two-photon imaging, whole-genome transcriptomic and epigenomic anal-
ysis with complementary bioinformatics and unbiased proteomics, and cytometry by
time of flight (CyTOF; Fluidigm) have been able to shed light into the complex
world of microglia and microglia ‘activation’ (Ransohoff 2016). Despite these major
advances and exciting new insights, most of the research published today still relies
on morphological analyses and measurements of specific cellular markers in order to
identify microglia-specific phenotypes. While these measures can, to a certain
extent, detect alterations in microglia activation states, they fail to adequately
identify all the diverse phenotypes and functions that these cells can adopt
(Gomez-Nicola and Perry 2015; Graeber and Streit 1990; Perry et al. 2010;
Ransohoff 2016; Ransohoff and Engelhardt 2012; Svahn et al. 2014; Wolf et al.
2017).

6 Microglia Function: Beyond Central Immune Cell

For decades, microglia were regarded as the brain-resident immune cells having the
sole purpose to sense and protect the brain from harmful stimuli. In the past years,
however, the functional roles of microglia have been extended to non-immunological
functions, including the regulation of neurogenesis, myelination, angiogenesis, and
synaptic pruning (Arnold and Betsholtz 2013; Bilimoria and Stevens 2015; Reemst
et al. 2016; Salter and Beggs 2014; Thion and Garel 2017). A large body of evidence
accumulated suggest that microglia are critically involved in neurodevelopmental
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processes throughout prenatal stages up to postnatal maturation of the CNS
(Paolicelli and Ferretti 2017; Reemst et al. 2016).

During embryonic development, microglia were shown to regulate the size of the
neural precursor cell (NPC) pool through phagocytosis of NPCs in the
subventricular zone (SVZ) of the developing cerebral cortex (Cunningham et al.
2013). Besides controlling the neuronal progenitor cell pool, microglia were impli-
cated in regulating the wiring of forebrain circuits during embryonic development
(Squarzoni et al. 2014). In utero perturbations of microglia activity resulted in
impaired outgrowth of dopaminergic axons in the forebrain and affected the laminar
positioning of subsets of neocortical interneurons (Squarzoni et al. 2014). Further-
more, in utero microglia depletion resulted in defective fasciculation of the axonal
tracts in the dorsal corpus callosum (Pont-Lezica et al. 2014).

In postnatal developmental periods, microglia were shown to continue regulating
the NPC pool in the SVZ. Besides microglia-dependent regulation of NPC numbers
through phagocytosis, microglia were shown to promote neurogenesis and
oligodendrogenesis through the production and release of pro-inflammatory cyto-
kines, including IL-1β, IL-6, TNF-α, and IFN-γ (Shigemoto-Mogami et al. 2014).
Microglia were further shown to control developmental cell death in the hippocam-
pus during early postnatal development in mice by means of phagocytosis of
apoptotic neurons (Wakselman et al. 2008). Moreover, microglia were implicated
to support the survival of layer V cortical neurons during postnatal development
(Ueno et al. 2013).

Besides regulating survival and death, migration, and positioning, as well as
axonal guidance of neurons, microglia are now known to actively participate in
synaptic pruning in a complement-dependent manner (Schafer et al. 2012; Wu et al.
2015). The complement system is a major effector of the innate immune system and
an adjuvant for the adaptive immunity (Parkin and Cohen 2001). It consists of
numerous soluble and cell-surface proteins that can recognize endogenous and
foreign materials (Mayilyan et al. 2008; Parkin and Cohen 2001). In the context of
CNS circuit refinement, the complement system is critical for the tagging, recogni-
tion, and elimination of synapses (Orsini et al. 2014; Presumey et al. 2017; Stephan
et al. 2012). As of today, microglia-dependent synaptic pruning has been best
studied in the mouse retinogeniculate system. This system has proven to be an
excellent model system for studying developmental CNS synapse elimination as it
involves the removal of excess synapses in the dorsal lateral geniculate nucleus
(dLGN) of the thalamus in an activity-dependent manner (Stephan et al. 2012;
Stevens et al. 2007). The findings from these studies suggest that microglia-
dependent pruning is mediated by the synaptic deposition of the complement
component C1q, which initiates the proteolytic cascade of the complement system
ultimately resulting in the deposition of the activated C3 fragment on synapses,
which itself is recognized by the complement receptor 3 (CR3) expressed by
microglia inducing phagocytosis (Schafer et al. 2012; Stevens et al. 2007). Intrigu-
ingly, this process is not random but has been shown to be activity-dependent, as
microglia cells engulf weaker, less active synapses only and sparing the strong ones
(Schafer et al. 2012).
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Besides the complement system, fractalkine (CX3CL1) has been implicated to
regulate microglia-dependent synaptic pruning (Arnoux and Audinat 2015;
Paolicelli et al. 2011). CX3CL1 is produced by neurons and astrocytes and present
in a membrane-bound (‘do-not-eat-me’ signal) or soluble (‘find-me’ signal) form
and the ligand for the microglia-specific receptor CX3CR1 (Table 1). Findings in
CX3CR1 knock-out mice demonstrated that the lack of fractalkine-mediated
chemoattraction resulted in delayed recruitment of microglia and impaired synapse
formation of pyramidal cells of the CA1 region of the hippocampus (Paolicelli et al.
2011), resulting in long-term alterations of hippocampal functional connectivity
(Zhan et al. 2014), and the impaired functional development of thalamocortical
synapses of the barrel cortex (Hoshiko et al. 2012).

Glia-dependent pruning of excess or weak synapses has been proposed to con-
tribute to synapse elimination during two distinct phases of postnatal development:
the first phase including the first 3 weeks after births in rodents and approximately
the first 5 postnatal years in human infants (Johnson 2001; Neniskyte and Gross
2017) and a second phase spanning week 3–8 in rodent development, which
represents adolescence in humans (Blakemore 2012; Konrad et al. 2013; Neniskyte
and Gross 2017). During the first phase, sensory circuits along with circuits associ-
ated with cognition and behaviour are being refined (Johnson 2001; Neniskyte and
Gross 2017). The second phase of refinement is crucial for the establishments of
circuits involved in goal-directed behaviour, planning, and impulse control in
associated brain regions such as the medial prefrontal cortex (mPFC) (Blakemore
2012; Konrad et al. 2013; Neniskyte and Gross 2017). In support of the notion that
microglia-dependent synaptic pruning is involved in later postnatal development and
maturation are recent findings where transient microglia depletion in mice at post-
natal day 19 or 30 altered the development and fine-tuning of synapses necessary for
proper learning and memory tasks (Parkhurst et al. 2013).

In the healthy adult brain, microglia have been primarily studied with regard to
their role as immune cell of the CNS. However, the few studies assessing the
non-immunological function of microglia have shown that microglia continue to
participate in the regulation of the NPC pool in regions with adult neurogenesis
(Sierra et al. 2010, 2014). The extent to which microglia regulate synaptic pruning
and remodelling in the adult brain, on the other hand, remains ill defined. However,
recent findings suggest that microglia are involved in regulation of behaviour.
Temporal microglia depletion in the hippocampus of adult mice resulted in cognitive
deficits and impaired social behaviour (Torres et al. 2016). Furthermore, microglia
processes have been shown to make temporary contacts with elements of the
neuropil, including dendritic spines and axonal terminals (Salter and Stevens
2017; Sierra et al. 2013; Tremblay 2011). Confocal and immuno-gold electron
microscopy studies have identified both pre- and postsynaptic elements within
microglia processes following such brief contacts with synapses, suggesting that
microglia could actively participate in synaptic remodelling and pruning (Linnartz
et al. 2012; Paolicelli et al. 2011; Tremblay et al. 2010).

Against this background, it becomes evident that the neuroimmune system, and
microglia in particular, critically regulates proper neuronal development and
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Table 1 Overview of the regulatory signals based on their response they evoke in microglia

Ligands/signals Expression
Microglia
receptor Reference

‘Do-not-eat-me’

CD47 (integrin-associated
protein)

Various cell
types includ-
ing neurons
and myelin

Signal regulatory
protein-alpha
(SIRP-a)

Zhang et al. (2015)

Polysialic acid residues Neuronal
glycocalyx

Sialic acid-
binding immuno-
globulin-like
lectins (SIGLECs)

Brown and Neher (2014),
Claude et al. (2013), and
Wang and Neumann (2010)

Membrane-bound
fractalkine ligand
(CX3CL1)

Neurons CX3CR1 Brown and Neher (2014),
Paolicelli et al. (2014), and
Cardona et al. (2006)

‘Find-me’/’help-me’

Adenosine triphosphate
(ATP) (‘find-me’)

Released by
neurons and
astrocytes

P2Y12 Dissing-Olesen et al. (2014),
Haynes et al. (2006),
Hristovska and Pascual
(2015), and Eyo et al. (2014)

Soluble CX3CL1
(‘find-me’)

Released by
neurons

CX3CR1 Garton et al. (2001), Noda
et al. (2011), Maciejewski-
Lenoir et al. (1999), Liang
et al. (2009), and Zhang
et al. (2012)

Interleukin-34 (IL-34)
(find-me/help-me)

Released by
neurons

Colony-stimulat-
ing factor-1
receptor
(CSFR-1)

Xing and Lo (2017),
Mizuno et al. (2011), and
Luo et al. (2013)

Fibroblast growth factor-2
(FGF-2) (find-me/help-me)

Released by
neurons

Fibroblast growth
factor-3 (FGFR3)
(chemotaxis)
FGFR1 (restor-
ative microglia
phenotype)

Noda et al. (2014) and Xing
and Lo (2017)

‘Eat-me’

Phospholipid
phosphatidylserine

Exposed on
cell surface of
neurons

Brain-specific
angiogenesis
inhibitor-1
(BAI-1)

Brown and Neher (2014),
Wakatsuki and Araki
(2017), Marker et al. (2012),
and Mazaheri et al. (2014)

Opsonin (milk fat globule
factor-E8 (MFG-E8)-
tagged phospholipid
phosphatidylserine

Released by
microglia and
astrocytes

Vitronectin recep-
tors (VNRs)

Cardona et al. (2006),
Fricker et al. (2012), and
Neniskyte and Brown
(2013)

Membrane debris Apoptotic
cells

Triggering recep-
tor expressed on
myeloid cells-2
(TREM2)

Fu et al. (2014) and
Takahashi et al. (2005)

Complement component
C1q-tagged glycoproteins

Neuronal
surface

Complement
receptor 3 (CR3)

Schafer et al. (2012),
Linnartz et al. (2012),
Stephan et al. (2012), and
Brown and Neher (2014)
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refinement of brain circuitry during embryonic and postnatal development and
possibly as well in the adult brain (Arnold and Betsholtz 2013; Bilimoria and
Stevens 2015; Reemst et al. 2016; Thion and Garel 2017; Wu et al. 2015). It is
therefore conceivable that alterations in the neuroimmune system could impact
neurodevelopment and therefore play an important role in the aetiology of
neurodevelopmental psychiatric disorders. To what extent dysfunctions in the
neuroimmune system and microglia contribute to the pathogenesis of
neurodevelopmental disorders, however, warrants further examination.

7 The Microglia ‘Sensome’

A crucial prerequisite for the functions of microglia is its proper communication with
CNS cells, in particular neurons. Diverse microglia receptors have been identified
that recognize and respond to specific neuronal ligands (both soluble and membrane-
bound). The set of receptors expressed by microglia in order to enable them to sense
brain environment and neuronal states and respond accordingly is highly complex
and can be referred to as the ‘microglia sensome’ (Brown and Neher 2014;
Diaz-Aparicio et al. 2016). The microglia sensome is not stable but rather has
been shown to adapt to changing brain environments such as present during the
development of the CNS (Hickman et al. 2013; Matcovitch-Natan et al. 2016). The
regulatory signals (ligands), on the other hand, can be classified based on the
response they evoke in microglia (Table 1). These include ‘do-not-eat-me’ signals
presented by healthy neurons to prevent microglial phagocytosis, ‘find-me’/
‘help-me’ signals from neurons that induce microglial chemotaxis and adhesion to
neuronal components (e.g. dendritic spines), and ‘eat-me’ signals that initiate
phagocytosis (Brown and Neher 2014; Sierra et al. 2013).

Phagocytosis is not only important for the physiological maintenance of the CNS,
but it is also a crucial mechanism during inflammation to engulf invading pathogens,
injured neurons, and cellular debris (Rosales and Uribe-Querol 2017). Although
triggered by different signals that induce different intracellular signalling cascades,
the phagocytic cascades under noninflammatory or inflammatory conditions both
depend on the activation of small GTPases including Rac and Rho, which catalyse
cytoskeletal rearrangement in order to enable the formation of a phagocytic cup and
eventually (Gumienny et al. 2001; Lee et al. 2007; Patel et al. 2011; Rosales and
Uribe-Querol 2017; Sierra et al. 2013; Underhill and Goodridge 2012).

Neurotransmitter receptors expressed by microglia have been suggested to be an
integral part of the ‘microglia sensome’ to mediate the bidirectional communication
between neurons and microglia (Liu et al. 2016). Indeed, evidence suggests that
neurotransmitter signalling can modulate ‘microglia activation’, phagocytic clear-
ance, and phenotypic polarization (Liu et al. 2016). For example, microglia express
both ionotropic and metabotropic glutamate receptors, which were shown to alter
cytokine release (Noda et al. 2000), chemotaxis (Liu et al. 2009), as well as process
motility (Fontainhas et al. 2011) in an ATP-dependent and ATP-independent
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manner. Furthermore, microglia express both ionotropic GABA(A) and
metabotropic GABA(B) receptors (Liu et al. 2016), which were both shown to
decrease the release of pro-inflammatory cytokines upon an inflammatory stimulus
(Kuhn et al. 2004; Lee et al. 2011). Microglia also express both α-1/2 and as β-1/2
adrenergic receptors (Liu et al. 2016). Depending on the receptors expressed,
noradrenaline (NA) was shown to regulate the microglia immune profile in response
to an inflammatory stimulus (Johnson et al. 2013; Liu et al. 2016), chemotaxis, and
phagocytosis (Heneka et al. 2010), as well as ATP-dependent process motility and
cell mobility (Gyoneva and Traynelis 2013). Moreover, microglia were shown
to express functional serotonin receptors, which promote injury-induced and
ATP-mediated microglia process motility and cell mobility, as well as inhibit
phagocytosis (Krabbe et al. 2012). Lastly, histamine was also identified as a regu-
lator of microglia motility, migration, and cytokine release (Ferreira et al. 2012), as
well as modifying their morphological appearance and immune response in specific
brain regions (Frick et al. 2016).

Considering the above, we are only now starting to appreciate the complexity of
neuron-microglia interactions and how neuronal activity governs microglia activity
and vice versa. Neurotransmitters otherwise designated to regulate our mood,
wakefulness, and cognitive processes are now known to directly or indirectly
interact with brain-resident immune cells and thereby modulate a broad array of
microglia functions including chemotaxis, process motility, phagocytosis, and cyto-
kine release. The latter is of particular interest, as changes in cytokine levels
measured in the brain or cerebral spinal fluid (CSF) of psychiatric patients are
often interpreted as ongoing inflammatory processes or neuroinflammation. It is,
however, only now becoming clear that inflammatory cytokines in the brain are
constantly produced at low levels in a region-specific and diurnal manner whereby
they exert various physiological tasks independent of immunological processes
(Cearley et al. 2003; Krueger et al. 2011).

8 The Role of Central Cytokines Beyond Inflammation

Besides orchestrating and controlling the function of immune cells (Parkin and
Cohen 2001), cytokines have been increasingly recognized to be involved in the
regulation of various physiological processes of the CNS including sleep, learning,
memory, neural plasticity, and neurogenesis (Cearley et al. 2003; Donzis and
Tronson 2014; Krueger et al. 2011; Yirmiya and Goshen 2011).

The two prototypical pro-inflammatory cytokines IL1β and TNFα were found to
be constitutively expressed in the healthy adult rat brain following a diurnal expres-
sion pattern in specific brain regions (Cearley et al. 2003) and were shown to
stimulate non-rapid eye movement (NREM) sleep (Krueger 2008). Furthermore,
hippocampal IL1β gene expression was shown to regulate contextual fear memory
formation (Goshen et al. 2007). Hippocampal IL-1β levels were shown to increase
24 h after contextual fear conditioning and that interfering with IL-1 signalling
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(excess or blocking the IL-1 signalling pathway) could impede hippocampus-
dependent memory formation (Goshen et al. 2007). Intriguingly, sleep deprivation,
which is associated with cognitive decline, was shown to cause an increase in central
IL-1β and TNF-α levels, which was suggested to contribute to the cognitive deficits
evident after excessive lack of sleep (Krueger et al. 2011). The notion that IL-1β is
involved in regulating cognitive processes was further strengthened by a study that
found hippocampal IL-1β to be increased in an ATP- and microglia-dependent
manner after a spatial recognition task (Labrousse et al. 2009). ATP was identified
as a key regulator of central IL-1 induction through binding to the microglia-specific
purinergic receptor P2X7 (Ferrari et al. 2006; Mingam et al. 2008). Indeed, mice
lacking the P2X7 receptor showed no task-dependent IL-1β induction, which was
associated with impaired spatial learning (Labrousse et al. 2009). These findings are
in line with previous studies showing that impaired IL-1 signalling impeded
hippocampus-dependent learning and memory processes, including long-term
potentiation (LTP) (Avital et al. 2003; Yirmiya et al. 2002). The chemokine
fractalkine (CX3CL1) was also suggested to be involved in learning and memory
processing, more specifically to play a role in the protective plasticity process of
synaptic scaling (Sheridan et al. 2014). CX3CL1 was shown to be upregulated in the
rat hippocampus during a brief temporal window following spatial learning and
LTP-inducing stimulation of the dentate gyrus. Furthermore, physiologically rele-
vant levels of CX3CL1 inhibited LTP maintenance and were shown to dampen
glutamate-mediated calcium increase in both neurons and microglia (Sheridan et al.
2014). The cytokine TNF-α, on the other hand, was implicated in regulating the NPC
pool in adult neurogenesis (Chen and Palmer 2013). NPCs were shown to express
TNF receptors (TNFR) 1 and 2, which differentially regulate NPC cell fate, whereby
TNFR1 signalling favours proliferation and TNFR2 signalling favours apoptosis
(Chen and Palmer 2013).

In light of this book chapter and the presented physiological functions of
cytokines described above, there is a need to carefully consider how to
interpret alterations in cytokine levels measured between patient groups and con-
trols. Indeed, numerous studies have identified significant changes in cytokine levels
both in brain tissue and CSF of psychiatric patients (Miller and Raison 2016; van
Kesteren et al. 2017; Wang and Miller 2017). However, although significant, the
observed changes are very small in comparison to the neurological conditions that
underlie neuroinflammation: For example, a significant increase of CSF IL-6 levels
was detected in a subgroup of schizophrenic patients where the levels in healthy
controls were found to be at 3 pg/mL and that of patients 4.5 pg/mL (Garver et al.
2003). Also in chronic schizophrenic patients, CSF IL-6 levels were significantly
increased, with a mean CSF IL-6 concentration of 1.5 pg/mL in controls and 2.68 pg/
mL in patients (Schwieler et al. 2015). Furthermore, significant increased CSF IL-6
levels were measured in recent-onset schizophrenic patients (median 0.85 pg/mL)
relative to controls (median 0.52 pg/mL) (Coughlin et al. 2016). Another study
found that patients who attempted violent suicide had significantly higher CSF IL6
levels (5.26 pg/mL) as compared to control (0.64 pg/mL) (Lindqvist et al. 2009). In
contrast to this, CSF IL-6 levels measured in multiple sclerosis (MS) patients have
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been found to increase from a mean of 0.87 pg/mL in controls to 13.4 pg/mL in MS
patients (Stelmasiak et al. 2000). Furthermore, CSF IL-6 levels measured in patients
suffering from meningitis have been found to peak up to 500 pg/mL (Pinto Junior
et al. 2011). Similar to IL-6, CSF IL-1β levels have been found to be increased in
schizophrenic patients relative to controls, whereby schizophrenic patients displayed
a median IL-1β of 4.37 pg/mL and controls 0.78 pg/mL (Soderlund et al. 2009).
IL-1β was also found to be elevated in the CSF of patients with acute depression,
where the mean level was 1.14 pg/mL in patients as compared to controls who had
an average level of 0.14 pg/mL (Levine et al. 1999). In comparison to this, menin-
gitis patients displayed CSF levels of IL-1β that can reach a peak of 1,000 pg/mL
(Coutinho et al. 2013). Lastly, in patients with traumatic brain injury, the levels of
CSF pro-inflammatory cytokines can increase up to several 100-fold in comparison
to controls (Sordillo et al. 2016).

It becomes evident that there is a substantial difference with respect to the
measured levels of pro-inflammatory cytokines in patients suffering from conditions
or diseases with ongoing neuroinflammation or psychiatric patients. The question
arises as to whether these observed alterations in psychiatric patients truly reflect
ongoing inflammatory processes or changes in the general physiological state of the
brain. To answer this question, future studies are needed to expand our knowledge of
the physiological roles of pro-inflammatory cytokines in health and disease.

9 Concluding Remarks

The growing understanding that central immune mediators are functionally involved
in regulating physiological processes of the CNS has revolutionized the field of
neuroimmunology. Microglia and cytokines have been implicated in the regulation
of neurodevelopment, neuronal wiring, and synaptic plasticity. The functional
relevance and underlying mechanisms of these non-immunological functions
remain, however, largely unknown and await further investigation. It is, however,
clear that the reductive conception of microglia as merely central immune cells is too
simplistic. Rather, they emerge as a distinct but heterogeneous cell population of the
CNS with a high degree of functional diversity and complexity. Unequivocally
implying changes in microglia activity profiles and/or inflammatory factors
with ongoing neuroinflammation or neuroinflammatory processes may therefore
be too simplistic and could result in misconceptions. In contrast, alterations in
neuroimmune systems – particularly in neurological and psychiatric diseases
where there is no apparent ongoing inflammation that is evident – should be
interpreted in relation to the functional complexity of immune cells and molecules
in physiological brain processes. This could help unravelling the functional rele-
vance of neuroimmune dysfunctions in psychiatric illnesses and aid defining future
research directions in the field of psychoneuroimmunology.
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Abstract Certain infectious agents can target the brain and interfere with its growth,
development, and/or function. A number of studies indicate that exposure to com-
mon infectious agents during fetal and postnatal life may also contribute to the later
development of schizophrenia and other non-affective psychoses. Epidemiological
studies of maternal infections during pregnancy have provided somewhat contradic-
tory results with regard to infections in general but have reported surprisingly
consistent associations with specific maternal exposures such as Toxoplasma gondii.
Childhood is also beginning to emerge as a sensitive period for the influence of
infections including infectious agents not known to target the brain. Recent studies
have associated childhood infections not only with a later diagnosis of schizophrenia
but also with impaired cognitive function. Importantly, independent studies indicate
that the associations between early life infection and the later development of
schizophrenia are not explained by factors shared between related individuals or
by genetic liability for schizophrenia.
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1 Introduction

Some infections of the mother during pregnancy are recognized to target the fetus
or newborn to interfere with its growth or development, including that of the brain.
The most well-recognized agents with such teratogenic properties are Toxoplasma
gondii, rubella virus, cytomegalovirus (CMV), and herpes simplex viruses, com-
monly referred to as the TORCH agents (Bale 2009). Congenital infections by these
agents are fortunately rare even among infected mothers without pre-existing immu-
nity. Moreover, the recent Zika virus epidemic in South America illustrates that
emerging infections are a severe threat to human health (Alvarado and Schwartz
2017). Maternal infections can also be passed on to the offspring during or after birth
(e.g., during breastfeeding) (Bale 2009). After birth, the neonate is increasingly
exposed to not only its mother’s infections but the infectious agents prevalent in
the child’s environment, which is likely to vary greatly across time, geographic
regions, and socioeconomic groups.

1.1 The Timing of an Infection Affects the Outcome

Among children exposed to infection, the outcome can vary depending on the timing
of the exposure in relation to their developmental stage. Whereas infections early in
gestation may cause severe CNS malformations, later infections may cause more
subtle symptoms (e.g., impairments in hearing or cognition), comprehensively
reviewed in Bale (2009). In terms of neurodevelopmental processes, neurogenesis
and neuronal migration in the developing cortex are largely complete by birth. The
postnatal period is characterized by a very rapid growth, primarily involving glial
cell proliferation and differentiation, synapse formation, and myelination, and the
human brain reaches 90–95% of its adult volume by age 6. While regional gray
matter volumes tend to decrease during adolescence, in part due to synaptic pruning,
the formation of myelin sheaths around nerve fibers begins during fetal life and
continues through the first few decades of life. Postnatal neurodevelopmental pro-
cesses occur at different time points and rates in different cortical and subcortical
regions, and all contribute to the changes in cognitive abilities and processing of
social interactions and emotions that occur during the first decades of life (Semple
et al. 2013; Houston et al. 2014).

Not only the brain but also the immune system undergoes development from fetal
life through neonatal life, childhood, adolescence to adulthood. For the purpose of
infections, the developmental stage of the immune system will also determine the
outcome of an exposure. Many infections, primarily of viral origin such as hepatitis
B virus (HBV), are largely asymptomatic when occurring during early life in part
due to an inability of the neonate to mount an adequate response to eradicate the
infections, which can lead to persistence and chronic infection to cause symptoms
only later on in life. Older children and adults infected with HBV, on the other hand,
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often develop acute disease symptoms (e.g., jaundice) due to an efficient destruction
of infected (liver) cells and clearance of the infection. Other agents can cause life-
threatening conditions in neonates, e.g., herpes simplex virus, but are usually
asymptomatic in older children or adults. The developmental processes occurring
both in the immune system and in the brain throughout childhood thus may have
a substantial influence on the short- and long-term outcomes of an infection
(Prendergast et al. 2012).

1.2 Other Factors Affecting the Outcome

In addition to the age of the child at infection, other host characteristics will influence
the outcome of an exposure to an infection. These include pre-existing immunity,
due to, e.g., vaccination or passive immunization by maternally derived antibodies,
and genetic variation. Genetic variation, primarily in the MHC region on chromo-
some 6 (dense with genes encoding proteins involved in immune recognition and
functioning, e.g., HLA molecules), is documented to influence susceptibility, pro-
gression, and recovery during infections in adult individuals and will likely also
influence the outcome of infections occurring during early life (Dendrou et al. 2018;
McLaren et al. 2013). In addition, genetic variation not only in the host but also in
the infectious agent itself is a likely determinant of the outcome of an infection.
Variation between strains of influenza A virus is well known (Petrova and Russell
2018) and can correlate with differences in cellular tropism and neuro-invasive
properties (Ward 1996). In Sweden, the prevalence of different strains of mumps
virus has varied with more neurovirulent strains being prevalent during the 1970s
and early 1980s as compared to later years (Tecle et al. 1998).

It is established that some known infections during fetal life can interfere with
brain growth and development. Whether infections during infancy and early child-
hood can also affect neurodevelopmental processes or even contribute to risk of
schizophrenia or other severe mental illnesses with onsets decades later have been
the focus of many investigations (see below).

The fact that still no specific agent or developmental stage has been conclusively
linked to schizophrenia has prompted an epidemiological approach to the study of
the role of infections in the development of schizophrenia. This approach has
during the last four decades provided invaluable information using increasingly
sophisticated methods and designs to address issues regarding reverse causality,
misclassification, and confounding by socioeconomic conditions, other familial
factors, or even genetic variation. Using population-based registers and biobanks
with long follow-up times, available in countries like Denmark, Finland, and
Sweden, researchers are beginning to dissect the various factors and their potential
interactions involved in the etiology of schizophrenia as well as other severe and
increasingly prevalent neuropsychiatric illnesses, such as autism spectrum disorder
and attention-deficit hyperactivity disorder.
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2 Epidemiological Studies of Infections During Pregnancy

In their seminal article published in 1988, Mednick et al. (1988) reported that
offspring to pregnant women exposed to the 1957 epidemic of influenza A virus in
Helsinki were at increased risk to develop schizophrenia as compared to offspring to
women who were pregnant during preceding years when the same flu strain was not
present in the population. The study had a purely ecological design and hence no
information on if case mothers were actually infected during pregnancy, only that
they were pregnant when the virus was prevalent in the population. Subsequent
studies with information on maternal exposure at the individual level have, taken
together, albeit not convincingly, supported this original observation; see Munk-
Jorgensen and Ewald (2001), Selten et al. (2010) and references therein. Brown et al.
(2004) reported a weak association between maternal influenza during pregnancy
and the later development of schizophrenia in the offspring. This group of
researchers used a large US birth cohort (born 1959–1966) to identify cases and
controls and accessed stored maternal serum samples collected prospectively during
pregnancy. They subsequently investigated these sera for the presence of antibodies
to the relevant strains of the virus. A recent meta-analysis including this, and
subsequent serological studies (Canetta et al. 2014; Ellman et al. 2009), did not
support a significant effect of maternal influenza during pregnancy on schizophrenia
risk in the offspring (Selten and Termorshuizen 2017).

Similar population-based approaches with nested case-control comparisons have
been used in Denmark and Sweden to identify patients and comparison subjects
along with prospectively collected blood samples from the neonatal period. Studies
employing prospectively collected maternal serum samples during pregnancy with
a nested case-control design based on large prospective cohort studies have, in
addition to the United States, also been conducted in Finland. Antibodies of class
G (IgG) are actively transported across the placenta during pregnancy to allow
passive immunization of the newborn during the first months of life. Detection of
IgG directed at specific infectious agents either in neonatal blood or in maternal
serum samples allows researchers to determine maternal exposures to various agents
at some time point (well) before sampling. These studies have mainly focused on the
“usual suspects,” i.e., infectious agents with affinity to the nervous system and the
ability to establish chronic infections such as herpes viruses and Toxoplasma gondii.
Using neonatal dried blood spots, schizophrenia or psychosis risk associated with
maternal exposure to T. gondii has been reported from both Denmark (Mortensen
et al. 2007) and Sweden (Blomstrom et al. 2012), whereas risk associated with
maternal infections with herpes simplex type 2 virus (HSV-2) and CMV has been
reported separately from Denmark (Mortensen et al. 2010) and Sweden (Blomstrom
et al. 2012). Some, but not all, studies of maternal sera from the United States
reported associations with HSV-2 (Buka et al. 2001, 2008; Brown et al. 2006),
whereas risk for psychotic illness in the offspring has been consistently reported also
for maternal exposure to T. gondii (Brown et al. 2005; Xiao et al. 2009). A more
recent study from Finland failed to detect a significant association with HSV-2
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(Cheslack-Postava et al. 2015). In summary, the current literature appear consistent
with regard to the association between maternal T. gondii exposure and risk for
psychotic illness in the offspring, but far less so with regard to the risk associated
with herpesviruses.

Purely register-based studies examining potential association between maternal
infections during pregnancy and the later development of schizophrenia and other
non-affective psychoses in large populations have also been conducted. Such studies
rely on prospective clinical ascertainments and registration of psychiatric diagnosis
in regional or national health-care registers and on the clinical ascertainment/
diagnosis of infections in clinical in- and/or outpatient settings during the time of
exposure studied.

These kinds of register-based studies of maternal infections during pregnancy
have been conducted in cohorts ranging in size from 8,000 to entire national
populations with up to two million individuals and have explored maternal infec-
tions ranging from genital/reproductive infections (Babulas et al. 2006) and respi-
ratory infections (Brown et al. 2000) to viral, bacterial, or any type of infection
(Blomstrom et al. 2015; Nielsen et al. 2013; Sorensen et al. 2009). According to the
larger population-based studies, maternal infections during pregnancy recorded in
the in- and outpatient care system are rare. In the Swedish patient register, only
slightly more than 1% of pregnant women are hospitalized for any type of infection
during pregnancy, which likely results in a misclassification of the exposure. While a
study in the Danish population reported a slight risk associated with any type of
infection (RR 1.2, 95% CI 1.0–1.4), the effect appeared to be larger among mothers
with a history of psychiatric disorders suggestive of an interaction between infec-
tions and genetic vulnerability for psychiatric diseases (Nielsen et al. 2013). Similar
observations were made by Clarke et al. (2009) regarding pyelonephritis during
pregnancy and also in another study of a large Swedish population of almost two
million individuals (Blomstrom et al. 2015). In our study (Blomstrom et al. 2015),
we observed no major risk of infections during pregnancy after taking potential
confounding by parental psychiatric history and health-care seeking behaviors
into account. Intriguingly, maternal infections during, but not before, pregnancy
interacted significantly with maternal, but not paternal, psychiatric history. These
observations suggest that additional risk for psychotic illness in the offspring is
contributed by the intrauterine environment of women with psychiatric illness and
infection. Suvisaari et al. (2013) made a similar observation in their Finnish high-risk
cohort where the incidence of maternal infections during pregnancy was similar
among mothers with schizophrenia spectrum disorders and comparison mothers but
still appeared to significantly contribute to the development of schizophrenia spec-
trum disorders in the offspring to the affected mothers. In their study of the Mater
University Study of Pregnancy pre-birth cohort, Betts et al. (2014) identified those
who experienced psychotic symptoms by age 21. They studied the potential associ-
ation with vaginal infections during pregnancy, based on maternal recall rather than
a clinically ascertained diagnosis. They did not find a clear effect of such infections
on subsequent psychotic symptoms in the offspring but did observe that maternal
vaginal infections during pregnancy conferred increased susceptibility to childhood
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diseases (including infections) in the offspring, which were, in turn, associated with
psychotic symptoms in the offspring. These investigators were not able to consider
the influence of a family history of psychiatric illness on these associations. We
have briefly examined the association between maternal infection during pregnancy
and the occurrence of diagnosed infections during childhood in the offspring
(Blomstrom et al. 2015). We indeed observed that maternal infections, both during
and before pregnancy, increased the odds of childhood infections in the offspring.
Interestingly, we also observed a significant interaction between maternal infections
during, but not before, pregnancy and childhood infections in the risk for
non-affective psychosis in the offspring.

In conclusion, maternal infections in general during pregnancy appear to be only
weakly associated with schizophrenia or other psychotic illnesses in the offspring.
Further studies are needed to understand the mechanisms underlying the risks
associated with specific agents and the interaction between infections during preg-
nancy and maternal psychiatric disorders.

3 Epidemiological Studies of Infections During Childhood

As described in the introduction, the postnatal period, from the time of birth to young
adulthood, or even up to the time of the appearance of the first psychotic symptoms,
entails developmental processes, which, if disturbed or delayed, would arguably be
relevant for studies aiming at identifying environmental factors contributing to the
pathogenesis of schizophrenia. For example, cannabis use in this period appears to
be a true risk factor for chronic psychotic disorders, including schizophrenia, and not
only a consequence of premorbid behaviors determined by genetic liability to
disease (Marconi et al. 2016).

For natural reasons, many of the published studies of childhood infections have
focused on those involving the central nervous system (CNS). Rantakallio et al.
(1997) explored the association between registered infections involving the CNS up
to age 14 and subsequent risk for a registered diagnosis of schizophrenia up to age
27 in the 1966 Northern Finland birth cohort with >11,000 births. An OR of 4.8
(95% CI 1.6–14.0) of schizophrenia for those exposed to viral CNS infections was
reported but based on only four exposed cases illustrating the rarity of such diagno-
ses in medical registers. A subsequent follow-up study of this cohort with additional
later onset cases resulted in a weaker and no longer significant association between
infections during childhood and schizophrenia (Koponen et al. 2004). Using data
from the UK National Child Development Study, a prospective population-based
cohort of >17,000 children born in 1958, Leask et al. (2002) reported a strong
association (OR 7.8) between meningitis during childhood and schizophrenia with
a very wide CI 1.0–59.0 due to the detection of only a single exposed case. To
examine rare exposures properly, we explored the Swedish population born
1973–1985 (>1.1 million individuals) followed until the end of 2002 with regard
to the development of psychotic illness (Dalman et al. 2008). Registered diagnoses
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involving CNS infections before age 12 were rare in this population (<0.8%) with
the majority involving viruses. A weak association between viral CNS infections and
non-affective psychoses was observed (OR 1.3, 95% CI 0.8–2.0) following adjust-
ment for differences in sex, age, urban living, season of birth, and parental psychotic
disorders (Dalman et al. 2008). In their subsequent report, Weiser et al. (2010) did
not detect any significant association between meningitis infection up to age 16 and
later hospitalization for schizophrenia using the Israeli National Psychiatric Hospi-
talization Registry. In their case-control design, they however used children with a
registered diagnosis of gastroenteritis as a comparison group. Whether this group
may also have been at increased risk for developing schizophrenia in comparison to
children never hospitalized for infections during childhood was not investigated. A
meta-analysis published in 2012 concluded that viral CNS infections during child-
hood confer increased risk of adult psychotic illness and that mechanisms may
include both direct effects of pathogens and the effects of inflammatory response
on the developing brain (Khandaker et al. 2012).

To address whether infections in general, and not only CNS infections, during
childhood confer schizophrenia or non-affective psychosis risk, Liang and
Chikritzhs (2012) investigated the potential association between all registered infec-
tions during the first 3 years of life and subsequent schizophrenia among males born
1980–1984 in Western Australia (>51,000 individuals). They reported a significant
association with two or more hospitalizations for any infections or with one hospi-
talization for intestinal or respiratory infections (Liang and Chikritzhs 2012). At the
time, two large population-based register studies were conducted in Denmark and
Sweden. In our Swedish study, a large number of potential confounders such as male
sex, birth in an urban environment, parental migration, parental age at birth of the
child, parental psychiatric illness, parental socioeconomic status, and inpatient care
during childhood for reasons other than psychiatric or infectious disease were
identified and taken into account (Blomstrom et al. 2013). A weak risk associated
with any type of infection during the period between birth and age 13 was observed,
HR 1.10 (95% CI 1.03–1.18). The fairly narrow confidence interval reflects the fact
that 1,114 exposed cases were identified in this the largest population studied to date.
A somewhat stronger association between any type of infection and schizophrenia
was observed in the Danish population (843,390 individuals born 1981–1996) after
adjustments for essentially the same covariates as included in the Swedish study
except parental socioeconomic status and hospitalization for “other” reasons, RR
1.41 (95% CI 1.32–1.51) (Nielsen et al. 2014). None of these studies observed an
overall significant risk for psychotic illness associated with CNS infections, perhaps
due to a lack of power despite the considerable sizes of the two study populations.

Population-based serological studies of specific infections among individuals
who will later develop schizophrenia or other non-affective disorders have not
been performed due to a general lack of prospectively collected samples during
childhood. Khandaker et al. however investigated the potential association between
serological evidence of Epstein-Barr virus (EBV) infections (by age 4) and psychotic
experiences (by age 13 and reported by 15% of participants) in 400 individuals
sampled from the longitudinal ALSPAC birth cohort (Khandaker et al. 2014). EBV
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is a member of the herpesvirus family that causes usually asymptomatic infection
among young individuals after which the virus establishes a latent state and lifelong
persistence. These investigators reported that those infected with EBV were more
likely to experience psychotic symptoms than the unexposed comparison group
(Khandaker et al. 2014).

3.1 Childhood Infections and Development of Cognitive
Abilities in Psychotic Illness

Low premorbid cognitive ability is a well-established risk factor for schizophrenia
and other non-affective psychoses with an estimated 3.7% risk increase in schizo-
phrenia risk for every point decrease in IQ (Khandaker et al. 2011). With regard to
cognitive abilities, hospitalizations for infections have been associated with slightly
poorer performance on scales measuring childhood emotional and cognitive devel-
opment (Kariuki et al. 2016) as well as on cognitive tests at age 18 (Benros et al.
2015) in large population-based studies. In light of recent reports indicating that the
low premorbid cognitive function observed in schizophrenia does not appear to be
fully explained by shared familial factors (Kendler et al. 2015, 2016), we recently
investigated the potential association between registered hospitalizations for infec-
tions during childhood, IQ at age 18, and the later development of schizophrenia and
other non-affective psychoses in approximately 650,000 Swedish males (Khandaker
et al. 2018). We observed that infections before age 5, but not later, were associated
with slight but significant reductions in IQ at age 18, see Fig. 1, and with increased
risk for the later development of non-affective psychoses. These relations were
similar between individuals in the general population and in a comparison between
full siblings suggesting that the associations were not fully explained by shared
familial factors. IQ appeared to both mediate and moderate the effects of early
childhood infections (Khandaker et al. 2018). This study thus suggests that early
childhood infection may increase the risk of non-affective psychosis, not only by
interfering with cognitive development but also by exaggerating the effects of
cognitive vulnerability to psychosis. Both CNS infections and non-CNS infections
were associated with cognitive deficits at age 18, in agreement with observations in
the previous Danish study (Benros et al. 2015). This study included only males
conscripted by the Swedish military and can thus not be generalized to females
and individuals not eligible for mandatory screening by the Swedish military. The
potential genetic confounding of the association between prior infections and
schizophrenia was recently directly addressed in a case-control study nested in the
population born since 1981 in Denmark (Benros et al. 2016). Benros et al. reported
that polygenetic risk for schizophrenia and infections both conferred risk for schizo-
phrenia, independent of each other suggesting that common genetic variation asso-
ciated with schizophrenia risk is not explaining the association between infections
and schizophrenia (Benros et al. 2016).
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In conclusion, studies of hospitalization for a wide range of infections after birth
appear to be consistently associated with a later diagnosis of schizophrenia. Contrary
to earlier reports, more recent studies indicate that risk does not appear to be limited
to infections targeting the central nervous system. Recent studies are also beginning
to address the important issue of familial or genetic confounding of these associa-
tions and thus far indicate that the risk conferred by infections is independent of both
familial and genetic risk for schizophrenia.

4 Final Remarks

While family and twin studies clearly indicate a high heritability of schizophrenia,
they also support important roles for shared and non-shared environmental factors
(Lichtenstein et al. 2009; Sullivan et al. 2003). To move forward with regard to the
risk for schizophrenia associated with maternal infections during pregnancy, we
need to conduct large studies with objective measures of genetic risk among parents
and comprehensive assessments of acute infectious exposures occurring during
pregnancy. Moreover, we need to further understand the potential role played by
chronic maternal infections, particularly those infections established before preg-
nancy that can be reactivated during pregnancy. Recent studies also indicate that the

Fig. 1 Mean IQ (95% CI) at conscription for participants exposed to infection in childhood
grouped by age at infection. The black bar indicates mean IQ for the unexposed group (i.e., no
infection at any age). The gray bars indicate mean IQ for participants exposed to infection grouped
by age at infection. Dark gray bars indicate a statistically significant difference in mean IQ for
exposure to infection in that particular age compared with unexposed group. Reprinted from
Khandaker et al. (2018)
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role of infections occurring after birth needs to be further investigated. The studies
suggesting that the reported associations between postnatal infections and schizo-
phrenia are not fully explained by familial or genetic confounding tentatively
suggest that infections can in fact be involved in the etiology of schizophrenia and
other non-affective psychoses. We, however, need a far better understanding of
“when, what, and who” before these observations will be useful to devise preventive
strategies for psychotic disorders.
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Abstract In this article, we review current evidence linking immune dysfunction
in schizophrenia and related psychotic disorders focusing particularly on circulating
cytokines, oxidative stress and cellular markers of inflammation in various stages
on illness from drug-naïve first episode psychosis to chronic schizophrenia.
Acute psychotic episode is associated with low-grade systemic inflammation in
some patients, as reflected by increased concentrations of cytokines and other inflam-
matory markers in peripheral blood. Evidence from general population-based
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longitudinal cohort studies reporting an association between elevated inflammatory
markers in childhood/adolescence and risk of schizophrenia and related psychosis
subsequently in adulthood suggest that inflammation could be a causal risk factor for
psychosis rather than simply be a consequence of illness. Mendelian randomization
studies also suggest that associations between IL-6, CRP and schizophrenia are likely
to be causal. In addition, we discuss evidence for disruptions in oxidative stress
markers and CSF cytokine levels in schizophrenia, and potential reasons for reported
trans-diagnostic associations for inflammatory cytokines including role of early-life
adversity/maltreatment. We argue that low-grade inflammation is a clinically useful
feature, because it is associated with poor response to antipsychotic medication in first
episode psychosis. We discuss clinical implications for immunological understand-
ing of schizophrenia including scope for clinical trials of anti-inflammatory agents
and notable gaps in current knowledge, and offer suggestions for future research.

Keywords Cytokine · Inflammation · Innate immunity · Schizophrenia · Psychotic
disorder

Abbreviations

ALSPAC Avon Longitudinal Study of Parents and Children
BBB Blood-brain barrier
CNS Central nervous system
CRP C-reactive protein
CSF Cerebrospinal fluid
FEP First episode psychosis
Glx Glutamate/glutamine ratio
GSH Glutathione
HPA Hypothalamic-pituitary-adrenal
IL-6 Interleukin-6
IL-8 Interleukin-8
MHC Major histocompatibility complex
ROS Reactive oxygen series
TNF-α Tumour necrosis factor alpha

1 Introduction

Schizophrenia can be understood as a neurodevelopmental disorder (Murray and
Lewis 1987; Weinberger 1987), with onset usually in early adulthood (van Os et al.
2009). Biological research into the pathogenesis of schizophrenia has focused on
brain structure, function and neurotransmitter abnormalities (Jones et al. 2005) and
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genetic risk (Consortium 2011). However, there is also an accepted environmental
impact, with a gene and environmental (GxE) combined effect related to increased
risk, precipitation of illness and/or poorer outcomes. Notable environmental factors
include childhood trauma, social and economic deprivation, minority status and
stressful life events (van Os et al. 2010). Increasing evidence suggests a role for
the involvement of immunological processes in mediating the genetic and environ-
mental risk for schizophrenia. Indeed, schizophrenia has been associated with an
abnormal activation of the immune system for many years (Dameshek 1930; Müller
et al. 2012; Ganguli et al. 1994). Previous reviews have summarized evidence
linking schizophrenia with abnormalities in various components of the immune
system; see Khandaker et al. (2015) and Khandaker and Dantzer (2016), but
here, we focus primarily on the evidence on circulating inflammatory cytokines,
oxidative stress and cellular markers of inflammation.

2 Cytokines as Key Mediators of Immune Response

Cytokines are the key signalling molecules that coordinate both innate and adaptive
arms of the immune system and exert effects in the periphery and the brain.
The immune response is a highly coordinated process involving an array of cell
types that protect the body from harm while maintaining tolerance to self-antigens
and beneficial organisms. The first arm is our “innate” defence mechanisms, older in
evolutionary terms, and considered to be a first-line defence. Its cellular components
include neutrophils, basophils and eosinophils, monocytes and macrophages,
dendritic cells and natural killer (NK) cells, which recognize and promote defence
against pathogens but lack the sophistication to adapt compared to other more
recent additions to the immune system (Upthegrove and Barnes 2014). The innate
humoral component is made up of acute phase proteins such as C-reactive protein
(CRP), cytokines such as interleukin-6 (IL-6) and the compliment cascade, which
allow phagocytic cells to clear pathogens (see below).

The second arm of our immune system is the “adaptive” system, which acts on
re-exposure to a known pathogen. The prime cellular components of the adaptive
system include T and B lymphocytes. Antibodies produced by B lymphocytes
comprise the main humoral part of adaptive immunity. There is considerable
“crosstalk” between the two major arms of the immune system. T cells comprise
key components of the T helper 1 (Th1) system and the T helper 2 (Th2) system.
The Th1 system is polarized towards the production of pro-inflammatory (activating)
cytokines such as interleukin-2 (IL-2), interferon-γ (INF-γ) and tumour necrosis
factor (TNFα). The Th2 system promotes the generation and maintenance of
antibody-mediated immune responses as well as production of anti-inflammatory
cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10) and interleukin-13
(IL-13). However, cytokines often have pleotropic effect, as, for example, IL-6
has both pro- and anti-inflammatory properties. More recently, a key role for the
Th17 system has been discovered, in regulation of immune response, so this
system is important for pathogenesis of a number of immune-related disorders
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(Janeway et al. 2001). It is now understood that both innate and adaptive systems are
able to form and retain memory, which influences immune response on re-exposure
to a stimulus.

Changes in cytokines and their receptor levels have been reported in the blood
and cerebrospinal fluid (CSF) of patients with schizophrenia (Upthegrove et al.
2014) – see below. Previously, the brain was thought to be protected from peripheral
inflammatory responses due to the blood-brain barrier (BBB). However, it is now
clear that cytokines and other circulating inflammatory mediators can reach and
influence the brain in a number of ways. Peripheral immune-to-brain communication
pathways include direct entry through leaky circumventricular areas in the BBB, the
lymphatic system, infiltration of immune cells to the brain and retrograde axonal
transport of immune signal via cranial nerves, for example, the vagus nerve (for a
review, see Khandaker and Dantzer 2016). Peripheral or systemic inflammation
is therefore relevant for neuropsychiatric disorders such as schizophrenia.

3 Evidence for Cytokine Alteration in Different Stages
of Schizophrenia

Here, we review the evidence for aberrant cytokines in peripheral blood and in
CSF in patients with schizophrenia and related psychotic disorders. We also discuss
evidence from epidemiological prospective cohort studies linking elevated inflam-
matory marker levels in childhood/adolescence with risk of psychosis subsequently
in adulthood. There is notable heterogeneity in existing studies of inflammatory
cytokines in schizophrenia as, for example, studies have used patients in different
stages of illness. Levels of inflammatory markers could be influenced by neuroleptic
and other drugs, alcohol and illicit drug use, sex, smoking, body mass index (BMI)
and comorbid physical illness (Upthegrove and Barnes 2014). Therefore, we have
put particular emphasis on stage of illness and effects of potential confounders such
as those listed above.

3.1 Drug Naïve Psychosis

Studies of medication naive patients are particularly useful to gain a better under-
standing of inflammatory cytokine alteration in schizophrenia. It is well known that
antipsychotic medication can influence the immune system. Drzyga and colleagues
carried out an in vitro study showing that antipsychotic drugs affect immune
cell function, which often occurs very shortly after initial exposure to drug (Drzyzga
et al. 2006). However, there are mixed results and differing effects, including
either stimulatory or inhibitory actions. Relatedly, other in vitro studies suggest
that suppression of cytokine mediated microglial activity may partly underpin the
efficacy of some antipsychotic drugs (Bian et al. 2008). For example, aripiprazole
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suppresses apoptosis of rodent oligodendrocytes by IFN-γ-activated microglia and
inhibition of TNF-α secretion from IFN-γ-activated microglia (Seki et al. 2013).
Clozapine, the most effective antipsychotic medication, influences the immune
system. Its effects on white blood cell (WBC) count are well known. The drug
may have immediate (Røge et al. 2012) and longer-term effects on IL-6, CRP
(Kluge et al. 2009) and high-sensitivity CRP (hs-CRP) levels (Löffler et al. 2010)
in schizophrenia patients.

In a systematic review and meta-analysis published in 2014, we included
14 studies that together assessed levels of 20 different cytokines and cytokine
receptors in 570 neuroleptic naive patients. The majority of these patients had a
diagnosis of schizophrenia or schizophreniform disorder (81%). Highly significant
effect sizes were seen for IL-1β, IL-6, sIL2r and TNFα, suggesting that an increase
in these cytokines in first episode psychosis (FEP) patients, compared with controls,
is unrelated to antipsychotic drugs (Fig. 1). These cytokines play key roles in
orchestrating innate immune response; IL-1β and TNF-α are responsible for stimu-
lating IL-6 production, while IL-6 signals hepatocytes to produce acute phase
proteins such as CRP. Some increase in levels of IL-2, IL-4 and IFN-γ were also
seen, but differences in these cytokine levels were not statistically significant. These
cytokines were measured in studies with small samples and in fewer studies
altogether leading to low statistical power.

More recently, a study by Noto et al. reported that comorbid depression might
influence cytokine levels in FEP patients. While increased levels of IL-6, IL-10 and
TNFα were found in 55 FEP patients overall, compared with controls, patients
with depression showed higher IL-4 and TNFα levels compared with those without
depression (Noto et al. 2015).

3.2 Acute Psychosis

In an extensive meta-analysis published in 2011, Miller et al. explored cytokine
function by phase of illness in schizophrenia. Assessing 40 studies, they found
IL-1β, IL-6 and TGF-β were raised in the acute phase of illness (both in relapse
patients and in first episode psychosis) and reduced with successful treatment (Miller
et al. 2011). IL-6 correlated to total level of psychopathology in two out of five
studies (Miller et al. 2011). TNF-α and IL-6 levels were analysed in most studies
(97 and 156 total studies, respectively). It was proposed that these cytokines could
be state-dependent markers of inflammation, resolving with symptom reduction.
However, elevated levels of IL-6 in childhood measured years before onset of
psychosis is associated with psychotic symptoms in early-adulthood (Khandaker
et al. 2014) (see below). Levels of IL-6 and TNF-α are also associated with
childhood maltreatment (Baumeister et al. 2016), so these cytokines could also
be trait markers for psychosis.

In first episode psychosis, Mondelli et al. measured BDNF, IL-6 and TNF-α
in 46 patients. Compared to healthy controls, patients had reduced BDNF
gene expression and increased IL-6 and TNF-α. History of childhood trauma was
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associated with lower BDNF mediated through IL-6 (Mondelli et al. 2015). In a
more recent review, Goldsmith et al. investigated acute and chronic cytokine
changes in schizophrenia, bipolar disorder and depression, which included 40 studies
on acute schizophrenia (Goldsmith et al. 2016). In meta-analysis, IL-6, sIL2r,
IL-1RA and TNFα were all significantly raised in acute schizophrenia, bipolar
disorder and depression. There was more heterogeneity in FEP samples than
acute relapse of established schizophrenia. No publication bias was reported for
IL-6 (Goldsmith et al. 2016). These findings suggest that the association of increased
inflammatory cytokines transcend traditional diagnostic boundaries; for a discussion
on the trans-diagnostic effect of inflammation please, see below.

STUDY Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative
  weight g error Variance limit limit Z-Value p-Value

IL-1B DiNicola 2012 1.326 0.509 0.259 0.329 2.323 2.608 0.009 6.45

IL-1BSong 2009 1.039 0.175 0.031 0.695 1.383 5.919 0.000 54.13

IL-1 B Theodoropoulou 20011.335 0.206 0.042 0.932 1.739 6.494 0.000 39.42

1.174 0.129 0.017 0.921 1.427 9.095 0.000

-2.00 -1.00 0.00 1.00 2.00

STUDY Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative
  weight g error Variance limit limit Z-Value p-Value

TNFa Di Nicola 2012 0.896 0.492 0.242 -0.068 1.861 1.821 0.069 6.54

TNFa Song 2009 0.808 0.171 0.029 0.472 1.144 4.717 0.000 53.98
TNFa Theo 2001 1.137 0.200 0.040 0.744 1.529 5.672 0.000 39.47

0.944 0.126 0.016 0.697 1.190 7.495 0.000

-2.00 -1.00 0.00 1.00 2.00

STUDY Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative
  weight g error Variance limit limit Z-Value p-Value

IL-6 Di Nicola 2012 0.959 0.494 0.244 -0.009 1.928 1.941 0.052 19.51
IL-6 Akliyama 1999 0.923 0.339 0.115 0.259 1.586 2.725 0.006 20.15
IL-6 Borovcain 2012 0.830 0.204 0.041 0.431 1.229 4.079 0.000 20.53
IL-6 Fernandez –Ega 2009 0.524 0.202 0.041 0.129 0.920 2.597 0.009 20.54
IL-6 Ganuili 1989 8.067 0.541 0.293 7.006 9.128 14.903 0.000 19.28

2.206 0.890 0.792 0.462 3.951 2.479 0.013

-4.00 -2.00 0.00 2.00 4.00

STUDY Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper Relative
  weight g error Variance limit limit Z-Value p-Value

sIL2-RRapoport 1994 1.172 0.414 0.172 0.360 1.984 2.830 0.005 32.74

sIL2-R Akliyama 1999 1.173 0.348 0.121 0.491 1.855 3.371 0.001 46.39

sIL-2RSirota 2009 1.969 0.519 0.269 0.952 2.986 3.795 0.000 20.87

1.339 0.237 0.056 0.874 1.803 5.649 0.000

-4.00 -2.00 0.00 2.00 4.00

Fig. 1 Cytokine profile in medication-naive first episode psychosis: patients have higher IL-1β,
TNF-α, IL-6 and sIL-2r levels compared with controls. Modified from Upthegrove et al. (2014)
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Another meta-analysis reported elevated serum levels of CRP in FEP and chronic
schizophrenia irrespective of medication status (Fernandes et al. 2016). With
regard to association with specific symptoms, an association between CRP levels
and positive symptoms, but not negative symptoms of psychosis, was found.
However, Johnsen et al. investigated CRP in acute psychosis, reporting a particular
association with cognitive dysfunctions rather than positive symptoms (Johnsen
et al. 2016). Studies in healthy volunteers and non-human primates have reported
association of inflammatory markers with anhedonia-like behaviour and reward
alterations (Harrison et al. 2016; Capuron et al. 2012). So overall, patient and animal
studies indicate an association of inflammatory markers with positive, negative
and cognitive symptoms.

3.3 Chronic Schizophrenia

TNF-α, IL-12, INF-γ and sIL2r have been reported to be elevated in both acute
illness and stable “outpatients” with chronic schizophrenia. Goldsmith et al. found
that, compared with controls, the levels of IL-6 were significantly increased in
chronic schizophrenia, euthymic (but not depressed) bipolar disorder and major
depressive disorder (Goldsmith et al. 2016). IL-1β and sIL2R were significantly
increased in chronic schizophrenia and euthymic bipolar disorder. TNF-α has been
suggested as a trait marker of neuroinflammation (Goldsmith et al. 2016). Goldsmith
et al. review confirmed that TNF-α was raised in acute schizophrenia compared
to controls and remained so after treatment.

In meta-analysis of five studies, Miller and Culpeper found that 28% of patients
with chronic schizophrenia have an elevated CRP (Miller et al. 2013). In a recent
study of 295 patients with schizophrenia and 192 with bipolar disorder, CRP was
elevated in the schizophrenia even after adjusting for age, gender, race, maternal
education, smoking status and BMI, but this was not found in bipolar disorder
(Dickerson et al. 2013). The association between CRP levels and cognitive func-
tioning in patients with predominantly chronic schizophrenia has been reported
in one cross-sectional study (Dickerson et al. 2007). Together these studies suggest
poorer cognitive function may be associated with enduring neuroinflammation.

4 Population-Based Longitudinal and Mendelian
Randomization Studies Examining Causality

Psychological stress can activate an innate immune response (Maes et al. 1998), so
cytokine elevation during acute psychosis could be a consequence of illness rather
than be its cause (i.e., reverse causality). Therefore, longitudinal studies need to
establish, or refute, a potentially causal role of inflammation in the pathogenesis
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of psychosis. Evidence from population-based longitudinal cohort studies from the
UK, Finland and Sweden has linked higher levels of IL-6, CRP and erythrocyte
sedimentation rate (ESR) in childhood/adolescence with risk of psychotic symptoms
or diagnosis of schizophrenia subsequently in adulthood (Khandaker et al. 2014;
Kappelmann et al. 2018a; Metcalf et al. 2017). Using data from the Avon Longitu-
dinal Study of Parents and Children (ALSPAC), a general population-representative
birth cohort, Khandaker et al. have reported that higher levels of IL-6 in childhood
at age 9 years are associated with increased risk of psychotic symptoms at early
adulthood at age 18 years in a linear dose-response fashion (Khandaker et al. 2014)
(Fig. 2). Evidence for this association remained after controlling for sex, BMI,
social class, ethnicity and childhood psychological and behavioural problems
preceding the measurement of IL-6. Although, in ALSPAC, CRP was not associated
with psychosis risk, Khandaker and colleagues found that in the Northern Finland
Birth Cohort (NFBC) 1986, higher levels of CRP in adolescence were associated
with increased risk of hospitalization with a diagnosis of schizophrenia subsequently
in adulthood. Furthermore, there was evidence that higher CRP levels in adolescence
were associated with earlier age at illness onset (Metcalf et al. 2017). These findings
are consistent with a Danish study reporting that higher CRP at baseline is associated
with increased risk of late- and very-late-onset schizophrenia subsequently at follow-
up (Wium-Andersen et al. 2014). More recently, we have conducted a longitudinal
study based on Swedish male conscripts which found that higher ESR, a marker
of systemic inflammation, in early adulthood is associated with increased risk of
schizophrenia subsequently in adulthood (Kappelmann et al. 2018a).
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Fig. 2 Depression and psychotic experiences at age 18 years in the Avon Longitudinal Study of
Parents and Children. Reproduced with permission from: Khandaker et al. (2014). Note: Samples
of depression (a) and psychotic experiences (b) were divided by tertiles of interleukin-6 (IL-6)
in participants at age 9 years. Cut-off values for the top and bottom thirds of the distribution of IL-6
values in the total sample (cases and noncases combined) were 1.08 and 0.57 pg/mL, respectively

56 R. Upthegrove and G. M. Khandaker



Although previous longitudinal studies have controlled for key confounders
such as sex, BMI, and social class, residual confounding still might explain the
association between inflammatory markers and psychosis. Recently, Khandaker
and colleagues have used genetic association analysis informed by Mendelian
randomization (MR) which indicates that residual confounding is unlikely to explain
the association between IL-6 and psychosis fully. MR is based on the idea that if
a biomarker is causally related to an illness, genetic variant(s) regulating levels/
activity of that biomarker should also be associated with the illness (Davey Smith
and Ebrahim 2003). Using data from the ALSPAC birth cohort, we have shown
that a genetic variant in the IL-6 receptor gene (IL-6R Asp358Ala; rs2228145) that is
known to dampen down inflammation by impairing the activity of IL-6 is protective
for severe depression and/or psychosis (Khandaker et al. 2018a). The genetic variant
is strongly associated with serum IL-6 and CRP levels, but not with any common
confounders of the inflammation-psychosis relationship such as sex, social class,
ethnicity and BMI. Genetic variants segregate at random during meiosis and are
unrelated to sociodemographic and other confounders. Therefore, an association
between psychosis and a genetic variant that regulates IL-6 activity strongly
indicates that the IL-6/IL-6R pathways are causally linked to psychosis. Similarly,
using MR analysis of psychiatric genomic consortium (PGC) data, Hartwig et al. has
reported that IL-6 and CRP are likely to be causally linked with schizophrenia
(Hartwig et al. 2017).

Together these studies suggest that reverse causality and residual confounding are
unlikely explanations for previously observed association between inflammatory
markers, particularly IL-6, CRP and psychosis. These associations are likely to be
causal, so these biomarkers could be novel targets for intervention and prevention
of psychotic disorders.

5 CSF Cytokine Alteration in Schizophrenia

Meta-analysis of studies of CSF from patients with schizophrenia suggests
that levels of inflammatory cytokines are increased in patients with psychosis.
A meta-analysis of 16 studies published in 2018 by Wang et al. reported that
CSF levels of IL-1β, IL-6 and IL-8 were significantly elevated in schizophrenia
patients compared with controls (Wang and Miller 2018). Similar findings were
also observed for depression. Whether levels of inflammatory markers in peripheral
blood correspond with neuroinflammaton is an important question. This meta-
analysis also reported that many CSF alterations are also concordant with those
in the peripheral blood, particularly for schizophrenia (Wang and Miller 2018).
This provides some validity to the use of peripheral markers of inflammation
in schizophrenia research. This finding is consistent with a study by Coughlin
et al. that measured IL-6 in the CSF of patients with recent-onset schizophrenia
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also undergoing a positron emission tomography (PET) study of translocator pro-
tein 18 kDa (TSPO), a marker of microglial activation using [11C] DPA-713
(Coughlin et al. 2016). While non-significant results were seen in the TSPO analysis,
IL-6 levels were significantly raised in patients compared to controls. Furthermore,
the study found IL-6 levels in the CSF correlated significantly with circulating IL-6.

6 Oxidative Stress Markers in Acute and Chronic
Schizophrenia

6.1 First Episode Psychosis

Decreased levels of the antioxidant, glutathione (GSH), have been reported in
patients with acute psychosis compared with controls (Wood et al. 2009; Raffa
et al. 2011). GSH is an antioxidant which provides within cell protection and
when depleted contributes to oxidative stress. Flatlow, Buckly and Miller reported
a decrease in GSH in acutely relapsed patients with schizophrenia together with
other antioxidants such as superoxide dismutase (SOD) and catalase (CAT);
however, there was significant heterogeneity in reported studies such that SOD
and CAT but not GSH were reduced in FEP (Flatow et al. 2013). This may suggest
a more persevered oxidative defence earlier in the course of illness.

As a substantial minority of patients with FEP do not go on to develop an
enduring mental illness, it may be that those with a protective oxidative defence
to cellular stress have better outcomes (Lally et al. 2017). This hypothesis remains
to be tested. However Wang et al. investigated cysteine, a semi-essential amino
acid and a precursor of GSH glutathione, as a potential indicator of preserved
cognitive function in FEP with some positive findings (Wang et al. 2018). The
functional consequences of increased oxidative stress or reduced defence against
this oxidative stress in the brain are still to be fully understood. Changes in neuronal
membrane permeability eventually leading to cell death could contribute to grey
matter volume (GMV) loss seen in schizophrenia (Mahadik and Mukherjee 1996).
In respect to known neurochemical changes in psychosis, it has been proposed
that oxidative stress results in over activation of NMDA and altered dopamine
receptor function. While schizophrenia is no longer understood within a simplistic
conclusion of hyperdopaminergia, rather consisting of regionally specific prefrontal
hypodopaminergia and subcortical hyperdopaminergia, the cumulative effect of
overactive or more readily available dopamine may account for positive symptoms
(Howes and Kapur 2009). NMDA glutamate receptors are downregulated by oxida-
tion leading to disinhibition of pyramidal cells and unregulated glutamatergic excess
(Traynelis et al. 2010).
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6.2 Chronic Schizophrenia

There is substantial evidence of impaired oxidative defence in chronic schizophre-
nia, as reviewed by Flatlow et al. (2013). Negative symptoms have been associated
with low levels of GSH, and positive symptoms have been positively correlated with
SOD activity. A study by Fraguas et al. assessed the relationship between GMV and
GSH in the brains of patients with schizophrenia, with a progressive decline in GMV
correlated to declining circulating GSH (Fraguas et al. 2012). Thus, the deficit state
of some patients with schizophrenia may be related to a specific lack of defence
against oxidative stress.

There is a great deal of clinical and phenomenological commonality between
schizophrenia and depression (Upthegrove et al. 2017). In schizophrenia, there is
substantial glutamate dysfunction including clear evidence for Glx abnormality in
brain areas such as the posterior medial prefrontal cortex (pmPFC). Increased Glx
is seen in younger patients or more acute phases of illness, whereas reduced Glx
has been reported in patients who are older and have residual negative symptoms
(Marsman et al. 2013). Just as in schizophrenia, there is substantial evidence for
increase in peripheral markers of inflammation in MDD. However, comorbid
depression doesn’t solely account for increased inflammation in schizophrenia, as
evidence for association persists after excluding or controlling for depression
(Khandaker et al. 2017). Nevertheless, it is possible that the presence of both
psychosis and depression has a greater impact on immune dysfunction than the
sum of each individually. Poorer clinical outcomes including increased risk of
relapse, low quality of life and poor functional outcomes for patients with comorbid
depression and schizophrenia support this idea (McGinty et al. 2018).

Early changes in neurochemicals such as Glx may result in more significant
impact for those individuals with deficient defence against this inflammatory
challenge (Bian et al. 2008). The effect of inflammation includes the generation of
reactive oxygen species such as superoxide, hydroxyl and peroxyl. The substantial
evidence of impaired oxidative defence in early psychosis with diminished levels of
GSH (Wood et al. 2009; Raffa et al. 2011; Jiménez-Fernández et al. 2015) show that
the response of brain glutamate to inflammation and associated oxidative stress will
also depend on the strength of defences against it. Thus, clinically poorer outcomes,
such as seen with some subjects with depression and schizophrenia, may be related
not just to the effect of chronic inflammation but also impaired defence against this.

6.3 Trans-diagnostic Effect of Inflammation and Potential
Role of Early-Life Adversity

Studies of inflammatory markers in peripheral blood and CSF suggest that inflam-
mation is associated with a number of psychiatric disorders including schizophrenia
and related psychoses (Khandaker et al. 2015; Upthegrove et al. 2014; Wang and
Miller 2018; Miller et al. 2011), depression (Dantzer et al. 2008; Miller et al. 2009),
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anxiety (Wohleb et al. 2014), post-traumatic stress disorder (PTSD) (Eraly et al.
2014), autism (Brown et al. 2014), Alzheimer’s disease and other dementias
(Schmidt et al. 2002). However, possible reasons for this apparent trans-diagnostic
association of inflammation are unknown. We have recently reported that the
apparent trans-diagnostic effect may arise from association of inflammation with
symptoms that are commonly shared between disorders (Khandaker et al. 2018b).
Using a symptom-level data on ten positive and ten negative symptoms of psychosis
assessed in adolescent participants from the ALSPAC birth cohort, we have shown
at the group level positive and negative symptom dimension scores were associated
with serum CRP levels in a similar fashion. At individual symptom level, CRP
was associated with particularly auditory hallucinations and anhedonia. Auditory
hallucinations can occur in psychosis, depression and anxiety disorders (APA 2013).
Anhedonia is both an important negative symptom for psychosis and a core feature
of depression (APA 2013).

Association between inflammation and anhedonia is supported by experimental
studies. In non-human primates, chronic, low-dose peripheral interferon administra-
tion reduces striatal dopamine release in association with anhedonia-like behaviour
(Felger et al. 2013). In healthy volunteers, inflammation induces hedonic alterations
(decreased preference for reward and increased avoidance of punishment) (Harrison
et al. 2016), which resemble anhedonia. Other reasons for this apparent trans-
diagnostic effect could be shared genes that contribute to inflammation and risk
of depression and schizophrenia. Genetic overlap between schizophrenia, bipolar
disorder and depression is well established.

Shared risk factors, particularly early-life adversity, could be another explanation
for the apparent trans-diagnostic effect of inflammation. Childhood abuse/maltreat-
ment may programme the immune system leading with increased concentrations
inflammatory markers in adulthood (Baumeister et al. 2016), which, in turn, may
increase psychiatric risk. In the ALSPAC birth cohort, maternal/parental depression
is associated with higher levels of IL-6 and CRP in childhood and with higher risk of
depression and psychosis in early adulthood in offspring (Khandaker et al. 2018c).
Furthermore, childhood IL-6 levels mediate the association between prenatal depres-
sion and offspring psychosis risk. These findings are consistent with the develop-
mental programming hypothesis by David Barker, which posits that exposure to
stress during critical period of development may program certain physiological
system(s) leading to increased risk of chronic illnesses of adult life (Barker 1993).
Early-life adversity is associated with coronary heart disease and type 2 diabetes,
which are common comorbidities for schizophrenia and depression. Young adults
with psychotic symptoms display evidence of dysglycaemia, which is linked with
levels of IL-6 in childhood (Perry et al. 2018). Therefore, whether programming
of innate immune response by early-life adversity may explain the comorbidity
between schizophrenia, depression, coronary heart disease and type 2 diabetes is
an interesting hypothesis that needs investigating.
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6.4 Therapeutic Implications for Low-Grade Inflammation
in Schizophrenia

Mondelli et al. have reported an association between innate immune activation and
poorer treatment response in 57 patients with FEP: nonresponders (as defined by an
absence of clinically significant symptom response in keep with remission criteria at
12 weeks) had a significantly higher IL-6 and INF-γ at baseline. They also reported
an aberrant cortisol wakening response and suggest this combination of markers may
be an early signal of poor outcome (Mondelli et al. 2015). Indeed, inflammatory
mechanisms, as outlined above, have been cited as one of the potential mechanisms
of effect of clozapine in treatment-resistant schizophrenia.

As well as poor treatment response, makers of inflammation may indicate poorer
physical health outcomes. Russell et al. investigated 53 FEP patients and showed
that FEP patients with raised CRP were at more risk of developing short-term
metabolic abnormalities including dyslipidaemia, independent of weight gain
(Russell et al. 2015). As mentioned earlier, in the ALSPAC birth cohort, young
adults with psychotic symptoms displayed evidence of dysglycaemia, which was
associated with childhood IL-6 levels (Perry et al. 2018). Thus, the potential for
stratifying treatment approach; early targeting of potential treatment resistance or
heightened monitoring from adverse effects of antipsychotics shows some promise
in a personalized approach to FEP and schizophrenia.

Because inflammation is associated with BMI, smoking, alcohol use, physical
comorbidity, antipsychotic treatment and treatment-induced weight gain, further
work is needed to understand whether and how measuring inflammation in clinical
setting could be useful for predicting response to antidepressant/antipsychotic treat-
ment and for identifying patients who are likely to benefit from immunomodulatory
treatments.

Inflammation is unlikely to be relevant for illness pathogenesis in all patients
with psychosis. For depression, clinical trials indicate that anti-inflammatory
drugs may be helpful for patients who show evidence of inflammation (Raison
et al. 2013; Kappelmann et al. 2018b). Existing RCTs of anti-inflammatory drugs
for schizophrenia have yielded mixed results (Deakin et al. 2018; Girgis et al. 2018;
Miller et al. 2016), possibly due to imprecise targeting of patients. Patients with
psychosis who do show evidence of inflammation may be more suitable candidate
for RCTs of anti-inflammatory drugs in future.

7 Conclusions and Future Directions

For a number of years now, there have been considerable efforts to have a better
understanding of the immunological and inflammatory aspects of schizophrenia,
in the hope that this might lead to novel approaches to diagnosis and treatment.
See Boxes 1 and 2 for key clinical findings and questions for future research.
Some aspects are becoming clearer. For example, accumulating evidence now
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confirms that inflammation could play a causal role in psychosis rather than being an
epiphenomenon or result of treatment, other confounders or illness itself. An immu-
nological understanding of schizophrenia could be clinically useful. Inflammation is
associated with poor response to antipsychotics; comorbid physical illness, such as
type 2 diabetes mellitus (Pradhan et al. 2001); and increased all-cause mortality
(Zacho et al. 2010). Therefore, measuring inflammation levels (e.g. CRP test) as part
of routine clinical assessment of psychosis could identify treatable causes of inflam-
mation and potentially guide antipsychotic treatment decision. However, the “one-
size-fits-all” approach to drug therapy is unlikely to be effective for immune
therapies, so more personalized approach is needed.

Box 1 Key Clinical Findings

• Patients with schizophrenia show evidence of low-grade inflammation
detectable in peripheral blood.

• Inflammation appears to predate the onset of illness and be independent of
medication treatment.

• Inflammation is associated with poor response to antipsychotic medication.

Box 2 Key Clinical Questions

• What are the relationships between peripheral markers of inflammation and
structural or functional brain changes?

• Which patients could benefit from anti-inflammatory therapies?
• Could measuring inflammation levels in clinical practice help better mon-

itoring of psychiatric and physical health?

A key challenge for future is to determine precisely which patients are likely to
benefit from anti-inflammatory therapies. This would require a concerted approach
including immune target identification using genomic and other methods, deep
immuno-phenotyping of psychosis patients to identify cellular source of inflamma-
tion and clinical studies to identify effect of inflammation on symptom dimensions,
followed by experimental medicine and animal studies to examine the effects
of novel immune-modulating agents on the brain and behaviour. With regard to
certain pathways where there is sufficient evidence for a causal association with
schizophrenia, e.g. IL-6/IL-6R pathway, the field now needs experimental medicine
studies based on selected patient groups to test whether targeting these pathways with
immuno-modulating drugs improves clinical/clinically relevant outcome measures.

Another important avenue for future research would be to understand how
inflammation influences developmental trajectories of neuropsychiatric symptoms,
cognition or functional outcome over the life course. Population-based prospective
studies and animal experiments would be useful for this purpose.
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In summary, many of the major advances in our understanding of the links
between immune system and schizophrenia suggest that immuno-psychiatry is a
promising field, which could transform our understanding of illness pathogenesis
and approaches to treatment and prevention for schizophrenia. To be successful,
the field requires collaborative working among many experts including those
from psychiatry, neuroscience, immunology, neurobiology, genomics, data science,
epidemiology and clinical trial.

Acknowledgement Dr. Khandaker acknowledges funding support from the Wellcome
Trust (201486/Z/16/Z), MQ: Transforming Mental Health (MQDS17/40) and MRC, UK
(MC_PC_17213).

Declaration of Interest The authors have no competing financial interests in relation to the work
described.

References

APA (2013) Diagnostic and statistical manual of mental disorders, 5th edn. American Psychiatric
Publishing, Arlington

Barker DJP (1993) Fetal and infant origins of adult disease. British Medical Journal, London
Baumeister D et al (2016) Childhood trauma and adulthood inflammation: a meta-analysis of

peripheral C-reactive protein, interleukin-6 and tumour necrosis factor-alpha. Mol Psychiatry
21(5):642–649

Bian Q et al (2008) The effect of atypical antipsychotics, perospirone, ziprasidone and quetiapine
on microglial activation induced by interferon-γ. Prog Neuro-Psychopharmacol Biol Psychiatry
32(1):42–48

Brown AS et al (2014) Elevated maternal C-reactive protein and autism in a national birth cohort.
Mol Psychiatry 19(2):259–264

Capuron L et al (2012) Dopaminergic mechanisms of reduced basal ganglia responses to hedonic
reward during interferon alfa administration. Arch Gen Psychiatry 69(10):1044–1053

Consortium SPG-WAS (2011) Genome-wide association study identifies five new schizophrenia
loci. Nat Genet 43(10):969–976

Coughlin J et al (2016) In vivo markers of inflammatory response in recent-onset schizophrenia: a
combined study using [11 C] DPA-713 PET and analysis of CSF and plasma. Transl Psychiatry
6(4):e777

Dameshek W (1930) White blood cells in dementia praecox and dementia paralytica. Arch Neurol
Psychiatr 24:855

Dantzer R et al (2008) From inflammation to sickness and depression: when the immune system
subjugates the brain. Nat Rev Neurosci 9(1):46–56

Davey Smith G, Ebrahim S (2003) ‘Mendelian randomization’: can genetic epidemiology contrib-
ute to understanding environmental determinants of disease? Int J Epidemiol 32(1):1–22

Deakin B et al (2018) The benefit of minocycline on negative symptoms of schizophrenia in patients
with recent-onset psychosis (BeneMin): a randomised, double-blind, placebo-controlled trial.
Lancet Psychiatry 5(11):885–894

Dickerson F et al (2007) C-reactive protein is associated with the severity of cognitive
impairment but not of psychiatric symptoms in individuals with schizophrenia. Schizophr Res
93(1):261–265

Cytokines, Oxidative Stress and Cellular Markers of Inflammation in. . . 63



Dickerson F et al (2013) C-reactive protein is elevated in schizophrenia. Schizophr Res
143(1):198–202

Drzyzga Ł et al (2006) Cytokines in schizophrenia and the effects of antipsychotic drugs. Brain
Behav Immun 20(6):532–545

Eraly SA et al (2014) Assessment of plasma C-reactive protein as a biomarker of posttraumatic
stress disorder risk. JAMA Psychiat 71(4):423–431

Felger JC et al (2013) Chronic interferon-alpha decreases dopamine 2 receptor binding and striatal
dopamine release in association with anhedonia-like behavior in nonhuman primates.
Neuropsychopharmacology 38(11):2179–2187

Fernandes B et al (2016) C-reactive protein is increased in schizophrenia but is not altered by
antipsychotics: meta-analysis and implications. Mol Psychiatry 21(4):554–564

Flatow J, Buckley P, Miller BJ (2013) Meta-analysis of oxidative stress in schizophrenia. Biol
Psychiatry 74(6):400–409

Fraguas D et al (2012) Decreased glutathione levels predict loss of brain volume in children
and adolescents with first-episode psychosis in a two-year longitudinal study. Schizophr Res
137(1):58–65

Ganguli R et al (1994) Serum interleukin-6 concentration in schizophrenia: elevation associated
with duration of illness. Psychiatry Res 51(1):1–10

Girgis RR et al (2018) A randomized, double-blind, placebo-controlled clinical trial of tocilizumab,
an interleukin-6 receptor antibody, for residual symptoms in schizophrenia.
Neuropsychopharmacology 43(6):1317–1323

Goldsmith DR, Rapaport MH, Miller BJ (2016) A meta-analysis of blood cytokine network
alterations in psychiatric patients: comparisons between schizophrenia, bipolar disorder and
depression. Mol Psychiatry 21(12):1696–1709

Harrison NA et al (2016) A Neurocomputational account of how inflammation enhances sensitivity
to punishments versus rewards. Biol Psychiatry 80(1):73–81

Hartwig FP et al (2017) Inflammatory biomarkers and risk of schizophrenia: a 2-sample Mendelian
randomization study. JAMA Psychiat 74(12):1226–1233

Howes OD, Kapur S (2009) The dopamine hypothesis of schizophrenia: version III – the final
common pathway. Schizophr Bull 35(3):549–562

Janeway CA et al (2001) Immunobiology: the immune system in health and disease, 5th edn.
Garland Science, New York

Jiménez-Fernández S et al (2015) Oxidative stress and antioxidant parameters in patients with major
depressive disorder compared to healthy controls before and after antidepressant treatment:
results from a meta-analysis. J Clin Psychiatry 76(12):1658–1667

Johnsen E et al (2016) The serum level of C-reactive protein (CRP) is associated with cognitive
performance in acute phase psychosis. BMC Psychiatry 16(1):60

Jones AL et al (2005) Immune dysregulation and self-reactivity in schizophrenia: do some cases of
schizophrenia have an autoimmune basis? Immunol Cell Biol 83(1):9–17

Kappelmann N et al (2018a) Systemic inflammation and intelligence in early adulthood and
subsequent risk of schizophrenia and other non-affective psychoses: a longitudinal cohort
and co-relative study. Psychol Med 49:1–8

Kappelmann N et al (2018b) Antidepressant activity of anti-cytokine treatment: a systematic
review and meta-analysis of clinical trials of chronic inflammatory conditions. Mol Psychiatry
23(2):335–343

Khandaker GM, Dantzer R (2016) Is there a role for immune-to-brain communication in
schizophrenia? Psychopharmacology 233(9):1559–1573

Khandaker GM et al (2014) Association of serum interleukin 6 and C-reactive protein in childhood
with depression and psychosis in young adult life: a population-based longitudinal study.
JAMA Psychiat 71(10):1121–1128

Khandaker GM et al (2015) Inflammation and immunity in schizophrenia: implications for
pathophysiology and treatment. Lancet Psychiatry 2(3):258–270

64 R. Upthegrove and G. M. Khandaker



Khandaker GM, Dantzer R, Jones PB (2017) Immunopsychiatry: important facts. Psychol Med
47(13):2229–2237

Khandaker GM et al (2018a) Association between a functional interleukin 6 receptor genetic variant
and risk of depression and psychosis in a population-based birth cohort. Brain Behav Immun
69:264–272

Khandaker GM et al (2018b) Positive and negative symptoms of psychosis associated with
circulating C-reactive protein: unravelling trans-diagnostic effect of inflammation (under
review)

Khandaker GM et al (2018c) Influence of prenatal maternal depression on circulating inflammatory
markers and risks of depression and psychosis in offspring: a prospective birth cohort study.
Psychoneuroendocrinology (in press)

Kluge M et al (2009) Effects of clozapine and olanzapine on cytokine systems are closely linked
to weight gain and drug-induced fever. Psychoneuroendocrinology 34(1):118–128

Lally J et al (2017) Remission and recovery from first-episode psychosis in adults: systematic
review and meta-analysis of long-term outcome studies. Br J Psychiatry 211:350–358

Löffler S et al (2010) Clozapine therapy raises serum concentrations of high sensitive C-reactive
protein in schizophrenic patients. Int Clin Psychopharmacol 25(2):101–106

Maes M et al (1998) The effects of psychological stress on humans: increased production of
pro-inflammatory cytokines and a Th1-like response in stress-induced anxiety. Cytokine
10(4):313–318

Mahadik SP, Mukherjee S (1996) Free radical pathology and antioxidant defense in schizophrenia:
a review. Schizophr Res 19(1):1–17

Marsman A et al (2013) Glutamate in schizophrenia: a focused review and meta-analysis of
1H-MRS studies. Schizophr Bull 39(1):120–129

McGinty J, Haque MS, Upthegrove R (2018) Depression during first episode psychosis and
subsequent suicide risk: a systematic review and meta-analysis of longitudinal studies.
Schizophr Res 195:58–66

Metcalf SA et al (2017) Serum C-reactive protein in adolescence and risk of schizophrenia in
adulthood: a prospective birth cohort study. Brain Behav Immun 59:253–259

Miller AH, Maletic V, Raison CL (2009) Inflammation and its discontents: the role of cytokines in
the pathophysiology of major depression. Biol Psychiatry 65(9):732–741

Miller BJ et al (2011) Meta-analysis of cytokine alterations in schizophrenia: clinical status and
antipsychotic effects. Biol Psychiatry 70(7):663–671

Miller BJ, Culpepper N, Rapaport MH (2013) C-reactive protein levels in schizophrenia: a review
and meta-analysis. Clin Schizophr Relat Psychoses 7(4):223–230

Miller BJ et al (2016) An open-label, pilot trial of adjunctive tocilizumab in schizophrenia. J Clin
Psychiatry 77(2):275–276

Mondelli V et al (2015) Cortisol and inflammatory biomarkers predict poor treatment response in
first episode psychosis. Schizophr Bull 41(5):1162–1170

Müller N et al (2012) Impaired monocyte activation in schizophrenia. Psychiatry Res 198:341–346
Murray RM, Lewis SW (1987) Is schizophrenia a neurodevelopmental disorder? BMJ (Clin Res

Ed) 295(6600):681–682
Noto C et al (2015) Effects of depression on the cytokine profile in drug naive first-episode

psychosis. Schizophr Res 164(1):53–58
Perry BI et al (2018) Dysglycaemia, inflammation and psychosis: findings from the UK ALSPAC

birth cohort. Schizophr Bull. https://doi.org/10.1093/schbul/sby040
Pradhan AD et al (2001) C-reactive protein, interleukin 6, and risk of developing type 2 diabetes

mellitus. JAMA 286(3):327–334
Raffa M et al (2011) Decreased glutathione levels and impaired antioxidant enzyme activities in

drug-naive first-episode schizophrenic patients. BMC Psychiatry 11(1):1
Raison CL et al (2013) A randomized controlled trial of the tumor necrosis factor antagonist

infliximab for treatment-resistant depression: the role of baseline inflammatory biomarkers.
JAMA Psychiat 70(1):31–41

Cytokines, Oxidative Stress and Cellular Markers of Inflammation in. . . 65

https://doi.org/10.1093/schbul/sby040


Røge R et al (2012) Immunomodulatory effects of clozapine and their clinical implications:
what have we learned so far? Schizophr Res 140(1):204–213

Russell A et al (2015) Inflammation and metabolic changes in first episode psychosis: preliminary
results from a longitudinal study. Brain Behav Immun 49:25–29

Schmidt R et al (2002) Early inflammation and dementia: a 25-year follow-up of the Honolulu-Asia
aging study. Ann Neurol 52(2):168–174

Seki Y et al (2013) Pretreatment of aripiprazole and minocycline, but not haloperidol, suppresses
oligodendrocyte damage from interferon-gamma-stimulated microglia in co-culture model.
Schizophr Res 151(1–3):20–28

Traynelis SF et al (2010) Glutamate receptor ion channels: structure, regulation, and function.
Pharmacol Rev 62(3):405–496

Upthegrove R, Barnes NM (2014) The immune system and schizophrenia: an update for clinicians.
Adv Psychiatr Treat 20(2):83–91

Upthegrove R, Manzanares-Teson N, Barnes NM (2014) Cytokine function in medication-
naive first episode psychosis: a systematic review and meta-analysis. Schizophr Res
155(1–3):101–108

Upthegrove R, Marwaha S, Birchwood M (2017) Depression and schizophrenia: cause,
consequence or trans-diagnostic issue? Schizophr Bull 43:240–244

van Os J et al (2009) A systematic review and meta-analysis of the psychosis continuum: evidence
for a psychosis proneness-persistence-impairment model of psychotic disorder. Psychol Med
39(2):179

van Os J, Kenis G, Rutten BP (2010) The environment and schizophrenia. Nature
468(7321):203–212

Wang AK, Miller BJ (2018) Meta-analysis of cerebrospinal fluid cytokine and tryptophan catabolite
alterations in psychiatric patients: comparisons between schizophrenia, bipolar disorder, and
depression. Schizophr Bull 44(1):75–83

Wang L-J et al (2018) Increased serum levels of cysteine in patients with schizophrenia: a potential
marker of cognitive function preservation. Schizophr Res 192:391–397

Weinberger DR (1987) Implications of normal brain development for the pathogenesis of
schizophrenia. Arch Gen Psychiatry 44(7):660–669

Wium-Andersen MK, Orsted DD, Nordestgaard BG (2014) Elevated C-reactive protein associated
with late- and very-late-onset schizophrenia in the general population: a prospective study.
Schizophr Bull 40(5):1117–1127

Wohleb ES et al (2014) Re-establishment of anxiety in stress-sensitized mice is caused by monocyte
trafficking from the spleen to the brain. Biol Psychiatry 75(12):970–981

Wood SJ et al (2009) Neurobiology of schizophrenia spectrum disorders: the role of oxidative
stress. Ann Acad Med Singap 38(5):396–401

Zacho J, Tybjaerg-Hansen A, Nordestgaard BG (2010) C-reactive protein and all-cause mortality –
the Copenhagen city heart study. Eur Heart J 31(13):1624–1632

66 R. Upthegrove and G. M. Khandaker



From Infection to the Microbiome:
An Evolving Role of Microbes
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Abstract The study of microorganisms such as bacteria, viruses, archaea, fungi,
and protozoa in the context of psychiatric disorders may be surprising to some. This
intersection of disciplines, however, has a rich history and is currently revitalized by
newfound functions of the microbiome and the gut-brain axis in human diseases.
Schizophrenia, in particular, fits this model as a disorder with gene and environ-
mental roots that may be anchored in the immune system. In this context, the
combination of a precisely timed pathogen exposure in a person with genetically
encoded altered immunity may have especially destructive consequences for the
central nervous system (CNS). Furthermore, significant components of immunity,
such as the development of the immune response and the concept of immune
tolerance, are largely dictated by the commensal residents of the microbiome.
When this community of microbes is imbalanced, perhaps as the result of a pathogen
invasion, stress, or immune gene deficiency, a pathological cycle of localized
inflammation, endothelial barrier compromise, translocation of gut-derived prod-
ucts, and systemic inflammation may ensue. If these pathologies enable access of gut
and microbial metabolites and immune molecules to the CNS across the blood-brain
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barrier (BBB), and studies of the gut-brain axis support this hypothesis, a worsening
of cognitive deficits and psychiatric symptoms is predicted to occur in susceptible
individuals with schizophrenia. In this chapter, we review the role of microbes in
various stages of this model and how these organisms may contribute to documented
phenotypes of schizophrenia. An increased understanding of the role of pathogens
and the microbiome in psychiatric disorders will better guide the development of
microbial and immune-based therapeutics for disease prevention and treatment.

Keywords Gastrointestinal · Host-pathogen interactions · Microbiota ·
Neuroimmune · Psychiatry

1 Introduction

Schizophrenia is a chronic, debilitating, and etiologically complex psychiatric dis-
order that is likely the product of various combinations of interacting genetic and
environmental influences (Demjaha et al. 2012; European Network of National
Networks studying Gene-Environment Interactions in Schizophrenia (EU-GEI)
et al. 2014; Kavanagh et al. 2015; Modinos et al. 2013; Nimgaonkar et al. 2017;
Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014;
Tsuang 2000). Currently favored hypotheses regarding its causes converge on a
key role of the immune system, the dysfunction of which is reflected in the body’s
peripheral organs and in the central nervous system (CNS). While schizophrenia is
not a classic example of a disorder associated with immunity, evidence points toward
an immune gene susceptibility that may be further compounded by environmental
factors challenging the immune system. For example, genetic studies have impli-
cated a series of immune genes in the chromosome 6 region that contains the
MHC/HLA and complement C4 genes as important susceptibility loci associated
with schizophrenia (Mayilyan et al. 2008; Sekar et al. 2016; Shi et al. 2009;
Stefansson et al. 2009). A role for a microbial component in the etiology, pathogen-
esis, and pathophysiology of schizophrenia has been examined in various forms and
would also be consistent with immune-related hypotheses for this disorder (Crow
1983; Dickerson et al. 2017a; Torrey and Peterson 1973, 1976; Yolken and Torrey
2008). Defining the nature of this microbial contribution to a host phenotype as
heterogeneous as schizophrenia has been challenging and has changed in focus over
the years without a successful consensus regarding cause and effect. In this review,
we cover the evolving microbial landscape pertinent to this disorder and in particular
highlight the shift from a search for an incontrovertible pathogen to understanding
microbiome-mediated modulations of the gut-brain axis. An overview of some
putative mechanisms by which pathogens and commensal microbes might contrib-
ute to schizophrenia pathophysiology is diagrammed in Fig. 1.
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2 Search for a Pathogen

Jean-Étienne Esquirol (1845) was among the first who suggested that an infectious
component might be relevant to psychoses, as based on his observations, psychotic
episodes seemed to progress over time in a manner similar to an epidemic-like
process (Esquirol 1845). Toward the end of the nineteenth century, Emile Kraepelin
hypothesized that dementia praecox, the term for schizophrenia before it was so
named by Eugen Bleuler in 1911, was the product of autointoxication. This
autotoxication was characterized by the presence of an infectious reservoir that
caused accumulation of toxins systemically, which could ultimately detrimentally
affect the brain (Noll 2004; Yolken and Torrey 2008). In later years, epidemics of
psychosis were reported following the 1918 influenza outbreak with additional
observations that psychoses often were comorbid to typhoid, tuberculosis, diphthe-
ria, syphilis, and other encephalitis-type states, thus supporting the earlier observa-
tions (Kirch 1993; Menninger 1919, 1926; Torrey and Peterson 1973, 1976; Yolken
and Torrey 2008). The possible role of a specific pathogenic organism that might
cause a brain disorder such as schizophrenia is exemplified by investigations of
neurotropic viruses, such as the herpes simplex viruses (HSV), cytomegalovirus
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Fig. 1 Pathogens, commensal microbes, and the gut-brain axis in schizophrenia. The proposed
model illustrates an overview of how neurotropic pathogens and microbial dysbioses can create an
inflammatory environment in the GI tract, a process which leads to systemic inflammation and loss
of integrity of the blood-gut and blood-brain barriers. Permeabilized barriers lead to the transloca-
tion of resident microbes, metabolites, and toxic products, activation of the immune response, and
access to the brain for these gut-derived and immune molecules. The brain’s own immune
machinery becomes activated as glial cells respond to the intruders. This immune activation both
peripherally and centrally includes the complement pathway, components of which can function to
modify synaptic connections. The gut-brain axis is bi-directional, and through the vagus nerve, a
direct neural conduit joins the enteric and central nervous systems
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(CMV), Epstein-Barr virus, measles, and rubella (Alam et al. 2017; Crow 1978;
Meyer 2014; Torrey and Peterson 1973; Yolken and Torrey 2008). These studies
formed the basis for the viral hypothesis of schizophrenia, which is still prevalent
and supported today. Exposure to these neurotropic viruses, furthermore, was also
found in multiple studies to be associated with deficits in cognition and gray matter
loss in people with schizophrenia (Nimgaonkar and Yolken 2012; Prasad et al. 2011,
2012; Schretlen et al. 2010; Shirts et al. 2008; Watson et al. 2013; Yolken et al.
2011). Interestingly, incorporation of the human leukocyte antigen (HLA) typing has
recently identified, through imputations of genome-wide association study (GWAS)
data, those HLA types that were most significantly associated with neurotropic
infections including the viruses, CMV and HSV1 (Parks et al. 2018). These HLA
associations were significant predominantly in healthy controls and were not present
in the schizophrenia group, indicating a possible disease-specific alteration of these
HLA pathways. Also intriguing is the concept of retrovirus and retrotransposon
integration into places within the genome that are involved with regulating cerebral
growth and other functions (Crow 1984). Indeed, other viruses demonstrating
significant associations with schizophrenia and psychoses over the years have
included human endogenous retrovirus, as well as polio, influenza, coronaviruses,
and Borna disease virus (Arias et al. 2012; Azami et al. 2018; Dickerson et al. 2010a;
Karlsson et al. 2001, 2004; Khandaker et al. 2014; Leweke et al. 2004; Mednick
et al. 1988; Perron et al. 2012; Prasad et al. 2007; Severance et al. 2011; Suvisaari
et al. 1999). Direct sequencing of brain tissue with the aim to detect viral sequences
in post-mortem brains has generally been less successful than antibody-based efforts
to document seroprevalence rates in people with schizophrenia. For example, in a
recent metagenomics screening of post-mortem prefrontal cortex, 156 unique viral
RNA fragments were detected, but there were no differences in viral sequences
between cases and controls (Tomasik et al. 2018). Difficulties finding viral nucleic
acids in the brain and thus establishing potentially significant differences between
diagnostic groups could be due to any number of variables including the time since
infection, sensitivity of the assays, and a highly localized, and therefore well-hidden,
infectious agent.

This search for a pathogen which would demonstrate a concrete connection
between infectious disease agents and schizophrenia etiology or pathophysiology
has not been limited to viruses. A possible bacterial basis for schizophrenia was put
forth mid-twentieth century based on observed cutaneous reactions to the Rosenow
antibody-antigen skin reaction. These findings suggested that schizophrenia may
result following exposure to alpha-hemolytic streptococci, although not all individ-
uals with the disorder were affected (Gurassa and Fleischhacker 1958; Rosenow
1948). In hindsight, these mixed results at the time and those garnered well into the
future in similar studies, likely merely reflected the heterogeneity of the disorder and
collectively suggested that there were subsets of individuals with schizophrenia
who were affected in this manner. Later in this chapter, we will focus further
on the bacterial contribution to schizophrenia, in particular with respect to the
body’s microbiome and gut-brain axis. Another microbe, the neurotropic
parasite, Toxoplasma gondii, has been repeatedly implicated in schizophrenia
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etiopathogenesis, and this relationship is reviewed in numerous analyses and meta-
analyses (Arias et al. 2012; Monroe et al. 2015; Severance et al. 2016b; Torrey et al.
2007, 2012). Exposure to this parasite has been associated with important clinical
effects such as decreased cognition, suicidal behavior, and severity of the psychotic
symptoms (Dickerson et al. 2017b; Esshili et al. 2016; Hamdani et al. 2017; Kannan
et al. 2017; Lindgren et al. 2018). Studies have also uncovered evidence for
heightened exposures to fungal species such as the yeasts, Candida albicans and
Saccharomyces cerevisiae, in individuals with schizophrenia (Severance et al. 2012,
2016a). For C. albicans, cognitive deficits and worse psychiatric symptoms have
been reported in those who were seropositive (Severance et al. 2016a).

3 Is It the Infectious Disease Process?

To date, an undisputed, causative pathogen has not been singularly identified, in
spite of intensive effort and technical advances in deep sequencing of the genome
and transcriptome. The rationale for studying pathogenic microorganisms in schizo-
phrenia has been based on the hypothesis that a given microbe or its products are
neurotropic and thus potentially directly pathogenic to brain neurons and tissue. In
the absence of a conclusive etiological pathogenic species, immune activation as a
process is a logical next appropriate focus of these investigations. Epidemiological
studies have surveyed for the presence of infections, irrespective of a specific
infectious agent, as a risk factor for the development of schizophrenia. For example,
in a large cohort study of the Swedish National Register, viral but not bacterial CNS
infections during childhood were found to result in the later development of schizo-
phrenia and nonaffective psychoses (Dalman et al. 2008). A similar study of the
Danish National Hospital Register indicated an increased risk of schizophrenia in
individuals who had hospital contact due to an infection, with specifically bacterial
infection showing the highest risk (Nielsen et al. 2014). In other study populations,
urinary tract infections, likely of bacterial origin, were found at higher rates in people
with schizophrenia or acute psychosis, and these infections were associated with
acute relapse of psychosis (Carson et al. 2017; Graham et al. 2014; Miller et al.
2013). A variation of this type of investigation comes from epidemiological studies
examining the use of anti-infective agents in schizophrenia. In one such study, the
use of antibiotics, but not antivirals, antimycotics, or anti-parasitic agents, was
associated with an increased risk for schizophrenia. Furthermore, in this study, if
the infection required hospitalization, the risk for developing the disorder was even
greater (Kohler et al. 2017). Although the results of these studies are varied in terms
of the relative contribution of the type of pathogen (bacterial, viral, fungal), collec-
tively, all point toward microbial infection as an informative comorbidity for at least
a portion of those with schizophrenia.

It has long been hypothesized that schizophrenia is a neurodevelopmental disor-
der (Murray and Lewis 1987; Weinberger 1987); therefore, it seems likely that it is

From Infection to the Microbiome: An Evolving Role of Microbes in Schizophrenia 71



the process of immune system activation or its dysregulation at sensitive pre-, peri-,
and postnatal time-points which may dictate the degree of pathogenicity that will
result in the subsequent development of schizophrenia. Numerous mouse models
have been developed to illustrate altered behavior or brain biochemistry in offspring
of mothers whose immune system has been challenged experimentally during
pregnancy (Brown and Derkits 2010; Estes and McAllister 2016; Labouesse et al.
2015; Meyer 2014). In humans, studies of specific pathogens in this context are
made possible by the availability of maternal sera drawn during pregnancy or
neonatal blood spots obtained at birth. Findings from these studies do, in fact, reveal
that a variety of pathogen exposures are associated with the future development of
schizophrenia or psychosis in offspring (Blomstrom et al. 2016; Brown et al. 2004;
Brown and Derkits 2010; Buka et al. 2008; Ellman et al. 2009; Estes and McAllister
2016; Khandaker et al. 2013; Mortensen et al. 2010; Xiao et al. 2009). Furthermore,
prenatal exposure to maternal sinusitis, tonsillitis, pneumonia, as well as genital and
other reproductive infections was also associated with the subsequent development
of schizophrenia (Babulas et al. 2006; Sorensen et al. 2009). In another study of the
Danish National Register, it was found that prenatal infection and peri-pubertal
psychological trauma not only each increased the risk of schizophrenia with some
sex-specific differences, but the combination of these two factors acted in synergy to
compound that risk for disease (Debost et al. 2017). It has also been shown that
activation of innate immunity including cytokines and components of the comple-
ment pathway were elevated in mothers whose adult offspring developed schizo-
phrenia or psychoses as adults (Allswede et al. 2016; Severance et al. 2014).

4 Gut Inflammation

Immune activation due to infection or another source, or immune dysregulation in
general, appears to be as relevant to schizophrenia as exposure to a specific patho-
gen. Studies of innate immunity in schizophrenia support a low-grade inflammatory
component peripherally and in the CNS, which is prevalent in the disorder (Bechter
2013; Catts et al. 2014; Dickerson et al. 2016; Fillman et al. 2013, 2014, 2016;
Kirkpatrick and Miller 2013; Miller et al. 2011; Muller 2016; Severance et al. 2012,
2013). The source of this inflammation, however, remains unknown, as does
whether this inflammation reflects a pathophysiology of the disease state or a
comorbidity resulting from lifestyle choices or medication.

Interestingly, even older than the hypothesis that infection is at the crux of
schizophrenia is the hypothesis that all diseases begin in the gut (Hippocrates).
The tenets of Hippocratic medicine premised that health was based on four balanced
humors, black bile, yellow bile, phlegm, and blood. One of these humors, black bile,
referred to the temperament of melancholy, or what we now know as depression
(Jackson 2001). In the mid-nineteenth century, purgatives and emetics were
suggested treatments for psychiatric symptoms (Prichard 1837). Other historical
accounts support a pervasive gastrointestinal (GI) inflammatory state present in
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individuals with psychoses and schizophrenia, even well before these psychiatric
disorders were described by the earliest versions of our current psychiatric classifi-
cation systems, the Diagnostic and Statistical Manual of Mental Disorders (DSM;
1952) and the International Classification of Diseases (ICD; 1949) (APA 1952;
WHO 1949; Alander et al. 2005; Buscaino 1953; Hemmings 2004; Reiter 1926;
Schneck 1946). Reports of this GI inflammation likewise preceded the 1950’s
discovery of modern antipsychotics that are often indicated as the cause of GI
comorbidities due to strong anticholinergic effects contributing to decreased bowel
motility and constipation (Dean 2010; Dome et al. 2007; McNamara et al. 2011;
Watanabe et al. 2010). Indeed, over the years, a number of enteropathic disorders
have been studied for association with schizophrenia including celiac disease, gluten
intolerance, ulcerative colitis, Crohn’s disease, and irritable bowel syndrome (Dohan
1970; Eaton et al. 2004; Gupta et al. 1997; Makikyro et al. 1998; Severance et al.
2015b, 2016c). Serological measures of antibodies directed against Saccharomyces
cerevisiae (ASCA), which are used clinically to diagnose inflammatory bowel
diseases, are also elevated in schizophrenia and especially so in those early-stage
patients who were medication-naïve (Ashorn et al. 2009; Desplat-Jego et al. 2007;
Kotze et al. 2010; Mallant-Hent et al. 2006; Oshitani et al. 2000; Severance et al.
2012). Likewise, antibodies directed against other antigens that contribute to GI
inflammation, such as antigenic foods and gut pathogens, are elevated, in schizo-
phrenia (Dickerson et al. 2010b; Kelly et al. 2018; Severance et al. 2010, 2012,
2016c). The well-studied parasite, T. gondii, to which seroprevalence is increased in
schizophrenia, is, in fact, a routinely used laboratory tool to model inflammatory
bowel diseases in experimental rodents (Craven et al. 2012; Grainger et al. 2013;
Hand et al. 2012; Heimesaat et al. 2006).

GI inflammation leads to permeability of the endothelial blood-gut barrier and the
potential crossing of microbes, microbial-generated toxins or metabolites, and food-
related peptides and antigens into the circulation (Brenchley et al. 2006; Lambert
2009; Sandler and Douek 2012). The translocation of GI-related products has been
the focus of studies of depression (Maes et al. 2008, 2012a, b) and to a more limited
extent in schizophrenia (Caso et al. 2016; Karakula-Juchnowicz et al. 2016;
Severance et al. 2013; Weber et al. 2018). Two surrogate biomarkers of the bacterial
translocation process, soluble CD14 (sCD14) and lipopolysaccharide (LPS) binding
protein (LBP), were found to be intercorrelated with each other, with a general
marker of inflammation, C-reactive protein, and with antibodies to food antigens in
individuals with schizophrenia (Severance et al. 2013). In this study and in a follow-
up investigation, levels of sCD14 were significantly upregulated not only in
individuals with established schizophrenia but also in individuals with pre-onset
schizophrenia, as identified based on blood samples and medical records from a US
military cohort. In both studies, LBP levels did not match the elevated sCD14
suggesting that additional pathogenic mechanisms related to bacterial translocation
and dysregulated monocyte activation may be operative in schizophrenia (Severance
et al. 2013; Weber et al. 2018).
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5 Microbial Dysbiosis and the Brain

Microbial translocation reflects a gut commensal community that is imbalanced or
dysbiotic and that fosters a cycle of inflammation, barrier compromise, and bowel
dysfunction. A healthy gut is required for digestion, nutrient absorption, metabolism,
maintenance of gut-blood barrier integrity, and development of host immunity
(Ismail and Hooper 2005; Round et al. 2010; Smith and Garrett 2011; Sommer
and Backhed 2013). Gut function is coordinated by a diverse community of bacteria,
viruses, fungi, and archaea, which are at equilibrium with host cell activities (Dinan
and Cryan 2015; Sandhya et al. 2016). This equilibrium can be disrupted by stress,
diet, antibiotics, toxins, infectious agents, and products generated by host genetics
(Sandhya et al. 2016). Thus, for schizophrenia, dysbiosis of the gut microbiome is
important to document because it provides a mechanism of GI-localized inflamma-
tion that has systemic consequences that are relevant to neuroinflammation and the
brain. Importantly, translocated GI products act as triggers of the body’s systemic
immune machinery, such as the complement pathway, put in motion to clear
antigens perceived as foreign from the bloodstream (Brenchley et al. 2006; Lambert
2009; Sandler and Douek 2012). Complement also has important functions in the
brain which include the removal of inappropriate synapses, and the genetic and
functional associations of this pathway with schizophrenia have been reported and
reviewed elsewhere (Nimgaonkar et al. 2017; Presumey et al. 2017; Sekar et al.
2016). Physical access to the brain is a converging and critical consideration in this
context, both with respect to translocated gut products and immune molecules.
Endothelial barrier defects at both the blood-gut and blood-brain barriers present
pathologies that are consistent with a compromised gut-brain pathway operative in
schizophrenia (Kannan et al. 2017). Findings from studies employing various
approaches suggest an altered function of endothelial cells and BBB permeability
associated with schizophrenia (Greene et al. 2017; Khandaker and Dantzer 2016;
Severance et al. 2015a). For example, markers of endothelial cell activation includ-
ing the selectin family of adhesion molecules have been found to be elevated in
schizophrenia (Iwata et al. 2007; Khandaker and Dantzer 2016). This endothelial cell
activation in the BBB has been shown to follow systemic inflammation and is
associated with the translocation of inflammatory cells into the brain (D’Mello and
Swain 2014; Khandaker and Dantzer 2016). Accompanying this activation are
increased monocyte levels and monocyte infiltration of the BBB which are consis-
tent with the elevations of sCD14 reported in the previous section.

The ability to interrogate rodent models in a germ-free setting has provided much
insight regarding the possible mechanisms by which gut microbes are actively
engaged in biological pathways that regulate the gut-brain axis. Importantly, these
studies allow associations to be made and solidified without a plethora of
confounding variables that often accompany and cloud results from clinical studies.
Summarily, in the absence of a gut microbiome, the brain fails to develop normally
(Sampson and Mazmanian 2015). Altered brain biochemistry, cognition, and behav-
iors are repeatedly demonstrated following manipulations of gut microbiota in
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germ-free and/or pathogen-specific animals (Collins et al. 2012; Diaz Heijtz et al.
2011; Erny et al. 2015; Foster and McVey Neufeld 2013; Hsiao et al. 2013;
Luczynski et al. 2016; Stilling et al. 2014). In the germ-free setting, such abnormal-
ities included alterations of myelination, microglial regulation, neurogenesis, and
neurotransmitter abundances such as serotonin and precursor tryptophan and trophic
factors. These deficits were recovered with further manipulations or corrections of
bacterial compositions, vagotomy, and administration of probiotics and/or antibi-
otics. As relevant to schizophrenia, a revealing set of experiments were those that
showed how directly the gut microbiota can impact BBB permeability (Braniste
et al. 2014). The absence of a microbiome increased BBB permeability, and this
defect was restored following transplantation of germ-free animals with a normal
microbiota. Thus, garnered from these studies is evidence of some of the most
promising pathways in support of a gut-brain axis including the following: (1) the
parasympathetic nervous system and related enteric innervation including the vagus
nerve, (2) the neuroendocrine system including stress hormones and the HPA axis,
(3) metabolic pathways including microbially generated short-chain fatty acids that
bind to G protein-coupled receptors and that are epigenetic modulators, (4) the
circulatory system which enables the delivery of gut-generated neuroactive metab-
olites and neurotransmitters to the vicinity of the brain, and (5) the immune system
which is extensively referenced throughout this chapter (Alam et al. 2017; Berger
et al. 2009; Dinan et al. 2018; El Aidy et al. 2014).

Of interest are metagenomic and 16S rRNA gene sequencing studies of the
oropharyngeal and fecal microbiomes in people with schizophrenia and psychoses
compared to controls (Castro-Nallar et al. 2015; Schwarz et al. 2018; Shen et al.
2018; Yolken et al. 2015). In the oropharyngeal microbiome, the genera lactobacilli
and bifidobacteria were more abundant in schizophrenia compared to controls, and
intriguingly, these are the genera that help to modulate inflammation (Castro-Nallar
et al. 2015). Similarly, the oropharyngeal microbiome in schizophrenia contained
altered levels of the phage, Lactobacillus phiadh, which infects Lactobacillus
gasseri, a bacteria that functions in part to maintain epithelial cell integrity and to
modulate the immune system (Yolken et al. 2015). Differences in fecal lactobacilli
were also observed in patients with first-episode psychosis compared to controls, and
numbers of these taxa were particularly elevated in those who were most treatment
resistant (Schwarz et al. 2018). In another study of the fecal microbiome, case-
control differences in numerous taxa were observed including an elevation of the
phylum, Proteobacteria, and those taxa that functioned in metabolic pathways (Shen
et al. 2018).

Clinical trials of probiotics in schizophrenia can be similarly informative regard-
ing potentially correcting a microbe- or gut-based pathology. In a randomized,
placebo-controlled trial of adjunctive probiotics in schizophrenia, improved GI
function was reported, but there was no change in the severity of psychiatric
symptoms associated with probiotic treatment (Dickerson et al. 2014). Serologically,
there were significant alterations in an array of immune proteins that pathway
analyses indicated were suggestive of improved GI epithelial and immune patholo-
gies associated with probiotic treatment (Tomasik et al. 2015). Of interest also is
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how other non-bacterial components of the microbiome might influence these
clinical trial findings. For example, in healthy people, commensal yeast species
cohabitate with resident bacteria in a homeostatic balance. If this balance is shifted
perhaps by diet or antibiotics, bacterial dysbioses, species depletion, and yeast
overgrowth can result (Kim and Sudbery 2011). In the probiotic trial cited above,
we found evidence for improvement in psychiatric symptoms associated with
probiotics, but only in those who were not positive for these invasive yeast infections
(Severance et al. 2017). C. albicans was, in fact, particularly overrepresented in
individuals with schizophrenia compared to controls, and these yeast-positive indi-
viduals had correspondingly more cognitive impairments and severe psychiatric
symptoms (Severance et al. 2016a, 2017).

6 Conclusions

As such, we are only just beginning to unravel the extent to which microbes regulate
human health and disease. Disciplines as dissimilar as gastroenterology, oncology,
dermatology, endocrinology, hepatology, neuroscience, and psychiatry are all
actively engaged in researching the microbiome. As summarized in this chapter,
microbes are associated with schizophrenia etiology, pathogenesis, and pathophys-
iology in a diversity of ways, ranging from infection-based pathologies to alterations
of the gut-brain axis. Infection, inflammation, and gut dysbioses are all treatable
conditions, but to develop an effective therapeutic applicable to schizophrenia, it is
critical to identify the source of the pathology and to identify those individuals who
are impacted. The surge of interest and effort directed toward understanding the
microbiome will hopefully accelerate the improvement of methods for manipulating
microbiota and lead to novel agents to prevent and treat a wide range of human
disorders.
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Abstract Research into antibody-mediated disease, in response to immune dys-
function or to tumour development, has rapidly expanded in recent years. Antibodies
binding to neuroreceptors can cause psychiatric features, including psychosis, in a
minority of patients as well as neurological features. The responsiveness of some of
these cases to immunotherapy supports the hypothesis that antibody-associated
mechanisms play a role in the pathogenesis of psychotic diseases. The purpose of
this chapter is to review autoantibodies that are most likely to be relevant for patients
with psychotic symptoms. Herein, we describe receptor structure and mechanism of
action, clinical and psychiatric features for the growing number of neuronal surface
antibodies, including those to the N-methyl-D-aspartate (NMDA) receptor. The
identification of a subgroup of patients with psychiatric features having antibody-
mediated disease highlights the importance of considering the diagnosis, particularly
in those patients presenting with a first episode of psychosis.

Keywords Autoimmune encephalitis · First episode psychosis · NMDA
encephalitis · Organic psychosis · Psychoneuroimmunology

1 Background

Inflammation is increasingly recognised as a risk factor for psychosis (Cannon et al.
2014; Khandaker et al. 2015; Kelleher and Corvin 2013). The influence of inflam-
mation was recognised as early as schizophrenia was conceptualised, with Kraepelin
suggesting that dementia praecox was a disease of the brain caused by ‘an autoin-
toxication’ from the body (Kraepelin 1899; Noll 2004). The study of immunity and
psychosis incorporates many landmark studies of psychiatric research. Examples
include Wagner-Jauregg’s treatment of ‘general paralysis of the insane’ (in fact
neurosyphilis) with induced Plasmodium vivax malaria (Wagner-Jauregg and
Bruetsch 1946) and the systematic reviews examining the association between
winter or spring birth and schizophrenia (Davies et al. 2003; Mcgrath and Welham
1999), maternal infection during pregnancy and schizophrenia (Brown et al. 2004;
Mortensen et al. 2007; O’Callaghan et al. 1991), childhood infection and schizo-
phrenia (Khandaker et al. 2018, 2012; Dalman et al. 2008; Benros et al. 2011),
childhood/adolescent inflammatory markers and risk of schizophrenia and related
psychoses (Khandaker et al. 2014; Metcalf et al. 2017; Kappelmann et al. 2019) and
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maternal infections and inflammation in animal models and their effects on
neurodevelopment (Cotter et al. 1995; Farrelly et al. 2015). From a genetic perspec-
tive, genome-wide association studies (GWAS) have identified that several common
variants of the locus for the major histocompatibility complex (MHC), a group of
cell surface proteins that regulate the adaptive immune system, are strongly associ-
ated with schizophrenia (Purcell et al. 2009; Shi et al. 2009; Stefansson et al. 2009).
Most recently, emerging evidence suggest that the effects of antibodies binding to
neuroreceptors, generated in response to immune dysfunction or in response to
tumour development, can lead to psychiatric features, providing additional evidence
of this interplay. While research has linked schizophrenia with dysfunction in
various aspects of immune system, the purpose of this chapter is to review autoan-
tibodies that are most likely relevant for pathogenesis of psychoses.

2 History of the Influence of Antibodies on Psychosis

Early work by Oppenheim (Schulz and Pruss 2015), Lehmann-Facius (Deakin et al.
2014) and Deny-Brown (Denny-Brown 1948) examined links between the immune
system, malignancy, circulating antibodies and subsequent neuropsychiatric fea-
tures. In 1960, Brierley and colleagues reported three patients with ‘subacute
encephalitis of later adult life, mainly affecting the limbic areas’ (Brierley et al.
1960). Corsellis et al. (1968) later described ‘limbic encephalitis’ in a case series of
patients with either short-term memory loss or dementia in association with bron-
chial carcinoma. All those affected had degenerative changes concentrated in the
temporal parts of the limbic grey matter. In the 1980s, paraneoplastic limbic enceph-
alitis associated with antibodies targeting neuronal epitopes (the part of the antigen
the antibody binds to) was identified in patients with central nervous system (CNS)
and peripheral nervous system (PNS) syndromes who had an underlying cancer
(Graus et al. 1985). Subsequently the concept of an immune-mediated pathogenesis
gained relevance after anti-Hu (Dalmau et al. 1992) and other onconeuronal anti-
bodies against intracellular antigens were identified (Dalmau and Bataller 2006),
some of them with more syndrome specificity for limbic dysfunction than the anti-
Hu immune response (Table 1).

Later work identified that, from a psychiatric perspective, the most relevant
antibodies are antibodies to the N-methyl-D-aspartate receptor antibody (NMDAR-
Ab) and to a lesser extent leucine-rich glioma-inactivated protein (LGI1-Ab) and
contactin-associated protein-2 (CASPR2-Ab). These can present with prominent
neuropsychiatric features particularly in the early stages of illness (Dalmau et al.
2007, 2008; Irani et al. 2010a, b; Lai et al. 2010; Vitaliani et al. 2005; Zandi et al.
2011). While most are rare, other autoantibodies that have been linked to encephalitis
with psychiatric features include dopamine 2 receptor (D2R) (Dale et al. 2012),
gamma-aminobutyric acid (GABA) (Lancaster et al. 2010) and α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic receptor (AMPAR) (Lai et al. 2009)
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amongst others. A summary of relevant paraclinical data linking these autoantibodies
with psychiatric features is outlined in Table 2.

3 N-Methyl-D-Aspartate Receptor Antibody (NMDAR-Ab)

Since at least 1995, there have been case reports of women with ovarian teratomas
presenting with reduced consciousness, psychiatric symptoms and neurological
disease whose symptoms improved following tumour removal (Nokura et al.
1997; Okamura et al. 1997). Initially this was believed to be a paraneoplastic process
due to an antibody to an unknown antigen expressed in the hippocampus (Vitaliani
et al. 2005). In 2007, antibodies were identified as binding to the N-methyl-D-
aspartate receptor (NMDAR) in a case series of four females who presented with
initial psychotic/altered behaviour and then developed progressive neurological
features. This condition was termed anti-NMDA or NMDAR-Ab encephalitis
(Dalmau et al. 2007; Irani et al. 2010b), an immune-mediated disorder that occurs
when IgG antibodies bind to the GluN1 subunit of the NMDA receptor causing it to
be internalised and destroyed (Hughes et al. 2010).

Due to prominent psychiatric symptoms early on in the course of this illness,
psychiatry is the specialty that is often in contact with these patients in early stages of
their presentation, in approximately 75% of cases according to one report (Dalmau
et al. 2011). As highlighted in the first report in the psychiatric literature by Barry
et al. (2011), psychosis features prominently. NMDAR-Ab encephalitis supports the
influence of glutamatergic dysregulation and has revitalised efforts into whether
specific autoantibody syndromes might explain a subset of patients with schizophre-
nia or psychosis.

Table 1 Paraneoplastic antibodies that may associate with limbic encephalitis (Dalmau and
Bataller 2006)

Antibody Syndrome Cancer

Hu Limbic encephalitis, encephalomyelitis SCLC, other

Ma Limbic, hypothalamic and brainstem encephalitis Testis, lung,
other

CV2/
CRMP5

Limbic, striatal encephalitis (chorea), cerebellar ataxia, periph-
eral neuropathy, uveitis

SCLC,
thymoma

Amphiphysin Limbic encephalitis, stiff-person syndrome Breast,
SCLC

SCLC small cell lung cancer

88 E. Kelleher et al.
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3.1 Structure of the NMDA Receptor

The NMDA receptor is essential to the development and function of the nervous
system and plays a central role in synaptic plasticity and memory formation (Bliss
and Collingridge 1993). It is an ionotropic type of receptor with eight alternatively
spliced GluN1 isoforms and two GluN3 subunits (A–B), which bind glycine, and
four GluN2 subunits (A–D), which bind glutamate. Target epitopes are located in
extracellular regions of NR1–NR2B NMDA receptors (Dalmau et al. 2007) with the
crucial epitopes in NMDAR-Ab encephalitis present in the more widely expressed
NR1 subunit (Dalmau et al. 2008).

In healthy NMDA receptors, glutamate is released from the presynaptic terminal
into the synaptic cleft to act on postsynaptic glutamate receptors. Subsequent
activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptors
by glutamate depolarises the postsynaptic membrane and removes a magnesium
block on the NMDA receptor (Mayer et al. 1984; Nowak et al. 1984). This allows
cations, including calcium ions (Ca2+), to flow into the postsynaptic dendrite,
leading to excitatory transmission and synaptic plasticity (Mayer and Westbrook
1987). The strengthening of the impulse between the two neurons is an essential
process in synaptic plasticity, cognition and memory formation. The hippocampus
contains the highest density of NMDARs which are important for shaping the
strength of synaptic connections through involvement in long-term potentiation
(LTP) and long-term depression (LTD) (Newcomer and Krystal 2001; Waxman
and Lynch 2005).

3.2 Mechanism of NMDAR-Ab Encephalitis

Blockade of the NMDA receptor through NMDA antagonists such as phencycli-
dine (PCP) and ketamine is well known to cause both positive- and negative-type
symptoms of schizophrenia (Javitt 2007) as well as agitation and dissociation
(Javitt and Zukin 1991). Psychotic features due to ketamine are proportional to
glutamate levels, suggesting a mechanism of action that may lead to psychosis
(Stone et al. 2012).

Approximately 50% of adult women presenting with NMDAR-Ab encephalitis
have an underlying teratoma, which may contain nervous tissue (Titulaer et al.
2013). In a paraneoplastic model, it is proposed that an antigen, released by tumour
cells undergoing apoptosis, is taken up by antigen-presenting cells (Martinez-
Hernandez et al. 2011; Moscato et al. 2014). This breaks down immune tolerance
by a sequence of mechanisms including antigen presentation by T or dendritic cells
generating memory B cells and antibody-producing plasma cells. Systemically
synthesised antibodies can bind to NMDA receptors present in the tumour. It is
postulated that antibodies can also pass through a disrupted blood-brain barrier
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(BBB) or reach the brain through the choroid plexus. The memory B cells (also
activated T cells) undergo restimulation (resident antigen-presenting cells or T cells),
antigen-driven affinity maturation, clonal expansion and differentiation into NMDA
receptor antibody-secreting plasma cells (Moscato et al. 2014). Antibodies bind to
extracellular epitopes of the NMDA receptor causing subsequent dysfunction and
internalisation.

Greater than 90% of young girls or males with the disorder have no identified
trigger, although it may be associated with herpes simplex virus 1 (HSV-1) infection
(Irani et al. 2010b; Titulaer et al. 2013; Armangue et al. 2014). Approximately
10–25% of patients with HSV-1 encephalitis have an immune-mediated relapse
associated with GluN1-specific antibodies and NMDAR-Ab encephalitis symptoms.

NMDAR-Ab have been shown to cause reversible reduction in neuronal surface
NMDA receptors without causing cell death (Hughes et al. 2010; Moscato et al.
2014) leading to reduction in NMDAR-mediated currents and synaptic plasticity.
Removal of the pathogenic antibodies through tumour removal and treatment with
immunosuppression (see below) leads to clinical improvement (Titulaer et al. 2013).
Antibody titres may decline (months or even years) after recovery or in some cases
remain detectable (Gresa-Arribas et al. 2014).

3.3 Incidence and Clinical Characteristics of NMDAR-Ab
Encephalitis

The incidence of NMDAR-Ab encephalitis has been estimated at 0.85 per million
children per year in the UK (Wright et al. 2015). While it can affect both men and
women of any age, it appears to predominantly affect young women (median age
21 [range 1–95], 81% female) (Titulaer et al. 2013). As mentioned previously, in
women over 18 years of age, ~50% have an underlying tumour (overwhelmingly
found to be ovarian teratoma) compared to only 5% of men (Dalmau et al. 2011).

About 70% of cases have prodromal symptoms including headache, fever, nausea
and respiratory tract infections (Dalmau et al. 2008). Within 2 weeks they can
develop psychiatric symptoms characterised by psychotic features, e.g. delusions,
hallucinations, paranoia and, less commonly, anxiety and mood symptoms. These
are the presenting symptoms in over 65% of cases (Titulaer et al. 2013). Children are
more likely to have abnormal movements, e.g. chorea earlier in the disease course,
and to experience seizures compared to adults. Psychosis is less common compared
to adults, but behavioural regression is frequently noted (Titulaer et al. 2013).

During the first month of the disease, the majority of patients (87%) developed
four or more of eight categories of symptoms (see Table 3) (Dalmau et al. 2008).
Short-term memory loss is common early in the disease process but can be
underestimated because psychopathology and language deficits can dominate the
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clinical presentation. Following this, abnormal movements such as catatonia, chorea,
akathisia, dystonia and orofacial dyskinesia manifest (Baizabal-Carvallo et al. 2013;
Duan et al. 2016; Mohammad et al. 2014). Features may progress and include
autonomic instability leading to cardiac/respiratory arrest or refractory status
epilepticus. Patients are often (75%) transferred to the intensive care unit (ICU) at
this stage for ventilation, intravenous antiepileptic medication and inotropic support
(Titulaer et al. 2013).

3.4 Diagnosis of NMDAR-Ab Encephalitis

Criteria to aid the early diagnosis of NMDAR-Ab encephalitis have been published
by lead researchers in the field based primarily on clinical features and the results of
investigations (Graus et al. 2016) (see Table 4). Techniques that identify NMDAR-
Ab in serum and CSF are cell-based assays (CBAs) (used by most clinical labora-
tories) using live or fixed cells, immunohistochemistry of brain sections adapted to
membrane proteins (commercially available; sometimes used as a confirmatory test)
and immunocytochemistry of cultures of dissociated rodent live hippocampal neu-
rons (used in research laboratories) (Graus et al. 2016).

Electroencephalogram (EEG) is abnormal in approximately 90% of patients,
usually showing non-specific, slow and disorganised activity (Dalmau et al. 2008).
Slow rhythmic activity in the delta-theta range (the so-called ‘delta brush’ sign) was
initially thought to predominate in the catatonic-like stage (Schmitt et al. 2012);
however this feature was later shown to appear in other neurological disorders
(Baykan et al. 2018). CSF analysis is abnormal in about 80% of patients, demon-
strating lymphocytic pleocytosis (Dalmau et al. 2008; Irani et al. 2010b). Other
findings include normal or mildly increased protein concentration and, in 60% of
patients, CSF-specific oligoclonal bands (Dalmau et al. 2011). Importantly, CSF
abnormalities may be the only remarkable clinical finding (Scott et al. 2018), hence
the importance of offering lumbar puncture to patients found to be seropositive for
NMDAR-Ab.

Clinical routine brain magnetic resonance imaging (MRI) is abnormal in only
30% of patients approximately, despite patients being significantly unwell at the

Table 3 Features of
NMDAR-Ab encephalitis

Behavioural change

Memory dysfunction

Speech disorder/mutism

Seizures

Decrease in level of consciousness

Movement disorder

Autonomic dysfunction

Central hypoventilation

96 E. Kelleher et al.



time of imaging (Titulaer et al. 2013). Changes may include white matter
hyperintensities. Follow-up brain MRI has been shown to remain normal or show
minimum change despite the severity and duration of symptoms (Dalmau et al.
2011). Brain biopsy may show normal or non-specific signs of inflammation. These
include perivascular lymphocytic cuffing (predominantly of B cells), sparse paren-
chymal T-cell infiltrates or microglial activation (Camdessanche et al. 2011).

Patients who have had NMDAR-Ab encephalitis identified should undergo
screening for malignancies associated with these occasional paraneoplastic anti-
bodies. In the largest study of patients with NMDAR-Ab encephalitis (N ¼ 571)
(Titulaer et al. 2013), 38% of patients were found to have underlying malignancy,
invariably ovarian teratomas. While teratomas and carcinoma located elsewhere
(lung, breast, testicular; ovarian carcinoma, thymic carcinomas and pancreatic can-
cer) can occur, they are uncommon.

Given the prominent psychiatric, especially psychotic, features, there is signifi-
cant interest by the psychiatric community in what has been described as a new
‘identifiable treatable subtype of psychosis’ (Kayser and Dalmau 2016). Therefore, a
key issue for psychiatrists is whether patients with NMDAR-Ab encephalitis may
have psychiatric features alone and whether patients with psychosis and NMDAR-
Ab require a different treatment pathway (Lennox et al. 2012).

Table 4 Diagnostic criteria for anti-NMDA receptor encephalitis (Graus et al. 2016)

Probable anti-NMDA receptor encephalitis
Diagnosis can be made when all three of the following criteria have been met:
Rapid onset (less than 3 months) of at least four of the six following major groups of symptoms:
• Abnormal (psychiatric) behaviour or cognitive dysfunction
• Speech dysfunction (pressured speech, verbal reduction, mutism)
• Seizures
• Movement disorder, dyskinesias or rigidity/abnormal postures
• Decreased level of consciousness
• Autonomic dysfunction or central hypoventilation
At least one of the following laboratory study results:
• Abnormal EEG (focal or diffuse slow or disorganised activity, epileptic activity or extreme
delta brush)
• CSF with pleocytosis or oligoclonal bands
Reasonable exclusion of other disorders
• Diagnosis can also be made in the presence of three of the above groups of symptoms
accompanied by a systemic teratoma

Definite anti-NMDA receptor encephalitis
Diagnosis can be made in the presence of one or more of the six major groups of symptoms and
IgG anti-GluN1 antibodies, after reasonable exclusion of other disorders. Antibody testing should
include testing of CSF. If only serum is available, confirmatory tests should be included (e.g., live
neurons or tissue immunohistochemistry, in addition to cell-based assay)
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3.5 Psychiatric Features Associated with NMDAR-Ab
Encephalitis

As outlined above, psychiatric features appear prominently in the early course of
NMDAR-Ab encephalitis, and psychiatrists are usually the first clinicians to assess
such cases, who usually do not have a previous psychiatric history (Peery et al.
2012). Patients with psychotic disorders such as first episode psychosis (FEP) and
schizophrenia would seem a natural cohort to assess for NMDAR antibodies. There
has been much debate as to the most robust methodologies used to identify
NMDAR-Ab, the relevance of NMDAR-Ab in serum only in the absence of CSF
and the significance of IgM and IgA antibodies amongst others.

A study (Kayser et al. 2013) reviewed the presentations of 571 patients with
NMDAR-Ab encephalitis, who were identified as having NMDAR-Ab both in
serum and CSF with a fixed cell-based assay and immunohistochemistry. The
authors found that 23 (~4%) of these had isolated psychiatric symptoms – at the
time of presentation (0.9%, 5/571) or at relapse (3.2%, 18/571). When considering
that only 64 individuals (11.2%) experienced a relapse, the proportion of patients
with psychiatric features at relapse increases (28%, 18/64). Seventy-four percent had
some form of delusional thinking, 43% had abnormal perceptions (auditory or visual
hallucinations) and 57% had aggressive behaviour. Seventy percent had a mood
element to their presentation usually mania, mood lability and impulsivity. Depres-
sive symptoms were less common (Kayser et al. 2013). Psychotic phenomena in
presenting cases have been described as fragmented in comparison with those
typically found in functional psychoses, with delusions being poorly formed and
non-systematised (Barry et al. 2015).

Several screening studies have examined NMDAR-Ab in psychosis populations.
A landmark study (Zandi et al. 2011) identified that 3/46 (6.5%) patients with first
episode psychosis but without traditional encephalopathic features were seropositive
using a cell-based assay with live Human Embryonic Kidney (HEK) cells (Irani et al.
2010b). All three cases met DSM-IV criteria for schizophrenia, and one responded
to immunotherapy treatment. Similar results were found in a later study
(Pathmanandavel et al. 2015) of 43 children experiencing a first episode of psychosis
(FEP) (median age 15 years), which identified antibodies to NMDAR using a flow
cytometry live cell-based assay and none in a paediatric control cohort (N ¼ 43).
Studies utilising fixed and permeabilised CBAs found no difference in the
seroprevalences of NMDAR antibodies in patients and in controls (Dahm et al.
2014; Hammer et al. 2014). While some studies (de Witte et al. 2015; Masopust et al.
2015) which used both fixed cell-based assay and immunohistochemistry did not
identify any NMDAR-Ab in serum of cohorts of patients with schizophrenia and first
episode psychosis, other studies have identified seropositive cases in post-partum
psychosis, using this ‘double validation’ method (Bergink et al. 2015).

In 2014, a meta-analysis by Pollak and colleagues examined the seroprevalence
of NMDAR-Ab in 1441 patients with psychotic illnesses and 1,598 healthy controls
from several screening studies (Hammer et al. 2014; Haussleiter et al. 2012;
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Masdeu et al. 2012; Rhoads et al. 2011; Steiner et al. 2013; Tsutsui et al. 2012; Zandi
et al. 2011). This identified 115 individuals [7.98%, 95% confidence interval
(CI) 6.69–9.50] who were anti-NMDA receptor antibody positive. Of these,
21 patients (1.46%, 95% CI 0.94–2.23) were positive for antibodies of the IgG
subclass. Prevalence rates were greater in cases than controls only for IgG anti-
bodies. A meta-analysis of NMDAR-Ab seropositivity in patients with schizophre-
nia, schizoaffective disorder, bipolar affective disorder (BPAD) or major depressive
disorder (MDD) demonstrated a higher odds ratio of 3.1 compared to healthy
controls (Pearlman and Najjar 2014).

Scott et al. (2018) screened all inpatients (children as well as adults up to age
45 years old) admitted with a first episode psychosis for autoantibodies. Importantly,
they endeavoured to recruit every FEP case including those who had a drug-induced
psychosis, and each participant had a clinical assessment and was investigated with
EEG, MRI brain and antibodies both in serum and CSF. The authors identified that
approximately 5% (6/113) of participants had autoimmune encephalitis. Four of
these cases (3.5%, 4/113) were diagnosed with NMDAR-Ab encephalitis. Two other
recent studies (Lennox et al. 2017; Gaughran et al. 2018) which identified an
NMDAR-Ab seroprevalence rate of ~3% in first episode psychosis services, with
the prevalence in controls varying between 0 and 1%, using a live cell-based assay
(L-CBA) only. Although the results of clinical investigations were not described,
none of the cases were reported as having developed NMDAR-Ab encephalitis at
6-month follow-up in one study (Lennox et al. 2017). The prevalence of autoim-
mune encephalitis may be underestimated in research cohorts or community cohorts
(who are capacitous, prescreened for organic red flags and often in at least partial
remission) (Pollak and Lennox 2018). Therefore, the study by Scott and colleagues
is important as they recruited participants as early as possible, clinically investigated
them and obtained CSF which is often challenging in psychosis populations and a
criticism of studies that use serum only (Leypoldt et al. 2017).

NMDAR-Ab in serum has also been identified in patients with treatment-resistant
psychosis with an identified point prevalence of 7% (3/43) using a live cell-based
assay (Beck et al. 2015). NMDAR-Ab has also been identified in serum in cases of
autism (Creten et al. 2011), bipolar affective disorder (Choe et al. 2013), eating
disorders (Perogamvros et al. 2012) and post-partum psychosis (Bergink et al. 2015).

Differences between current assays suggest examining for NMDAR-Ab with at
least two techniques, e.g. both a CBA and immunohistochemistry, or binding to
cultured neurons, sampling both CSF and serum for NMDAR-Ab whenever possi-
ble, and cross-laboratory comparative assays should help understand the differences
described (Varley et al. 2015). Recent consensus criteria by Graus et al. (2016)
which utilise much of this will ideally lead to clarity for clinicians in the diagnosis of
NMDAR-Ab encephalitis. However, such an approach does exclude those patients
who have psychotic symptoms alone and are seropositive for NMDAR-Ab but who
do not have abnormal investigative findings or who have declined investigations.
Yet there are reports that such patients can respond to treatment with immunotherapy
and research into this is ongoing (Zandi et al. 2014).
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3.6 Treatment of NMDAR-Ab Encephalitis

A framework for treatment of NMDAR-Ab encephalitis has emerged (see Table 5)
(Titulaer et al. 2013). Utilising this, approximately 50% of patients that are treated
with first-line immunotherapy or tumour removal will experience improvement
within 4 weeks of treatment, reaching an mRS [modified Rankin Scale, which
runs from no symptoms (0) to death (6) (Quinn et al. 2008)] of 0–2 by 24 months
(Titulaer et al. 2013). Notably patients with psychosis due to NMDAR-Ab enceph-
alitis may experience worsening of autonomic dysfunction with neuroleptic treat-
ment (Lejuste et al. 2016), and psychiatric symptoms can resolve in response to
immunotherapy (Kayser et al. 2013; Zandi et al. 2011, 2014). 70% of those who do
not improve with first-line treatment receive second-line immunotherapy (Dalmau
et al. 2008; Irani et al. 2010b; Titulaer et al. 2013). Approximately 10–15% of
patients relapse in a 2-year period (Titulaer et al. 2013). Relapses are more likely to
be monosymptomatic (including psychiatric symptoms only) (Kayser et al. 2013)
and result in fewer admissions to ICU (Titulaer et al. 2013). NMDAR-Ab can persist
for a prolonged period following recovery (Gresa-Arribas et al. 2014).

3.7 Clinical Course and Relapse

Delays in treatment are associated with cognitive and functional impairment as well
as death (Finke et al. 2012; Titulaer et al. 2013). The estimated mortality from
NMDAR-Ab encephalitis is 4% with the median time from disease onset to death
estimated at three and a half months (Dalmau et al. 2011). Female patients need to be
monitored with yearly ultrasound scanning in case ovarian pathology develops.
Screening protocols for males and prepubescent (<12) females are unknown
(Titulaer et al. 2013). A recent systematic review of cognitive outcomes identified
that, while intellectual functioning was more impaired within the acute recovery
period than in the later phase of convalescence (Mckeon et al. 2017), rates of
impaired processing speed, episodic memory and aspects of executive functioning
were consistent across time points. Adverse neuropsychological outcomes occurred
at higher frequency in patients where immunotherapy was delayed. Persistent

Table 5 Overview of immunotherapy treatment in NMDAR-Ab encephalitis

First-line immunotherapy Oral/IV steroids (methylprednisolone)

Intravenous immunoglobulins (IVIG)

Plasmapheresis

Plasma exchange

Second-line immunotherapy Rituximab

Cyclophosphamide

Other immunotherapy Azathioprine, mycophenolate mofetil, tacrolimus, methotrexate
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cognitive deficits are reported up to several years post-clinical remission (Finke et al.
2012; Mckeon et al. 2016).

4 Voltage-Gated Potassium Channel Complex Antibodies
(VGKCC-Ab)

In 2001, a type of limbic encephalitis characterised by neuropsychiatric features
including psychosis, seizures, amnesia and hyponatremia was described in patients
with antibodies to the voltage-gated potassium channel receptor (VGKC-Ab) (Buck-
ley et al. 2001). Later work (Irani et al. 2010a; Lai et al. 2010) demonstrated that
most VGKC-Ab were directed towards cell surface proteins complexed to the
voltage-gated potassium channel subunits (Kv), predominantly leucine-rich gli-
oma-inactivated-1 (anti-LGI1 antibody) and contactin-associated protein-2 (anti-
CASPR2 antibody) and more rarely contactin-2. Antibodies to this entire complex
were termed voltage-gated potassium channel complex antibodies (VGKCC-Ab).
However patients positive for LGI1-Ab and CASPR2-Ab accounted for almost all of
the immunotherapy-responsive cases, and many VGKC-Ab patients including those
without anti-LGI1 antibody and anti-CASPR2 antibody (so-called ‘double-negative’
VGKC-Ab cases) were tested and were less clearly immunoresponsive (Varley et al.
2017; Grain et al. 2017). Recently, double-negative autoantibodies have been shown
to be directed against intracellular aspects of the channel itself as well as against the
non-neuronal protein dendrotoxin (DTX). These are both unlikely to be pathogenic
autoantibodies (Lang et al. 2017). At present, direct testing for anti-LGI1 antibody
and anti-CASPR2 antibody is recommended instead of testing for VGKC-Ab.

Anti-LGI1 antibodies are more often associated with limbic encephalitis and
epilepsy, whereas anti-CASPR2 antibodies are associated with movement disorders
such as peripheral nerve hyperexcitability, neuromyotonia and Morvan’s syndrome.
Neuromyotonia is a syndrome of peripheral nerve hyperexcitability (PNH) with
fasciculations and cramps (Shillito et al. 1995). Morvan’s syndrome is characterised
by neuromyotonia, encephalopathy, autonomic dysfunction, insomnia and complex
nocturnal behaviours (Klein et al. 2013; Liguori et al. 2001).

LGI1 and CASPR2 antibodies are identified through cell-based assays examining
the binding of IgG immunoglobulins to human embryonic kidney (HEK) cells,
transfected with complementary DNA encoding the relevant autoantigen. This
binding is then visualised using a fluorescence-labelled secondary antibody (Irani
et al. 2010a).
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4.1 Leucine-Rich Glioma-Inactivated-1 Antibody (LGI1-Ab)

4.1.1 Structure of LGI1

LGI1 is a neuronal secreted synaptic protein expressed mainly in the hippocampus
and neocortex (Irani et al. 2010a). It forms a complex with presynaptic disintegrin
and metalloproteinase domain-containing protein 23 (ADAM23) and postsynaptic
disintegrin and metalloproteinase domain-containing protein 22 (ADAM22). LGI1
may interact with postsynaptic AMPA receptors, postsynaptic density protein
95 (PSD95) and presynaptic shaker Kv1-potassium channels. Through interacting
with pre- and postsynaptic proteins, LGI1 may have a role in the regulation of
neurotransmitter release (Fukata et al. 2010). It is known that murine mutations of
LGI1 disrupt the formation of this complex and alter AMPA-mediated signalling
(Fukata et al. 2010; Varley et al. 2017). Mutations in the LGI1 gene are associated
with lateral temporal lobe epilepsy and psychiatric features including psychosis
(Striano et al. 2011).

4.1.2 Mechanism of Action of LGI1-Ab

LGI1 antibodies cause reversible CNS synaptic dysfunction by several mechanisms
(Lancaster and Dalmau 2012). The antibodies may prevent binding of LGI1 to the
receptors that it regulates, or they might act on the LGI1-ADAM protein complex.
Alternatively, LGI1 antibodies could disrupt currents mediated by Kv1.1 and Kv1.2
and/or impair AMPAR function, either indirectly by blocking LGI1-mediated reg-
ulation of these proteins or directly by disrupting the entire protein complex. Binding
of antibodies to LGI1 leads to secondary channel dysfunction, caused by a reversible
reduction of synaptic AMPA receptors and a loss of function of inhibitory interneu-
rons, with consequent excess neuronal network excitation and seizures (Ohkawa
et al. 2013).

A study involving application of serum from a patient with LGI1 antibodies to a
hippocampal slice preparation showed increased nerve hyperexcitability, effects
similar to application of a Kv1.1 and Kv1.2 antagonist (Lalic et al. 2011). Antibody
titres appear to correlate with clinical presentation, with immunotherapy treatment
resulting in clinical improvement in patients (Malter et al. 2014). LGI1 antibodies
are strongly associated with Human Leukocyte Antigen-DR 7 isotype (HLA-DR7)
and HLA-DRB4 in nontumour patients, supporting the autoimmune hypothesis
(Kim et al. 2017; Van Sonderen et al. 2017).

4.1.3 Clinical Characteristics of LGI1-Ab Encephalitis

The median age of onset of LGI1-Ab encephalitis is around 60 years and most often
occurs in males (Irani et al. 2010a; Lai et al. 2010). Cases may develop
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neuropsychiatric features, including mood disturbances, psychosis, amnesia and
disorientation (Zandi et al. 2011; Irani et al. 2013; Navarro et al. 2016). 80% of
patients with limbic encephalitis due to LGI1 antibodies present with a variety of
seizures, including faciobrachial dystonic seizures (FBDS) (Irani et al. 2013). These
are brief (<3 s) unilateral contractions of the arm, often involving the ipsilateral face
(or leg) and occurring up to 100 times a day. Subsequently, patients develop
subacute onset amnesia and behavioural/psychiatric disturbances. Seizures may
develop into tonic clonic type (Irani et al. 2010a; Lai et al. 2010).

Hyponatremia is present in at least 60% of patients which may be due to the
syndrome of inappropriate antidiuretic hormone (SIADH) (Van Sonderen et al.
2016b, c). One possible mechanism is inflammation of the hypothalamic-pituitary
neuraxis (Newey and Sarwal 2014). Brain MRI shows T2 high signal of the medial
temporal lobe in approximately two-thirds of patients (Irani et al. 2010a; Lai et al.
2010; Shin et al. 2013). EEG can be abnormal in up to 90% of cases (Celicanin et al.
2017; Zandi et al. 2011; Van Sonderen et al. 2016c). CSF cell count and protein are
unremarkable in 75% of cases (Van Sonderen et al. 2016c). Tumour screening is
positive in up to 11% of the patients with thymoma and lung cancer being the most
common; however other malignancies have been associated (Irani et al. 2010a; Lai
et al. 2010; Malter et al. 2014).

4.1.4 Psychiatric Features Associated with LGI1-Ab

Both mood and psychotic symptoms are described in association with LGI1 anti-
bodies (Pruss and Lennox 2016). Additional psychiatric features include apathy,
disinhibition and compulsive behaviour (Van Sonderen et al. 2016c). The prevalence
of LGI1 antibodies has been found to be 0.1% in patients with established schizo-
phrenia in one study and none were identified in patients with affective disorders or
borderline personality disorder (Dahm et al. 2014). A more recent study of patients
with first episode psychosis (N¼ 228) and controls (N¼ 105) routinely screened for
LGI1-Ab found no significant difference between both cases and controls (Lennox et
al. 2017). Anti-LGI1 encephalitis is reported occurring post-partum with prominent
anxiety features that responded to immunotherapy (Gotkine et al. 2011). Psychotic
features with LGI1-Ab encephalitis show a response to treatment with immunother-
apy (Klein et al. 2013). New psychotic illness have also been described in individ-
uals following treatment for LGI1-Ab encephalitis (Pollak and Moran 2017).

4.1.5 Treatment of LGI1-Ab Encephalitis and Follow-Up

Treatment pathways are similar to those utilised in NMDAR-Ab encephalitis with
first- and second-line immunotherapies. In refractory cases, rituximab and cyclo-
phosphamide may be used (second-line therapies) (Lancaster et al. 2011b). Treat-
ment with first-line immunotherapy in 32 patients with anti-LGI1 encephalitis was
considered effective in 80% of cases (Van Sonderen et al. 2016c). Shorter time to
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start immunotherapy allows resolution of FBDS and recovery of basal functions
(Irani et al. 2011).

At 2-year follow-up of 21 patients with LGI1-Ab encephalitis, 67% of cases had a
favourable outcome (measured by mRS of 0–2). Six of seventeen (35%) patients
with available data had a relapse of symptoms, with a median time to relapse of
35 months (range 21–98 months) (Van Sonderen et al. 2016c). Cognitive assessment
of 11 immunotherapy treated individuals at median 44 months (range 25–95) follow-
up showed reduced spatial recognition, but they were otherwise normal compared to
normative data (Van Sonderen et al. 2016c). Other studies have reported that patients
may develop hippocampal atrophy and memory deficits (Butler et al. 2014; Malter et
al. 2014).

4.2 Contactin-Associated Protein-2 Antibody (CASPR2-Ab)

4.2.1 Structure of CASPR2

CASPR2 is a transmembrane axonal protein of the neurexin IV superfamily that is
localised to the juxtaparanode of myelinated axons (Poliak et al. 1999). It’s extra-
cellular domain interacts with contactin-2, and it connects with the cytoskeleton via
protein 4.1B. CASPR2, contactin-2 and protein 4.1B are necessary to concentrate
Kv1.1 and Kv1.2 channels in the juxtaparanode, which is important for the proper
electrical functioning of axons in both the CNS and PNS (Lancaster and Dalmau
2012; Zhou et al. 1999).

4.2.2 Mechanism of Action of CASPR2-Ab

CASPR2 antibodies are widely thought to act by disrupting axonal potassium
currents. Factors such as differences in time to establish intrathecal antibody syn-
thesis, or in the structure of tight, septate-like junctions of myelinating cells around
the axons, may explain the variability of PNS and CNS symptoms in patients with
CASPR2 antibodies (Lancaster and Dalmau 2012). Genetic variation in the human
gene encoding CASPR2 (CNTNAP2) is associated with autism (Jackman et al.
2009; Whalley et al. 2011), epilepsy (Strauss et al. 2006), Tourette syndrome,
obsessive-compulsive disorder (Verkerk et al. 2003), schizophrenia (Malhotra and
Sebat 2012), Pitt-Hopkins syndrome (Zweier et al. 2009) and other mental disabil-
ities (Gregor et al. 2011).
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4.2.3 Clinical Characteristics of CASPR2-Ab-Related Disease

Patients typically are males with age of onset later in life, e.g. approximately
66 years (Lai et al. 2010; Lancaster et al. 2011a; Irani et al. 2010a; Van Sonderen
et al. 2016a). Clinical syndromes include neuromyotonia alone, a purely CNS-based
limbic encephalitis or symptoms of both in Morvan’s syndrome (Varley et al. 2017).
They can also experience peripheral nerve hyperexcitability (PNH). Limbic enceph-
alitis with CASPR2-Ab can be associated with autonomic features, pain or cerebellar
symptoms (Irani et al. 2010a) and can potentially mimic Creutzfeldt-Jakob disease
(CJD). Indeed some patients with a positive CASPR2-Ab have been subsequently
diagnosed with CJD (Rossi et al. 2015).

In a case series of 38 patients with CASPR2 antibody-associated disease (Van
Sonderen et al. 2016a), the most common presenting symptoms were cognitive
disturbance, seizures, PNH or neuropathic pain. During the disease course, approx-
imately 80% of patients experienced cognitive dysfunction, and 53% had seizures.
Paraclinical data is outlined in Table 2. CASPR2 antibodies are associated with
malignancy in approximately 20% of cases (Van Sonderen et al. 2016a). These are
usually thymomas, found in 40% of cases of Morvan’s syndrome and 10% of other
presentations (Vincent and Irani 2010; Lancaster et al. 2010).

4.2.4 Psychiatric Features Associated with CASPR2-Ab

Behavioural disturbances, persecutory delusions, hallucinations and psychosis have
been reported in cases with CASPR2 antibodies (Irani et al. 2012; Lancaster et al.
2011a; Van Sonderen et al. 2016a). Rare mutations of the CNTNAP2 gene that
codes for CASPR2 protein (Ottman et al. 2004) can cause a clinical presentation of
auditory hallucinations and partial epilepsy. CASPR2-Ab have been estimated at
0.9% in one large study of 2,533 seropositive patients with a variety of neuropsy-
chiatric illness including schizophrenia (Dahm et al. 2014), although the seroprev-
alence rate in FEP in another study was not significantly different to healthy controls
(Lennox et al. 2017).

4.2.5 Treatment of CASPR-Ab-Related Disease and Follow-Up

Treatment of CASPR2-Ab disease includes identifying and treating any malignancy
and treatment with first- and second-line immunotherapy. Full recovery can be
achieved in ~40% of cases and partial recovery with 12%. Approximately 25% of
cases with >1-year follow-up had relapses presenting at a median of 19 months post
initial episode (Van Sonderen et al. 2016a).

Autoantibodies and Psychosis 105



5 α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
Receptor Antibody (AMPAR-Ab)

5.1 Structure and Mechanism of Action

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) is
a gated ion channel which consists of GluA 1–4 tetrameric subunits and is part of
the family of glutamate receptors. They mediate fast excitatory synaptic transmis-
sion, necessary for learning, memory and synaptic plasticity (Henley and Wilkin-
son 2016). Antibodies target the extracellular domains of GluA1 and GluA2
subunits of the AMPA receptor and were first described in ten patients with limbic
encephalitis (Lai et al. 2009). They cause a selective reversible decrease in the
total surface amount and synaptic location of GluA1 and GluA2 through increased
internalisation and degradation. This leads to a decrease of AMPAR-mediated
currents (Lai et al. 2009).

5.2 Clinical Features of AMPAR-Ab-Related Disease

AMPAR antibody-associated disease mostly affects older females in response to
malignancy (lung, breast, thymus) in approximately 65% of cases (Hoftberger et al.
2015; Lai et al. 2009). Clinical features vary but may include those of limbic
encephalitis (short-term memory deficits, confusion, abnormal behaviour and sei-
zures). Seizures are frequently present. Insomnia, lethargy and decreased level of
consciousness have also been described (Graus et al. 2010; Hoftberger et al. 2015).
Paraclinical data is available in Table 2.

5.3 Psychiatric Features Associated with AMPAR-Ab

Almost one in three patients (27%) in a case series of AMPAR-Ab encephalitis
(N¼ 22) had psychotic features as part of their presentation (Hoftberger et al. 2015).
One of these cases had a background history of BPAD. Recent screening studies
however have identified no differences in the seroprevalence of AMPAR-Ab in FEP
compared to healthy controls (Lennox et al. 2017). An earlier study reported that
AMPAR-Ab were not found in a cohort of schizophrenia, affective disorders or
borderline personality disorders (Dahm et al. 2014). However an additional study
described that 3 of 4,819 patients with neuropsychiatric presentations had GluR2
AMPAR antibodies and that all had memory deficits and mood symptoms (Dogan
Onugoren et al. 2015). Additional case reports of atypical psychosis (Graus et al.
2010) and mood and psychotic symptoms (Elamin et al. 2015) responding to
immunotherapy treatment are described. Antibodies to AMPAR have been identified
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in patients with Turner’s syndrome with co-morbid bipolar disorder and psychotic
features (Quaranta et al. 2015).

5.4 Treatment and Clinical Course

Treatment with immunotherapy or oncological treatment leads to an improvement in
the majority (70–90%) of cases (Hoftberger et al. 2015; Lai et al. 2009). Relapses
occur in approximately 16% of cases which may be reduced by the use of more
aggressive forms of treatment (chemotherapy or rituximab).

6 γ-Aminobutyric Acid A Receptor (GABAAR) and γ-
Aminobutyric Acid B Receptor (GABABR) Antibody
Disease

6.1 Structure and Mechanism of Action

GABA receptors act as inhibitory receptors in the central nervous system through
mediation of GABA (γ-Aminobutyric acid), the major inhibitory neurotransmitter.
GABAA receptor (GABAAR) is a ligand-gated chloride channel that mediates fast
inhibitory synaptic transmission in the CNS. At the synapse, most GABAARs contain
2 α subunits, 2 β subunits and 1 γ subunit, arranged as γ-β-α-β-α (Sieghart 2006).
Genetic or pharmacological alteration of the GABAA receptor has been associated
with seizures (Baulac et al. 2001; Sun et al. 2013). GABAB receptors are heterodimers
comprising of the GABABR subunits 1 and 2 with GABAB1 subunits containing the
ligand-binding domain (Pagano et al. 2001). GABABRs are G-protein-coupled
receptors coupled indirectly to either calcium or potassium channels to produce
prolonged inhibitory responses (Bowery 2010) and are found in both the CNS
(cortex, cerebellum, thalamus and hippocampus) and the PNS (autonomic ganglia,
visceral tissue) (Benarroch 2012). GABAB1R polymorphisms are associated with
temporal lobe epilepsy (Xi et al. 2011), schizophrenia and obsessive-compulsive
disorder (Zai et al. 2005, 2009).

6.2 Clinical and Psychiatric Features of GABA Antibody-
Related Disease

Anti-GABAAR antibody encephalitis has been described relatively recently, and the
spectrum of symptoms has not been fully defined. One study (Pettingill et al. 2015)
identified autoantibodies against the α1 and/or γ2 subunits of the GABA receptors in
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40 of 2046 patients whose serum was negative for other neuronal surface antibodies.
Features of 15 representative patients included seizures (47%), memory impairment
(47%), hallucinations (33%) and anxiety (27%). Notably one of these patients had
pre-existing obsessive-compulsive disorder, and diagnoses for other cases included
paranoid schizophrenia. The majority of patients in this study were not treated with
immunotherapy. Antibodies to the GABA α1/β3 subunits were identified at high
serum titres as well as in the CSF of patients with limbic encephalitis, status
epilepticus or epilepsia partialis continua (Petit-Pedrol et al. 2014). Their presenta-
tions included affective problems, behavioural changes and/or psychotic features.
All cases developed extensive cortical-subcortical MRI abnormalities and had a high
mortality and a variable response to immunotherapy. Forty percent of patients with
anti-GABAAR encephalitis have tumours, mostly thymomas and, less commonly,
other neoplasms (e.g. Hodgkin lymphoma, multiple myeloma). See Table 2 for
paraclinical data.

Anti-GABAB receptor encephalitis was first described in 15 cases with limbic
encephalitis with a tendency towards severe seizures (Lancaster et al. 2010).
Behavioural disturbances and psychotic features (delusions, paranoia, gustatory
and visual hallucinations) formed part of the presenting complaint in 4 of these
15 cases (~25%) and in 5% (1/20) of another series (Hoftberger et al. 2013).
Additional studies since then (Lancaster et al. 2010, 2011a; Hoftberger et al. 2013;
Kim et al. 2014) show that the majority of patients present with seizures, confusion
and memory deficits. Ataxia and opsoclonus-myoclonus have also been reported
(Hoftberger et al. 2013). GABAB receptor antibodies have been identified in 0.3% of
affective disorders (Dahm et al. 2014). About 50% of GABAB receptor encephalitis
cases have lung cancer (mainly small cell lung cancer) (Hoftberger et al. 2013;
Lancaster et al. 2010). Underlying carcinoid of the thymus (Lancaster et al. 2011a)
and melanoma (Jarius et al. 2013) have also been reported.

6.3 Treatment and Clinical Course

Immunotherapy and treatment of malignancy resulted in substantial improvement in
18/21 (86%) patients with GABAA receptor encephalitis. Fourteen percent of cases
died from status epilepticus or sepsis (Spatola et al. 2017). Approximately 75% of
patients with GABAB receptor encephalitis show a partial or complete response to
immunotherapy and oncological treatment (Hoftberger et al. 2013).
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7 Dopamine 2 Receptor Antibody (D2R-Ab)

7.1 Structure and Mechanism of Action

Dopamine signalling is mediated through dopamine receptors. These are G-protein-
coupled seven-transmembrane domain receptors. Five receptors are divided into two
groups: D1- (D1R and D5R) and D2-class receptors (D2R, D3R and D4R) (Dale
et al. 2012). The dopamine 2 receptor (D2R) has long isoforms (located on the
postsynaptic membrane) and short isoforms (on presynaptic membrane) coded by
alternative splicing of the same D2R gene (Usiello et al. 2000). D2R are highly
expressed in the basal ganglia, cortex, hippocampus and substantia nigra and
involved in synaptic plasticity and memory formation (Beaulieu and Gainetdinov
2011). D2R expression modulation has been associated with schizophrenia, depres-
sion and movement disorders (Beaulieu and Gainetdinov 2011).

7.2 Clinical and Psychiatric Features

Clinical features of D2R antibody disease include prominent movement disorders
(parkinsonism, dystonia and chorea). Psychiatric features including psychotic fea-
tures can occur in 25% of cases from one series (Dale et al. 2012). Where MRI brain
was abnormal, findings were localised to the basal ganglia. EEG was abnormal in a
minority of cases. D2R antibodies were also reported in 3 of 43 (7%) children with
FEP (Pathmanandavel et al. 2015) using a live CBA. They were not identified in
patients with schizophrenia, major depression or borderline personality disorder
(Muller et al. 2014). D2R antibodies have been found in PANDAS (paediatric
autoimmune neuropsychiatric disorders associated with streptococcal infection)
(Cox et al. 2013).

7.3 Treatment and Clinical Course

There is limited data on treatment of patients with D2R antibodies. In a follow-up of
12 cases with D2R antibodies who received first-line immunotherapy, 5/12 are described
as returning to baseline at 5-year follow-up; however residual motor, cognitive and
psychiatric deficits were common in other cases (Dale et al. 2012).
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8 Dipeptidyl-Peptidase-Like Protein 6 Antibody
(DPPX-Ab)

8.1 Structure

DPPX (dipeptidyl-peptidase-like protein 6) is an auxiliary subunit of Kv4.2 potas-
sium channels. It is a membrane glycoprotein involved in increasing the surface
expression and channel conductance of Kv4.2 channels (Kaulin et al. 2009). Kv4.2
channels and DPPX are distributed throughout the nervous and enteric system
(Boronat et al. 2013; Tobin et al. 2014).

8.2 Clinical Features

Hara et al. (2017) reviewed 39 known cases to date (median age 57 years); of these
the majority (67%) developed weight loss/diarrhoea, behavioural disturbances and
cognitive dysfunction and CNS hyperexcitability. DPPX antibodies have been
associated with progressive encephalomyelitis with rigidity and myoclonus
(PERM) (Balint et al. 2014). Psychiatric manifestations may occur with prominent
psychotic features or behavioural disturbances that may lead to admission under
psychiatry (Boronat et al. 2013) or neuropsychiatry (Hara et al. 2017). Forty-four
percent of cases may have mood symptoms (appetite loss, depression and apathy) at
the time of presentation (Hara et al. 2017). See Table 2 for paraclinical data.

Routine screening in a cohort of patients with first episode psychosis and high-
risk psychosis did not reveal any seropositive cases (Mantere et al. 2017). The
prevalence of DPPX antibodies in a cohort of patients with schizophrenia was
reported as less than 1% (Dahm et al. 2014).

8.3 Treatment and Clinical Course

Sixty percent of cases had moderate-substantial improvement in response to treat-
ment with immunotherapy. At follow-up, 20% of anti-DPPX encephalitis cases had
died. Relapse occurred in 8 of 35 patients (23%) and was responsive to immuno-
therapy (Hara et al. 2017).
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9 Rare Autoimmune Syndromes

Antibodies to the metabotropic glutamate receptor 5 (mGluR5), highly expressed in
the hippocampus, are associated with Hodgkin’s lymphoma (Carr 1982; Lancaster
et al. 2011c; Mat et al. 2013; Pruss et al. 2014). Symptoms include depression,
agitation, hallucinations and bizarre behaviour. Patient can have complete recovery
from this rare syndrome following immunotherapy/oncological therapy (Leypoldt
et al. 2015). Although glycine receptor and voltage-gated calcium channel (VGCC)
antibodies are associated with characteristic neurological symptoms, they are rarely
associated with psychiatric symptoms (Pollak et al. 2016).

10 Summary and Future Directions

The concept and emerging evidence of antibodies driving psychiatric symptoms
particularly psychosis are important. This may lead to a better understanding of the
mechanisms of schizophrenia and improved treatment pathways in a proportion of
individuals found to have antibody-related disease. Early identification of such and
treatment with immunotherapy lead to improved cognitive and functional out-
comes. Autoimmune encephalitis frequently affects individuals with no previous
psychiatric history, and behavioural change and psychosis are some of the earliest
features. Careful history taking (including collateral history where available) and
clinical examination for sometimes subtle neurological signs, CSF and paraclinical
investigations, e.g. MRI brain and EEG, lead to diagnosis and guide treatment
decisions (Midgley et al. 2018). Routine serum screening for such antibodies in
patients with first episode psychosis is recommended (Lennox et al. 2017). For
patients with isolated psychosis and NMDAR-Ab in serum, there appears to be no
difference in psychopathology compared to other patients with psychosis (Lennox
et al. 2017).

Examining for autoantibodies (in particular NMDAR-Ab) in several large cohorts
of patients with first episode psychosis, treatment-resistant psychosis, established
schizophrenia and healthy controls has shown that autoantibodies are identified in a
small proportion of patients with psychosis. The lack of paired CSF samples in some
studies has been criticised; however performing lumbar puncture in patients with
new psychiatric symptoms can be challenging as patients may refuse and in those
who are not neurologically ill it may be hard to justify. However, it is important that
the seropositive patients are offered this investigation which may in some cases be
the only abnormal finding (Scott et al. 2018).

This approach does however leave patients who present with psychotic symptoms
and who have a positive serum neuronal autoantibody test result but who do not have
EEG, neuroimaging or CSF abnormalities with diagnostic uncertainty. While rare,
there is evidence that patients with psychosis and NMDAR-Ab in serum who
are refractory to regular psychiatric treatment and receive immunotherapy may
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demonstrate clinical improvement (Zandi et al. 2014). Such patients have been
designated ‘synaptic and neuronal autoantibody-associated psychiatric syndromes’
(SNAps) by Al-Diwani et al. (2017). Whether such antibodies identified in serum
alone affect isolated psychotic symptoms is currently under investigation.

The SINNAPS2 trial (clinical trial number NCT03194815) is a randomised phase
II double-blinded placebo-controlled trial designed to explore the utility of immu-
notherapy for patients with acute psychosis associated with anti-neuronal antibodies
including NMDAR and LGI1 (Lennox et al. 2018). This trial may answer whether
patients with psychosis and cell surface antibodies improve with immunotherapy
treatment. If so, it could fundamentally change how we screen and treat patients with
psychosis in the future.

For the present, awareness by psychiatrists of the features of autoimmune
encephalitis is essential. Psychiatric features are early clinical signs of NMDAR-
Ab encephalitis and neurological features may only evolve when the patient is
already under psychiatric care (Barry et al. 2015). Hence, psychiatrists and psy-
chiatry services need to be aware of emerging clinical signs which may be subtle
or when the individual fails to respond to standard treatment or potentially has an
adverse reaction to treatment with antipsychotics. Training and education of staff
on the features of encephalitis is especially important in a time when psychiatric
services are becoming increasingly demedicalised (Craddock et al. 2008; Oyebode
and Humphreys 2011). In addition to considering the diagnosis, discussing such
cases with clinical neurology and agreeing joint management strategies between
psychiatrists and neurologists provide the best opportunity to enhance patient care
at present.
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Abstract Most persons experience cognitive decline as they grow older. The term
“cognitive aging,” coined to describe milder varieties of cognitive decline, is likely
to be due to multiple causes. Persistent or repeated infections of the central nervous
system (whether subclinical or diagnosable) can cause damage to neurons directly
or indirectly through inflammation resulting in incremental neuronal damage, thus
eroding cognitive reserve. This possibility has not been considered widely. We
evaluated the data linking persistent infection with herpes simplex virus type
1 (HSV-1) and cognitive aging by applying the Bradford Hill criteria. Despite
inherent problems in establishing causal relations for chronic disorders, our analyses
suggest plausible links. These studies are pertinent for patients with schizophrenia,
who are particularly vulnerable due to disorder-related cognitive impairment. Fur-
ther investigations are warranted to test a causal hypothesis, particularly prospective
studies and intervention studies.

Keywords Bradford Hill criteria · Causality · Cognitive aging · Herpes virus ·
HSV-1 · Schizophrenia

1 Introduction

Cognitive dysfunction, whether mild or severe, extracts a heavy public health burden
(Zhu et al. 2013). The type of cognitive dysfunction spans the continuum from mild
changes to severe dementia. The Institute of Medicine recently published a report on
“Cognitive Aging” to draw attention to incremental cognitive dysfunction that is
noticeable as we age (Institute of Medicine 2015; Carbone et al. 2014). The
cognitive dysfunction spans a spectrum of changes and severity. How and why the
dysfunction occurs is a matter of conjecture, but it is reasonable to assume that it is
multifactorial; in other words, no one cause needs be necessary or sufficient (Gould
and Gottesman 2006). If mild cognitive impairment (MCI) or dementia occurs in
even a minority of individuals with cognitive aging, the burden is likely to be much
higher (Zhu et al. 2013; Paradise et al. 2015; Springate and Tremont 2013; Lin and
Neumann 2013). Age-associated cognitive dysfunction will demand even more
resources in the next decade, because the number of persons aged 60 years and
older is expected to increase to 1.2 billion across the world by 2025 (http://www.
who.int/ageing/en/index.html).

Numerous genetic factors have been associated with severe cognitive decline and
dementias. While genetic factors certainly play a role in age-related cognitive
decline, preventable and potentially treatable environmental factors need to be
investigated too. We postulate that a portion of the risk could be contributed by
chronic viral infections. Like cognitive aging, the prevalence of many viral infec-
tions increases with age (Smith and Robinson 2002). Furthermore, individuals
with chronic infections perform less efficiently on cognitive tests compared with
uninfected individuals in several cross-sectional studies, many of them focusing on
herpes viruses (Aiello et al. 2006; Carbone et al. 2014; DeVaughn et al. 2015;

126 V. L. Nimgaonkar et al.

http://www.who.int/ageing/en/index.html
http://www.who.int/ageing/en/index.html


Barrientos et al. 2012; Bucks et al. 2008). Such infections have the potential to affect
cognitive functions if they afflict the brain directly or indirectly. Mild or moderate
levels of dysfunction in the cognitive domains of attention, working, and verbal
memory were reported repeatedly among HSV-1 seropositive schizophrenia and
bipolar patients and even healthy individuals in 19 studies (Dickerson et al. 2003a,
2004, 2012; Strandberg et al. 2003; Aiello et al. 2006; Prasad et al. 2012b; Schretlen
et al. 2010; Prasad et al. 2011; Yolken et al. 2011; Gerber et al. 2012; Watson et al.
2013; Katan et al. 2013; Thomas et al. 2013; Tarter et al. 2014; Jonker et al. 2014;
Wright et al. 2015; Fruchter et al. 2015; Nimgaonkar et al. 2016; Bhatia et al. 2017;
Hamdani et al. 2017; Vanyukov et al. 2017). We and others have systematically
investigated cognitive functions among individuals with chronic infections caused
by herpes simplex virus type 1 (HSV-1) and explored whether such observations
could explain a portion of cognitive aging (Watson et al. 2013; Thomas et al. 2013;
Bhatia et al. 2016, 2017; Hamdani et al. 2017). Henceforth, for the sake of brevity,
we refer to the putative association as HSV-1 – cognitive decline/dysfunction
(HSVCD). In the following sections, we describe aspects of HSV-1 infections in
humans relevant to a causal hypothesis, followed by possible mechanism for the
HSVCD. In the final section, we evaluate the published HSV-1-related data in
relation to Bradford Hill criteria, the current gold standard for investigating causal
connections between chronic risk factors and noncommunicable human diseases.
Our review includes cross-sectional and prospective studies relating HSV-1 infec-
tion to cognitive dysfunction, brain imaging studies, the effects of highly specific
antiviral drugs on cognitive dysfunction, and efforts to model HSV-1 infections
in vitro in human neuronal cells.

2 The Nature of HSV-1 Infections

HSV-1 is a double-stranded DNA virus that causes human-specific infections. It
initially infects mucosal surfaces. It migrates to sensory ganglia from the primary
infection site, where it can lie dormant in a latent state for the lifetime of the host
(Steiner et al. 2007). When latent, viral DNA assumes a circular form and exists
without replication in the neuronal nucleus; it only produces relatively few
untranslated viral transcripts that are not translated into viral proteins (Harkness
et al. 2014; Steiner et al. 2007). Reactivation from latency can be induced by stress or
immunosuppression (Steiner et al. 2007; Shimomura and Higaki 2011); reactivated
virions migrate through sensory nerves to the original site of infection, where
recurrent infection flares (Steiner et al. 2007). It is the reactivated state that causes
acute lytic mucosal lesions. Viral particles are typically detectable at sites of
reactivation and in mucosal fluids bathing the lytic mucosal lesions. Oral transmis-
sion of mucosal fluids from an infected individual is the typical route of primary
infection, but transmission through sexual infection is an increasingly frequent form
of primary infection, and infection of neonates during childbirth is thus a mounting
public health concern (Kriebs 2008) (Fig. 1).
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More than 3.7 billion individuals aged 0–49 years are infected with HSV-1
worldwide, with rates exceeding 87% in Africa (Looker et al. 2015). The prevalence
of HSV-1 seropositivity increases with age, being approximately 40% among US
children/teens and 40–70% among adults less than 70 years of age (http://www.cdc.
gov/nchs/nhanes.htm). The primary infection can be asymptomatic or it may be
associated with mild fever. As noted above, HSV-1 causes recurrent mucosal
infections, but the most damaging infections involve the eye and the brain. Approx-
imately 500,000 persons have ocular HSV-1 infection across the world at any one
time (Liesegang et al. 1989). Recurrent herpes stromal keratitis (HSK) can cause
corneal scarring and blindness (Rowe et al. 2013). Ocular herpes is one of the chief
causes of blindness worldwide, with a global incidence of approximately 1.5 million
cases per year, and it is estimated that there are 40,000 new cases of visual
impairment or blindness annually (Farooq and Shukla 2012). HSV-1 can also
cause encephalitis, leading to death or severe residual cognitive impairment in
survivors (Steiner et al. 2007). Thankfully, it is rare (~0.004%), and it typically
occurs only in adults with compromised immune functions or increasingly in
neonates.

Initial infection: 
asymptomatic 

Recurrence:
Lytic infection causes
cold sores, corneal 

infection

Site of viral 
latency

Site of 
active lesion

Trigeminal 
ganglion

Latent infection?
?

Fig. 1 Herpes simplex virus, type 1 (HSV-1) infection natural history and the human brain
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A conclusive diagnosis of HSV-1 infection requires detection of the viral particles
at reactivated sites or in mucosal fluids, but reactivation is unpredictable. Therefore,
it is difficult to detect viral particles in the blood or saliva during the latent, persistent
phases (Corstjens et al. 2012). Consequently, specific host-generated IgG antibodies
in the serum (which can remain elevated for prolonged periods) are typically used as
indirect indicators of infection with HSV-1.

HSV-1 can be effectively treated with nucleoside analogues such as valacyclovir
(VAL) and its derivatives. Once these drugs are converted into their active forms by
viral thymidine kinase, they can inhibit DNA polymerase and even terminate its
activity (Kimberlin and Whitley 2007). Because the conversion into active metab-
olites can only occur in cells with actively replicating virions, the drugs are inactive
in uninfected human cells and thus have relatively few side effects. Thus, VAL-like
drugs are highly specific antiviral agents. On the other hand, the drugs are ineffective
against the latent viral form. Thus, the antiviral drugs can abort productive infection
but cannot eliminate virions from the human body. No effective vaccines have been
found for HSV-1. Thus, HSV-1 infection is essentially incurable at present even
though highly efficacious and specific antiviral drugs are available.

3 Plausible Mechanisms for Cognitive Aging Attributed
to HSV-1

Acute encephalitis caused by HSV-1 is potentially lethal but can be alleviated if it is
detected in time and is treated with VAL. Individuals who survive encephalitis can
have severe, enduring cognitive impairment. A similar mechanism could operate in
the absence of severe encephalitis. If subacute or latent HSV-1 infection occurs in
the brain, it is possible that localized recrudescence could occur without detection or
overt symptoms, yet it could potentially culminate in cognitive impairment. This
possibility was presciently suggested by Becker over a decade ago (Becker 2002).
He suggested that HSV-1 virions could infect the olfactory regions following nasal
infection and thence track to the temporal or frontal cortical regions. Even if such
infection does not occur in the brain, another possibility is indirect damage to the
brain following repeated infection in the periphery, with the release of cytokines that
can cross the blood brain barrier and thus impair neuronal function (Yarlagadda et al.
2009). Infection with other viruses, such as cytomegalovirus (CMV), herpes simplex
virus, type 2 (HSV-2), and Epstein-Barr virus (EBV), may result in cognitive
deterioration in older individuals, independent of age-related variables (Nimgaonkar
et al. 2016). It should be noted that the majority of studies linking HSV-1 infections
with cognitive dysfunction have been conducted among persons with schizophrenia,
who have disorder-related cognitive dysfunction (Gur et al. 2007). It is plausible that
HSV-1 infection acts additively or even interacts with such factors.
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4 Bradford Hill Viewpoints for Etiological Links
for Chronic Diseases

Early in the twentieth century, Koch enunciated criteria that he felt must be fulfilled
before a putative risk factor could be accepted as an etiological agent for a human
disease (Evans 1976). These “postulates” were articulated in the era when infectious
agents were being linked putatively to specific infections. Koch required that the
infectious agent be identified from infected tissues, be cultured in vitro, and be
shown to cause the disease in question in animal models. Though Koch’s postulates
definitively linked many infectious agents to deadly diseases such as cholera, it is
difficult to apply the postulates to many noninfectious diseases or to diseases caused
by genetic mutations. It is particularly difficult to utilize them for infectious diseases
of the central nervous system (CNS), because of difficulties in obtaining CNS tissues
from live individuals. Therefore, it may be prudent to seek other types of evidence.
In the wake of uncertainties about links between cigarette smoking and lung cancer,
Sir Austin Bradford Hill articulated a set of nine “viewpoints” that could be
evaluated to test for causal links (Hill 1965). Unlike Koch, who required that all
his postulates must be fulfilled before etiological links could be accepted, Bradford
Hill emphasized that his viewpoints should not be considered as hard-and-fast rules;
rather he suggested them as guideposts that could be used to evaluate the body of
evidence to enable consensus. The Bradford Hill viewpoints have been used exten-
sively in the past 50 years. Recent advances in genetics, statistics, and toxicology
enable more sophisticated analyses and tests of these viewpoints (Fedak et al. 2015).
In the following sections, we evaluate each of the Bradford Hill viewpoints (criteria)
in relation to persistent HSV-1 infection and cognitive dysfunction.

4.1 Strength

Bradford Hill suggested that the magnitude of the association between the suspected
risk factor and the outcome of interest could be used as a gauge, provided potential
confounding factors were taken into account. With regard to smoking and lung
cancer, he wrote: “prospective inquiries into smoking have shown that the death rate
from cancer of the lung in cigarette smokers is nine to ten times the rate in
non-smokers and the rate in heavy cigarette smokers is twenty to thirty times as
great.” By using carefully matched cases and controls, he suggested that the sub-
stantial odds ratios provided a persuasive pointer implicating smoking in the etiology
of lung cancer. With regard to HSV-1 infections and cognitive dysfunction, the
estimated odds ratios are 1.25–3.2, i.e., in the small to medium effect size range
(Prasad et al. 2012b). Our analyses indicate population attributable risks (PAR)
between 15.2 and 59.3% (Prasad et al. 2012b), making this a potentially important
public health hazard. Further, HSV-1, like many infections, is common among
individuals with lower socioeconomic status (SES). Thus, HSV-1 infection could
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serve as a proxy for low SES. Most of the cross-sectional studies have attempted to
control for SES, though this is admittedly difficult; for example, respondents can
provide misleading information regarding household income. Another concern –

whether the cognitive dysfunction is a residuum of prior encephalitis – is unlikely,
because acute encephalitis is so rare.

4.2 Consistency

Bradford Hill emphasized the importance of attempting replication not only from the
viewpoint of scientific rigor but also because it provides more confidence in a
causative link. He suggested that the association under scrutiny was unlikely to be
due to chance if it could be detected at different sites, at different times, and using
different study designs. He pointed out that such variation could serve as a check
against factors that might not be obvious, such as disease severity. He also
admonished against mistaking statistical significance for consistency. From the
viewpoint of this guideline, HSVCD has been detected in 19 studies that were
conducted in Europe, India, and the USA. The studies were conducted over a
25-year period. The majority of studies incorporated the conventional case-control
design, while one study also included a family-based design (Watson et al. 2013).
The association was investigated in healthy individuals, as well as clinic-based
samples that included individuals with schizophrenia (SZ) and bipolar disorders
(BD). Because a variety of cognitive tests were employed, there was variation in the
cognitive domains that were associated, e.g., attention, immediate memory, lan-
guage, verbal memory, and executive function. Most of the associations occurred
with the cognitive domains of attention or the domains of working memory. As there
is substantial correlation for performance in these domains, it is difficult to identify
the domains with the primary association. In contrast, four groups of investigators
did not report significantly impaired cognitive functions among seropositive indi-
viduals (Aiello et al. 2008; Barnes et al. 2014; Katan et al. 2013; Nimgaonkar et al.
2016). Some of these samples were larger than the samples in which a significant
association was detected, e.g., (Nimgaonkar et al. 2016), and thus should have
appropriate statistical power. The reasons for lack of replication are not obvious. It
is notable all the studies with nonsignificant associations comprised individuals aged
60 or over (Aiello et al. 2008; Katan et al. 2013; Nimgaonkar et al. 2016). Thus, the
HSVCD is largely consistent.

4.3 Specificity

Bradford Hill recognized that specificity is not a sine qua non for demonstrating
etiology, though he pointed out that associations detected in specific situations or in
groups of individuals were more likely to indicate causality. Pertinent to HSVCD, he
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also recognized that the outcome of interest could have a multifactorial etiology.
Moreover, the same etiological factor could have multiple effects. HSV-1 can infect
the brain, causing encephalitis and many postencephalitic sequelae resembling those
observed with HSVCD, thus lending credibility to HSVCD. Yet, the cognitive
dysfunction predicted by HSVCD is also observed in relation to many other putative
etiological agents, including herpes viruses such as cytomegalovirus (Wright et al.
2015; Dickerson et al. 2014; Shirts et al. 2008; Hamdani et al. 2017).

4.4 Temporality

Bradford Hill pointed out that the putative etiological agent must predate the
outcome of interest. This requirement is a sine qua non for postulating a cause and
effect relationship. As noted earlier, it is difficult to detect HSV-1 virions in serum or
saliva; they are only detected locally in lytic lesions. Though HSV-1 virions are
detectable in the cerebrospinal fluid (CSF) during acute encephalitis, they are not
detectable in CSF during persistent, quiescent infection. Therefore, we have to rely
on antibody titers as a sensitive and specific mark of prior infection. Even so,
antibody titers do not indicate the timing of infection. Hence, temporality would
be difficult to test unless prospective cohorts of birth populations were conducted.
Instead, many investigators have conducted prospective studies in adults, following
up individuals who were seronegative and seropositive at study entry and simulta-
neously evaluating changes in cognitive functions. Four studies have reported
significantly worse cognitive function over time when participants seropositive at
baseline were followed over 1–2 years and their temporal profile was compared with
participants who were HSV-1 seronegative at study entry (Strandberg et al. 2003;
Prasad et al. 2012b; Fruchter et al. 2015; Bhatia et al. 2017). No cognitive decline
was associated with HSV-1 in three studies of older individuals (Nimgaonkar et al.
2016; Aiello et al. 2008; Barnes et al. 2014). However, temporal cognitive improve-
ment was reported after acute encephalitis in one study (Hokkanen and Launes
1997). Thus, longitudinal follow-up studies of older individuals – similar to the
pattern observed in cross-sectional studies – do not support HSVCD. Thus, tempo-
rality, an important tenet for Bradford Hill, is not observed consistently for HSVCD.

4.5 Biological Gradient

A linear relationship between the exposure to the risk factor or the “dose” of the risk
factor and the outcome of interest provides persuasive evidence supporting causality,
though the absence of such a relationship need not disprove causality. Bradford Hill
cited the example of increased risk of lung cancer being related to the quantity of
cigarettes consumed in support of this contention. This guideline is difficult to
examine with regard to viral infection, as the “dose” of initial infection, the extent
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of replication, and the residual infection are clearly impossible to quantify in the
clinical research setting. Still, it has been reported that memory functions and
executive functioning are associated with level of HSV1 exposure (Jonker et al.
2014). Though antibodies to HSV-1 are used routinely as a proxy for viral exposure,
the antibody titers fluctuate with time and thus cannot be used to estimate “dosage”
of exposure.

4.6 Plausibility

Bradford Hill suggested biological plausibility for the putative etiological link as
another viewpoint, but he recognized that it depends on the level of knowledge
available – and its unpredictable dependence on future scientific advances. In the
case of HSV-1, the natural history of infection provides strong plausible links. It is
well known that HSV-1 can infect the brain, causing acute encephalitis. Survivors of
encephalitis are very likely to suffer from residual, lifetime cognitive impairment
(Hokkanen and Launes 2007). The pertinent question is whether subacute (recurrent)
encephalitis can occur and whether it is associated with cognitive impairment.
Though replicating HSV-1 virions have not been detected in brains of humans,
sans acute encephalitis, several studies have documented the presence of viral DNA
among postmortem brain tissues from individuals who died from causes other than
HSV-1 encephalitis (Baringer and Pisani 1994; Karatas et al. 2008; Hill et al. 2008).
Thus, a plausible biological explanation is available for HSVCD.

4.7 Coherence

This viewpoint is related to plausibility. Bradford Hill suggested that the interpreta-
tion of cause-effect relationships should not conflict with what is known while
recognizing that an absence of “coherence” should not be viewed as evidence against
causality. With regard to smoking and lung cancer, Bradford Hill cited epidemio-
logic data relating to temporal changes in the incidence of smoking and lung cancer,
as well as gender differences in the prevalence of both variables. Both sets of data are
“coherent” with the proposed links between smoking and lung cancer. In the case of
HSVCD, it may be instructive to draw on several brain imaging studies. All
published studies of structural brain MRI scans have detected reduced gray matter
volume in temporal-frontal brain regions among individuals without a history of
encephalitis (Prasad et al. 2007, 2011; Schretlen et al. 2010; Pandurangi et al. 1994).
While these cross-sectional studies are susceptible to some of the confounds
discussed above with regard to the cross-sectional studies relating HSV-1 exposure
to cognitive impairment, it is remarkable that the brain regions with significant
differences among HSV-1-exposed and HSV-1-nonexposed individuals coincide
with the regions predominantly affected in acute encephalitis due to HSV-1.
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Furthermore, progressive cognitive impairments and gray matter loss were also
reported among HSV-1 seropositive individuals with SZ, but not among seropositive
nonpsychotic control individuals (Prasad et al. 2011).

4.8 Experiment

Bradford Hill recommended that experimental manipulation of the risk factor ought
to provide valid tests of the putative hypothesis. This is not feasible for HSV-1, as
effective vaccines are currently not available. On the other hand, randomized,
controlled trials (RCTs) could provide relevant information, as could systematic
reviews of such trials. As noted earlier, efficacious antiviral drugs, comprising
acyclovir (ACV) and its prodrug valacyclovir (VAL), are widely available for
treating HSV-1 infections. These drugs effectively halt the replicating stage and
can be used prophylactically to reduce reactivation (Miserocchi et al. 2007; Acyclo-
vir for the prevention of recurrent herpes simplex virus eye disease. Herpetic Eye
Disease Study Group 1998; Wilhelmus et al. 1998), but they do not affect the latent
state. Dickerson and colleagues initially reported improvement of psychotic symp-
toms following treatment with valacyclovir (VAL, an antiviral drug for HSV-1
infection) among individuals with SZ who were seropositive for cytomegalovirus
(CMV) in a non-blinded study (Dickerson et al. 2003b), but the improvement could
not be detected in randomized controlled trial (RCT) (Dickerson et al. 2009). Earlier,
DeLisi and colleagues tested acyclovir in eight patients with schizophrenia and did
not detect significant improvement (DeLisi et al. 1987). However, these studies were
conducted among individuals with chronic SZ, and seropositivity for HSV-1 was not
assessed. In contrast, our initial RCT indicated beneficial effects of adjunctive VAL
over placebo among early-course HSV-1 seropositive SZ patients (Prasad et al.
2012a). A subsequent, larger RCT also detected improvement in two cognitive
domains, although the cognitive domains in which improvement differed from the
earlier RCT (Bhatia et al. 2017). A systematic review of these studies may provide
worthwhile information, though it may be difficult to “harmonize” the differing sets
of cognitive variables used in these treatment studies. Another caveat is the lack of
efficacy of currently available antivirals against latent HSV-1 infection. If the
cognitive impairment accrues from recurring cycles of latency and reactivation in
small regions of the brain or it stems from immunological reactions to the infection
(e.g., release of cytokines that can cross the blood-brain barrier to cause neuronal
damage (Yarlagadda et al. 2009)), then the RCTs would not test the causal links
rigorously.
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4.9 Analogy

Bradford Hill suggested that persuasive evidence of a causal relationship between
another agent and a specific disease could be marshalled to garner support for the
agent of interest, even if the evidence was weaker. In the case of HSV-1, links
between infection and cognitive impairment have been suggested for cytomegalo-
virus (CMV), although the evidence is also inconclusive (Shirts et al. 2008;
Nimgaonkar et al. 2016). Stronger evidence has emerged for cognitive impairment
even among individuals treated effectively for human immunodeficiency virus/
acquired immunodeficiency syndrome (HIV/AIDS) (Watkins and Treisman 2015;
Shirts et al. 2008). Thus, analogy, an admittedly weaker viewpoint, can still be
marshalled in support of the HSVCD hypothesis.

5 Discussion

Based on these analyses, six out of nine Bradford Hill criteria for causation are
fulfilled for HSVCD, thus linking chronic, asymptomatic HSV-1 infection to cog-
nitive dysfunction sans encephalitis (Prasad et al. 2012b). A major proportion of the
relevant studies have been conducted among patients with schizophrenia, though the
associations have also been reported among otherwise healthy individuals. On
balance, the accumulating evidence continues to incriminate HSV-1, though it is
by no means unequivocal. The main criticism of the HSVCD hypothesis is that
infective virions have not been identified in human brain tissues in the absence of
acute encephalitis. Arguably, another unidentified coincidental infection or even low
socioeconomic status could explain the observed cross-sectional associations.

Suggestions for future studies. More convincing evidence will only come from
additional treatment trials, as well as cohort-based longitudinal studies. Furthermore,
other modern advances could be marshalled to examine the HSVCD (Fedak et al.
2015). For example, large archival data, including datasets with DNA sequences
from postmortem tissues, could be examined for the presence of HSV-1 sequences.
Cognitive dysfunction related to persistent HSV-1 infection has been detected
among otherwise healthy individuals, as well as persons with schizophrenia. It is
uncertain whether the effect size of the associations is greater among the latter group,
though an interaction between HSV-1 exposure and psychiatric diagnosis has not
been reported. Still this question needs to be addressed further.
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6 Conclusions

Our work suggests plausible causal links with enormous public health consequences,
based on fulfillment of a majority of Bradford Hill viewpoints. In our view, the bulk
of evidence points to moderate to strong evidence for causality. We recommend
specific additional studies to test the hypothesis further.
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Abstract An immunologic component to schizophrenia has been increasingly
recognized, where infections and chronic inflammatory diseases as atopic disorders
and autoimmune diseases could be involved in the pathogenesis of schizophrenia.
Psychotic symptoms can be directly triggered by infections reaching the CNS, or be
secondary to systemic inflammation indirectly affecting the brain through immune
components, such as brain-reactive antibodies and cytokines. Large-scale epidemi-
ological studies have consistently displayed that infections, autoimmune diseases,
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and atopic disorders are associated with increased risk of schizophrenia and that
schizophrenia is associated with increased levels of immune markers at diagnosis.
However, since there is also an increased risk of immune-related diseases after the
diagnosis with schizophrenia and in family members of individuals with schizo-
phrenia, parts of the association could also be due to heritable factors. Shared genetic
factor might account for some of this increased prevalence of immune-related
diseases among individuals with schizophrenia, and indeed the most pronounced
genetic association with schizophrenia lies within the HLA region, which is one of
the most important regions for the immune system. However, genetic studies have
shown that the common genetic variants associated with schizophrenia do not seem
to increase the susceptibility for acquiring infections. Nonetheless, shared genes with
the susceptibility for acquiring infections not captured by the polygenic risk score for
schizophrenia could still influence the association.

Keywords Autoimmune diseases · Epidemiology · Genetics · Immunology ·
Infection · Inflammation · Register-based · Schizophrenia

1 Introduction

Immune-related hypotheses to the etiology of schizophrenia have become increas-
ingly prominent (Meyer et al. 2011a), suggesting that inflammation and autoimmu-
nity could be involved in the pathogenesis of some patients with schizophrenia
(Benros et al. 2012). Moreover, genetic studies have consistently shown associations
between schizophrenia and specific immune parameters (Ripke et al. 2014), indicat-
ing that particularly genetically vulnerable individuals might be at risk of developing
schizophrenia as a consequence of inflammation and immune components affecting
the brain. The brain has traditionally been regarded as an immune-privileged site,
protected by the blood-brain barrier, but it has become increasingly clear within the
recent decades that the immune system does play an important role within the central
nervous system (CNS). Inflammatory mechanisms can in fact affect the brain
through many different pathways. During periods with infections and/or inflamma-
tion, the permeability of the blood-brain barrier might be increased, making the brain
vulnerable to immune components in the blood, such as antibodies and cytokines
(Margutti et al. 2006; Irani and Lang 2008). Several infectious agents can also
penetrate the blood-brain barrier and invade the CNS directly (Kim 2008). More-
over, infectious agents, such as toxoplasma and certain viruses like Borna disease
virus, HIV, and hepatitis C virus, can persist in the CNS, and even if not directly
involved in destruction of CNS tissue, it might trigger CNS immune responses and
thereby indirectly cause damage (Wilkinson et al. 2010; Shankar et al. 1992;
Fishman et al. 2008). Peripheral infections and inflammation can furthermore affect
the brain through proinflammatory cytokines activating the tryptophan-kynurenine
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pathway regulating NMDA glutamate receptor activity together with serotonin
production (Dantzer et al. 2008), which can also indirectly affect dopamine regula-
tion (Muller and Schwarz 2010). Moreover, peripheral inflammation and
microbiome alterations can affect the brain through stimulation of peripheral nerves
such as the vagal nerve (Dantzer et al. 2008; Cryan and Dinan 2012). Infections can
additionally induce the development of autoimmune diseases (Rose 1998), charac-
terized by autoantibodies and T-cells that can react against the body’s own tissues,
and general dysfunction of the immune system which can affect the brain and induce
psychiatric symptoms (Margutti et al. 2006; Kayser et al. 2010). Inflammation
reaching the brain might act as a priming event on microglia, inducing a long-term
development of abnormal signal patterns possibly involved in schizophrenia. Fur-
thermore, experimental animal studies have found that psychotic-like symptoms can
be induced by inflammation or brain-reactive antibodies (Katzav et al. 2007; Kowal
et al. 2004).

2 Immune Alterations in Individuals with Schizophrenia

Many diverse immune alterations have been observed in persons with schizophrenia,
such as elevated levels of cytokines and inflammation markers (Goldsmith et al.
2016; Nikkilä et al. 2001; Potvin et al. 2008). Abnormalities of the blood-brain
barrier have been indicated in studies of patients with schizophrenia, together with
signs of CNS inflammation (Bechter et al. 2010). Additionally, increased prevalence
of autoimmune diseases has been observed, and studies have indicated increased
autoantibody reactivity and elevated autoantibody levels even in the patients with no
known autoimmune diseases (Laske et al. 2008). Moreover, a Danish large-scale
prospective population study has shown that elevated C-reactive protein levels in the
general population are associated with an increased risk of late-onset schizophrenia
(Wium-Andersen et al. 2014), which have been supported by subsequent studies
from Finland showing the same association (Metcalf et al. 2017). Furthermore,
schizophrenia has also been associated with genetic markers related to the immune
system (Ripke et al. 2014).

3 Associations Between Infections and Schizophrenia

Bacterial infections have been suggested to be causally related to psychoses as early
as 1896 (Noll 2007), and since the 1918 influenza pandemic was followed by
multiple reports of postinfluenza psychoses and schizophrenia-like symptoms,
virus infections have also been associated with schizophrenia (Torrey et al. 2006).
Later, when antibiotics were introduced, the discovery that antibiotics can effec-
tively treat neurosyphilis was one of the greatest successes within treatment of
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mental disorders and had huge impact since significant proportions of patients
with psychosis in state mental hospitals suffered from neurosyphilis in the
pre-antibiotic era and were also cured for their psychiatric symptoms (Sullivan
et al. 2012). However, after this remarkable treatment success, interest in possible
infectious causes of psychosis waned, but during the last decades, research on the
relationship between infections and psychiatric disorders has re-emerged (Yolken
and Torrey 2008).

The largest study to date utilized the nationwide Danish registers to show that
infections requiring hospital contacts increased the subsequent risk of schizophrenia
spectrum disorders by 60% (N ¼ 39,076 with schizophrenia spectrum disorders)
(Benros and Nielsen 2011). The number of prior infections requiring hospital
contacts increased the risk of schizophrenia in a dose-response relationship (Fig. 1)
and was increased the most with the temporal proximity of the last infection. Hospital
contacts due to infection had occurred in 23.6% prior to the diagnosis with schizo-
phrenia spectrum disorders, resulting in a population-attributable risk of 9% associated
with hospital contacts due to infections. A subsequent Swedish nationwide study
confirmed the associations with previous hospital contacts with infections and
increased risk of subsequent schizophrenia spectrum disorders (Blomstrom et al.
2014). A later Danish nationwide study on a younger cohort only, including individ-
uals with complete follow-up of all hospital contacts from birth, showed that 45% of
persons with schizophrenia had a previous hospital contact with infection, and in this
younger cohort with shorter follow-up than the previous, hospital contacts increased
the risk of schizophrenia by 41%, with bacterial infections increasing the risk by 63%
(Nielsen et al. 2014). A new study investigating the effect of the infections not
requiring hospitalization showed that also the less severe infections treated by mainly

Fig. 1 Incidence rate ratios (IRRs), with confidence intervals, of schizophrenia spectrum disorders
in persons with autoimmune disease and infections in Denmark 1977–2006. The linear trend
between number of infections is significant (0,1,2,3+). Source: Benros et al. (2011)

144 M. E. Benros and P. B. Mortensen



the general practitioners increased the risk of schizophrenia in a dose-response asso-
ciation but to a lesser extent than the more severe infections requiring hospital contacts
(Köhler et al. 2017). It was primarily bacterial infections treated with antibiotics at the
general practitioner that conferred the increased risk, particularly if the infection was
more severe needing treatment with broad-spectrum antibiotics.

CNS infections have in meta-analysis shown significant associations with schizo-
phrenia (Khandaker et al. 2012). Most studies on individuals with hospitalizations
for CNS infections have found an increased risk of schizophrenia, including
population-based studies from Denmark, Sweden, Finland, and Australia (Benros
and Nielsen 2011; Dalman et al. 2008; Liang and Chikritzhs 2012; Koponen et al.
2004; Abrahao et al. 2005); however, this association with CNS infections was not
shown in all studies (Weiser et al. 2010; Suvisaari et al. 2003).

Many different infectious agents have been associated with increased risk of
schizophrenia, and a meta-analysis showed significant associations between schizo-
phrenia with Toxoplasma gondii, human herpesvirus 2, Borna disease virus, human
endogenous retrovirus W, Chlamydophila psittaci, and Chlamydophila pneumonia
(Arias et al. 2012). Several studies have associated Toxoplasma gondii infection with
schizophrenia (Torrey et al. 2007, 2012), and a large-scale population-based study
showed that increased serum titer levels of Toxoplasma were associated with
increased subsequent risk of schizophrenia in a dose-response association (Pedersen
et al. 2011). Also herpes simplex virus infection, detected by both serum antibodies
(Dickerson et al. 2003; Niebuhr et al. 2008) and CSF antibodies (Bartova et al.
1987), has been associated with increased risk of schizophrenia. Cytomegalovirus
(CMV) antibody titers have been found to be higher in the serum of patients with
schizophrenia (Torrey et al. 2006; Leweke et al. 2004), with stronger associations
found in the serum of newly diagnosed and untreated patients (Leweke et al. 2004).
CMV have also been found elevated in the CSF (Torrey et al. 1982), but to date, no
neuropathologic evidence of CMV in the brains of patients with schizophrenia has
been found (Torrey et al. 2006). Also retroviral antigens and products have been
identified in patients with schizophrenia (Karlsson et al. 2001; Hart et al. 1999) and
increased serum prevalence of Borna virus (Chen et al. 1999). Increased prevalence
of Chlamydophila infection has also been found in patients with schizophrenia,
particularly when linked to genetic markers of the immune system (Fellerhoff et al.
2007). This is supported by postmortem studies finding increased prevalence of
Chlamydophila DNA in brains from patients with schizophrenia (Fellerhoff and
Wank 2011). Psychotic disorders have also in population-based studies been asso-
ciated with higher rates of subsequent infections, such as pneumonia and pneumo-
coccal disease (Crump et al. 2013). Nonetheless, the increased prevalence of various
infections in individuals with schizophrenia could also be influenced by unmeasured
confounding.
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4 Associations Between Autoimmune Diseases
and Schizophrenia

Since the 1950s, investigators have been puzzled by the apparent protective effect of
schizophrenia with a smaller than expected co-occurrence of the autoimmune dis-
ease rheumatoid arthritis (Trevathan and Tatum 1953). On the other hand, in the
1950s and 1960s, an unusually high occurrence of celiac disease in persons
with schizophrenia was observed (Graff and Handford 1961). Also, as early as the
1960s, a variety of autoantibodies with cross-reactivity against brain antigens were
described in the blood and CSF of patients with schizophrenia (Fessel 1962; Heath
and Krupp 1967a, b). Since then, a wider range of autoimmune diseases and
autoantibodies has been associated with increased risk for schizophrenia.

Large-scale Danish population-based studies with up to 20,317 patients with
schizophrenia and 39,076 patients with non-affective psychosis showed that schizo-
phrenia are associated with a nearly 50% higher lifetime prevalence of autoimmune
disorders (Benros and Nielsen 2011; Eaton et al. 2006). A cross-sectional analysis of
a national sample from Taiwan on 10,811 individuals with schizophrenia similarly
showed that a range of autoimmune diseases were associated with schizophrenia,
including specific positive associations with celiac disease, Graves’ disease, psori-
asis, pernicious anemia, hypersensitivity vasculitis, and again the negative associa-
tion with rheumatoid arthritis (Chen et al. 2012).

Based on the Danish register data, hospital contacts due to autoimmune diseases
had occurred in 2.4% of the patients before a schizophrenia diagnosis and in 3.6% of
patients with schizophrenia after the diagnosis, totaling in 6% of people with
schizophrenia that had a hospital contact with autoimmune diseases during follow-
up (Benros and Nielsen 2011; Benros et al. 2014). Based on data from the study in
Taiwan (Chen et al. 2012), 3.4% of persons with a hospital contact for autoimmune
diseases also had a hospital contact with schizophrenia during a shorter follow-up
period than the Danish studies. These prevalence estimates are based on hospital
contacts only, and the actual prevalence of autoimmune diseases in people with
schizophrenia is likely much higher if one were to screen the individuals, as
exemplified by the clinical studies investigating the prevalence of celiac disease.

Screening studies of persons with schizophrenia have found antibodies to the self-
antigen tissue transglutaminase, indicative of celiac disease, in about five times as
many persons as expected (5.4% vs 0.8% in the CATIE study, n ¼ 1,401) (Cascella
et al. 2011). Furthermore, antibodies to gliadin, indicating sensitivity to wheat not
necessarily associated with autoimmune disease, are also found in much higher
proportion in patients with schizophrenia (23.1% vs 3.1% in the CATIE study),
which is interesting since a wide range of neurological complications are associated
with antibodies to gliadin, even in the absence of autoimmune disease (Cascella et al.
2011; Samaroo et al. 2010; Dickerson et al. 2010). Clinical studies have estimated
the prevalence of celiac disease to be 2.1–2.6% in patients with schizophrenia
compared to 0.3–1% in the general population (Cascella et al. 2011; Kalaydjian
et al. 2006).
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4.1 Temporal Associations Between Diagnosis
of Schizophrenia and Autoimmune Disease Diagnosis

A Danish population-based study on 7,704 patients with schizophrenia showed that
a prior history of autoimmune disease increased the risk of schizophrenia with about
45% (Eaton et al. 2006). Subsequent larger nationwide Danish studies including
20,317 individuals with schizophrenia and a total of 39,076 individuals with
non-affective psychosis confirmed that the risk of autoimmune diseases was
increased by 45% after an autoimmune disease diagnosis (Benros and Nielsen
2011). However, when only including individuals without a history of infection,
the increased risk of schizophrenia diminished from 45% to 29%. Additionally, the
study found that when autoimmune diseases and severe infections occurred together,
they interacted in synergy and increased the risk of schizophrenia by 2.25 times.

On the reverse association, individuals diagnosed with schizophrenia had a 53%
increased risk of a subsequent diagnosis with autoimmune diseases (Benros et al.
2014). Moreover, there was an interaction between having both a schizophrenia
diagnosis and a hospital contact due to infections, which was associated with an
increased risk of subsequent autoimmune diseases with 2.7 times. In individuals
with schizophrenia, but no hospital contacts due to infections, the risk of autoim-
mune diseases was elevated with 32% and diminished with time to a nonsignificant
level, whereas for persons with schizophrenia and infections, the risk remained
elevated. Hence, the relationship between schizophrenia and autoimmune diseases
seem to be bidirectional; however, the increased incidence of autoimmune diseases
following a diagnosis of schizophrenia might in some cases reflect neuropsychiatric
manifestations from the not-yet diagnosed autoimmune disease.

5 The Combined Effect of Infections and Autoimmune
Diseases as Risk Factors for Schizophrenia

Experimental animal studies have shown that when brain-reactive antibodies are
present in the blood and agents that increase the permeability of the blood-brain
barrier are given, they can cause a temporary opening of the blood-brain barrier, with
influx of brain-reactive antibodies into the brain leading to a subsequent develop-
ment of a neuropsychiatric syndrome (Kowal et al. 2004). This indicates that brain-
reactive antibodies in the circulation might not have pathological consequences until
there is a breach of blood-brain barrier integrity (Diamond et al. 2009).

Therefore, studies have investigated the combined effect of hospital contacts due
to autoimmune diseases and infections on the risk of developing schizophrenia,
finding that the combined effect was larger than predicted by a combination of the
single effects of the two disease groups, indicating the presence of a synergistic
effect of the two exposures that increased the risk of schizophrenia by 2.3 times
(Benros and Nielsen 2011). The risk of developing schizophrenia was elevated to the
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greatest degree in the group of autoimmune diseases with a suspected presence of
brain-reactive antibodies and infections. The findings could support that CNS
autoimmune disorders may require a “double insult” of circulating pathogenic
serum antibodies present at the time when the blood-brain barrier is compromised
by, for instance, infection, fever, or stress (Irani and Lang 2008). In persons with an
autoimmune disease, three or more hospital contacts due to infections increased the
risk of schizophrenia by 3.4 times (Benros and Nielsen 2011). Sepsis is the type of
infection most likely to increase the blood-brain barrier permeability the most, and
persons with a sepsis infection and an autoimmune disease had a fivefold increased
risk of schizophrenia. The most elevated risk was observed in individuals that both
had a hepatitis infection and an autoimmune disease, which was associated with an
increased risk of schizophrenia by 8.9 times (Benros and Nielsen 2011). Autoim-
mune hepatitis is also associated with brain-reactive antibodies (Kimura et al. 2010),
and in patients with severe affection of the liver, as seen in coma hepaticum in the
initial phases, psychiatric symptoms are dominating (Butterworth 2011).

6 Associations Between Atopic Diseases and Schizophrenia

In a Danish nationwide study with 3,539 individuals with schizophrenia, the com-
bined effect of being exposed to any atopic disorder increased the risk of schizo-
phrenia by 35% (Pedersen et al. 2012). This increased risk was primarily driven by
asthma diagnosis requiring hospital contact that was associated with a 46% increased
risk of schizophrenia. When excluding asthma from the combined category of atopic
disorders, the risk of schizophrenia was still associated with a 27% increased risk of
schizophrenia, where urticaria were associated with a 34% increased risk, whereas
allergic rhinitis was not significantly associated with increased risk of schizophrenia
(Pedersen et al. 2012). Moreover, the atopic disorders asthma and eczema have in a
UK birth cohort been associated with childhood psychotic experiences (Khandaker
et al. 2014). In a subsequent Taiwanese study including 238 cases of schizophrenia
utilizing health insurance records, asthma was also associated with a 40% increased
risk of schizophrenia (Wang et al. 2017).

7 A Possible Genetic Association

7.1 Evidence from Epidemiological Studies Indicating
Heritability

Several epidemiological studies have shown association with maternal infection
during pregnancy and increased risk for schizophrenia in the offspring (Yolken
and Torrey 2008; Brown et al. 2005; Brown and Derkits 2010; Mednick et al.
1988; Mortensen et al. 2007). It has been suggested that maternal immune response
common to various infectious agents can influence fetal brain development leading
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to schizophrenia in later life, most likely in genetically susceptible individuals
(Ozawa et al. 2006). As part of the immune response, elevated levels of antibodies
are found in mothers of schizophrenic offspring at the end of pregnancy (Buka et al.
2001). The largest study to date is a Danish nationwide study on 3,722 individuals
with schizophrenia, showing that maternal infections were associated with a 39%
elevated risk of schizophrenia in the child, and the risk was increased by 23% after
adjustments for parental mental illness (Nielsen et al. 2013). However, there was no
significant difference in the elevated risk of schizophrenia if the infections occurred
during or outside the pregnancy period, and the incidence of schizophrenia was
similarly elevated when comparing infections in the mother or father during preg-
nancy, which could indicate that the increased risk of acquiring infections might be
heritable.

A parental diagnosis with autoimmune diseases is associated with a 10% increased
risk of schizophrenia, whereas a parental diagnosis with schizophrenia is associated
with a 6% increased risk of autoimmune diseases in nationwide Danish studies
(Benros et al. 2014; Eaton et al. 2010). A parental diagnosis with the following
specific autoimmune diseases was associated with increased risk of schizophrenia:
autoimmune hepatitis, type 1 diabetes, Sjögren’s syndrome, iridocyclitis, multiple
sclerosis, psoriasis vulgaris, and dermatopolymyositis (Eaton et al. 2010). The
association with a family history of diabetes type 1 and autoimmune thyrotoxicosis
with schizophrenia has been confirmed in other populations as well (Wright et al.
1996; Gilvarry et al. 1996). A parental diagnosis with schizophrenia were associated
with increased risks of pernicious anemia, diabetes type 1, iridocyclitis, autoimmune
hepatitis, systemic lupus erythematosus, Sjögren’s syndrome, and primary biliary
cirrhosis (Benros et al. 2014).

For a parental history of atopic disorders, only the mother’s history of asthma was
associated with an increased risk of schizophrenia in the offspring by 50%, which
remained significantly elevated with 46% also after adjustment for the offspring’s
own history of asthma. However, again the risk of schizophrenia was not more
elevated if the mother’s hospital contact with asthma was prenatal compared with
postnatal (Pedersen et al. 2012).

7.2 Genetic Evidence

The increased risk of schizophrenia in offspring to parents with hospital contacts for
infections, asthma, and autoimmune diseases could reflect a genetic susceptibility
toward acquiring infections and autoimmune diseases in individuals with schizo-
phrenia. Studies have found associations between some inflammation-related genes
and susceptibility to schizophrenia (Ripke et al. 2014), in which environmental
influences, such as infections and autoimmune diseases, may interact with genetic
factors. Furthermore, genetic markers within the HLA (human leukocyte antigen)
region, which contains genes related to immune function, have been associated with
the occurrence of both autoimmune diseases and schizophrenia (Ripke et al. 2014).
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GWAS studies of schizophrenia patients have consistently implicated chromosome
6 in the HLA region to be the most significant genome-wide association with
schizophrenia, and this has been shown in large-scale GWAS studies (Ripke et al.
2014). Nevertheless, when studies of autoimmune diseases and infections as risk
factors for schizophrenia were stratified by a psychiatric family history, there was no
additional increase in risk added in persons with a psychiatric family history but only
the added effect of these risk factors (Benros and Nielsen 2011; Benros et al. 2014).
However, several of the autoimmune diseases have been associated with, for
instance, different markers in the HLA region, and these markers might be differ-
ently associated with schizophrenia. This could, for instance, explain the negative
association between schizophrenia and rheumatoid arthritis, which has been consis-
tently shown, a fact that could be due to the interplay of genetic influences (Benros
et al. 2012; Eaton et al. 1992). However, ascertainment bias or anti-inflammatory
and analgesic effects of antipsychotics might also be involved in this negative
association (Mors et al. 1999; Sellgren et al. 2014; Torrey and Yolken 2001).
Furthermore, the genetic association between the HLA region and schizophrenia
has been shown to, in substantial part, be driven by the complement component
4 (C4) genes in the complement system, which also mediates synapse elimination
during postnatal development (Sekar et al. 2016).

Moreover, the common genetic variants associated with schizophrenia, measured
by the polygenic risk score for schizophrenia, were not associated with an increased
risk of acquiring infections (Benros et al. 2016), which is a paradox since there is
increased occurrence of immune-related diseases also outside of the pregnancy
period in parents to individuals with schizophrenia, which could indicate a genetic
association. Nonetheless, shared genes with the susceptibility for acquiring infec-
tions not captured by the polygenic risk score for schizophrenia could still influence
the association. The polygenic risk score for schizophrenia increased the risk
additively with infections, and individuals in the quartile with the highest load of
the polygenic risk score for schizophrenia displayed an increased risk of 2.30-fold,
and the individuals that had also had infections had a 3.39-fold increased risk of
schizophrenia (Benros et al. 2016). In another study, the polygenic risk score for
schizophrenia predicted the risk of the autoimmune diseases: type 1 diabetes, rheu-
matoid arthritis, and Crohn’s disease (Stringer et al. 2014).

A few studies of patients with schizophrenia have profiled gene expression using
microarrays focusing on analyzing inflammation-related genes in blood (Drexhage
et al. 2010), lymphoblastoid cell lines (Sanders et al. 2017), and postmortem brains
(Saetre et al. 2007). However, the largest transcriptome study of postmortem brains
did not detect significant differential expression of the approximately 600 inflamma-
tion-related genes being studied (Gandal et al. 2018; Birnbaum et al. 2017). None-
theless, other studies have investigated unbiased transcriptome expression profiles in
individuals with schizophrenia finding enrichment of differential gene expression in
immune-related pathways measured in the blood (Gardiner et al. 2013; Sainz et al.
2012; Xu et al. 2012) and brain (Karim et al. 2016; Hwang et al. 2013; Darby et al.
2016) of individuals with schizophrenia.
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However, in a large genetic study, there was not found any enrichment of immune
loci outside of the MHC region based on the findings from the largest GWAS of
schizophrenia so far (Pouget et al. 2016).

Mendelian randomization studies have provided conflicting results on a potential
causal effect of C-reactive protein in itself on schizophrenia (Prins et al. 2016;
Hartwig et al. 2017), but Mendilian randomization studies of IL-6 indicated causal
effect with schizophrenia (Khandaker et al. 2018; Hartwig et al. 2017). Moreover,
epigenetic modifications after exposures to infections or other environmental factors
could potentially also induce dysregulation of the immune system, but the evidence
on this is still lacking.

Genetic studies have thus far offered some support for the roles of immune-
related genes in schizophrenia but not on an individual level and only in large
cohorts.

8 Confounding Factors Potentially Influencing
the Association Between Immune-Related Diseases
and Schizophrenia

Early-life exposure to infection and/or immune activation, such as maternal immune
responses during pregnancy, may permanently alter the peripheral immune system
of the child resulting in exacerbate reactions to subsequent immunological chal-
lenges later in life or increased vulnerability of acquiring infections (Patterson 2009;
Meyer et al. 2011b).

Schizophrenia are associated with psychological stress particularly preceding the
onset of the diagnosis, which can affect the immune system functioning and might
increase the risk of acquiring infections and enhancing immunological responses
in the individual (Pedersen et al. 2010; Ader et al. 1995). Thus, the observed
co-occurrence of immune-related diseases and altered inflammatory markers might
simply be a parallel finding and not a causal relationship. The relationship might also
be bidirectional with immune responses leading to psychological stress preceding
the more severe psychiatric symptoms. Moreover, several of the chronic autoim-
mune diseases did not by themselves increase the risk, which indicates that the
associations are not only due to the psychological stress of living with a chronic
disease or being hospitalized.

An iatrogenic effect of medical treatment seems unlikely to explain the major
associations, since only some of the autoimmune diseases would be treated with, for
instance, steroids or interferon, which may increase the risk of psychosis, and in fact
even a decreased risk of psychosis has been reported associated with the use of
steroids (Laan et al. 2009). Certain types of antibiotics might alter the gut microflora
and thereby have positive or negative effects on the immune system and possibly
also on schizophrenia (Cryan and Dinan 2012). Additionally, some antipsychotics
can also affect immune responses possibly affecting the risk of subsequent autoim-
mune diseases and infections (Goldsmith and Rogers 2008).
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Social and lifestyle factors of persons not yet diagnosed with schizophrenia can
increase the probability of smoking and alcohol and drug abuse that can suppress the
immune system and thereby increase the vulnerability to infection or have immune-
activating effects resulting in autoimmunity (Margutti et al. 2006; Sperner-
Unterweger 2005; Sopori 2002). Furthermore, social and lifestyle factors associated
with schizophrenia may influence the help-seeking behavior and compliance of
treatment initiated by the general practitioner, which could necessitate hospital
treatment for autoimmune diseases and infections. Nonetheless, the added risk
from infections or autoimmune diseases was not more pronounced in persons with
a psychiatric family history or a personal history with substance abuse, which could
be used as proxy variables for social and lifestyle factors (Benros et al. 2011).

8.1 Potential Etiological Mechanisms for the Associations

The potential underlying etiological mechanisms for parts of the associations
between infections, atopic disorders, and autoimmune diseases with schizophrenia
are numerous and not necessarily mutually exclusive and may in fact be
interconnected. Both innate and adaptive immune responses might be involved,
and there are many different routes of communication between the peripheral
immune system and the brain (Margutti et al. 2006). Psychiatric symptoms can be
directly triggered by immune components, such as brain-reactive antibodies and
cytokines, or infections reaching the CNS, possibly through increased permeability
of the blood-brain barrier, or be secondary to systemic inflammation indirectly
affecting the brain (Dantzer et al. 2008; Muller and Schwarz 2010; Kayser et al.
2010; Diamond et al. 2009; Bechter 2012). The associations with a range of
autoimmune diseases and infections may reflect inflammatory processes as a com-
mon pathway to schizophrenia. Systemic inflammation can increase the blood-brain
barrier permeability, leaving the brain vulnerable to immune components from the
periphery such as autoantibodies and cytokines, or possibly the effect of specific
T-cell subsets that are involved in immune surveillance of the brain (Goverman
2009). Furthermore, an imbalance between the Th1 and Th2 systems has also been
proposed as an etiological component (Muller and Schwarz 2010), which would fit
with the increased prevalence of autoimmune diseases and atopic disorders in people
with schizophrenia (Benros and Nielsen 2011; Benros et al. 2014; Pedersen et al.
2012). Inflammation can additionally affect the brain without passing the blood-
brain barrier through stimulation of peripheral nerves (Dantzer et al. 2008) or
proinflammatory cytokines activating the tryptophan-kynurenine pathway involved
in regulation of the glutamate and serotonin system (Dantzer et al. 2008) and
probably also indirectly the dopamine system (Muller and Schwarz 2010).
Low-grade brain inflammation, which could be triggered by infections and autoim-
mune diseases, has also been proposed as an underlying causal mechanism of
subgroups of patients with schizophrenia (Bechter 2012). Inflammation reaching
the brain might act as a priming event on microglia, inducing a long-term
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development of abnormal signal patterns (Hickie et al. 2009). Some infectious
agents escape surveillance by the immune system, but after an acute infection or
inflammation, symptoms may flare up from the latent infection (Fellerhoff andWank
2011). Additionally, alterations of the gut microbiota can also influence brain
function and behavior possibly through neural, endocrine, and immune pathways
(Cryan and Dinan 2012). Moreover, schizophrenia could prove to be of a more
systemic character, with inflammation as a common etiological mechanism that,
besides the neuropsychiatric symptoms, also manifest itself with increased preva-
lence of infections, atopic disorders, autoimmune disease, cardiovascular disease,
and diabetes.

Genetically vulnerable individuals might be at a particular risk of developing
schizophrenia as a consequence of inflammation and immune components affecting
the brain. Subgroups of people with schizophrenia may demonstrate features of an
autoimmune process, and the hypothesis is strengthened by the findings of an
increased familial association between autoimmune diseases and schizophrenia
(Benros and Nielsen 2011; Benros et al. 2014). Additionally, it is interesting that
etiological mechanisms hypothesized to be involved in the initiation of autoimmu-
nity, where genetic susceptibility is required along with triggering events such as
infections, are very similar to the ones now proposed for schizophrenia (Rose 1998).

8.2 Knowledge Gaps

The observed associations between infections, atopic disorders, and autoimmune
diseases with schizophrenia from the large-scale population-based register seem
robust and support a possible immunological contribution in subgroups of individ-
uals with schizophrenia. However, despite the temporal and a dose-response rela-
tionship particularly for infections, which could indicate causal associations,
register-based studies cannot identify specific etiological pathways. Nonetheless,
the associations seem biologically plausible based on experimental animal and
human studies. Immune exposures are rather common, and, in particular, infections
and initiation of the inflammatory cascade might prove to be important risk factors
for schizophrenia, but direct evidence for it to play a major role in the etiology of
schizophrenia is still lacking.

Screening for somatic diseases potentially affecting the brain, such as autoim-
mune diseases and infections, preferentially with material closer to the brain, such as
CSF in addition to blood, could in the near future prove to be helpful in diagnosing
and treatment planning for persons with first-onset symptoms of schizophrenia.
However, the CNS is well protected and still difficult to access in vivo with regard
to investigating signs of inflammation or relevant immune components not neces-
sarily present even in CSF. Nonetheless, CSF studies of patients with schizophrenia,
and no known autoimmune diseases or infection, have detected autoantibodies
or antibodies against infectious agents in the CSF of 3.2–6% of patients with
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schizophrenia, leading to altered treatment (Meyer et al. 2011a). Furthermore, an
increasing number of previously unknown antibodies with reactivity against the
central nervous system (CNS) are being discovered these years (Graus et al. 2010).
However, large-scale well-conducted CSF studies of individuals with schizophrenia
accounting for confounding factors are still lacking. Some of the strongest evidence
for the potential for autoimmunity and immune components to cause psychiatric
symptoms comes from the autoimmune encephalitis and most strikingly for NMDA-
receptor antibody-induced encephalitis where psychosis and psychiatric symptoms
are often dominant in the initial and the remission phase of the disorder in up to 70%
of the cases (Kayser and Dalmau 2011) and which have been demonstrated to be
treatable with immune therapies (Graus et al. 2010; Kayser and Dalmau 2011).
However, this is a very rare condition, and the prevalence of CNS-reactive anti-
bodies in the CSF of patients with schizophrenia has not yet been determined and is
very likely to be rare.

9 Conclusion

In summary, there seems to be a solid association between autoimmune diseases,
asthma, and infections with schizophrenia based on large-scale nationwide studies.
Experimental animal studies and human studies indicate that many diverse immune
challenges can induce symptoms of schizophrenia. If the immunological alterations
are confirmed to play a role in the pathogenesis of schizophrenia, it could provide an
interesting and promising target of future prevention and treatment. Moreover,
whether or not the co-occurrence of somatic diseases in people with psychiatric
symptoms is causally related to the psychiatric symptoms, the individuals would
benefit from treatment for their somatic comorbidity to reduce mortality and improve
quality of life.
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Abstract Clinical and pre-clinical studies have demonstrated an important role of
neuroinflammation in the etiology of schizophrenia. While the underlying mecha-
nisms remain poorly understood, there are some studies demonstrating an associa-
tion between maternal immune activation and behavioral changes in adult offspring
and identifying early life infection as a trigger for schizophrenia; in addition,
inflammatory markers were found to be increased in the schizophrenic post-mortem
brain. During maternal immune activation, pro-inflammatory mediators such as
cytokines, chemokines, antibodies, and acute-phase proteins are released in the
maternal bloodstream, thus increasing the permeability of the placental barrier and
the fetal blood-brain barrier, allowing the inflammatory mediators to enter the fetal
brain. In the central nervous system (CNS), these pro-inflammatory mediators are
able to activate microglial cells that can release pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6. As a conse-
quence, circulating immune cells may infiltrate the brain, increasing cytokine levels
and releasing antibodies that aggravate the neuroinflammation. Neuroinflammation
may affect processes that are pivotal for normal brain maturation such as
myelination, synaptic pruning, and neuronal remodeling. Microglial cell activation
and pro-inflammatory mediators have been extensively studied in schizophrenic
post-mortem brain samples. Some results of these investigations demonstrated an
increase in microglial activation markers, cytokines, and chemokines in post-mortem
brain samples from individuals with schizophrenia. In contrast, there are studies that
have demonstrated low levels of microglial activation makers in the schizophrenic
post-mortem brain. Thus, based on the important role of neuroinflammation as a
trigger in the development of schizophrenia, this chapter aims (1) to enumerate
evidence of neuroinflammation and microglial activation from pre-clinical schizo-
phrenia models, (2) to show links between schizophrenia and neuroinflammation in
clinical studies, and (3) to identify mechanisms by which microglial activation may
influence in the development of schizophrenia.

Keywords Microglia · Neuroinflammation · Psychosis · Schizophrenia ·
Schizophrenia-like behavior
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Abbreviations

ATP Adenosine 5-triphosphate
CCL3 Chemokine (C-C motif) ligand 3
CLR C-type lectin receptors
CNS Central nervous system
COX-2 Cyclooxygenase-2
CRP C-reactive protein
DAMPS Damage-associated molecular patterns
DM Damaged processes
DNA Deoxyribonucleic acid
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte/monocyte colony-stimulating factor
HLA-DR Human leukocyte antigen-antigen D related
HMGB-1 High mobility group box-1 protein
HSPs Heat shock proteins
Iba1 Ionized calcium-binding adaptor molecule
IFITM Interferon-induced transmembrane protein
IFN Interferon
IkB Inhibitors of NF-B
IL Interleukin
IL-13RA1 IL-13 receptor alpha-1
IL-1RA IL-1 receptor antagonist
iNOS Inducible nitric oxide synthase
IRF Interferon regulatory factor
KC Keratinocyte chemoattractant
LIX Lipopolysaccharide-induced CXC chemokine
Mal MyD88 adapter-like
MAPKs Mitogen-activate protein kinases
MCP-1 Monocyte chemoattractant protein-1
MD-2 Myeloid differentiation protein-2
MDA Malondialdehyde
MHC Major histocompatibility complex
MIP-1 Macrophage inflammatory protein-1
mRNA Messenger ribonucleic acid
MYD88 Myeloid differentiation factor 88
NF-κB Nuclear factor kappa B
NLR NOD-like receptors
PAMPs Pathogen-associated molecular patterns
pIRF3 Phosphorylated-IRF3
PK 11195 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline

carboxamide
PND Postnatal day
Poly I:C Polyinosinic-polycytidylic acid
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PRRs Pattern-recognition receptors
RAGE Receptors for advanced glycation end products
RANTES Regulated upon activation normal T-cell expressed and secreted
RIG-1 Retinoic acid-inducible gene-1
RLR RIG-1-like receptors
RM Ramification
RNA Ribonucleic acid
SERPINA-3 Serpin family A member-3
ssRNA Double-stranded ribonucleic acid
STAT-1 Signal transducer and activator of transcription-1
TIR Toll/IL-1 receptor
TIRAP Domain-containing adaptor protein
TLR Toll-like receptor
TNFR1 TNF receptor 1
TNF-α Tumor necrosis factor alpha
TRAF Tumor necrosis factor receptor-associated factor
TRIF Toll/IL-1 receptor domain-containing adaptor-inducing interferon-β
TSPO Translocator protein

1 Introduction

Clinical and pre-clinical studies have demonstrated an important role of neuro-
inflammation in the etiology of schizophrenia. While the underlying mechanisms
remain poorly understood, there are some studies showing evidence of microglial
activation and increased levels of cytokines and chemokines in post-mortem schizo-
phrenic brain samples, as well as in fetal and adult brains of offspring subjected to
maternal immune activation during fetal life. In 1999, the first evidence of microglial
and macrophage activation in the brains of patients with psychiatric disorders was
reported. In the study, 3 of the 14 samples of post-mortem brains from patients with
schizophrenia presented immunoreactivity to human leukocyte antigen-antigen D
related (HLA-DR) protein in the frontal cortex and the hippocampus (Bayer et al.
1999). After that, a number of studies showed an increase in microglial markers in
post-mortem schizophrenic brains, whereas few studies found no effect or a decrease
in microglial markers. The studies that followed demonstrated an important role of
maternal immune activation in releasing cytokines, chemokines, antibodies, and
C-reactive protein (CRP) as an inductor of schizophrenia rather than the pathogen
involved in maternal infection (Feigenson et al. 2014; Khandaker et al. 2014a, b).
Pre-clinical studies have shown that during maternal immune activation, cytokines,
chemokines, antibodies, and acute-phase proteins are released into the maternal
bloodstream, thus increasing the permeability of the placental barrier and the fetal
blood-brain barrier and allowing the inflammatory mediators to reach the fetal brain.
In the central nervous system (CNS), these pro-inflammatory mediators are able to
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activate microglia that can release pro-inflammatory cytokines such as tumor necro-
sis factor alpha (TNF-α), interleukin (IL)-1β, and IL-6. In addition, circulating
immune cells may infiltrate the brain, increasing the cytokine levels and releasing
antibodies that aggravate the neuroinflammation (Garay et al. 2013; Feigenson et al.
2014; van den Eynde et al. 2014; Reus et al. 2017). Thus, based on the important role
of neuroinflammation as a trigger for the development of schizophrenia, this chapter
aims (1) to enumerate evidence of neuroinflammation and microglial activation in
pre-clinical schizophrenia models, (2) to highlight links between schizophrenia and
neuroinflammation in clinical studies, and (3) to identify mechanisms by which
microglial activation may influence the development of schizophrenia.

2 Evidence of Neuroinflammation and Microglial
Activation from Pre-clinical and Clinical Schizophrenia
Studies

2.1 Microglia Overview

Microglia comprise approximately 10–15% of all glial cells and are tissue-resident
macrophages that present important functions in the CNS, including in supporting
newborn neurons, cell death and clearance, homeostasis, and regulation of neuronal
and synaptic plasticity (Salter and Stevens 2017). Microglia are derived from
primitive myeloid progenitors emanating from the embryonic yolk sac during
development and then populate the CNS (embryonic day 8.5 in mice) prior to its
blood vessel formation (Ginhoux et al. 2010). Resting microglia have a small cell
body and possess long branching; after being activated, the cells replace their
ramified branches with highly amoeboid, motile protrusions (Stence et al. 2001).
A modern transcriptome profiling of microglia in mice showed that the response
phenotypes fail to conform to M1 or M2 patterns, though the functional significance
and ontogeny of microglia had not yet been characterized (Ransohoff 2016; Salter
and Stevens 2017). Microglia present class I (HLA-A, HLA-B, HLA-C) and class II
(HLA-DR, HLA-DP, HLA-DQ) major histocompatibility complex (MHC) mole-
cules. The MHC class II is found only on antigen-presenting cells, such as microglia,
dendritic cells, mononuclear phagocytes, and B cells, because these cells are essen-
tial in initiating an immune response. Microglia are an important component of the
innate immune system, and during their resting states, they are active with extremely
motile processes and protrusions; thus, this cell type is referred to as a “housekeeper”
in the adult brain (Nimmerjahn et al. 2005) (see Fig. 1).
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2.2 Evidence of Neuroinflammation and Microglial
Activation in Pre-clinical Schizophrenia Models

Several pre-clinical studies have demonstrated and supported evidence for the role of
neuroinflammation in the development of schizophrenia. Among the different
pre-clinical models that aim at recapitulating the development of schizophrenia, a
subset of these is based on gestational exposure to maternal immune activation, a
clinically relevant risk factor for schizophrenia. The experimental maternal immune
activation induced by polyinosinic-polycytidylic acid (Poly I:C) mimics a viral
infection because this chemical compound is a synthetic analogue of double-
stranded ribonucleic acid (ssRNA). A multitude of studies that implement this
model have observed long-lasting alterations of microglial markers, suggesting
persistent microglial activation in adult animals exposed to gestational Poly I:C.
For example, a study evaluated ionized calcium-binding adapter molecule-1 (Iba1), a
microglia- and macrophage-specific calcium-binding protein that has actin-bundling
activity and participates in membrane ruffling and phagocytosis in activated
microglia. On gestation day 15, pregnant dams were given a single i.v. injection to
the tail vein of Poly I:C or saline. The number of Iba1-positive cells was increased in
the Poly I:C offspring’s hippocampus and nucleus accumbens but was unchanged
in the prefrontal cortex. In addition, MHC class II expression in microglia increased
in the Poly I:C prefrontal cortex, but not in the hippocampus of adult male offspring
at 18 weeks of life (Hadar et al. 2017). Similarly, Mattei et al. observed an increase in
Iba1 immunoreactivity in the proximity of the hippocampal dentate gyrus of adult
mice on PND 60 that were subjected to maternal immune activation by Poly I:C at
embryonic day 15 compared with control offspring in adult life (Mattei et al. 2017).
Further, using the same microglial marker, Iba1, the offspring of mice exposed to
Poly I:C at embryonic day 9 were shown to have an elevated number of activated
microglial cells in the hippocampus and striatum, but not in the frontal cortex, on
PND 30 (Juckel et al. 2011). In another study, OX-42, an antibody designed to detect
CD11b, was used as a marker of microglia in the brain. OX-42 immunoreactivity
was detected on postnatal day (PND) 180 in adult Poly I:C offspring, showing an
increase in the concentration of OX-42-positive staining and microglial density, and
reduced microglia ramifications, indicating that the microglia were in the activated
state in all brain regions. Additionally, there was a difference in the form of an
overall significant increase in microglia score in the corpus callosum, hippocampus,
and thalamus; however, this difference was not found in the pons, cortex, or striatum
obtained from adult offspring of dams treated with Poly I:C on embryonic day
15 (Van den Eynde, Missault et al. 2014).

Activated microglial cells can increase the production and expression of
pro-inflammatory cytokines, such as TNF-α and IL-1β, and neurotoxic substances,
resulting in neuroinflammatory and neurodegenerative processes. Adult mice
subjected to maternal immune activation by Poly I:C during the fetal stage presented
high expression of proteins involved in the Toll-like receptor (TLR)-3 signaling
pathway, such as signal transducer and activator of transcription-1 (STAT-1),
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Toll/IL-1 receptor (TIR)-domain-containing adapter-inducing interferon-β (TRIF),
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and
phosphorylated-IRF3 (pIRF3), in the frontal cortex. Increased oxidative and
nitrosative stress, as evidenced by increased malondialdehyde (MDA) and inducible
nitric oxide synthase (iNOS), and increased levels of TNF-α, interferon (IFN)-α, and
IFN-β in the frontal cortex were also observed (MacDowell et al. 2017a). In another
study, mice were subjected to maternal immune activation on embryonic day 12.5.
On PNDs 0, 7, 14, 30, and 60, the offspring brains were removed, and the frontal
cortex, cingulate cortex, and hippocampus were used to evaluate the presence of
cytokines and chemokines. On PND 0, the frontal cortex showed increased levels
of IL-1β, IL-10, IL-12, and granulocyte/monocyte colony-stimulating factor
(GM-CSF). On PND 7, the levels of granulocyte colony-stimulating factor
(G-CSF) were increased, and on PND 60, the levels of IL-1α, IL-6, IL-9, and
IL-10 were also increased. On PND 0, the cingulate cortex showed increased levels
of IFN-γ, IL-12, and monocyte chemoattractant protein-1 (MCP-1). On PND 7, the
levels of IL-17 increased, and on PND 60, the levels of IL-10 and IFN-γ increased.
On PND 0, the hippocampus showed an increase in the level of IL-6. On PND
7, increased levels of IL-9, keratinocyte chemoattractant (KC), and macrophage
inflammatory protein-1 alpha (MIP-1α) were observed, and on PND 14, increased
levels of IL-1α and IL-6 were found (Garay et al. 2013).

Pratt et al. injected pregnant mice on embryonic day 12.5 with Poly I:C, and fetal
brains were collected at embryonic day 16.5 to evaluate the inflammatory profile of
microglial cells, which included cytokine and chemokine expression. Fetal microglia
expressed high levels of cytokines and chemokines such as IL-1α, IL-4, IL-6, IL-9,
GM-CSF, and M-CSF, which were regulated upon activation by normal T-cell
expressed and secreted (RANTES), lipopolysaccharide-induced CXC chemokine
(LIX), exotoxin, and MIP-1β (Pratt et al. 2013). Using another approach, Arad et al.
injected dams with Poly I:C on day 4 after birth, and the offspring were breastfed.
Two hours after Poly I:C injection, the milk of the dams presented elevated levels of
IL-1β, IL-6, and corticosterone. At 6 and 24 h after the dams received the Poly I:C
injection, the male offspring presented high levels of IL-6 and IFN-γ in the hippo-
campus. Twenty-four hours after the dams received the Poly I:C injection, both male
and female offspring presented high levels of TNF-α in the hippocampus. In
addition, lactational Poly I:C exposure triggered behavioral abnormalities in the
adult offspring (PND 90 to 120), with male, but not female, offspring exhibiting
attentional and executive function abnormalities (manifested in persistent latent
inhibition and slow reversal) and female, but not male, offspring exhibiting despair
and anhedonia (Arad et al. 2017).

A subset of studies aimed at characterizing the role of single cytokines. For
example, Smith et al. demonstrated the important role of IL-6 in schizophrenia-
like behavior. Specifically, an intraperitoneal injection of IL-6 on embryonic day
12.5 in pregnant mice triggered prepulse inhibition and latent inhibition deficits in
the adult offspring, but IFN-γmaternal injection did not affect the schizophrenia-like
behavior of adult offspring (Smith et al. 2007). The section above highlights several
studies demonstrating that TLR-3 activation and pro-inflammatory cytokines could
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influence the development of schizophrenia-like behavior in adult offspring. In
contrast to other studies, on PND 90 to 104, adult offspring did not present any
significant difference in the level of microglial activation compared to the control
adult offspring (Missault et al. 2014). In this study, despite the confirmation of
systemic inflammation in the pregnant mice, there was no difference in fetal
microglial cell density or in the activation level on embryonic days 11.5–17.5
between the control and Poly I:C group (Smolders et al. 2015); see Table 1.

The Gunn rat is another animal model of schizophrenia (Gunn 1944). Gunn rats
present behavioral abnormalities, deficits in prepulse inhibition, and neuropatholog-
ical changes that are similar to the characteristics of schizophrenia-like behavior
(Liaury et al. 2012). CD11b immunoreactivity is increased in microglial cells of the
hippocampal dentate gyrus of Gunn rats (Liaury et al. 2012, 2014). Gunn rats
showed a prepulse inhibition deficit compared to Wistar rats. The amount of
CD11b microglial cell marker increased in the hippocampus of Gunn rats compared
to the same brain structure of the Wistar rats (Limoa et al. 2016).

3 Evidence of Neuroinflammation from Schizophrenic
Patients

3.1 Microglia Evaluation in Post-mortem Schizophrenic
Brain

Brain samples from 3 of 14 patients with schizophrenia exhibited HLA-DR-positive
tests in the frontal cortex and hippocampus (Bayer et al. 1999). HLA-DR is an MHC
class II cell surface receptor that interacts with antigen-presenting cells such as
microglia, mononuclear phagocytes, dendritic cells, and B cells. The microglial
marker HLA-DR was increased in paranoid schizophrenic hippocampal samples
compared with residual schizophrenic and matched control samples. In the same
study, higher expression levels of CD3+ and CD20+ lymphocytes were found in the
hippocampus of residual schizophrenics compared with paranoid schizophrenics and
matched controls (Busse et al. 2012). The density of HLA-DR cells that were
morphologically similar to microglia was increased in the dorsolateral prefrontal
cortex of individuals with schizophrenia (Fillman et al. 2013). In a previous study,
the frontal and temporal lobes of chronic schizophrenics presented greater microglial
cell activation compared with control brains. However, the first layer of the cerebral
cortex presented the same amounts of well-developed ramifications (RM), degener-
ative traits, and damaged processes (DM), and the number of DM cells in the
remaining regions was higher than that of the RM cells (Wierzba-Bobrowicz et al.
2005). Another study evaluated 12 brains of female chronic schizophrenics. The
schizophrenic frontal and temporal lobe samples presented ramified microglial cells
with expression of MHC class II. Most cells presented with cytoplasm shrinkage,
thinning, shortening and fragmentation of their processes, and apoptotic changes.
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Several microglial cells presented phagosomes and/or degenerated mitochondria
(Wierzba-Bobrowicz et al. 2004). The dorsolateral prefrontal cortex, anterior cingu-
late cortex, hippocampus, and mediodorsal thalamus were evaluated in 16 schizo-
phrenic brain samples. HLA-DR-positive cell expression was not different between
the schizophrenia and control groups. The post-mortem interval correlated with the
ramified cell numbers in the anterior cingulate cortex and the dorsolateral prefrontal
cortex and with the amoeboid cell density in the hippocampus. Two schizophrenic
patients who had committed suicide during acute psychosis presented highly ele-
vated microglial cell numbers in the anterior cingulate cortex and the mediodorsal
thalamus (Steiner et al. 2006). In another study from the same research group,
microglial HLA-DR expression was evaluated in the dorsolateral prefrontal cortex,
anterior cingulate cortex, mediodorsal thalamus, and hippocampus of 16 schizo-
phrenic patients. Microglial HLA-DR expression did not presently affect the diag-
nosis of microglial density in the dorsolateral prefrontal cortex, anterior cingulate
cortex, mediodorsal thalamus, and hippocampus. However, the study found
microgliosis in the dorsolateral prefrontal cortex, cingulate cortex, and mediodorsal
thalamus of the schizophrenic suicide patients (Steiner et al. 2008). In a study by
Sinkus et al., the mRNA levels for the MHC class I antigen HLA-B was increased in
schizophrenic nonsmokers, while the levels for smokers were indistinguishable from
those of controls. HLA-A was expressed in a pattern where inflammatory illness was
associated with increased expression in controls but not in subjects with schizophre-
nia (Sinkus et al. 2013). Radewicz et al. found an increase of HLA-DR expression in
the dorsolateral prefrontal cortex in eight schizophrenics compared with ten controls.
Regarding the superior temporal gyrus, there was an increase in microglia in seven
schizophrenics compared with ten controls. In the anterior cingulate gyrus, the
results did not reach significance (Radewicz et al. 2000). Calprotectin is a
calcium-binding protein of the S100 family and is a nonspecific inflammatory
marker. Samples of post-mortem brain tissue from Brodmann area 9 were obtained
from the prefrontal cortices of subjects with schizophrenia and of controls.
Calprotectin presented higher levels in the schizophrenic brains (Brodmann area
9 from prefrontal cortex) compared to the controls, and this protein was found to
localize in microglial cells (Foster et al. 2006).

Through investigation of the microglial activation using Iba1 antibody marker,
which is expressed in macrophages and microglia and is upregulated during the
activation of these cells, the brain samples presented unaltered immunoreactivity in
the cingulate white matter (Connor et al. 2009) and the dorsolateral prefrontal cortex
in the post-mortem schizophrenic brain (Hercher et al. 2014). Moreover, in another
study, the regional differences in the ependymal and subventricular zone cyto-
architecture were unchanged in schizophrenic brain samples (Comte et al. 2012).
CD68 was evaluated for resting and active microglia in the caudate nucleus and the
mediodorsal nucleus of the thalamus in a post-mortem study of 11 elderly people
with schizophrenia. No differences were found between the schizophrenic and
control subjects (Falke et al. 2000). HLA-DRA did not present any differences in
the dorsolateral prefrontal cortex or the parietal cortex samples between the schizo-
phrenic and control groups (Nakatani et al. 2006). Messenger RNA expression of
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HLA-A did not present any differences in the frontal cortex of schizophrenic sub-
jects compared to control subjects (Saetre et al. 2007). The temporal cortex of the
schizophrenic brain samples did not present differences in HLA-DRB3 and
HLA-DPA1 expression compared with control brain samples (Schmitt et al. 2011).
Another study evaluated the MHC class I and complement protein C3 expression in
two frontal cortical regions of post-mortem brains of schizophrenic patients. MHC
class I protein expression was decreased in the dorsolateral prefrontal cortex, but
the protein expression did not present any change in the orbitofrontal cortex of
nonsmoking schizophrenic patients, and this study did not find any association
between schizophrenia and changes in C3 mRNA expression (Kano et al. 2011).
A subsequent study presented a reduction in microglial immunoreactivity for the
endogenous NMDA receptor agonist, quinolinic acid, in the hippocampus of schizo-
phrenic patients and presented no difference in HLA-DR expression between
schizophrenic and the control group brain samples (Gos et al. 2014). The MHC
class II receptors HLA-DR and HLA-DRBA were downregulated in the temporal
lobe of schizophrenic post-mortem brain samples (Durrenberger et al. 2015). No
differences were found in the CD40 and HLA-DP/DQ/DR markers in four brain
samples of schizophrenic patients (Togo et al. 2000). CD68 for resting and active
microglia was evaluated in the entorhinal cortex, the subiculum and CA1 of the
hippocampus, midfrontal cortex, orbitofrontal cortex, and calcarine cortex in schizo-
phrenic brain samples. There were no differences between the schizophrenic and the
control brain samples in the densities of any of the markers (Arnold et al. 1998).
Kurumaji et al. evaluated [3H] PK 11195 as a ligand for the translocator protein
(TSPO) receptor in the cerebral cortex, thalamus, and extrapyramidal system of the
post-mortem brains of 13 chronic schizophrenics and 10 control subjects. The [3H]
PK 11195-specific binding was decreased in the superior parietal cortex, primary
visual area, and putamen of schizophrenics, although there were no changes in this
binding in the other brain areas (Kurumaji et al. 1997); see Table 2.

3.2 Cytokine and Chemokine Evaluation in Post-mortem
Schizophrenic Brain Samples

In a clinical study, the mRNA expression of IL-6, IL-8, and SERPINA-3 presented
higher levels in the dorsolateral prefrontal cortex of individuals with schizophrenia
compared with their controls (Fillman et al. 2013). IL-6, IL-1β, IL-8, and SERPINA-
3 mRNA levels were quantified in the contralateral fresh frozen orbitofrontal cortex.
The volumes of the cortical gray matter and the superior frontal gyrus had a
significant negative correlation with IL-1β, IL-6, and SERPINA-3 mRNA levels in
the schizophrenic group. Thus, cortical gray matter volume reduction in schizo-
phrenic patients was associated with neuroinflammation, and the researchers also
found that the expression of inflammatory mRNA in the orbitofrontal cortex was
correlated with those found by Fillman et al. (2013), in the dorsolateral prefrontal
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Table 2 Microglial and neuroinflammatory markers in schizophrenic post-mortem brain samples

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 23) and
control (n ¼ 14)

Ventromedial
temporal and
frontal lobe and
the calcarine

CD68 No statistically sig-
nificant differences
were found between
the patients with
schizophrenia and
the control patients
without neuropsy-
chiatric disease for
the densities of any
of the markers

Arnold et al.
(1998)

Schizophrenia
(residual n ¼ 9
and paranoid
n ¼ 9) and con-
trol (n ¼ 22)

Dorsal raphe
nucleus

HLA-DR and
AgNOR

There was no
change in the den-
sity of HLA-DR-
positive microglial
reaction in schizo-
phrenic patients
(residual and para-
noid) compared to
controls. Thus, a
positive correlation
existed between
microglial densities
evaluated by the
AgNOR silver
staining parameter
in a residual sub-
group of schizo-
phrenic patients,
which revealed a
significant increase
in this subgroup

Brisch et al.
(2017)

Schizophrenia
(n ¼ 15) and
control (n ¼ 15)

Zona
subventricular

MHC II There were no dif-
ferences between
schizophrenic
patient groups and
controls in the width
of the hypocellular
gap or in the density
of cells in the
hypocellular gap.
Because ventricular
enlargement in
schizophrenia may
disrupt ependymal
cells, we quantified
them but observed
no difference
between diagnostic
groups and controls

Comte et al.
(2012)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 22) and
control (n ¼ 45)

Cingulate cortex Iba1 No significant dif-
ference in Iba1
immunoreactivity
between groups. It
was not associated
with NeuN+ density
in white matter

Connor et al.
(2009)

Schizophrenia
(n ¼ 10) and
control (n ¼ 10)

Temporal lobe IL-13RA1,
MHC II,
HLA-DRA, and
HLA-DPA1

The MHC II recep-
tors, HLA-DRA,
and HLA-DPA1
were significantly
upregulated in
neurodegenerative
disorders and
downregulated in
schizophrenia.
IL-13RA1 was
significantly
downregulated in
schizophrenia

Durrenberger
et al. (2015)

Schizophrenia
(n ¼ 12) and
control (n ¼ 11)

Caudate nucleus
and mediodorsal
nucleus

CD68 No statistically sig-
nificant differences
were found between
schizophrenic and
control subjects for
the densities of any
markers. There was
no evidence that
abnormal
neurodegeneration
occurs in these two
important subcorti-
cal structures

Falke et al.
(2000)

Schizophrenia
(n ¼ 37) and
control (n ¼ 37)

Dorsolateral pre-
frontal cortex

IL-1β, IL-6,
IL-6ST, IL-8,
and SERPINA-3

The individuals
presented increased
levels of IL-1β,
IL-6, IL-8, and
SERPINA-3 mRNA
expression
( p < 0.001). Other
characteristics of
this group included
high mRNA
expression of
IL-6ST ( p < 0.033)

Fillman et al.
(2013)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 35) and
control (n ¼ 35)

Dorsolateral pre-
frontal cortex

IL-1β, IL-1RL1,
IL-6, IL-8,
IL-6ST, PTGS2,
IL-18,
SERPINA-3,
and TNF

The SERPINA-3
mRNA was specifi-
cally increased in
schizophrenic brain
samples ( p < 0.05)
compared with both
controls; IL-8
mRNA showed a
significant diagnos-
tic effect
( p < 0.05), but sur-
prisingly, with a
decreased expres-
sion in individuals
with schizophrenia
compared with con-
trols. IL-1β, IL-18,
TNF, and PTGS2
mRNAs showed no
significant diagnos-
tic effects overall
and no consistent
pattern of expres-
sion according to
diagnosis. IL-1RL1
and IL-6 mRNAs
were not signifi-
cantly changed

Fillman et al.
(2014)

Schizophrenia
(n ¼ 15) and
control (n ¼ 15)

Dorsolateral pre-
frontal cortex

Calprotectin Calprotectin was
detectable in all
samples, and mean
levels were noted to
be highest in
schizophrenic
brains ( p < 0.05)
and lowest in
controls

Foster et al.
(2006)

Schizophrenia
(n ¼ 30) and
control (n ¼ 30)

Prefrontal cortex TLR-4, MyD88,
mRNA, NF-κB,
p65, κBα, RNA,
IL-1β, IL-6,
iNOS, COX-2,
MDA, and NO2

TLR-4, MyD88,
and NF-κB expres-
sion increased in the
prefrontal cortex of
patients with
schizophrenia.
These alterations
seem to depend on
the presence/
absence of antipsy-
chotic treatment at
death

Garcia-Bueno
et al. (2016)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 13) and
control (n ¼ 12)

CA1, CA2/CA3,
and dentate
gyrus
hippocampal

HLA-DR Fewer quinolinic
acid-
immunoreactive
microglial cells
were observed in
the CA1 hippocam-
pal subregion of
schizophrenic
patients compared
to controls (left
p ¼ 0.028, right
p ¼ 0.018). No sig-
nificant diagnosis-
dependent changes
were observed in
the CA2/CA3 and
dentate gyrus
regions

Gos et al.
(2014)

Schizophrenia
(n ¼ 35) and
control (n ¼ 33)

Frontal cortex IFN-γ IFN-γ demonstrated
high levels signifi-
cantly different
between schizo-
phrenia and control
samples
( p ¼ 0.043)

Harris et al.
(2012)

Schizophrenia
(n ¼ 20) and
control (n ¼ 20)

Dorsolateral pre-
frontal cortex

Iba1 The density of Iba1-
stained microglia
did not differ among
the groups; how-
ever, a qualitative
assessment of
microglial morphol-
ogy found numer-
ous activated
microglial cells in
three schizophrenic
samples, but not in
the controls

Hercher et al.
(2014)

Schizophrenia
(n ¼ 35) and
control (n ¼ 35)

Dorsolateral pre-
frontal cortex

MHC I The MHC I protein
expression was
reduced in the dor-
solateral prefrontal
cortex but not in the
orbitofrontal cortex
of schizophrenic
patients

Kano et al.
(2011)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 13) and
control (n ¼ 10)

Cerebral cortex,
thalamus, and
extrapyramidal
system

[3H] PK 11195 The specific
[3H] PK 11195
binding was signifi-
cantly decreased in
three brain areas
(superior parietal
cortex, primary
visual area, and
putamen) of schizo-
phrenics, although
there were no
changes in the
binding in the other
brain areas

Kurumaji
et al. (1997)

Schizophrenia
(n ¼ 16) and
control (n ¼ 14)

Prefrontal cortex
and cerebellum

TLR-4, MyD88,
κBα, iNOS,
MDA, NF-κB,
and COX-2

In the prefrontal
cortex, TLR-4,
MyD88, and IκBα
protein levels were
lower in schizo-
phrenic patients,
while NF-κB activ-
ity, COX-2 expres-
sion, and the MDA
appeared to be
increased. In the
cerebellum it
occurred opposite,
except for COX-2
expression that
remained aug-
mented and MDA
levels unaltered

MacDowell
et al. (2017b)

Schizophrenia
(n ¼ 7) and con-
trol (n ¼ 7)

Dorsolateral pre-
frontal cortex

HLA-DRA,
HLA-DRB4,
and CCL3

The expression of
CCL3 was
downregulated in
schizophrenia. The
expression of the
HLA-DRA and
HLA-DRB4 genes
was not altered in
schizophrenia

Nakatani
et al. (2006)

Schizophrenia
(n ¼ 8) and con-
trol (n ¼ 10)

Dorsolateral pre-
frontal cortex,
the superior tem-
poral gyrus, and
the anterior cin-
gulate gyrus

GFAP and
HLA-DR

There was an
increase of
HLA-DR expres-
sion in the dorsolat-
eral prefrontal
cortex in eight
schizophrenics

Radewicz
et al. (2000)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

compared with ten
controls. For the
superior temporal
gyrus, there was an
increase in
microglia in seven
schizophrenics
compared with ten
controls. In the
anterior cingulate
gyrus, the results
did not find
significance

Schizophrenia
(n ¼ 55) and
control (n ¼ 55)

Frontal cortex IFITM-2,
IFITM-3,
SERPINA-3,
GBP1, SCD,
MAG, and TF

IFITM-2, IFITM-3,
SERPINA-3, and
GBP1 showed
increased mRNA
levels in schizo-
phrenic brain sam-
ples ( p � 0.01)

Saetre et al.
(2007)

Schizophrenia
(n ¼ 10) and
control (n ¼ 10)

Temporal cortex IL-1α, IL-1β,
IL8, IL-1RAP,
CCL2,
HLA-DPA1,
and HLA-DRB3

A microarray analy-
sis, followed by
qPCR validation,
found a decrease in
IL-8 and IL-1α
mRNA expression
in the temporal cor-
tex of schizophrenic
patients compared
with healthy control
patients. However,
increases detected
in the microarray
were not reproduced
by qPCR for cyto-
kines and
chemokines such as
IL-1β and CCL2

Schmitt et al.
(2011)

Schizophrenic
smokers
(n ¼ 28), schizo-
phrenic non-
smokers
(n ¼ 14), control
smokers
(n ¼ 23), and

Hippocampus HLA-A and
HLA-B

Messenger RNA
levels for the class I
major histocompati-
bility complex anti-
gen HLA-B were
increased in schizo-
phrenic non-
smokers, while
levels for smokers

Sinkus et al.
(2013)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

control non-
smokers (n¼ 24)

were indistinguish-
able from those of
controls. β2-macro-
globulin, HLA-A,
and Notch4 were all
expressed in a pat-
tern where inflam-
matory illness was
associated with
increased expres-
sion in controls but
not in subjects with
schizophrenia

Schizophrenia
(n ¼ 17) and
control (n ¼ 11)

Hippocampus CD3, CD20, and
HLA-DR

Higher densities of
CD3 and CD20
lymphocytes were
observed in residual
versus paranoid
schizophrenia. In
contrast, HLA-DR
microglia was
increased in para-
noid schizophrenia
versus residual
schizophrenia

Steiner et al.
(2006)

Schizophrenia
(n ¼ 16) and
control (n ¼ 16)

Dorsolateral
prefrontal cortex,
anterior cingu-
late cortex, hip-
pocampus and
mediodorsal
thalamus

HLA-DR Immunostaining
was found in all
brain regions and
was not restricted to
macrophage-like
amoeboid cells but
also appeared in
ramified cells.
Region-specific
HLA-DR-positive
cell density was not
significantly differ-
ent between cases
with schizophrenia
and controls. How-
ever, amoeboid
microglial cells
were lateralized
toward the right
hemisphere in
healthy subjects but
not in the schizo-
phrenia group

Steiner et al.
(2006)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

( p ¼ 0.01). Post-
mortem interval
correlated with
ramified cell num-
bers in the anterior
cingulate cortex
( p ¼ 0.01), the dor-
solateral prefrontal
cortex ( p ¼ 0.04),
and amoeboid cell
density in hippo-
campus ( p ¼ 0.03)

Schizophrenia
(n ¼ 9) and con-
trol (n ¼ 6)

Frontal lobes and
gyrus temporal
inferior

HLA-DP, DQ,
and DR

Frontal and tempo-
ral lobes of chronic
schizophrenic
patients presented
higher microglial
cell activation com-
pared with control
brains. However,
the first layer of the
cerebral cortex
presented the same
amounts of
well-developed
ramification and
degenerative traits
and damaged pro-
cesses; the number
of DM cells in the
remaining regions
was higher than that
of RM cells

Steiner et al.
(2008)

Schizophrenia
(n ¼ 16) and
control (n ¼ 10)

Dorsolateral pre-
frontal cortex,
anterior cingu-
late cortex,
hippocampus
and mediodorsal
thalamus

HLA-DR The results revealed
no effect of diagno-
sis on microglial
density (dorsolateral
prefrontal cortex
( p ¼ 0.469), ante-
rior cingulate cortex
( p ¼ 0.349),
mediodorsal thala-
mus ( p ¼ 0.569),
and hippocampus
( p ¼ 0.497)). How-
ever, significant
microgliosis was
observed in the

Steiner et al.
(2008)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

dorsolateral pre-
frontal cortex
( p ¼ 0.004), ante-
rior cingulate cortex
( p ¼ 0.012), and
mediodorsal thala-
mus ( p ¼ 0.004) of
suicide patients. A
similar trend was
seen in the hippo-
campus ( p¼ 0.057)

Schizophrenia
(n ¼ 4)

Hippocampus
and temporal
exocortex

CD40 Vascular expression
of CD40 was
enhanced in the
lesions of schizo-
phrenia disease

Togo et al.
(2000)

Schizophrenia
(n ¼ 22) and
control (n ¼ 14)

Prefrontal cortex IL-1β and
IL-1RA

Both protein and
mRNA levels of
IL-1RA were spe-
cifically decreased
in the prefrontal
cortex of schizo-
phrenic patients,
whereas IL-1β
levels were not
significantly altered
in all the regions
examined. The
IL-1RA decrease
was not correlated
with the dose of
antipsychotics
given to patients.
There was no influ-
ence of this illness
on protein levels for
IL-1β receptor type
1 in the prefrontal
cortex

Toyooka
et al. (2003)

Schizophrenia
(n ¼ 62) and
control (n ¼ 62)

Frontal cortex IL-1β, IL-6,
IL-8, IFN-β,
NF-κB, and
Schnurri-2

Schizophrenic sub-
jects had markedly
higher mRNA
levels for IL-1β,
IL-6, and IFN-β,
which induce
IFITM expression;
lower mRNA levels

Volk et al.
(2015)

(continued)
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Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

for Schnurri-2, a
transcriptional
inhibitor that lowers
IFITM expression;
and higher mRNA
levels for NF-κB.
IL-8 did not quite
reach statistical
significance

Schizophrenia
(n ¼ 14) and
control (n ¼ 13)

Frontal cortex
and
hippocampus

HLA-DR Schizophrenic
patients revealed
subjects with abun-
dant microglial
immunostaining in
both gray and white
matter. This finding
provides evidence
for distinct neuro-
pathological
changes in brains of
patients with
schizophrenia

Wierzba-
Bobrowicz
et al. (2004)

Schizophrenia
(n ¼ 12)

Frontal and tem-
poral cortex

MHC II Most cells showed
degenerative traits
(cytoplasm shrink-
age, thinning, short-
ening, and
fragmentation of
their processes) up
to apoptotic
changes.
Perivascular
microglia displayed
the lowest intensity
of degenerative
changes. Ultra-
structurally, some
damaged microglial
cells contained
phagosomes and/or
degenerated mito-
chondria. Most
abnormal microglia
showed morpholog-
ical signs of the for-
mer normal function
of immunocompe-
tent and phagocy-
tosing cells

Wierzba-
Bobrowicz
et al. (2004)

(continued)

194 T. Barichello et al.



cortex, except for IL-8 (Zhang et al. 2016). SERPINA-3 mRNA was also present at
high levels in the dorsolateral prefrontal cortex of individuals with schizophrenia
(Fillman et al. 2014). IFN-γ, as evaluated by the ELISA technique, was elevated in

Table 2 (continued)

Number of
patients and
controls Sample

Biomarkers
evaluated Results Reference

Schizophrenia
(n ¼ 47) and
control (n ¼ 45)

Orbitofrontal
cortex

IL-1β, IL-6,
IL-8, and
SERPINA-3

The volumes of
cortical gray matter
and superior frontal
gyrus were signifi-
cantly negatively
correlated with
IL-1β, IL-6, and
SERPINA-3
mRNAs levels in
the schizophrenia
group. Thus, corti-
cal gray matter
volume reduction in
schizophrenic
patients was associ-
ated with
neuroinflammation.
The expression of
inflammatory
mRNAs in the
orbitofrontal cortex
was significantly
correlated with
those found in
studies in the dorso-
lateral prefrontal
cortex

Zhang et al.
(2016)

[3H] PK 11195 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline carboxamide,
AgNOR argyrophilic nucleolar organizing region, CCL2 chemokine (C-C motif) ligand 2, CCL3
chemokine (C-C motif) ligand 3, CD11b microglial marker, COX-2 cyclooxygenase-2, GBP1
guanylate-binding protein 1, GFAP glial fibrillary acidic protein, GM-CSF granulocyte/monocyte
colony-stimulating factor, HLA human leukocyte antigen class I (A, B, C), HLA human leukocyte
antigen class II (DR [A, alpha; B, beta], DQ, DM, and DP), Iba1 ionized calcium-binding adaptor
molecule, IFITM interferon-induced transmembrane, IFN interferon, IL interleukin, IL-13RA1
interleukin 13 receptor alpha 1, IL-1RA interleukin 1 receptor accessory, IL-1RAP interleukin
1 receptor accessory protein, IL-1RL1 interleukin 1 receptor-like 1, IL-2R interleukin-2 receptor,
IL-6ST interleukin 6 signal transducer, iNOS inducible nitric oxide synthase, κBα inhibitory protein,
MAG myelin-associated glycoprotein, MDA malondialdehyde, MHC I and II major histocompat-
ibility complex class I and II, mRNA relative messenger RNA, MyD88 myeloid differentiation
factor 88, NeuN neuron-specific nuclear protein, NF-κB nuclear factor kappa B, NO2 nitrite levels,
PTGS2 prostaglandin-endoperoxide synthase 2, qPCR quantitative polymerase chain reaction, RNA
ribonucleic acid, SCD stearoyl-CoA desaturase, Schnurri-2 inhibits NF-κB function, TF transferrin,
TGF-β transforming growth factor-β, TLR-4 Toll-like receptors 4, TNF tumor necrosis factor
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the BA10 brain region of schizophrenic patients (Harris et al. 2012). Schizophrenic
subjects presented markedly higher mRNA levels of IL-6, IFN-β, and NF-κB
transcription factor in the prefrontal cortex compared with the control group (Volk
et al. 2015). TNF receptor 1 (TNFR1) mRNA was significantly increased in both
Brodmann areas 24 (BA24) and 46 (BA46) in patients with schizophrenia (Dean
et al. 2013). In contrast, IL-1β mRNA levels were not changed in post-mortem brain
tissues of the prefrontal or parietal cortices, putamen, or the hypothalamus. In
addition, endogenous IL-1 receptor antagonist (IL-1RA) decreased in the prefrontal
cortex of schizophrenic patients (Toyooka et al. 2003). IL-13 receptor alpha-1
(IL-13RA1) was downregulated in the temporal lobe of schizophrenic patients
(Durrenberger et al. 2015). Chemokine (C-C motif) ligand 3 (CCL3) gene expres-
sion was also downregulated in the dorsolateral prefrontal cortex and parietal cortex
(Nakatani et al. 2006), and in the temporal cortex, the expression of IL-1α and IL-8
was downregulated in schizophrenic brain samples (Schmitt et al. 2011); see
Table 2.

4 Mechanisms by Which Neuroinflammation Could
Influence the Development of Schizophrenia

During pregnancy or early life infection, replication of microorganisms and the
release of their immunogenic compounds can occur. These immunogenic com-
pounds derived from microorganisms are denominated as pathogen-associated
molecular patterns (PAMPs), and they are recognized by the immune system
through equipped receptors denominated as pattern-recognition receptors (PRRs)
(Barichello et al. 2015; Morris et al. 2018). These receptors, such as Toll-like
receptors (TLR), nucleotide-binding oligomerization domain (NOD)-like receptors
(NLR), C-type lectin receptors (CLR), retinoic acid-inducible gene-1 (RIG-1)-like
receptors (RLR), receptors for advanced glycation end products (RAGE), and intra-
cytosolic deoxyribonucleic acid (DNA) sensors, are crucial components in the
activation of the innate immune system (Keestra-Gounder and Tsolis 2017; Zhou
et al. 2017). The PRRs can also recognize a broader array of endogenous danger
signals such as adenosine 5-triphosphate (ATP), heat shock proteins (HSPs), and
high mobility group box-1 proteins (HMGB-1) that are denominated as damage-
associated molecular patterns (DAMPs) (Nakahira et al. 2015; Wilkins et al. 2017);
see Figs. 1 and 2.

TLR receptors are divided into two groups, of which one is expressed on the cell
membrane for ligand recognition (TLR-1, TLR-2, TLR-4, TLR-5, TLR-6, and
TLR-10) and the other is localized in the intracellular endosomal space for the
recognition of pathogen nucleic acids: TLR-3, TLR-7, TLR-8, and TLR-9 (Kigerl
et al. 2014). TLR-3 can signal through a TRIF-dependent pathway that recruits
the TNF receptor-associated factor-3 (TRAF-3), thus resulting in the activation
of interferon regulatory factor-3 (IRF-3) and IRF-7. This pathway triggers the
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production of type I interferons, such as IFN-α or IFN-β. In another pathway, TLR-3
activates TRIF, AP1, and NF-κB, inducing the expression of pro-inflammatory
cytokine genes. TLR-3 serves as a sensor of dsRNA produced during the replication
of single-stranded RNA (ssRNA) and is also activated by a synthetic chemical
compound analogue of dsRNA, Poly I:C (Verma and Bharti 2017). TLR-3 is an
essential sensor of the host’s immune responses to protect it against viral infections.
A pre-clinical model of schizophrenia demonstrated high expression of TLR-3
signaling, IFN-α, and IFN-β in the frontal cortex of adult offspring subjected to
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Fig. 2 Maternal immune activation and a possible mechanism in which neuroinflammation could
influence the development of schizophrenia. TLRs, MDA-5, and RIG-1 are innate immune sensors
involved in the detection of microorganisms. TLR-3, RIG-1, and MDA-5 promote the expression of
type I and type III IFNs and the NF-kappa B-dependent expression of pro-inflammatory cytokines.
Maternal immune activation increases the levels of cytokines such as IL-6, TNF-α, and IL-1β in the
serum, as well as in the amniotic fluid, placenta, and fetal brain. ASC caspase-recruitment domain;
IFITM-1, IFITM-2 interferon-induced transmembrane protein-1, interferon-induced transmembrane
protein-2; IFN-α, IFN-β interferon-α, interferon-β; IκB inhibitors of NF-κB; IL-1β, IL-6, IL-18
interleukin-1β, interleukin-6, interleukin-18; IRAK-4 interleukin receptor-associated kinase-4;
IRF-1, IRF-3, IRF-7 interferon regulatory factor-1, interferon regulatory factor-3, interferon regu-
latory factor-7;MDA-5melanoma differentiation-associated gene 5;MyD88myeloid differentiation
factor 88; NF-κB nuclear factor kappa B; NLRP-3 NLR family pyrin domain containing-3; RIG-1
retinoic acid-inducible gene-1; SERPINA-3 serpin family A member-3; TIRAP domain-containing
adaptor protein; TLR Toll-like receptor; TNF-α tumor necrosis factor alpha; TRAF-3, TRAF-6 TNF
receptor-associated factor-3, TNF receptor-associated factor-6; TRIF Toll/IL-1 receptor domain-
containing adaptor-inducing interferon-β
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maternal immune activation by Poly I:C during fetal life (MacDowell et al. 2017a).
In addition, TLR-3 activation inhibited embryonic neuronal stem cell replication and
population of the superficial layers of the neocortex by neurons (de Miranda et al.
2010).

TLR-4, CD14, and myeloid differentiation protein-2 (MD-2) form a complex
heteromer that, after activation, recruits the MyD88 adapter-like (Mal) and the TIR
domain-containing adaptor protein (TIRAP). Mal/TIRAP recruits myeloid differen-
tiation primary response gene 88 (MYD88) adaptor. The MyD88 adaptor molecule
connects with the serine/threonine kinase IL-1 receptor-associated protein leading to
phosphorylation of IRAK-1 and IRAK-2 and the recruitment of TNF receptor-
associated factor-6 (TRAF-6) adaptor. TRAF-6 activates inhibitory IκB kinases
(IkBα and IkBβ) and mitogen-activated protein kinases (MAPKs), resulting in
NF-κB and activator protein-1 (AP-1) transcription factor activation and production
of cytokines. In parallel, the TLR4 complex also recruits TRIF-related adaptor
molecules that interact with TRIF adaptor and activate the interferon regulatory
factor-3 (IRF-3) transcription factor. The post-mortem cerebellum of human schizo-
phrenic subjects presented an increase in protein expression of TLR-4, MyD88, and
IκBα. In contrast, NF-κB activity was reduced, iNOS expression was not changed,
while cyclooxygenase-2 (COX-2) protein levels were increased and there were no
changes in lipid peroxidation (MDA). In the post-mortem schizophrenic prefrontal
cortex, TLR-4, MyD88, and IκBα protein levels were lower in schizophrenic
patients, while nuclear transcription NF-κB activity, COX-2 expression, and
malondialdehyde (MDA) were increased (MacDowell et al. 2017b). Another study
found evidence of alterations in the expression of the TLR-4 signaling and MyD88
and NF-κB in the prefrontal cortex of patients with schizophrenia. However, there
were no changes in the IκBα protein levels, IL-1β, and IL-6 mRNA levels in the
prefrontal cortex. An additional study evaluated the effect of antipsychotic treatment
on schizophrenic post-mortem brain samples. The antipsychotic treatment schizo-
phrenic group presented higher levels of TLR-4, MyD88 protein, and MyD88
mRNA compared to control samples. An MDA decrease was observed in the
antipsychotic-free group compared to the control and antipsychotic treatment
groups, but the antipsychotic-free group presented high levels of NF-κB protein
compared with controls. This study demonstrated that it is necessary to pay special
attention to the potentially confounding factor of antipsychotic treatment, because
these alterations seem to depend on the presence or absence of antipsychotic
treatment at death (Garcia-Bueno et al. 2016).

A number of studies have shown an increase in expression of SERPINA-3 and its
gene in schizophrenic brain samples (Arion et al. 2007; Fillman et al. 2013, 2014;
Zhang et al. 2016). The transcriptome signature of altered genes related to immune
function may be a consequence of high levels of pro-inflammatory cytokines such as
IL-6, TNF-α, IL-1β, or IFNs, during the stages of prenatal development or during
early life. These pro-inflammatory mediators could not only alter brain development
but also be responsible for these immune-/inflammation-related genes such as
SERPINA-3, interferon-induced transmembrane protein (IFITM)-1, IFITM-2, and
IFITM-3 that are found in the schizophrenic adult brain (Arion et al. 2007; Saetre
et al. 2007; Hwang et al. 2013; Volk et al. 2015); see Tables 2 and 3.
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Table 3 Neuroinflammatory markers in the CSF of schizophrenic patients

Number of
patients and
controls Sample Biomarkers evaluated Results Reference

Schizophrenia
(n ¼ 16) and
control
(n ¼ 10)

CSF IL-lβ, IL-2, IL-2R,
IL-6, and TNF-α

No significant differences
were found in levels of TNF-α
and IL-2 or IL-6 in CSF fluid.
IL-1β and IL-2R were signif-
icantly decreased in patients’
CSF compared to controls

Barak
et al.
(1995)

Schizophrenia
(n ¼ 14) and
control
(n ¼ 16)

CSF IL-1β, IFN-γ, IL-10,
IL-6, and TNF-α

Schizophrenia patients
showed a significant increase
in IL-6 in CSF ( p ¼ 0.02).
IL-1β, IFN-γ, IL-10, and
TNF-α were often below the
levels of detection of this
assay

Coughlin
et al.
(2016)

Schizophrenia
(n ¼ 16) and
control
(n ¼ 11)

CSF IL-lα and IL-2 IL-1α levels were found
below the detection limits of
the assay in both controls and
the schizophrenic groups, and
there were no statistically
significant differences of
IL-1α and IL-2 between the
schizophrenic and control
groups

el-Mallakh
et al.
(1993)

Schizophrenia
(n ¼ 31) and
control
(n ¼ 14)

CSF IL-6 In the CSF, IL-6 was found to
be significantly higher in the
subtypes of schizophrenics
“delayed responder” than the
“poor responders”
( p ¼ 0.017) and the controls
( p ¼ 0.013)

Garver
et al.
(2003)

Schizophrenia
(n ¼ 14) and
control (n ¼ 9)

CSF IL-1β and IL-6 IL-1β and IL-6 CSF levels did
not present a significant dif-
ference between medicated
schizophrenic patients and
controls

Katila
et al.
(1994)

Schizophrenia
(n ¼ 10) and
control
(n ¼ 10)

CSF IL-1α and IL-2 IL-2 levels in the CSF were
found higher in neuroleptic-
free schizophrenic patients
compared to control group.
The levels of IL-1α did not
present significant difference

Licinio
et al.
(1993)

Schizophrenia
(n ¼ 60) and
control
(n ¼ 21)

CSF IL-1α and IL-2 There were no differences
between schizophrenic
patients and normal volun-
teers in measures of CSF
IL-lα and IL-2

Rapaport
et al.
(1997)

(continued)
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5 Conclusion

There are a significant number of studies showing an increase in microglial markers
and pro-inflammatory gene expression in the post-mortem brains of schizophrenic
patients compared with controls. The transcriptome signature of altered genes related
to immune function may be a consequence of high levels of pro-inflammatory
cytokines during the stages of prenatal development or during early life. These
pro-inflammatory mediators could not only alter brain development but also be
responsible for these immune/inflammation-related genes found in the schizophrenic
adult brain.
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Table 3 (continued)

Number of
patients and
controls Sample Biomarkers evaluated Results Reference

Schizophrenia
(n ¼ 32) and
control
(n ¼ 35)

CSF IL-6 Patients with schizophrenia
had significantly higher CSF
IL-6 levels compared to the
controls ( p ¼ 0.0027)

Sasayama
et al.
(2013)

Schizophrenia
(n ¼ 23) and
control
(n ¼ 37)

CSF IL-1β, IL-2, IL-4,
IL-6, IL-8, 1L-10,
IL-18, TNF-α,
IFN-α-2a, and IFN-γ

Patients with schizophrenia
had increased CSF levels of
IL-6 compared with healthy
volunteers

Schwieler
et al.
(2015)

Schizophrenia
(n ¼ 26) and
control
(n ¼ 30)

CSF IL-1β, IL-6, IL-8,
IL-2, IL-4, IL-5,
IL-10, GM-CSF,
IFN-γ, and TNF-α

IL-1β, IL-6, and IL-8 were
reliably detectable in CSF of
both patients and controls.
IL-2, IL-4, IL-5, IL-10,
GM-CSF, IFN-γ, and TNF-α
were found in low concentra-
tions or were undetectable in
both patients and controls. In
patients, IL-1β concentrations
were markedly elevated com-
pared with controls

Soderlund
et al.
(2009)

Schizophrenia
(n ¼ 85) and
control
(n ¼ 51)

CSF TGF-β1 and TGF-β2 TGF-β1 and TGF-β2 did not
present any differences in the
CSF of chronic schizophrenic
patients and the control group

Vawter
et al.
(1997)

CSF cerebrospinal fluid, GM-CSF granulocyte/monocyte colony-stimulating factor, IFN interferon,
IL interleukin, IL-2R interleukin-2 receptor, TGF-β transforming growth factor-β, TNF tumor
necrosis factor
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Abstract Recently, the evidence of increased immune activation in patients with
schizophrenia has suggested a role for the immune system in the development of
psychosis. However, what is causing this increased immune activation and how this
leads to the development of psychopathology remain still unclear. In this chapter we
discuss the evidence about the role of childhood trauma as possible underlying cause
of the increased immune activation in patients with schizophrenia. According to
preclinical and clinical models, early adverse events can disrupt the homeostatic
control of immune responses and lead to enduring inflammatory dysregulation at a
peripheral and central level. In fact, persisting systemic inflammation may facilitate
peripheral tissues damage and breach the blood-brain barrier, leading to microglia
activation and to neuroinflammation.

Such chronic immune dysregulation also appear to partially explain the frequent
comorbidity between psychosis and metabolic abnormalities, which have previously
mainly considered as side effect of antipsychotic treatment.

Overall, this evidence suggests that early stress may contribute to development of
schizophrenia spectrum disorders through a modulation of the peripheral and central
immune system and support the immune pathways as possible future therapeutic
approach for psychosis.

Keywords Childhood maltreatment · Childhood trauma · Comorbidities · Immune
activation · Inflammation · Metabolic abnormalities · Psychosis · Schizophrenia

1 Introduction

In recent decades, research on schizophrenia has increasingly focused on the role of
the immune system in the development of psychosis. In particular, the evidence of
comorbidity between psychosis and metabolic abnormalities, together contributing
to a reduced life expectancy, suggests that specific biological factors, such as an
immune dysregulation, may link the aetiology of psychosis and physical health
problems. A chronic low-grade immune activation has been consistently shown by
studies in patients with schizophrenia spectrum disorders. These immune abnormal-
ities have been detected not only in peripheral tissues (such as blood) but also in the
brain, and they have been suggested to contribute to the development of other
medical comorbidities, including metabolic and cardiovascular disorders (Leonard
et al. 2012). However, what is causing this increased immune activation and how this
leads to the development of psychopathology remain still unclear. Different causes
have been considered, including perinatal infection, disruption of microbiota and
psychosocial stress. In this chapter we are going to first discuss the evidence about
the role of psychosocial stress, and more specifically childhood trauma, as possible
underlying cause of the increased immune activation in patients with schizophrenia.
In the second part of this chapter, we will analyse the evidence supporting the
underlying role of childhood trauma and related immune dysregulation in the link
between psychosis and metabolic disorders.
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Childhood trauma is defined as harm, potential of harm or threat of a harm
resulting from commission or omission by child’s caregiver (Sideli et al. 2012).
This definition includes a number of adverse experiences, such as physical, sexual
and emotional abuse, neglect, parental death and bullying, but the most common
forms of trauma, reported by both men and women, are physical abuse, physical
neglect and emotional abuse, all of which are likely to co-occur (Scherrer et al.
2004). Neglect, the failure to provide for all aspects of the child’s well-being, is
considered the most frequent form with 78.5% of children exposed in the general
population; physical abuse is reported in 17.6%, and it is defined as the use of
physical force that harms the child’s health, survival, development or dignity
(Dubowitz et al. 2004). Approximately 8% of males and 20% of females universally
experienced childhood sexual abuse (the involvement in sexual activity that a child
is unable to give consent to or is not developmentally prepared for), with the highest
prevalence in Africa (34.4%), followed by Asia (in particular China and India),
America and Europe, with 23.9%, 10.1% and 9.2%, respectively (Verdolini et al.
2015). Finally, emotional abuse is the failure to provide children with a supportive
environment. Actually, it seems to have higher prevalence than sexual and physical
abuse, but it is more difficult to measure and quantify (Holmes and Slap 1998).

2 Association Between Childhood Trauma and Psychosis

Childhood exposure to adverse experiences has been associated with an increased
risk of psychosis, mood disorders and other medical disorders in general, like
cardiovascular disorders or diabetes (Varese et al. 2012; Coelho et al. 2014). Several
studies have outlined the high prevalence of a history of childhood adversities
among patients with psychosis. For example, in a comprehensive review in 2005,
Read and colleagues reviewed 39 studies on female in- and outpatients with schizo-
phrenia and demonstrated that the majority of female and male patients reported
either childhood sexual abuse (CSA) or childhood physical abuse (CPA) (Read et al.
2005). A more recent study by Varese et al. (2012) found that childhood trauma
increases the risk of psychosis with an OR of 2.8. Moreover, they showed that if the
adversities considered as risk factors were entirely removed from the population, the
number of people with psychosis would be reduced by 33%. It has also been showed
that, with the exception of parental death, all types of adversities were related to an
increased risk of psychosis. This suggests that psychosis risk is increased by the
exposure to adverse experiences in general, rather than to a specific type of trauma.

When looking at studies investigating subjects at “ultrahigh risk” of developing
psychosis, trauma has been repeatedly found to predict transition to psychosis in this
population (Mayo et al. 2017). Sexual abuse has been shown to be the most common
form of childhood trauma associated with later psychosis conversion, followed by

Early-Life Adversity, Systemic Inflammation and Comorbid Physical and. . . 209



physical abuse (Bechdolf et al. 2005; Conus 2010). Finally, similarly to findings on
sexual abuse history, increased severity and duration of individuals’ bullying
history has also been linked to the emergence of psychotic symptoms (Arseneault
et al. 2011).

The most consistent finding about the association between childhood maltreat-
ment and psychosis is that a history of childhood trauma increases specifically
positive symptoms. Already in 1994, Ross and colleagues found that in-patients
with schizophrenia with a history of sexual or physical abuse in their childhood had
significantly more positive schizophrenia symptoms, especially hallucinations, and
slightly fewer negative symptoms than those not abused (Ross et al. 1994). This
evidence has been replicated in more recent studies (Ajnakina et al. 2016). Similarly,
Bendall et al. (2013) reported that first-episode psychosis (FEP) patients exposed to
childhood sexual abuse had more severe hallucinations and delusions (Bendall et al.
2013). According to their findings, childhood sexual abuse, especially rape, was
associated with auditory verbal hallucinations, whereas victimization (physical
abuse and bullying) predicted paranoia as well as auditory verbal hallucinations.
Separation experiences (placements in foster care or institutions) were also associ-
ated with paranoia.

Trauma has also been suggested to influence the content of hallucinations, with
patients experiencing hallucinations with themes similar to their trauma (Hardy et al.
2005). Furthermore, childhood trauma has a negative effect on cognitive functions in
healthy individuals as well as in patients with psychosis and their high-risk offspring,
in particular in relation to general cognitive abilities, memory and executive func-
tions (Aas et al. 2011; Berthelot et al. 2015; Bucker et al. 2012). By contrast, several
studies (Read and Ross 2003; Resnick et al. 2003; Lysaker et al. 2001) have found
no differences in negative symptoms prevalence between abused and non-abused
in-patients, whereas two adult in-patient studies found slightly fewer negative
symptoms in abused subjects (McCormick and Goff 1991; Ross et al. 1994;
Ajnakina et al. 2016).

3 Childhood Trauma and Immune Activation

Childhood adversities can be considered as environmental insults happening in a
critical developmental phase of life. Interestingly, they have been suggested to alter
the immune system function and to finally result in a chronic immune activation.
Supporting this hypothesis, childhood adversities are strongly associated with acute
and persistent inflammatory dysregulation, namely, increased blood levels of C
reactive protein (CRP), interleukin-6 (IL-6) and tumour necrosis factor alpha
(TNF-α), and such inflammation persists throughout adulthood (Coelho et al.
2014) offering a potential molecular pathway by which early trauma may increase
susceptibility to psychiatric disorders (Baumeister et al. 2016). The most supported
hypothesis is that early stress causes a pro-inflammatory status that may influence
the response to inflammatory challenges during adult life, further contributing to
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behavioural and cognitive alterations. As a result, childhood adversities may become
an important preventable cause of psychiatric disorders, including psychosis.

As far as evidence of peripheral inflammation is concerned, we have recently
conducted a meta-analysis of all studies investigating history of childhood maltreat-
ment and inflammatory markers in adulthood (Baumeister et al. 2016). The meta-
analysis included studies on both general and clinical populations (with psychiatric
and physical disorders) and focused on CRP, IL-6 and TNF-α as these are the most
examined inflammatory markers in psychiatric research. Results showed a signifi-
cant association between childhood trauma and inflammatory markers in adulthood,
with greatest effect size for TNF-α (z¼ 0.20, 95% CI¼ 0.10–0.29) followed by IL-6
(z ¼ 0.09, 95% CI ¼ 0.04–0.15) and then CRP (z ¼ 0.08, 95% CI ¼ 0.04–0.11).
Another important finding from this study was that different types of trauma
exposure impacted differentially on the inflammatory markers: physical and sexual
abuse was associated with significant increased TNF-α and IL-6, but not CRP.
Conversely, CRP was primarily related to parental absence during early develop-
ment. How different types of trauma may impact different aspects of immune
activity remains unknown; however, it has been suggested that factors such as
context, time and duration of stress exposure may interact with individual trauma
type in modulating immune response.

3.1 Preclinical Evidence of the Link Between Early Stress
and Increased Inflammation

The first evidence of an association between early stress and immune system
dysregulation was derived by preclinical studies. After Ader and colleagues found
that rats handled before weaning showed slower development of a transplanted
tumour (Ader and Friedman 1965), a number of authors started investigating the
association between early-life stress and later immune functioning in rodents and
non-human primates (Hennessy et al. 2010; Shanks and Lightman 2001). Stress
exposure in early life (i.e., across postnatal days 1–20 in rodents) has been re-created
in experimental models including neonatal handling, maternal separation, maternal
deprivation, nursery rearing, early weaning and dexamethasone treatment. For
example, maternal separation has been associated with an increased stress reactivity.
Measures of immune functioning have included pro-inflammatory cytokines in the
plasma, antigen-induced immunoproliferation in the spleen, expression levels of
pro-inflammatory genes in the brain and intestinal microflora. Maternal separation in
rats has been associated with elevated pro-inflammatory cytokines in the plasma
(Reus et al. 2013; Wieck et al. 2013).

In studies with non-human primates, maternal separation led to an increase in
macrophage activity (Coe et al. 1988) and long-term up-regulation in pro-inflammatory
gene transcription in monocytes (Cole et al. 2012).
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3.2 The Emerging Evidence of Neuroinflammation

The second interesting line of evidence coming from preclinical models is the link
between early-life stress and markers of immune function in the central nervous
system (CNS) (Reus et al. 2013) in adulthood. For example, in adult rats, early
maternal separation is associated with greater synaptic levels of the receptor for the
pro-inflammatory cytokine interleukin-1 (IL-1) (Viviani et al. 2014), greater number
and motility of cortical microglial processes (Takatsuru et al. 2015) and greater
microglia activation (Ganguly and Brenhouse 2015; Mondelli et al. 2017). Microglia
are myeloid cells which provide the main form of adaptive immune response in the
central nervous system (CNS) and play a crucial role in neuroinflammation. Indeed,
neuroinflammation may lead to cognitive and behavioural dysfunction and psycho-
pathology. A model of stress-induced central inflammation has already been created
in animals by using stressful physical stimuli, such as restraint and foot shock, which
could be applied to parent animals to induce maternal or perinatal stress (Mondelli
et al. 2017).

The immediate consequences of early-life stress on animals’ brain were investigated
byRoque and colleagues in 2016 (Roque et al. 2016). The authors analysed the effect of
maternal separation on astrocyte and microglial cell morphology in the hippocampus
and hypothalamus of male rat pups and found that maternal separation (MS) caused
microglia activation and decrease in astrocyte density in both areas. Moreover, com-
pared with controls,MS rats showed increased IL-1β in the hippocampus and increased
TNF-α and IL-6 levels in the hypothalamus. Similarly, Diz-Chaves et al. (2012)
showed that prenatal stress induces a basal pro-inflammatory status in the hippocampal
formation during adulthood that results in an enhanced activation of microglia
and astrocytes in response to pro-inflammatory insults. These findings suggest that
early stress may contribute to decreased hippocampal neurogenesis and alter the
neuroendocrine axis, leading to both psychopathological manifestation and metabolic
abnormalities.

3.3 From Animal to Human Models

Preclinical evidence has led to a new insight about the link between stress and
inflammation in humans. As far as peripheral inflammation is concerned, it is clear
that the immune activation resulting from stress is able to protect the body from
possible external challenges. Once released, inflammatory mediators are able to
coordinate a variety of cell functions that stimulate and enhance immune activation.
In particular, IL-1, IL-6 and TNF-α promote the differentiation of lymphocytes
called cytotoxic T cells, which kill pathogens that are introduced into the body
during physical wounding. These cytokines also promote increased vascular perme-
ability and cellular adhesion, which allows immune cells to leave the blood vessels
and migrate to tissues (Dhabhar et al. 2012). However, when such immune
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activation persists chronically, it may damage vessels and peripheral tissues and lead
to cardiovascular diseases.

Moreover, the hypothesis that stress may also reach the brain has progressively
been investigated in humans. On one hand, stress-induced peripheral inflammation
has been showed to affect the brain and to alter neural activity through different
pathways: by active transport of cytokines, by involving macrophage-like cells
residing in circumventricular organs or by the release of second messengers,
which in turn stimulate local cytokines. These, in turn, can cross the blood-brain
barrier and determine microglia activation (Cattaneo et al. 2015). They influence cell
proliferation and survival depending on their inflammatory state (Mondelli et al.
2017). In response to harmful stimuli, microglial cells undergo a number of changes
(Walker et al. 2014) including production of pro-inflammatory cytokines and the
expression of several cell surface antigens that promote oxidative stress in the brain.

In humans, central inflammation (in terms of microglial activation) can be
investigated with positron emission tomography (PET) using radio ligands for the
18-kDa translocator protein (TSPO), that is, a five-membrane domain protein local-
ized mainly in the outer mitochondrial membrane of steroid-synthesizing cells,
including those in the central nervous system. TSPO is involved in the transport of
cholesterol into mitochondria. Peripheral lipopolysaccharide injection, used as
immune challenge in primates, has been shown to increase TSPO expression in a
uniform manner across the brain. This, in turn, seems to lead to microglial activation
and to the expression of histological markers of brain activation in human post-
mortem tissue (Mondelli et al. 2017).

4 An Inflammatory Pathway Linking Childhood Trauma
and Psychosis?

As a result of the association of early adversities with both elevated inflammation
and with psychosis risk, it is not surprising that patients with schizophrenia who have
history of childhood trauma tend to show increased levels of some pro-inflammatory
markers, including IL-6 and TNF-α (Dennison et al. 2012). In agreement with these
findings, we have also previously shown that FEP patients with history of childhood
sexual abuse have higher body mass index (BMI) and increased CRP levels in
comparison with controls and patients without a history of sexual abuse (Hepgul
et al. 2012). In addition, in another study we have also reported that FEP patients
with childhood trauma have significantly higher serum levels of TNF-α and mono-
cyte chemo-attractant protein-1 compared with patients without childhood trauma
(di Nicola et al. 2013). The biological pathways linking stress to psychosis remain
partly unclear, and although peripheral immune activation has been identified as an
important link between the two, other biological systems and mechanisms appear to
play a role. In particular, the hypothalamic-pituitary-adrenal (HPA) axis and the
effects of neuroinflammation have been both explored in the link between stress and
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psychosis and offer further understanding behind the presence of an increased
peripheral inflammation in psychotic patients with experience of childhood trauma.

4.1 The Allostatic Systems: The Role of the Nervous System
and of the Hypothalamic-Pituitary-Adrenal Axis

A suggested mechanism involved in childhood trauma embedding and then leading
to chronic inflammation is the association between childhood adversities and endur-
ing changes in the nervous, the endocrine and the immune systems that are highly
integrated. Thus, the activation of one of these systems commonly triggers responses
in the others (Danese and McEwen 2012).

4.1.1 The Nervous System

A neurobiological network including cerebral areas such as the thalamus, the
sensory cortex and the amygdala is involved in detecting environmental threats. In
response to psychosocial stressors, such as early adversities, the amygdala triggers
firing in the locus coeruleus, which increases alertness and attention to the environ-
ment and induces a bodily response through the activation of the sympathetic
nervous system (SNS) (the “fight or flight response”).

The SNS, in turn, affects the immune system and regulates pro-inflammatory
cytokine production by releasing the neurotransmitter norepinephrine into peripheral
tissues. In fact, by binding to β-adrenergic and α-adrenergic receptors, norepineph-
rine regulates the transcription of pro-inflammatory cytokine genes interleukin (IL)-
1 and tumor necrosis factor (TNF)-α, leading to systemic immune activation (Danese
and McEwen 2012). Then, a chronic or repeated stimulation of the sympathetic
nervous system leads to chronically increased levels of inflammation. In the same
time, key anti-inflammatory pathways, such as the hypothalamic-pituitary-adrenal
(HPA) axis, are progressively downregulated under stressful conditions.

4.1.2 The Endocrine System: The Hypothalamic-Pituitary-Adrenal Axis

The principal endocrine effectors of the stress response are localized in the
paraventricular nucleus (PVN) of the hypothalamus, the anterior lobe of the pituitary
gland and the adrenal gland. Together, these structures are known as the
hypothalamic-pituitary-adrenal axis.

Neurons localized in the medial parvocellular subdivision of the PVN secrete
corticotropin-releasing factor (CRF), the principle regulator of the HPA axis. Stress
(in this case, early adversities) triggers the release of CRF into hypophysial portal
vessels that access the anterior pituitary gland. In turn, CRF induces the release of
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adrenocorticotropic hormone (ACTH) from corticotropic cells into the systemic
circulation. Then circulating ACTH targets the adrenal cortex, where it stimulates
glucocorticoid synthesis and secretion from the zona fasciculata (Smith and
Vale 2006).

Glucocorticoids, such as cortisol, exert their activity by binding to glucocorticoid
receptors (GR). However, chronic stress can cause persistent elevated basal gluco-
corticoids levels and impair glucocorticoids ability to exert the negative feedback on
the HPA axis itself. Moreover, glucocorticoids exert a natural anti-inflammatory
action, binding GR in the body, but chronic stress leads to an impaired GR sensi-
tivity (glucocorticoid resistance) and then to a prolonged/increased immune activa-
tion (Miller et al. 1999). Both HPA axis hyperactivity and increased immune
activation are present in maltreated children (Danese and McEwen 2012) and persist
in adulthood with several detrimental effects. As a consequence, subsequent
responses to stressful situations may be abnormal. Second, the elevation of gluco-
corticoids levels due to glucocorticoid resistance may endanger the hippocampus
and make it vulnerable to potential injury as well as stimulate striatal dopamine
release that make patients more prone to psychosis (Read et al. 2001). Finally, this
chronic alteration of the endocrine and immune system may progressively promote
metabolic abnormalities and explain their common comorbidity with psychotic
disorders. In fact, high cortisol levels can increase glucose levels and fat deposition
(Dinan et al. 2004); clinical evidence has also shown that stress can lead to an
increased intake of high-calories food (Dallman et al. 2005) and precipitate binge
eating (Freeman and Gil 2004).

4.2 The Role of Neuroinflammation

Another hypothesized mechanism linking early trauma to psychosis is neuro-
inflammation. Preclinical studies suggest that microglia could be an important
mediator of the association between psychosocial stress, in particular early stress,
and psychiatric disorders, including psychosis. In fact, microglia activation may in
turn be associated with impairment of neurogenesis and lead to structural and
functional changes in the brain that predispose individuals to mental illnesses. In
humans, ten studies have been published that investigated microglial activity using
PET brain imaging in patients with psychosis, but results are inconsistent, probably
because of the use of different radiotracers and different ways of analysing the data.
Indeed, four of these studies found an increase in TSPO binding, one found an
increase in medicated patients but not in drug-naive patients, and the other five did
not find significant differences between patients and matched controls (Mondelli
et al. 2017).

Findings suggesting the presence of neuroinflammation have already led
researchers to support the development of new treatments. In particular, drugs
that inhibit or reduce microglial activation are being tested in a number of
studies (Mondelli et al. 2017). A preclinical study from Giovanoli et al. (2016)

Early-Life Adversity, Systemic Inflammation and Comorbid Physical and. . . 215



have explored whether an early anti-inflammatory intervention with minocycline
during peripubertal stress exposure might prevent the subsequent emergence of
adult behavioural pathology (Giovanoli et al. 2016). They used an environmental
two-hit model in mice, in which prenatal maternal administration of the viral
mimetic poly(I:C) served as the first hit and exposure to subchronic unpredictable
stress during peripubertal maturation as the second hit. Using this model, they
examined the effectiveness of the tetracycline antibiotic minocycline, a broad-
spectrum tetracyclic antibiotic displaying neuroprotective properties, given during
stress exposure, to block stress-induced inflammatory responses and to prevent
subsequent behavioural abnormalities. They found that combined exposure to pre-
natal immune activation and peripubertal stress caused significant behavioural
dysfunctions, which minocycline treatment during stress exposure was able to
prevent. In addition, the same pharmacological intervention blocked hippocampal
and prefrontal microglia activation and interleukin-1β expression in offspring
exposed to prenatal infection and peripubertal stress. Minocycline has been
suggested as a new potential therapy for negative symptoms in clinical studies of
patients with schizophrenia. In two clinical trials comparing minocycline versus
placebo, both added to the standard care, patients receiving minocycline showed
a greater reduction in negative symptoms (Levkovitz et al. 2010; Chaudhry
et al. 2012).

4.3 Possible Role of the Interaction of Childhood Trauma
with Other Environmental Factors

A number of environmental insults have been associated with a risk of psychosis,
including socioeconomic status, cannabis use and urbanicity. Epidemiological stud-
ies have focused their interest on the interaction between childhood adversities and
other environmental risk factors in order to provide broader insights into inflamma-
tory trajectories leading to psychosis onset. In particular, there are studies showing
that childhood traumatic events are associated with increased cannabis use in
adulthood (Harley et al. 2010; Houston et al. 2011; Konings et al. 2012). Some
preclinical data demonstrate that Δ9-THC in adolescent mice triggers immune
dysfunctions that last long after the end of abuse, switching the murine immune
system to pro-inflammatory status in adulthood.

Such a pro-inflammatory state they may play a key role in the pathogenesis of
neuropsychiatric disorders by modulating neurotransmitter and neuropeptide sys-
tems (Kronfol and Remick 2000; Muller and Ackenheil 1998) such as central
monoamine activity (DeLisi 1992; Zalcman et al. 1994). This may partly explain
why the onset of cannabis consumption at an earlier age has been identified by
several authors as a factor contributing to poor prognosis in schizophrenia (Veen
et al. 2004; Busse et al. 2012). A modulation of microglia function by cannabinoids,

216 M. A. Nettis et al.



both endogenous and synthetic ones, has also been suggested. This dysregulation
might cause an alteration in the neuronal architecture or the neurotransmitter flow
(Busse et al. 2012; Leweke and Koethe 2008; Bernstein et al. 2009) meaning that
cannabinoid action may not be limited to direct changes at the neurotransmitter level;
it may alter the “immune atmosphere” of the brain (Skaper et al. 2013).

5 Inflammation and Physical Health

Another interesting aspect of high levels of inflammation is that they are generally
associated with physical health comorbidities, in particular cardiovascular diseases,
in both the general population and in patients with psychosis (Russell et al. 2015).

This is because the functions of the metabolic and immune system are highly
interdependent. An example is the overlapping function of macrophages and adipo-
cytes. In obesity, these two kinds of cells contribute together to the production of
inflammatory mediators, which, together with fatty acids, are able to inhibit the
downstream signalling of insulin receptors, eventually leading to insulin resistance.
Consistently, metabolic-related conditions as obesity, type 2 diabetes and insulin
resistance are usually associated with chronic inflammation (Wellen and
Hotamisligil 2005), in particular with high levels of IL-6 and CRP (Capuzzi and
Freeman 2007). Inflammation is also involved in all stages of atherothrombosis, the
underlying cause of approximately 80% of all sudden cardiac death (SCD). In fact,
inflammatory cells such as macrophages and T lymphocytes eventually contribute to
the formation of the atheromatous lesion, which consists of a lipid pool protected by
a fibrous cap. Moreover, the activation of these cells leads to the release of additional
mediators, including adhesion molecules, cytokines, chemokines and growth fac-
tors, all of which play important roles in atherogenesis and in the development of
cardiovascular events (Willerson and Ridker 2004). In patients with psychosis,
cardiovascular issues are even more present than in the general population. For
example, as early as 1960 a survey in the USA showed that 40% of hospitalized
patients with schizophrenia were overweight, in contrast to 20% of the general
population (Gordon et al. 1960), and in 2004, a cross-sectional study by Kato and
colleagues found that the prevalence of metabolic syndrome in patients with schizo-
phrenia was 63% and that they had threefold greater risk to develop this syndrome
than the general population (Kato et al. 2004).

5.1 Inflammation and Metabolic Complications in Psychosis

Metabolic abnormalities and weight gain in patients with psychosis are widely associ-
ated to antipsychotic treatment (Allison and Casey 2001; Mondelli et al. 2013). How-
ever, studies have shown impaired glucose tolerance, increased visceral fat and
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increased obesity and hypertension also in drug-naïve patients (Correll et al. 2014),
suggesting an impaired metabolism regardless of medication. For instance, some
authors found that prevalence of diabetes in schizophrenia exceeds that in the general
population well before the widespread use of the new (atypical) antipsychotic drugs
(Dixon et al. 2000). Therefore, impaired glucose metabolism may be associated with
schizophrenia rather than be only a side effect of antipsychotic treatment. To this
regard, Perry and colleagues have conducted an interesting meta-analysis on predia-
betic markers in antipsychotic naïve FEP. They included 12 studies (a total of 1,137
participants), and they found first-episode psychosis to be related to insulin resistance
and impaired glucose tolerance (but not fasting plasma glucose) in the absence of
medication (Perry et al. 2016).

On the other hand, in diabetic patients, untreated hyperglycaemia has been
associated with alterations of mood state and acute psychosis manifestations
(Sahoo et al. 2016).

Again, stress and inflammation are possible common pathways explaining the
link between psychosis and metabolic abnormalities. In particular, childhood trauma
may have a key role in mediating both.

Interestingly, inflammation has already been suggested to link cardiovascular
abnormalities and depression. CRP, IL-1 and IL-6 have been associated with
atherosclerosis and depression alike, both in healthy subjects and in cardiac patients.
Previous studies have suggested both that inflammation increases risk of depression
and that depression causes inflammation in patients with cardiovascular disorders
(Elderon and Whooley 2013). Thus, although it remains difficult to disentangle
whether such inflammatory mediators serve as triggers of both depression and
CVD, act on the causal pathway between them or result from both conditions, at
least it is now clear that inflammatory pathways may be the shared biological
mechanisms between mental and physical diseases.

5.2 Childhood Trauma and Metabolic Abnormalities

Again, animal models, like those involving non-human primates, have been a useful
source of evidence suggesting that adverse childhood experiences may influence
physical health, especially obesity risk.

Kaufman et al. (2007) showed that compared with normally reared monkeys,
those exposed to early stress exhibit greater weight, BMI, abdominal circumfer-
ence, glucagon-like peptide-1 and decreased glucose disposal rates during
hyperinsulinaemic-euglycaemic clamps. In their model of early-life stress (variable
foraging demand [VFD]), food insecurity is imposed on monkey mothers for
16 weeks beginning when their nursing offspring are 3–5 months of age. VFD
resulted in a range of neurobiological abnormalities, including dysregulation of the
HPA axis, manifested in abnormal cerebrospinal fluid cortisol and corticotropin-
releasing factor levels. These data suggest that early-life stress during a critical

218 M. A. Nettis et al.



period of neurodevelopment can result in the prepubertal emergence of obesity and
insulin resistance.

Evidence of the link between early trauma and metabolic abnormalities is also
quite clear from more recent human studies. A meta-analysis conducted by Danese
and Tan (2014) on 41 studies in humans suggests that childhood maltreatment
predicts obesity, independently from the measures and the definitions used and
other potential confounding variables. Stressful psychosocial experiences in child-
hood might thus be conceptualized as potentially modifiable risk factors for obesity.
Thus, prevention or effective treatment of severe cases of childhood maltreatment
could avoid development of obesity in adulthood. However, it is still unclear if and
how the effect of maltreatment on obesity could be modified through intervention.

Li et al. (2017) showed that childhood maltreatment is an independent risk factor
for developing prediabetes. They recruited 121 participants from the general popu-
lation, either with (n ¼ 69) or without history of childhood maltreatment (n ¼ 52).
The authors found a 15% higher glucose area under the OGTT curve in the
maltreated group, together with impaired insulin sensitivity. This group also showed
higher CRP and TNF-α levels, both positively correlating with severity of childhood
trauma (r¼ 0.21, 0.23, respectively, both p< 0.05). These data suggest an important
relationship between childhood maltreatment and increased risk for prediabetic state
due to glucose intolerance and impaired insulin sensitivity and beta cells function.
Finally, Rich-Edwards et al. (2012) also showed that severe child abuse is a risk
factor for early adult cardiovascular disorders, while Suglia et al. (2014) found that
women who experienced sexual abuse in early childhood had a higher prevalence of
hypertension (prevalence ratio (PR) 1.43 95% CI 1.00, 2.05) compared with women
who did not experience such maltreatment.

5.3 Childhood Trauma and Metabolic Abnormalities
in Patients with Psychosis

When looking at schizophrenia spectrum patients, only three studies have addressed
the contribution of childhood trauma to cardio-metabolic risk.

In our study by Hepgul et al. (2012), we found that FEP patients with a history of
childhood sexual abuse had higher BMI and CRP levels when compared with
healthy controls and patients without childhood sexual abuse. CRP has been recently
considered a marker of increased risk of diabetes and other metabolic dysfunction
(Bassuk et al. 2004) and has also been similarly linked to chronic psychosocial stress
(Miller 2008). Another study (Misiak et al. 2015) revealed that a history of child-
hood adversities, especially sexual and emotional abuse, is associated with higher
systolic and diastolic blood pressure as well as greater levels of low-density lipo-
proteins (LDL) in FEP patients. Moreover, a study by Rajkumar (2015) found an
association between childhood trauma and higher BMI and systolic blood pressure
in patients with schizophrenia. In particular, physical abuse was linked to elevated
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systolic blood pressure, while emotional abuse and neglect in women were linked to
being overweight.

Finally, whether psychotropic drugs may play a role in leading to inflammation,
by interacting with childhood adversities, is still unclear. The association between
antipsychotic medication and an impaired metabolism is well known (Martin Otano
et al. 2013), so that treated patients often show and overall altered metabolic-
inflammatory status. Given the already mentioned association between sexual
abuse and severity of hallucinations and delusions, it could be hypothesized that
higher doses of antipsychotics are prescribed to patients with a history of childhood
maltreatment. As a consequence, side effects of medication would be another
mechanism linking childhood maltreatment and adulthood inflammation. However,
studies investigating this hypothesis are currently lacking, so this should be the aim
of future works.

6 Conclusion

In conclusion, susceptibility to psychosis is likely to be influenced by personal
history of exposure to early traumatic events. In this model, priming adverse events
can disrupt the homeostatic control of immune responses leading to enduring
inflammatory dysregulation at a peripheral and central level. In particular, persisting
systemic low-grade chronic inflammation may facilitate peripheral tissues damage
and breach the blood-brain barrier with activation of microglia and development of
neuroinflammation. The immune dysregulation also explains the development of
multiaxial comorbidity including metabolic abnormalities and cardiovascular disor-
ders, which have previously mainly considered as side effect of antipsychotic
treatment (Fig. 1).

Fig. 1 Proposed model through which childhood adversities contribute to development of psy-
chosis and comorbid metabolic abnormalities via activation of peripheral and central immune
system
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Two important considerations should be drawn from this work: First, research in
the field of immunopsychiatry may lead to the development of new treatments
targeting immune pathways in future therapeutic approaches to psychosis. Second,
it is clear that early stress might be an important factor to early detect, prevent and
better manage the development and treatment of schizophrenia spectrum disorders
and any related physical comorbidities.
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Abstract In recent years, there is a new optimism in schizophrenia therapeutics
with the emergence of immunomodulation as a potential treatment approach. Cur-
rent evidence points to various immunological abnormalities in schizophrenia,
including cell-mediated processes, acute phase proteins, cytokines, and intracellular
mediators. Trait- and state-related immune dysfunction appears to exist, and a strong
case can therefore be made for immunomodulation therapies in the prevention,
treatment, and/or moderating the course of schizophrenia.
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Immunomodulation approaches include use of nonsteroidal anti-inflammatory
agents to stop or moderate an over-activated inflammatory process, anti-oxidants,
nutrients, vitamins, herbal products, and other neuroprotection agents that inhibit
pro-inflammatory processes, optimal use of antipsychotic drugs (APDs) that may
have anti-inflammatory actions or in certain cases such as clozapine may enhance
blunted inflammatory responses, and biological agents to antagonize specific
immune mediators such as the cytokines. A combination of two or more of the
above approaches is also worthy of consideration.

In this chapter, the available data for each of the above approaches is reviewed
and discussed. Strengths and limitations of current studies are identified, and sug-
gestions are made for future studies. For example, identifying patients with high
levels of specific biomarkers such as C-Reactive Protein, IL-6, IFN-γ, TNF-α, and
genetic polymorphisms of cytokines, and match them with clinical subgroups such
as prodromal, first episode psychosis, chronic psychosis, and negative symptoms
with the aim of developing targeted treatment approaches and more personalized
medicine. Meanwhile, since the science and trial data are not advanced enough to
make definitive recommendations, clinicians should stay up to date with the litera-
ture, obtain detailed immunological histories, and review the risk-benefit ratio of
adding available immune modulating agents to standard therapies, to provide optimal
and state-of-the-art care to patients.

Keywords Anti-inflammatory therapies · Antioxidants · Antipsychotic drugs ·
Biological agents · Nonsteroidal agents · Nutrients and neuroprotectors

1 Introduction

The last decade has created a new optimism in schizophrenia therapeutics with the
emergence of immunomodulation as a potential treatment approach. Current evi-
dence points to various immunological abnormalities in schizophrenia, including
cell-mediated processes, acute phase proteins, cytokines, and intracellular mediators.
Broadly, a blunting of the Type 1 immune response and overactivation of the
Type 2 response have been suggested. The Type 1 immune response is a largely
cell-mediated phagocytic response involving Type 1 helper lymphocytes and medi-
ated by cytokines such as IL-2, IFN-γ, and lymphotoxin-α, and Type 2 immune
response is mediated by Type 2 helper cells with cytokines such as IL-4, IL-10, and
IL-13 and exhibits high antibody titers (Müller 2014). Trait- and state-related
immune dysfunction appears to exist. Dysregulation by genetic loci that control
immune processes has been identified in schizophrenia, and certain infections have
also been implicated as possible causes of impaired immune programming in
schizophrenia (Müller 2014; Cox et al. 2015; Maes et al. 1997; Arias et al. 2012;
Miller et al. 2011; Girgis et al. 2014; Müller et al. 2013). Although as yet there isn’t
any approved anti-inflammatory agent for treating schizophrenia, a strong case can
be made for anti-inflammatory therapies in the prevention, treatment, and/or
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moderating the course of schizophrenia (Girgis et al. 2014; Müller et al. 2013; Bumb
et al. 2015; Torrey and Davis 2012). Another driver for seeking new approaches to
treat schizophrenia is the fact that despite 70 years of antipsychotic pharmacology
research and trials, a humbling fact is that more than 30% of patients with schizo-
phrenia are refractory to current medications and in those who do respond, negative
and cognitive symptoms remain largely unimproved (Kane and Correll 2010).

2 Anti-inflammatory Therapies in Schizophrenia

There are several approaches to the use of immunological therapy in schizophrenia
(Cox et al. 2015; Girgis et al. 2014; Müller et al. 2013; Bumb et al. 2015; Torrey and
Davis 2012):

1. Anti-inflammatory agents to stop or moderate an over-activated inflammatory
process in hopes of reducing the severity of symptoms and moderating the course
of the illness

2. Agents that inhibit the pro-inflammatory processes in hopes of avoiding or
delaying the onset of the pathological processes

3. Optimal use of antipsychotic drugs (APDs) with known or likely anti-
inflammatory actions

4. Biological therapies to antagonize specific immune mediators such as the
cytokines

5. Combination approach of two or more of the above

We present below brief summaries for each anti-inflammatory agent tried or
recommended in schizophrenia. Although the actions significantly overlap, for
convenience, individual agents used for therapy are categorized under the headings
of (1) Nonsteroidal Anti-inflammatory Drugs (NSAIDs), (2) Antioxidants including
Nutrients, (3) Antipsychotic Drugs, (4) Biologicals, and (5) Miscellaneous Agents.
We caution the reader however that this field of therapeutics remains in its infancy
and the trials reported so far are not comparable to the large multicenter randomized
controlled trials (RCT) familiar to clinicians with APDs.

2.1 Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

• Acetyl Salicylic Acid (aspirin, ASA): ASA was synthesized in 1897 and is used for
various medical conditions from mild analgesia to cardiovascular disease and
neuroprotection. It irreversibly inhibits the inflammatory enzyme cyclooxygenase
(COX-1 and COX-2) and decreases the synthesis of pro-inflammatory prosta-
glandins. It also inhibits thromboxane, an enzyme needed for platelet aggrega-
tion. To date, there are two placebo-controlled, double-blind (DB) RCTs of ASA
1000 mg given as an adjuvant to APD over 3–4 months to a total 270 patients.
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ASA patients showed significantly lower positive and negative symptom scores,
but not cognitive function scores. Subgroups such as inpatients (more acute/
severe) and first-episode psychosis (FEP) appeared to have benefitted more.
Also, symptom improvement was more pronounced in patients showing higher
levels of inflammatory markers. Nitta et al. (2013) and Sommer et al. (2014) have
reported results of meta-analyses of trials until 2013 and 2014, respectively.
Effect size across the two ASA studies was 0.3 and significant (Nitta et al.
2013; Sommer et al. 2014).

• Celecoxib is an NSAID. It is a specific COX-2 inhibitor and inhibits the trans-
formation of arachidonic acid to prostaglandins. It was the first selective COX
inhibitor approved for clinical use and extensively prescribed in arthritic pain
management. Its use decreased after the Food and Drug Administration (USA)
issued a black box warning of adverse cardiac effects. Nevertheless, it may have a
role in immune modulation therapy of psychosis. Oral celecoxib 400 mg was
administered as an add-on agent to antipsychotic medications in 5 RCTs with a
total sample size of 225, for periods of 5–11 weeks. One of the trials was
restricted to first-episode patients (FEP). The findings were rather heterogeneous
with three positive studies, including one with FEP, and two negative studies.
Overall there was improvement in total symptom scores and negative symptoms
but not positive symptoms. One study did not find any benefit in psychosis. Two
trials reported associations between response to COX inhibition and an impaired
Type 1 to Type 2 immune balance, which was normalized by celecoxib. The
Sommer et al. (2014) meta-analysis showed a nonsignificant effect size of 0.15.

• Minocycline is a synthetic lipophilic broad-spectrum tetracycline antibiotic that
easily crosses the blood-brain barrier. It acts as an antioxidant, anti-inflammatory,
and anti-apoptotic agent. It is approved only as an antibiotic. Its anti-inflammatory
and neuroprotective effects are likely through inhibition of nitric oxide (NO)
synthase and 5-lipoxygenase, a pro-inflammatory enzyme. Minocycline 200 mg
has been given over 4–12 months as an add-on agent in six RCTs in schizophrenia.
Two of the studies were in FEP. Modest gains were seen in negative symptoms and
executive function, but the effect size of 0.22 was not significant (Sommer et al.
2014). Most recently, Deakin et al. published the findings of their large study of
207 patients with recent onset psychoses who were given adjunct minocycline
(Benemin) 200 mg bymouth in addition to a second-generation APD. Among other
measures, clinical outcomes and IL-6 levels were measured. There was no discern-
ible effect of minocycline on clinical outcomes, and IL levels were stable and
unaffected by the drug (Deakin et al. 2018).

Despite a lack of robust and uniform improvement across studies, these trials are
promising and can guide future research. They suggest using inflammatory markers
to identify patients who might benefit and studying clinical subgroups of patients to
define the optimal group for immunotherapy. Also, further investigation is needed to
establish that it is the anti-inflammatory actions of the agents that results in benefit,
as most agents tried so far have a broad spectrum of actions.
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2.2 Antioxidants and Nutrients

Antioxidants inhibit the formation of free radicals that often have detrimental effects
at the cellular level. They are not specific therapies for any single disease but
enhance overall cellular integrity. N-Acetylcysteine, ascorbic acid (vitamin C),
α-tocopherol (vitamin E), the polyunsaturated fatty acids (PUFA) eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), melatonin, and L-theanine are some
of the well-known antioxidants and free radical scavengers that have been tested in
schizophrenia trials (Cox et al. 2015; Miller et al. 2011; Girgis et al. 2014; Müller
et al. 2013; Bumb et al. 2015; Arroll et al. 2014; Joy et al. 2006).

• N-Acetylcysteine (NAC) is a precursor molecule of glutathione, an endogenous
neuromodulator of glutamate receptors. It is an antioxidant, reduces hydroxyl
radicals, and provides essential cysteine for the regeneration of endogenous
glutathione. NAC also modulates the synthesis and degradation of anti- and
pro-inflammatory cytokines. It is approved for use in overdose of acetaminophen
where it binds to the metabolites of the drug. It is also used as a mucolytic in
conditions with excessive pulmonary secretions. Two RCTs of NAC in schizo-
phrenia have been published. Two grams of NAC was administered daily as an
adjunct to APD in chronic schizophrenia patients for 8 and 24 weeks, respec-
tively. There were modest improvement in negative symptoms and superiority
over placebo with an effect size of 0.45 in the Sommer et al. meta-analysis
(Sommer et al. 2014), although positive symptoms did not show improvement.

• Polyunsaturated fatty acids (PUFAs)
Also known as omega-3 fatty acids, these naturally occurring nutrients have

various biological roles including anti-inflammatory, anti-apoptotic, antioxidant,
and free radical scavenging. In the central nervous system, they increase gluta-
thione levels and modulate microglial activity in the expression of TNF-α, IL-6,
NO synthase, and COX-2, resulting in increased glutathione, which may be
reduced in schizophrenia patients. Combined with the findings of oxidative stress
and increased generation of toxic free radicals in schizophrenia, a strong case has
been made for using omega-3 fatty acids as an adjunct. There are eight trials to
date, which used EPA 1.4–3 g over a period of 12–48 weeks (Arroll et al. 2014;
Joy et al. 2006; McGorry et al. 2017). The results have been mixed with only two
trials being clearly positive. The meta-analyses by Sommer et al. (2014) of six
studies reported a very low and nonsignificant effect size of 0.09. Creating some
hope however, PUFA supplementation had been shown to reduce conversion
rates to first-episode psychosis in an ultrahigh-risk cohort, and prevention strat-
egies rather than symptomatic treatment were considered more promising (Arroll
et al. 2014; Joy et al. 2006). A recent large trial titled the Neurapro Trial by the
same group (McGorry et al. 2017) has produced negative results leading to
rethinking on this strategy. In this trial, 304 subjects at ultrahigh risk for conver-
sion to psychosis were recruited. One hundred and fifty-two subjects received
1.4 g of daily omega-3 PUFA for 12 months, and the remainder received placebo.
Both groups received cognitive behavior case management. There was no
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significant difference in the conversion rate to psychosis between the two groups
at 6 or 12 months.

• Melatonin (N-acetyl-5-methoxytryptamine) is a naturally occurring compound
that is well established to play a role in the sleep-wake cycle. It is also a free
radical scavenger, stimulates antioxidant enzymes, and enhances intracellular
glutathione to maintain cellular membrane integrity. Two RCTs of 19 and
40 schizophrenia patients each have reported improved sleep and mood but not
core psychotic symptoms (Arroll et al. 2014).

• Vitamins C and E
Vitamins C (ascorbic acid) and E (tocopherols and tocotrienols) are dietary

antioxidants and helpful in reducing oxidative stress by breaking free radical
chain formation. One RCT of 40 patients receiving 500 mg of daily vitamin C as
an adjunct to APD reported improved schizophrenia symptoms compared to
placebo (Arroll et al. 2014). Vitamin E had held promise as a treatment for tardive
dyskinesia, an adverse effect especially of first-generation agent (FGA) APDs.
However meta-analyses of the RCTs in this condition have not supported this. It
is still possible that vitamin E slows down neurodegeneration and may have a
value in neuropsychiatric conditions (Arroll et al. 2014).

• L-Theanine (gamma-glutamylethylamide), an amino acid with antioxidant activ-
ity through inhibition of peroxidation and found in tea especially green tea, has
been investigated as a supplement in schizophrenia in 1 RCT with 40 patients.
Only general symptoms such as anxiety seemed to benefit but not the specific
symptoms of schizophrenia (Arroll et al. 2014).

• Gluten-free diet: Schizophrenia co-occurs at a 2–3 times higher rate in patients
who suffer from celiac disease, an immune-mediated gastrointestinal disorder
triggered by proteins such as gliadin and prolamines found in wheat gluten,
barley, and rye. It is not clear whether there is a common pathophysiology
between celiac disease and schizophrenia. Gluten-free diets are reported as
benefitting psychiatric conditions including schizophrenia. It is speculated that
this may be through intestinal protection against the formation of abnormal
immune agents. Both positive and negative studies have been reported with this
strategy warranting additional studies to include immune markers (Table 1).

2.3 Anti-inflammatory Effects of Antipsychotic Drugs (APDs)

2.3.1 Antipsychotic Drugs

We first provide a brief overview of antipsychotic drugs and then review their
recently discovered inflammatory actions. Antipsychotic medications have been
the mainstay of psychosis treatment for over 60 years. While the first-generation
agents (FGA) worked predominantly by blocking the D2 receptor in the
mesocortical and mesolimbic tracts, the second-generation antipsychotics (SGA)
with the exception of aripiprazole/brexpiprazole work by both dopamine and sero-
tonin antagonism. Aripiprazole and brexpiprazole are partial dopamine agonists and
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Table 1 Anti-inflammatory therapies in Schizophrenia

Agent Anti-inflammatory actions Clinical evidence

Nonsteroidal anti-inflammatory agents (Nitta et al. 2013; Sommer et al. 2014)

Aspirin Irreversibly inhibits the inflammatory
enzymes COX-1 and COX-2,
decreases synthesis of
pro-inflammatory prostaglandins

Two RCTs. ASA had a significant
effect on symptom reduction. FEP
and inpatients benefitted more

Celecoxib Specific COX-2 inhibitor and inhibits
conversion of arachidonic acid to
prostaglandins

Five RCTs. Three were positive; two
were negative. Effect size not
significant

Minocycline Inhibits nitric oxide synthase and
pro-inflammatory enzyme
5-lipoxygenase

Seven RCTs. Modest gains in
symptoms. Effect size not significant

Antioxidants, free radical scavengers, and nutrients (Sommer et al. 2014; Arroll et al. 2014; Joy
et al. 2006; McGorry et al. 2017)

N-Acetylcysteine Reduces hydroxyl radicals; modu-
lates synthesis and degradation of
anti- and pro-inflammatory cytokines

Two RCTs. Modest benefit in nega-
tive symptoms over placebo

Vitamin C
(l-ascorbic acid)

Reduce oxidative stress by breaking
free radical chain formation

One RCT. Vitamin C was better than
placebo in improving symptoms
globally

Vitamin E
(tocopherols and
tocotrienols)

Free radical scavenger, stimulates
antioxidant enzymes, enhances
intracellular glutathione to maintain
cell membrane integrity

11 RCTs in tardive dyskinesia
patients. Overall, no significant
benefit

Melatonin
(N-acetyl-5-
methoxy
tryptamine)

Antioxidant and mitochondrial pro-
tection. Upregulates antioxidant
enzymes and downregulates NO
synthases and lipoxygenases

Two RCTs: improved sleep and
mood. No specific antipsychotic
effects

Cotinine Positive allosteric modulator of nic-
otinic cholinergic receptors with anti-
inflammatory action

No studies

Omega-3 PUFAs Antioxidant, free radical scavenging.
Modulates microglial activity in the
expression of TNF-α, IL-6, NO
synthase, and COX-2; inhibits per-
oxidation (antioxidant)

Eight trials with over 792 subjects.
Only two were clearly positive. Low,
non-sig effect size 0.09 (Sommer
et al. 2014)
Largest trial (McGorry et al. 2017)
for prevention of psychosis was
negative

L-Theanine Antagonist of AMPA and Kainic
acid receptors, weak agonist of
NMDA receptors

One RCT. Benefit only for anxiety
symptoms

Gluten-free diet Avoids proteins such as gliadin and
prolamines (wheat gluten, barley,
and rye) that trigger destructive anti-
body formation

Equivocal results. No consistency in
results across studies

Antipsychotic drugs (Maes et al. 1997; Müller et al. 2013; Bumb et al. 2015; McGorry et al. 2017;
Baumeister et al. 2016; Potvin et al. 2008; Debnath and Venkatasubramanian 2013; Chan et al.
2011; de Witte et al. 2014; Chen et al. 2012; Diaz et al. 2010)

(continued)
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serotonin antagonists. In addition to the dopamine and serotonin actions, SGAs have
a multitude of actions on other receptors such as alpha adrenergic, histaminic, and
cholinergic. They may also have indirect effects on the glutamatergic receptors,
especially the NMDA receptor. Regarding their behavioral effects, in summary,
antipsychotics are more effective with acute positive psychotic symptoms such as
hallucinations, delusions, and disorganized behavior, less effective with chronic
positive symptoms, and ineffective with negative symptoms (asociality, avolition,
blunted affect, etc.) and cognitive symptoms (impaired working memory, impaired
executive functions, etc.). Clozapine has distinguished itself from other agents as

Table 1 (continued)

Agent Anti-inflammatory actions Clinical evidence

Antipsychotic
drugs

• Diminish pro-inflammatory cyto-
kines such as TNF-α, IL-1β, and IL-6
• Stimulate anti-inflammatory cyto-
kines such as IL-4, IL-10, and IL-17
• Attenuate cell-mediated immune
activation and oxidative and
nitrosative stress
• Target intra- and intercellular
inflammation pathways: p38 MAPK,
NFkB, and COX

Risperidone and olanzapine: one
study, 180 FEP subjects. Both
reduced IL-10 and IL1-RA. May
explain benefit in negative symptoms
and occurrence of metabolic side
effects
Clozapine: one study. Increased
IL-18 (enhanced Type 1 response)
Haloperidol: one study. Increased
levels of CRP after 3 months but no
difference from baseline after
12 months

Biologicals (Miller and Buckley 2016; Girgis et al. 2017)

Tocilizumab Biological agent to target specific
cytokine
Anti-IL-6 receptor antibody

One RCT. No benefit
Likely due to not crossing blood-
brain barrier

Peroxisome proliferator-activated receptors (PPARs) (Rolland et al. 2013)

Rosiglitazone Nuclear receptors regulating gene
expression and intracellular anti-
inflammatory actions

Rosiglitazone: one study with cloza-
pine, 19 subjects, no benefit in neg-
ative symptoms or total symptom
scores

Pioglitazone Pioglitazone: one RCT with 40 sub-
jects, improvement seen in negative
symptoms and total scores

Neuroprotectors (Cox et al. 2015; Sommer et al. 2014)

Davunetide Neuroprotective protein, also reduces
TNF-α

One study with two doses of
davunetide. No significant benefit

Estrogens Reduce microglia activation, TNF-α,
and NO, to reduce antioxidative
stress

Seven studies, n ¼ 261, reduced
positive symptoms (females) with
strong effect size of 0.51

Herbals (Arroll et al. 2014)

Medicinal herbs
Ginger, turmeric,
Ginkgo biloba

Inhibition of microglia-mediated
neuro-inflammation. Decrease
PGE2, IL-1β, and TNF-α by
downregulation of COX-2,
p38MAPK, and NFkB expression

Ginkgo: one RCT with 109 patients.
Improved response in otherwise
refractory patients
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having a superior efficacy in otherwise treatment-refractory patients with schizo-
phrenia. FGAs are prone to cause side effects such as extrapyramidal symptoms, and
SGAs tend to increase weight and may lead to hyperglycemia and the metabolic
syndrome. Although infrequent, clozapine has additional toxicities associated with it
such as agranulocytosis, seizures, and myocarditis (Kane and Correll 2010). Of
interest here is the question if APDs have pro- or anti-inflammatory effects when
used in the treatment of schizophrenia and how this may help us better understand
their benefits and adverse effects and optimize their use.

2.3.2 Anti-inflammatory Actions of APDs

There are several lines of evidence to attribute anti-inflammatory actions to antipsy-
chotic drugs (Müller et al. 2013; Bumb et al. 2015; Baumeister et al. 2016; Potvin
et al. 2008; Debnath and Venkatasubramanian 2013; Chan et al. 2011; Chen et al.
2012; Diaz et al. 2010). Certain APDs are found to attenuate cell-mediated immune
activation as well as oxidative and nitrosative stress. In particular, second-generation
APDs appear to stimulate production of anti-inflammatory cytokines such as IL-4,
IL-12, and IL-17. Thus, the deleterious effects of ongoing inflammation that has
been proposed in schizophrenia might be reduced by these agents. In a large clinical
study of this question with 180 patients by de Witte et al. (2014), 6 weeks of
risperidone and olanzapine treatment decreased IL-10 levels which correlated with
improvement in negative symptoms and cognitive functioning.

APDs have also been shown to diminish pro-inflammatory cytokines, such
as TNF-alpha, IL-1beta, and IL-6 (Chan et al. 2011). A recent study using a
SNP-based analysis of neuroactive pathways implicated PGE2 as a mediator of the
effects of risperidone, olanzapine, and quetiapine. Also, chronic administration of
olanzapine or clozapine is shown to reduce PGE2 concentration in the rat brain.
Risperidone also reduced L-prostaglandin D2 synthase (PGDS)/15d-PGJ2/PPAR-γ,
which is known to help maintain the inflammatory state, and COX, the enzyme that
converts arachidonic acid into prostaglandins. Murine studies have revealed that
many APDs target intracellular and intercellular signaling inflammation pathways
including p38 mitogen-activated protein kinase (p38MAPK), nuclear factor kappa B
(NFkB), inducible NO synthase, and m-PGES-1. Thus, we may conclude APDs
might be attenuating the proposed over-activated inflammatory process in psychotic
states (Cox et al. 2015; Debnath and Venkatasubramanian 2013).

A number of additional candidate biomarkers have also been reported to change
in response to antipsychotic treatment, including S100B, prolactin, IL-2, insulin,
leptin, interleukin-1 RA (receptor antagonist), IL-8, and interleukin-2 RA. Reduced
sICAM-1 levels in schizophrenia have been found to increase even after short-term
antipsychotic therapy, and expression of the ICAM-1 ligand leukocyte function
antigen-1 (LFA-1) increases significantly with antipsychotics (Müller 2014; de
Witte et al. 2014).

Another line of evidence of the helpful role of APDs in modulating dysfunctional
inflammatory responses comes from the pro-immunological role of APDs in states
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where the immune response is blunted. Clozapine is thought to enhance the Type
1 response by elevating IL-18 levels which may explain clozapine’s relatively better
effects on negative symptoms compared to other APDs. In vitro studies show that the
blunted IFN-γ production is normalized after treatment with antipsychotics, espe-
cially clozapine. This too suggests that clozapine enhances the blunted T1 response
in schizophrenia.

A 2008 meta-analysis of 62 studies of peripheral immune alterations in schizo-
phrenia patients compared with controls documents many of the above findings
(Potvin et al. 2008). Thus, it may be said that certain APDs blunt or reduce the
presumably over-activated Type 2 response in schizophrenia and possibly enhance
the blunted T1 response. In contrast to SGAs, haloperidol, an FGA, does not seem to
share the above anti-inflammatory effects. In a study comparing the effects of
haloperidol and risperidone on dendritic cells, it was observed that only risperidone
affected the cytokine and chemokine production of mature dendritic cells by
inhibiting Th1 cytokines (IFN-γ) and increasing Th2 cytokines (IL-6, IL-8,
TNF-α, and IL-10) (Chen et al. 2012). A 2010 study of 111 patients examined the
effects of haloperidol, olanzapine, and risperidone on CRP levels after 3 months and
12 months of treatment, respectively (Diaz et al. 2010). Haloperidol treatment
actually led to an increase in the levels of CRP after 3 months. However, there
were no significant differences in CRP levels between baseline and 12 months, for
any of the treatments, suggesting development of tolerance to the effects of APDs on
CRP levels.

2.3.3 Adverse Effects of APDs

The metabolic syndrome with weight gain, hyperglycemia, dyslipidemia, and
hypertension can be a disturbing adverse effect of SGAs. While mechanisms such
as antihistaminic effects, adipose tissue metabolism, and humoral effects on the
glucocorticoid system have been proposed, there is no consensus on any single
mechanism to explain these adverse effects. Adverse immunomodulation may offer
another viable mechanism to consider.

The pro-inflammatory cytokines sIL-2R and IL-12 which are increased at base-
line in schizophrenia increase further with antipsychotic treatment. TNF-alpha
another inflammatory immunochemical also has been shown to increase after
risperidone and quetiapine treatment. Clozapine has been reported to induce mito-
chondrial damage and thus promote inflammation in insulin-responsive cell and
obesity-associated cell types. In a large study of serum cytokine levels in 180 patients
with schizophrenia, 6 weeks of risperidone and olanzapine resulted in reduced levels
of the anti-inflammatory cytokines IL-10 and IL1-RA (de Witte et al. 2014). All the
above findings might help explain the occurrence of the metabolic syndrome by
SGAs through increase in select inflammatory processes.

Neutropenia is another side effect of APDs, especially certain SGAs. Although
not always consequential, it could lead to more serious hematological conditions.
The study by Chen et al. referred to above (Chen et al. 2012) on the effects of APDs
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on dendritic cell-mediated immunity revealed that the production of TNF-α by
risperidone-treated mature dendritic cells accelerates apoptosis of neutrophils, lead-
ing to drug-induced neutropenia.

In summary, the above make a strong case for the effects of APD on immune
processes in a beneficial way in schizophrenia as well as explain possible immuno-
logical mechanisms to explain certain side effects. However, there is considerable
inconsistency in the immunological findings, and some studies report findings in the
opposite direction (Miller et al. 2011; Baumeister et al. 2016; Potvin et al. 2008;
Debnath and Venkatasubramanian 2013). These inconsistencies include:

• Adding antipsychotic medications to plasma drawn from healthy control subjects
that was stimulated by toxic shock syndrome toxin, producing elevated cytokine
levels had no effects on plasma IL-6 levels.

• An increase of TNF-α and TNF-α receptors has been seen during therapy with
clozapine and other antipsychotics.

• Clozapine has been shown to suppress the stimulated production of IFN-γ
(in contrast to much weaker effects by haloperidol) in cultured peripheral blood
mononuclear cells.

• The meta-analyses by Miller et al. (2011) concluded cytokines levels seen in
schizophrenia were independent of antipsychotic drugs.

• Patients who are psychiatrically resistant to APDs continued to exhibit high
pro-inflammatory cytokine levels, indicating that such immune overactivity had
not been restored by APDs (Potvin et al. 2008).

• Some studies have reported that the SGAs did not significantly alter the higher
levels of chemokines and cytokines in FEP.

• In vitro studies of antipsychotics effects on inflammatory chemicals are not
consistent either. For example, IL-6 upregulation is not consistently found, and
other studies report decreased pro-inflammatory proteins IL-1 β and IFN-ɣ
(Miller et al. 2011).

Thus, the findings do not fit neatly into an explanatory theory of APD immuno-
logical actions. The proposed normalization of the Type 1 and Type 2 immune
responses by APDs needs to be shown to be independent of the psychotic state.
These inconsistencies highlight the complexities of the immunological processes,
the state of the science, and the importance of designing trials to carefully delineate
disease states, disease progression, and lifestyle while studying immunological bio-
markers (Cox et al. 2015; Miller et al. 2011; Müller et al. 2013; Bumb et al. 2015;
Baumeister et al. 2016; Potvin et al. 2008; Debnath and Venkatasubramanian 2013;
de Witte et al. 2014).
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3 Biologicals

An exciting approach to the use of immunotherapy in schizophrenia is through
biological agents that target specific cytokines. We are increasingly seeing such
agents in connective tissue disorders. Since the biological agent is specifically
designed to modulate a receptor, there is no ambiguity regarding the target of
action. In schizophrenia, an open-label study of six patients given two injections
of tocilizumab reported improvement in cognition (Miller and Buckley 2016).
Tocilizumab is a humanized monoclonal antibody against the IL-6 receptor and is
administered as a once-monthly intravenous injection. It is used in the treatment of
rheumatoid arthritis and juvenile idiopathic arthritis. Clinical effects are usually seen
after 1 week. As mentioned earlier IL-6 has been shown to be elevated in schizo-
phrenia patients. This agent was tested in a recent DB RCT and yielded negative
results (Girgis et al. 2017). In this trial, 36 clinically stable and moderately symp-
tomatic patients with schizophrenia were given three monthly infusions of 8 mg/kg
tocilizumab or placebo (normal saline). Outcome was assessed at 12 weeks using the
Positive and Negative Symptom Scale (PANSS) and the MATRICS battery of
neuropsychological tests. Disappointingly, there were no significant effects on either
of the outcome measures. The study also measured baseline CRP and various
cytokine levels (IFN-γ, TNF-α, IL-1b, IL-2, IL-6, IL-8, IL-10, IL-12, and IL-17a),
but there were no correlations between the inflammatory markers and the clinical
outcomes. During the study period IL-6 and IL-8 increased, and CRP decreased
in the active treatment group as predicted. The authors concluded that since
tocilizumab does not cross the blood-brain barrier, it might not have impacted
brain function. Inclusion of patients regardless of evidence of inflammation (e.g.,
elevated CRP) could be another reason for non-response to the anti-inflammatory
drug. Various other reasons were also considered to explain the negative study such
as sample size and heterogeneity of subgroups. Another possibility was that
increases in IL-6 observed in schizophrenia are not causal or its impact on psycho-
pathology may be indirect and not amenable to directly targeted therapy such as
tocilizumab. However, recent population-based longitudinal and Mendelian ran-
domization studies support a potentially causal role for IL-6/IL-6R pathway in
schizophrenia (Rolland et al. 2013; Khandaker et al. 2014, 2018). In future, RCTs
of immunotherapies based on patients with elevated CRP levels might be a useful
way forward. This approach has shown promising results in a trial of infliximab for
depression (Hartwig et al. 2017).

Another small but promising study of immunotherapy albeit of a less specific
compound reported that injection of IFNg1b given weekly as a subcutaneous
injection to two patients with schizophrenia resulted in improvement of psychosis.
The field of biological therapies in psychiatric disorders is nascent, and more studies
are likely in the near future. IL-1b, IL-6, TNF-a, and IFN-g represent the most
promising initial therapeutic targets for such studies.
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4 Miscellaneous Agents

4.1 Cotinine

Cotinine is an alkaloid present in tobacco leaves and the main metabolite of nicotine.
It has psychotropic actions including antipsychotic effects through its modulation of
the serotonergic, cholinergic, and dopaminergic systems. It behaves as a positive
allosteric modulator of the nicotinic cholinergic receptors resulting in anti-
inflammatory effects which may explain its psychiatric effects. There are no schizo-
phrenia trials as of yet with this agent.

4.2 Davunetide

Davunetide is a neuroprotective protein that also reduces TNF-α. It is being studied
in Alzheimer dementia and supranuclear palsy. It was studied in one schizophrenia
trial wherein two doses of the active drug (5 and 30 mg) were added on to existing
antipsychotic medication for a period of 12 months. Twenty-two patients received
the active drug and twenty patients received placebo. There was no benefit (Sommer
et al. 2014).

4.3 Pregnenolone

Pregnenolone is an endogenous compound and is involved in the synthesis of several
steroids. It is richly distributed in the brain and acts as a neurosteroid. It enhances
synaptic communication and especially promotes NMDA and GABA receptor
functions. It also promotes myelinization and thus may be neuroprotective (Cox
et al. 2015). Two studies have reported that pregnenolone used as add-on therapy to
antipsychotics significantly decreased negative symptoms, such as avolition, anhe-
donia, and blunted affect, and thus appears to be a promising agent for further
studies.

4.4 Estrogen

Estrogens have multiple anti-inflammatory effects through microglial activation,
reducing TNF-α and NO and thus reducing oxidative stress. Estrogens are also
known to have modulating effects on neurotransmission, for example, dopamine.
There are seven reported studies of ethinyl estradiol (six studies) and estrone (one
study) as adjuncts in schizophrenia patients including one study of male patients and
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six studies with females. A patch 0.5 mg strength or 2 mg oral tablets were used.
Duration of the studies varied from 2 to 8 weeks. Total sample size was 138 subjects
receiving estrogens and 121 receiving placebo, in double-blind design. A meta-
analysis showed a strong and significant effect size of 0.51 even after removing an
outlier study (ES: 0.51). Adjunct estrogen significantly decreased positive and
negative symptoms in women with chronic schizophrenia. Sommer et al. (2014)
concluded that the results of estrogen addition to antipsychotic treatment seemed
promising but cautioned that further investigation is needed to establish that it is the
anti-inflammatory actions that result in the benefit, as estrogens have a broad
spectrum of actions.

4.5 Erythropoietin

Erythropoietin (EPO) is a hematopoietic growth factor which appears to have anti-
apoptotic, anti-inflammatory, antioxidant, neurotrophic, angiogenic, and synaptogenic
activity. Recently, in one open-label study, EPO application was found to have a
positive effect on cognition in schizophrenia patients.

4.6 Peroxisome Proliferator-Activated Receptors (PPARS)

PPARS are compounds with intracellular anti-inflammatory actions. They act as
nuclear receptors working as transcription factors and regulate genomic expression.
They also influence synaptic communication. The β type of PPAR is richly
expressed in the brain. Currently PPARs are used in diabetes management for
increasing insulin sensitivity. They may have a role in psychiatric disorders.

Glitazones such as pioglitazone and rosiglitazone are PPAR agonists and potent
agonists of PPAR-γ. There are two studies, one with rosiglitazone as an adjunct to
clozapine in schizophrenia patients which did not reveal any benefit and one DB
RCT with 40 patients with schizophrenia given 30 mg/day of pioglitazone or
placebo as an adjunct to risperidone for 8 weeks. In the latter trial, the pioglitazone
group showed significantly more improvement in negative symptom scores and total
psychopathology score (Raison et al. 2013).

4.7 Medicinal Herbs

Ginger, turmeric, and Ginkgo biloba have been found to have immunomodulatory
effects possibly as antioxidants through inhibition of microglia-mediated neuro-
inflammation. Products of ginger have been demonstrated to diminish production
of PGE2, IL-1β, and TNF-α by downregulating COX-2, p38MAPK, and NFkB
expression (Joy et al. 2006). In an RCT of 109 patients, extracts of Ginkgo biloba as
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an add-on to haloperidol were found to be beneficial over placebo in otherwise
treatment-refractory schizophrenia patients (Joy et al. 2006).

4.8 Other Agents

Other ongoing clinical trials with anti-inflammatory agents as adjuncts to APDs
include salsalate, fluvastatin, simvastatin, methotrexate, resveratrol, hydrocortisone,
and ibuprofen.

5 Strategies for Consideration by Clinicians

As is often the case, practice precedes science and evidence. Currently, physicians
often use NAC, omega-3 fatty acids, and L-methyl folate as adjuncts to antidepres-
sant and antipsychotic medications, but there are no published reports of the out-
comes of such clinical practice in schizophrenia. While science is not advanced
enough to make definitive recommendations, based on the available literature so far,
the following suggestions are provided as guidelines and in the spirit of helping our
patients while hopefully not hurting them:

Practitioners should obtain a detailed clinical history, especially of inflammatory
disorders such as gluten sensitivity, celiac disease, early life infections, and family
history of immune disorders, and incorporate the information into the clinical
formulation for a better understanding of the patient’s disorder. The standard review
of systems should include symptoms suggestive of deficiency of neuroprotective
agents such as omega-3 PUFAs, vitamins C and E, folic acid, etc. This may include
tendency toward frequent infections, skin and mucosal conditions, chronic fatigue,
unexplained mood changes, etc.

Medical providers should routinely counsel patients on consuming a health
balanced diet rich in nutrients reviewed above. More cautiously, they consider
adding agents with some evidence of benefit to the standard antipsychotic therapeu-
tic regimen after review of potential risks and benefits. Fortunately, the chances of
any serious adverse events with such agents is low. Based on the current state of
literature, aspirin, celecoxib, and NAC could be tried over 3–6 months with moni-
toring of outcome and continue/discontinue based on the results in the individual
patient. Adding estrogen could be considered in female patients, especially post-
menopausal women in collaboration with the gynecologist and after reviewing
individual risk benefits. Physicians should keep abreast of the emerging studies
and literature in the field of anti-inflammatory therapeutics including APDs with
beneficial anti-inflammatory profiles and newer and more specific anti-inflammatory
therapies and assess their relevance to their own patients and practices. We owe such
diligence to our patients.
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6 Opportunities, Challenges, and Future Directions

We have arrived at an exciting stage in the development of anti-inflammatory
therapeutic approaches and agents for schizophrenia, often a devastating and dis-
abling condition. The optimism is justified for the following reasons:

• Our understanding of the immune system and its complexities is significantly
better in the last two decades.

• There is moderate convergence of findings suggesting immune abnormalities in
schizophrenia, with studies spread over three decades.

• A theory of blunted T1 response and over-activated T2 response offers a credible
model for large-scale empirical testing, with attention to some of the factors noted
earlier.

• There appears to be some promise in trials with existing anti-inflammatory
agents.

• There appears the possibility of optimizing the effects of APDs by understanding
their pro- and anti-inflammatory effects, including efficacy with negative/cogni-
tive symptoms, and in managing adverse effects.

• Biological agents such as monoclonal antibodies are arriving on the scene.
Medical disorders such as rheumatoid arthritis, systemic lupus erythematosus,
and diabetes mellitus that have some parallels with schizophrenia are benefitting
from biological immune therapies. A role for similar biological therapies in
schizophrenia can easily be envisaged, at least for a subgroup of patients and/or
particular stages of the disease.

• There is progress in the field of personalized medicine, and identifying patients
with high levels of specific biomarkers such IL-6, genetic polymorphisms of
cytokines, etc. with customized immunotherapy is a possibility. For illustrative
purposes we might suggest studies that target narrowly defined and homogenous
subgroups, such as those with acute psychoses within 5 years of illness onset
and similar socioeconomic backgrounds for measuring and targeting pro-
inflammatory cytokines, and a different study with chronic patients with greater
than 10 years of illness and predominantly negative symptoms for measuring and
targeting anti-inflammatory, Type 1 response blunting markers and follow their
levels as patients receive therapies aimed at improving negative symptoms.

The enthusiasm regarding immunotherapy however needs to be tempered. As
reviewed earlier, the evidence is neither consistent across studies nor always in the
expected direction. Future studies could add to our knowledge by including mea-
surement of cytokine levels in serum and/or CSF at baseline, prodromal, early
psychosis, remitted state, pre-relapse, chronic and deficit syndrome stages, etc.
Other targets could include measurable functional targets such as white matter
integrity and connectivity with diffusion tensor imaging and functional activity of
specific neural circuits with fMRI. The personalized medicine approach combining
known genomic, proteomic, and immune markers to characterize biological sub-
groups of patients and then treating with an agent with the potential to reverse a
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known abnormality in these markers is another promising direction in the future.
Among individual APDs, clozapine should be investigated more thoroughly because
of its unique clinical profile. Understanding whether its superiority or unique adverse
effects arise from its immunological activity could be a key to more effective and
safer drug development. The naturally occurring herbal antioxidants are another
promising group of agents to be pursued further with large systematic trials. Lastly,
the development of the MABs targeting biologically homogenous groups of patients
with demonstrable cytokine abnormalities also holds much promise. While newer
biological therapies will surely raise the issue of exorbitant costs as well as adverse
effects, our patients deserve no less than the best therapies we can offer.
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