
Crosstalk between the immune and nervous systems 
is receiving increasing attention in a wide spectrum of  
neurological and psychiatric diseases. As pathways 
emerge that are common to disorders from both fields, 
the traditional boundaries between neurological and 
psychiatric disorders are becoming blurred. Novel dis-
coveries about the roles of the immune system in CNS 
function and in disease together with tremendous devel-
opments in immune therapies make this topic of great 
interest. This rapidly developing research is providing 
new perspectives not only on disease and therapeu-
tic targets but also on brain reserve and resilience in  
neuropsychiatric disorders.

In this Review, we first give an overview of neuro-
immune interplay and inflammatory influences in 
the healthy brain and in disease. Accumulating data 
suggest immune and autoimmune contributions to a 
wide variety of neurological and psychiatric disorders 
(Box 1). These findings are reflected in a growing num-
ber of therapeutic studies of mechanism-based immune 
treatments in subgroups of patients with neurological 
and psychiatric disorders. In addition, we discuss recent 
insights into the role of psychosocial stress and infectious 
events in the CNS that provide a mechanistic corner
stone for our understanding of neuroinflammatory 

processes and brain diseases. On the basis of the find-
ings and studies discussed, we suggest a new clini-
cal approach to neuropsychiatric disorders from an  
immunological perspective.

Neuroimmune interplay in brain health
The CNS has traditionally been regarded as a site of 
immune privilege. However, despite being protected by 
specialized physical barriers, the brain is neither inert 
nor immunologically separated from the peripheral 
immune system. Instead, an interplay between neurons, 
glial cells and the immune system contributes to func-
tional properties, such as cognition, social behaviour and 
learning performance in the healthy brain.

Increasing evidence indicates that specific commu-
nication occurs between neurons and microglia, the 
brain parenchyma-resident macrophages that account 
for ~10% of CNS cells. Microglia permanently survey 
their local environment with fine, motile processes1 
and, during brain development, they have an impor-
tant role in synaptic pruning mediated by the comple-
ment proteins C1q and C3, as they phagocytose the 
complement-tagged synapses2,3. In addition to micro-
glia, soluble factors such as chemokines and chemokine 
receptors also contribute to physiological developmental 
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processes in the CNS; for example, CXC-chemokine 
receptor 4 (CXCR4) and CXCR7 are involved in the 
migration of cortical interneurons4. In the healthy adult 
brain, microglia have a role in the homeostasis of synap-
tic circuits in the CNS5. Their expression of receptors for 
purines (such as ATP) and common neurotransmitters 
(such as glutamate) enables them to sense local neuronal 
activity6. In response, microglia can directly contact 
neurons via outgrowth of processes5 or can indirectly 
modulate neuronal firing rate via release of extracellular 
vesicles7 or signalling molecules, such as tumour necro-
sis factor (TNF)8. In this way, microglia contribute to 
activity-induced synaptic plasticity, for example, during 
motor learning and memory. During systemic inflam-
mation, microglia can become activated and produce 
pro-inflammatory mediators and induce phagocytosis9.

Microglia comprise the innate CNS immune com-
partment; the existence of adaptive immune cells in 
the brain has long been considered a sign of disease. 
However, in healthy individuals, antigen-presenting 
cells and T cells patrol the brain’s borders, residing in 
the meninges, the choroid plexus and the cerebrospinal 
fluid (CSF)10. These patrol cells provide additional pro-
tection to that provided by the blood–brain barrier 
(BBB) — a physical boundary that consists of the basal 
lamina of endothelial cells, tight junctions between them 
and astrocyte end-feet processes — and the blood–CSF 
barrier at the choroid plexus11, which is composed of 
epithelial cells12. Notably, evidence suggests that the 
choroid plexus has a role not only in transmigration but 
also in stimulation of T cells in response to peripheral 
inflammatory signals13.

Although T cells do not generally penetrate the paren-
chyma in non-inflammatory conditions, they can release 
soluble cytokines that affect CNS function14,15. Studies 
in mice have demonstrated that adaptive immunity is 
necessary for cognitive performance: mice with severe 
combined immune deficiency exhibited impaired spa-
tial learning and memory, but symptoms were reversed 
by injection of exogenous T cells16. Similar observations 
have been made for social behaviour14. From a neuro-
biological perspective, levels of neurogenesis in adult 
transgenic mice that overexpress a CNS-specific T cell 
receptor are higher than those in mice that overexpress 

a T cell receptor for a non-CNS-specific antigen17. The 
advantageous effects of self-reactive T cells on the main-
tenance of neuronal function have led to the concept of 
protective autoimmunity, in which adaptive immune cell 
function maintains tissue function. Further beneficial 
roles of the immune response in the CNS — again going 
against the anticipated pathogenic activity of inflamma-
tion — include protective roles for T helper 2 (TH2) cells 
in CNS injury and for IL-4 signalling in neurons in mul-
tiple sclerosis (MS) models18,19. The complex and diverse 
roles of adaptive immune cells are further underlined by 
the finding that a lack of B cells does not impair learning 
behaviour in mice20.

The interplay between the CNS and the periphery is 
mediated by two drainage systems. The first is the glym-
phatic system, a glial-dependent perivascular network that 
ensures provision of nutrients for neurons and glia and 
clearance of extracellular metabolites, such as lactate21. 
Activation of the glymphatic system is higher during 
sleep than during wakefulness, underlining the impor-
tance of sleep for removal of potentially neurotoxic waste 
products22. The second is the meningeal lymphatic system 
that lines the dural sinuses and allows drainage from the 
CNS to deep cervical lymph nodes, the discovery of which 
established the missing link to the peripheral immune 
system23,24. Via this system, molecules and immune cells 
from the CNS can be transported to lymphoid organs 
and evoke an immune response that involves subsequent 
migration of immune cells to the brain25.

Cognitive performance in inflammation
As described above, innate and adaptive immunity are 
essential for CNS homeostasis. Consequently, distur-
bances in the equilibrium of immune cells, neurons and 
glial cells needed for healthy CNS function are likely to 
modify cognitive performance (Fig. 1a). In this section, 
we consider the evidence that low-grade inflammation 
and inflammation in response to infection can alter  
cognitive performance.

Recognition of pathogen-associated or damage- 
associated molecular patterns and subsequent phago-
cytosis or cytokine production by microglia or invad-
ing macrophages, representing the innate immune 
response in the CNS, has to be distinguished from the 
antigen-specific responsiveness of adaptive immune cells.

Low-grade inflammation. A compelling example of the 
pathogenic influence of the immune system on brain 
function is the change in mood, social behaviour and 
cognitive abilities — known as sickness behaviour — 
upon infection and systemic inflammation. The release 
of pro-inflammatory cytokines, such as IL-1β, IL-6 
and TNF, outside the CNS affects the brain via neu-
ral (mainly vagal) pathways, interaction with cytokine 
receptors on cerebral endothelial cells and/or microglial 
activation26. The behavioural effects, such as social with-
drawal and fatigue, are assumed to be adaptive responses 
that increase survival of the host27. Similarly, treatment 
with the cytokine IFNβ, for MS or chronic viral hepa-
titis, for example, has been associated with depressive 
symptoms as an adverse effect28. Sickness behaviour can 
be diminished after repeated subthreshold exposure to 

Key points

•	At the interface of neurological and psychiatric disorders, immune processes are 
major factors in CNS health and disease; the immune system contributes to CNS 
homeostasis, resilience and brain reserve.

•	Although a certain level of neuroimmune interplay is required for optimal brain 
functioning, chronic inflammation and latent infections can cause higher-order 
network disturbances, resulting in cognitive and behavioural impairment.

•	Psychosocial stress correlates with inflammatory processes in the CNS.

•	Immune dysregulation plays a role not only in classical autoimmune brain diseases such 
as multiple sclerosis and autoimmune encephalitis but also in psychiatric disorders 
such as schizophrenia, autism spectrum disorder, bipolar disorder and depression.

•	Immune treatments are emerging as therapeutic options for subgroups of patients 
with brain disorders that are associated with an inflammatory phenotype.

•	New diagnostic and therapeutic criteria are required to translate immunopathogenic 
findings into individualized treatment options for patients with neuropsychiatric 
disorders.
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pathogens, a mechanism that is referred to as euflam-
mation and that evidence suggests is the result of  
tolerogenic processes29.

In contrast to this transient low-grade inflammation, 
chronic low-grade inflammation can occur and cause 
neurotoxicity and neurodegeneration30. For example, 
cytokines can have neurotoxic effects by increasing pro-
duction of reactive oxygen species, reducing monoamine 
transmission and potentiating glutamatergic transmis-
sion. Chronic, sterile, low-grade inflammation occurs 
during human ageing and can contribute to age-related 
diseases; this process is referred to as inflammaging31. 
Chronic inflammation is implicated in schizophrenia and 
other psychiatric disorders32, and systemic inflammation, 
as well as acute infections, have been associated with an 
increased rate of cognitive decline and exacerbation of 
symptoms in patients with Alzheimer disease (AD)33. 
Chronic low-grade inflammation is also present in people 
who are obese34, and this inflammation influences cog-
nitive performance by damaging neuronal circuits and 
the BBB and by activating pro-inflammatory immune 
cells35. These obesity-related mechanisms were initially 
observed in the hypothalamus, but some evidence sug-
gests that they can also occur in the hippocampus, cortex, 
brainstem and amygdala36.

Overall, in the interplay between the brain and the 
immune system, inflammation is a double-edged sword. 
Beneficial effects such as euflammation and evolution-
arily advantageous sickness behaviour are on one side, 
but chronic inflammation that leads to neuronal dam-
age, cognitive decline and possibly dementia is on the 
other side. The right balance of inflammation is needed 
for optimal CNS function.

Infection-related inflammation. Infection can initiate 
chronic inflammation that alters cognitive function. 
Data from a Danish longitudinal register showed that 
prior hospitalization for an autoimmune disease or 
infection increased the risk of a major mood disorder 
by 45% and 62%, respectively37. In rodents, even infec-
tion and systemic inflammation in the fetus during the 
prenatal or perinatal period can cause long-term cogni-
tive damage, including learning, memory and attention 
abnormalities, a model that explains why early infection 
increases the risk of psychosis in young adulthood38,39. 
Similarly, a viral infection in the mother during the first 
trimester of pregnancy and bacterial infection during the  
second trimester of pregnancy were associated with  
the development of autism spectrum disorder (ASD), 
a pervasive neurodevelopmental disorder defined by 
impairments in social skills and stereotypical behaviour, 
among the children in a large Danish cohort40.

In children, throat infection with Streptococcus pyo-
genes has repeatedly been associated with subsequent 
neuropsychiatric disorders41. In particular, these dis-
orders include Sydenham chorea, a movement disor-
der related to rheumatic fever that occurs in temporal 
relationship to group A streptococcal infection42, and 
conditions encompassed by the umbrella term of pae-
diatric autoimmune neuropsychiatric disorders asso-
ciated with S. pyogenes (PANDAS) and concomitant 
with obsessive–compulsive disorder, tic disorder or 
choreiform motoric hyperactivity43. The suspected 
pathophysiology of PANDAS is cross reactivity of 
anti-streptococcus A antibodies with brain tissue 
due to molecular mimicry44 that initiates an adaptive 
immune cell response. Nevertheless, in a prospective 
study of children with post-streptococcal neuropsy-
chiatric symptoms, no correlation was seen between 
clinical symptoms and a change in autoimmune mark-
ers, such as anti-neuronal antibodies or inflammatory 
cytokines45. Therefore, despite confirmation on an 
epidemiological level, the aetiological association 
between streptococcal infection and psychiatric symp-
toms is still controversial and the subject of an ongoing, 
large observational study46.

Severe infections, such as herpes simplex virus (HSV) 
encephalitis at any time in the lifespan, have been asso-
ciated with long-term impairment of memory and brain 
atrophy47. Herpes family viruses persist in the host and 
require constant immune surveillance in order to pre-
vent reactivation. For example, latent cytomegalovirus 
(CMV) infection leads to accumulation of functionally 
exhausted effector T cells while the naive T cell pool is 
diminished48. In the prospective Northern Manhattan 
Study, a high infectious burden (assessed with serolog-
ical markers for Chlamydia pneumoniae, Helicobacter 
pylori, CMV, HSV-1 and HSV-2) was associated with 
cognitive decline independently of cardiovascular risk 
among a cohort of 1,625 patients49. Evidence suggests 
that among patients with schizophrenia or bipolar dis-
order, infections with Toxoplasma gondii, HSV and CMV 
affect the cognitive dysfunction already present in these 
disorders, in particular working memory50. Another 
example of the intricate relationship between cognition 
and chronic infection is HIV-associated neurocognitive 

Box 1 | Neuropsychiatric disorders with inflammatory disturbance

Involvement of immune dysfunction in pathogenesis has been studied in a 
broad range of neuropsychiatric diseases. This review focuses on the following 
disorders:
•	Multiple sclerosis

•	Neuromyelitis optica spectrum disorder

•	Autoimmune encephalitis (paraneoplastic, idiopathic or triggered by infection)

•	Schizophrenia

•	Autism spectrum disorders

•	Depression

•	Bipolar disorder

•	Dementia, especially Alzheimer disease

In addition, immune mechanisms are likely to contribute to many other 
disorders. These disorders include the following:
•	Myelin oligodendrocyte glycoprotein antibody spectrum disorder

•	Chronic inflammatory optic neuritis

•	Rasmussen encephalitis

•	Susac syndrome

•	Stroke

•	Parkinson disease

•	Amyotrophic lateral sclerosis

•	Huntington disease

•	Obsessive–compulsive disorder

•	Anxiety disorders

•	Eating disorders
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disorder, which emerges in patients with HIV infection 
despite highly active antiretroviral therapy51.

Our understanding of the mechanistic links between 
infectious burden and neuropsychiatric diseases is still 
in its infancy. In addition to molecular mimicry that 
triggers autoimmune reactions, a possible mecha
nism is stress-induced potentiation of microglial 
inflammasome activation, which causes an increase in 
pro-inflammatory mediators52,53. In this way, both innate 
(microglial activation with subsequent phagocytosis or 
cytokine production) and adaptive immune responses 
(antigen-specific responsiveness and production of anti-
bodies) contribute to pathology. In addition, infectious 
agents might act via epigenetic pathways to modulate  
the innate immune cell repertoire, thereby influencing the  
risk profile for neurodegenerative disorders54.

In addition to the cumulative effect of infectious 
burden, pathogens contribute directly to neurodegen-
eration, and therefore cognitive decline, in elderly peo-
ple. One example that has been investigated extensively 
but is still incompletely understood is the association 
between HSV infection and AD. On a population level, 
data from a Swedish cohort suggest that reactivation 
of HSV-1, indicated by high serum levels of anti-HSV 
immunoglobulin M (IgM) antibodies, increases the risk 
of developing AD55. In vitro experiments have shown 
that HSV-1 induces increases in intracellular amyloid-β 
(Aβ) levels and tau phosphorylation, both of which are 
markers of AD56. In addition, HSV-1 DNA has been 
found in amyloid plaques in patients with AD, further 
underlining a link between the virus and pathological 
aggregations57. Virus-mediated cytotoxicity does not 
explain all clinical developments in AD, but viruses and 

amyloid plaques are thought to alter the neuroimmune 
crosstalk in various ways. For example, HSV-1 proteins 
debilitate neuronal autophagy and, consequently, anti-
gen presentation58. In mice, recurrent asymptomatic 
activation of HSV-1 leads to upregulation of markers 
of neuroinflammation (for example, Toll-like recep-
tor-4, IFNα and IFNβ) and early neurodegeneration59. 
In addition, extracellular deposits of Aβ activate rest-
ing microglia and trigger them to attack neurons via 
various pathways, such as NADPH oxidase activa-
tion, inducible nitric oxide synthase expression and 
phagocytosis60.

In summary, owing to the sensitive equilibrium of the 
immune system and brain function, infectious agents 
might tip the scales towards pathology. Furthermore, 
infections can trigger autoimmune phenomena that 
might contribute to a broad spectrum of neuropsychiatric 
diseases, discussed in more detail below.

Autoimmunity
Nonspecific inflammatory processes underlie the 
low-grade inflammation described above, but neuro
inflammation can also be driven by autoimmunity. 
Autoimmune responses can be antibody driven or cell 
driven and, depending on the autoantigen involved, can 
involve antigen presentation by major histocompatibil-
ity complex (MHC) class II. Autoimmune responses can 
follow infection, and molecular mimicry can under-
lie these responses41,61. Innate and adaptive immune 
mechanisms have roles in autoimmunity. What we know 
about autoimmune responses and neuropsychiatric dis-
orders is largely based on specific disorders, discussed  
in detail below.
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Fig. 1 | The interplay between the immune system and the CNS. a | A certain level of inflammation and autoimmunity  
is necessary for optimal function of the CNS, but an overwhelming immune reaction leads to neuronal loss and impaired 
cognition. b | Immune cell infiltration into the CNS in disease. Glial cells, including microglia and astrocytes, are resident  
in the CNS. Lymphocytes and non-microglia myeloid cells are both thought to be present in the lymphatic vessels in health 
but might transmigrate through the blood–brain barrier in inflammatory diseases.
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Lessons from multiple sclerosis. Neurological auto-
immune diseases are mainly considered to be medi-
ated by autoaggressive lymphocytes or anti-neuronal 
or anti-glial autoantibodies. These conditions include 
neuromyelitis optica and potentially disabling, or some-
times life-threatening, autoimmune encephalomyelitis. 
MS is the classical and most common chronic autoim-
mune encephalomyelitis; this disease leads to demyeli-
nation and progressive neurodegeneration. In early MS, 
most patients experience transient physical deficits, such 
as optic neuritis, hemiparesis or sensory disturbances, 
in a relapsing–remitting presentation. Although these 
physical deficits are the most obvious consequences, an 
increasing body of evidence illustrates that cognitive 
deficits are abundant and extensive in MS62.

Patients with MS can experience neuropsychological 
symptoms, such as mild cognitive alterations or depres-
sion, related not only to relapses but also to phases of 
remission63. The most common cognitive deficits, which 
occur in 40–60% of patients with MS, are reduced pro-
cessing speed and impaired memory and/or executive 
function, and these symptoms can improve to some 
extent with immunomodulatory treatment64. Behavioural 
signs, such as anxiety, can also occur and are currently 
seen as comorbidities but might be a consequence of the 
pathology65. Notably, cognitive impairment at the time 
of MS diagnosis predicts disability progression, transi-
tion to secondary progressive MS and cortical thinning66.  
In line with these findings, the risk of cognitive impair-
ment increases with progression of disease and is high-
est in secondary progressive MS67. Nevertheless, 30–40% 
of patients with clinically isolated syndrome, which is 
considered to be a precursor of MS, have cognitive defi-
cits68,69, and in a study of so-called benign MS (defined 
by an Expanded Disability Status Scale (EDSS) score 
≤3.0 despite a disease duration ≥15 years), up to 45% of 
patients had cognitive impairment70.

Inflammation in MS, the local effects of which 
include microglial activation and myelin and neuro
nal damage, is thought to be primarily mediated by 
autoreactive T cells. Pro-inflammatory TH17 cells are 
thought to migrate into the CNS and subsequently 
increase BBB permeability, enabling invasion of other 
immune cells71 (Fig. 1b). Other important players include 
regulatory T cells, which are functionally impaired in 
people with MS72, and B cells, the role of which is high-
lighted by the effects of B cell-depleting therapies73. 
Relapses in patients with MS are influenced by stressful 
life events and by infections: a systematic meta-analysis 
has shown that upper respiratory tract infections have 
the most pronounced effect on relapse rates74. These 
observations underline the role of inflammation in 
relapse activity, as both systemic infection and stress 
induce a pro-inflammatory status, as discussed in more 
detail below.

A specific autoantigen has not yet been identified 
in MS, but autoreactive T cells are widely assumed to 
target proteins of the myelin sheath, causing demyelina-
tion and, thereby, white matter damage. Demyelination 
deprives neurons of protective factors and has been 
described to decrease axonal transport and synaptic 
density in demyelinated hippocampi from post-mortem 

MS brains75. However, direct recognition of neurons by 
pathogenic T cells has also been proposed76,77, and neuro
nal loss could occur as a result of Wallerian degeneration 
and mitochondrial dysfunction78. Grey matter damage, 
measured as the cortical lesion load or cortical thinning, 
is a key predictor of progressive disease and cognitive 
decline79. Even in clinically stable patients, the pres-
ence of gadolinium-enhancing lesions on brain MRI 
is associated with impaired performance in the Paced 
Auditory Serial Addition Test (PASAT), a screening tool 
for cognitive dysfunction80. These findings underline 
the fact that active neuroinflammation detectable with 
gadolinium enhancement affects cognitive function and 
might cause detrimental effects on neuronal networks 
and connectivity.

Although rare, psychotic symptoms can also occur 
in MS. A genetic overlap between MS and schizophre-
nia has been identified, and the genes that are common 
to both conditions are immune related81. Despite being 
separate disease entities, MS and classical psychiatric 
disorders are accompanied by higher-order network 
disturbances82–85 (Fig. 2a). The study of MS has pro-
vided fundamental insights into the crosstalk between 
the immune system and the nervous system, and these 
insights will be highly valuable for the study of other 
diseases in which underlying immune pathology has 
recently been identified, discussed below.

Lessons from autoimmune psychosis. A compelling 
example of the overlap between psychiatric and neuro
logical pathologies is the occurrence of psychosis as a 
result of autoantibodies against neuropil, which can 
develop spontaneously in neoplastic diseases or after 
viral infections, particularly HSV encephalitis86. Some 
of these autoantibodies target intracellular antigens, 
such as onconeural proteins or 65 kDa glutamic acid 
decarboxylase (GAD65). The presence of these anti-
bodies is diagnostically useful but considered to be an 
epiphenomenon, as cytotoxic T cells are responsible 
for neuronal damage that is associated with neuropsy-
chiatric symptoms87. However, a broad spectrum of 
extracellular antigens involved in synaptic transmission 
and plasticity are located on the cell surface; therefore, 
autoantibodies against these antigens that are present 
in patients with psychosis seem highly likely to have a 
direct pathogenic role. One example of such an anti-
body is the autoantibody against the GABAA receptor, a 
postsynaptic chloride channel that mediates fast inhib-
itory neurotransmission in the mammalian brain; this 
autoantibody causes encephalitis with therapy-resistant 
epileptic seizures88. Moreover, antibodies against the 
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPA) receptor can have a pathological role: 
administration of human pathogenic antibodies against 
the AMPA receptor subunit GluA2 impairs long-term 
synaptic plasticity in vitro and affects learning and  
memory in mice in vivo89.

More controversial is the importance of antibodies 
against the N-methyl-d-aspartate (NMDA) glutamate 
receptor, one of the most commonly observed antigens 
in autoimmune encephalitis. Patients with this condi-
tion often present with anxiety, sleep disorders, mania, 
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paranoia, memory impairment and disintegration of 
language, followed by a phase in which agitation and 
catatonia alternate, accompanied by abnormal move-
ments and autonomic instability90. In humans, antibody 
titres in the CSF correlate with the clinical course of dis-
ease90. Experiments in rats indicate a pathophysiological 
role for anti-NMDA receptor antibodies. For example, 
in rat hippocampal neurons that have been incubated 
with anti-NMDA receptor antibodies, NMDA receptor 
internalization and reduced NMDA receptor-mediated 
synaptic currents were observed91. In addition, treat-
ment of rats with NMDA receptor blockers evoked 
stereotyped behaviour and cataleptic freezing that were 
comparable to symptoms of autoimmune encephalitis 
in humans92. NMDA receptor encephalitis can occur 
after HSV encephalitis in up to 27% of patients, indicat-
ing a role for molecular mimicry61. Furthermore, anti-
bodies that cross-react with the NMDA receptor have 
been found in patients with neuropsychiatric systemic 

lupus erythematosus, and these antibodies cause neuro
nal damage via activated microglia and complement  
component C1q when administered to mice93,94.

Despite this evidence, the pathological role of neuro
transmitter receptor autoantibodies came into ques
tion when anti-NMDA receptor autoantibodies were  
detected in serum from ~10% of healthy controls as 
well as in patients with pure psychotic symptoms95. 
Similar results have been seen for a variety of brain 
antigens, challenging the pathological relevance of 
CNS-specific autoantibodies96; BBB integrity has been 
proposed as a pivotal factor in the clinical outcome95. 
In another study, anti-NMDA receptor autoantibodies 
from psychotic patients altered synaptic transmission 
and long-term potentiation in cultured neurons and in 
mouse brain whereas those from healthy controls did 
not97. Independent of immune pathogenesis, glutamate 
receptor hypofunction has been proposed as a key factor 
in the development of schizophrenia98.

In combination, these results provide evidence that 
specific and different mechanisms underlie encephalitis 
and autoimmune psychosis, in which autoantibodies 
against NMDA receptors have different effects on the 
organization of the glutamate synapse through receptor 
internalization or abnormal NMDA receptor dynamics. 
Given that patients with schizophrenia who are posi-
tive for anti-NMDA receptor antibodies do not exhibit 
classical signs of encephalitis97, we conclude that differ-
ent immune alterations mediated by similar antibodies 
result in different neuropsychiatric entities.

Immunopsychiatry — an emerging field
On the basis of the data discussed above, the concept of 
autoimmune psychosis has become a compelling exam-
ple of the interface between neurological (autoimmune 
encephalitis) and psychiatric (psychosis) disorders. In 
this section, we discuss accumulating evidence that sug-
gests that immune dysregulation is involved in a broad 
spectrum of psychiatric diseases. Owing to a lack of speci
fic markers, studies in the emerging field of immuno
psychiatry currently focus on systemic measures of  
inflammation. A growing number of studies have iden-
tified nonspecific inflammatory disturbances in sub-
groups of patients, but knowledge of specific pathogenic 
pathways remains scarce.

One overarching concept is that immunopsychiat-
ric diseases involve a generally overactivated immune 
system. In general, overactivation of the immune sys-
tem is thought to increase brain vulnerability, increas-
ing the risk of psychiatric symptoms upon a so-called 
second hit later in life99. On an epidemiological level, 
this hypothesis is supported by a link between psychi-
atric diseases, such as schizophrenia, depression and 
anxiety, and systemic autoimmune disorders100,101. Case 
reports similarly support this hypothesis; one striking 
example is the development of severe psychosis in an 
individual who received a stem cell transplantation 
from their brother with schizophrenia, indicating that 
adoptive immune transfer had a role102. Furthermore, 
extensive studies of cytokine profiles in disorders such 
as schizophrenia, depression, suicidal ideation and 
post-traumatic stress disorder reveal wide-ranging 
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dysregulation of mainly pro-inflammatory markers, 
in particular IL-6, IL-2 receptor, IL-1β, IL-17 A and 
C-reactive protein (CRP)103–107. Several studies iden-
tified a positive correlation of serum levels of inflam-
matory markers with disease severity and a negative 
correlation with cognitive performance103,108.

Changes in the innate CNS immune compartment 
have also been associated with psychiatric disorders. 
Either excessive upregulation or downregulation of 
microglia function evokes detrimental effects. For exam-
ple, genetic defects in microglial signalling pathways 
cause abnormal development of brain circuits and neuro
psychiatric symptoms, as in hereditary diffuse leuko
encephalopathy with spheroids (HDLS)109. Disruption 
of microglial function in later life can be initiated by 
psychosocial and environmental factors. For example, in 
a mouse model, chronic stress with depressive behaviour 
has been associated with microglial loss in the hippo
campus110. By contrast, depression and schizophrenia 
have been associated with increased microglial activity 
measured with PET, and this increased activity could be 
used to identify patients at high risk of disease exacer-
bations111,112. Although microglial activation in humans 
has been studied only indirectly, early life challenges are 
assumed to ‘prime’ microglia and increase their response 
to subsequent inflammatory stimuli113.

A crucial discovery that many immune factors are 
influential prenatally led to use of the so-called mater-
nal immune activation model in order to study ASD 
and schizophrenia in rodents. In this model, IL-6 was 
identified as a key mediator of inflammatory effects 
on fetal brain development114. In mice, autism-like 
behaviour in offspring requires the presence of mater-
nal RORγt-positive TH17 cells and IL-17a downstream 
of IL-6 (ref.115). In subsequent studies, a mechanism of 
ASD pathogenesis has been proposed in which TH17-
dependent loss of inhibitory interneuron networks 
leads to increased cortical activation in the primary 
somatosensory cortex116.

A study published in 2017 provides evidence that 
maternal gut commensal bacteria have a role in IL-17a 
production in mothers117. These findings support the 
idea of a gut–immune–brain axis that has been impli-
cated in classical autoimmunity (such as modulation of 
the balance between pro-inflammatory and regulatory 
T cells by gut bacteria in MS118) and are in line with pre-
vious reports of an altered intestinal barrier in people 
with ASD and their close relatives119. In rodents, the role 
of maternal immune activation in ASD was confirmed 
at the transcriptome level, in which immune activation 
in the mother caused dysregulation in the fetal brain 
expression of genes involved in developmental pro-
cesses120. Although animal studies provide the proof of 
concept and agree with findings in diseases of neuro
logical immune dysfunction, such as MS, the mecha-
nisms described are plausible in humans but remain 
speculative.

Cytokine signalling is not the only aspect of mater-
nal immunity that affects the developing fetal brain —  
B cell-mediated immune responses and production 
of antibodies can also have effects. For example, in an 
epidemiological study, antibodies against fetal brain 

tissue were detected in the serum of mothers of chil-
dren with ASD but not in mothers of healthy children121. 
Another study produced the same observation in up to 
23% of mothers of children with ASD122. In animal stud-
ies, intravenous administration of 73 kDa and 37 kDa 
IgG from mothers of children with ASD to pregnant 
rhesus macaques led to abnormal social behaviour in the 
macaque offspring123. Targets for these antibodies include 
proteins with functions in neurodevelopment, such as 
contactin-associated protein-like 2 (CASPR2)122,124. 
Although the exact mechanism by which these maternal 
antibodies affect the fetus is not yet understood, the find-
ings in humans and the adoptive transfer study suggest 
that placental transfer of maternal antibodies contributes 
to disease development, at least in a subgroup of patients.

Aberrant genetic regulation underlies most of the 
immune dysfunction discussed above, and a polygenic 
contribution to the risk of several severe psychiatric 
disorders has been confirmed in a meta-analysis of 
genome-wide association studies in which the MHC was 
the most relevant shared risk locus125. Genes in the MHC 
are involved in physiological processes, including CNS 
development and homeostasis, but are common among 
neuropsychiatric disease-associated loci126,127. For exam-
ple, the MHC-resident complement C4 cluster has been 
implicated in the risk of schizophrenia128,129. Therefore, 
fine dissection of the genetic contribution of the MHC 
is a promising approach to increasing our understanding 
of brain disorders.

Although we are only beginning to develop a deeper, 
mechanistic understanding of immunological pathways 
involved in the pathogenesis of psychiatric disorders, the 
emerging field of immunopsychiatry provides new per-
spectives on the disorders discussed. As even early evo-
lutionary processes such as the integration of sequences 
of human endogenous retroviruses into the genome 
presumably through repeated infections were found to 
be associated with neurological and psychiatric disor-
ders130,131, it becomes clear that dysfunctional processes 
occur on an ancestral, maternal and individual level.

Immunomodulatory treatment
Classical neurological autoimmune diseases have long 
been treated with immunomodulatory drugs. Routinely 
used treatments for acute exacerbations include steroids, 
plasmapheresis, intravenous immunoglobulin, cyclo-
phosphamide and B cell-depleting monoclonal anti-
bodies; a broadening range of disease-modifying drugs 
is emerging from the development of therapies for MS 
(Box 2). Immunosuppression is also an established treat-
ment strategy for autoimmune encephalitis, but clinical 
studies of such treatments for psychiatric diseases are 
still in progress.

In a pilot study published in 2018, treatment with 
high-dose intravenous immunoglobulin had positive 
effects on scores in several cognitive and behavioural 
tests for children with ASD and evidence of a dysregu
lated immune system132. In another study, intravenous 
immunoglobulin had beneficial effects for subgroups of 
children with ASD and inflammation133. A series of case 
reports of immune modulatory treatment in PANDAS 
disorders demonstrates how an understanding that 
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auto-inflammatory processes are involved in the patho-
genesis can lead to successful treatment134. However, 
systematic treatment approaches are still lacking and are 
currently merely performed with antibiotics.

Currently, monoclonal antibody treatments are 
being trialled in schizophrenia. In one study, use of the 
monoclonal antibody natalizumab, which targets the cell  
adhesion molecule α4 integrin and is currently used for 
treatment of MS, is being tested135. The recombinant 
humanized anti-human IL-6 receptor monoclonal anti-
body tocilizumab is being tested in two136,137 ongoing 
studies, one of which136 focuses on patients with signs 
of peripheral inflammation. In one case report, remis-
sion of treatment-resistant schizophrenia was seen in a 
patient who underwent bone marrow transplantation 
for acute myeloid leukaemia, providing evidence that 
this treatment could be an effective, or even curative, 
option for severe schizophrenia138. Similarly, infusion of 
autologous umbilical cord blood into children with ASD 
led to clinical improvement of core autistic symptoms139.

Evidence that immune dysfunction is involved in 
depression is supported by accumulating data that sug-
gest that established antidepressant drugs such as selec-
tive serotonin reuptake inhibitors (SSRIs) exert their 
effects, at least partly, via anti-inflammatory effects. 
For example, a meta-analysis showed that SSRIs reduce 
levels of IL-1β and IL-6 in patients with depression140. 
In line with these observations, synthetic metabolites 
of tryptophan, a precursor of serotonin, suppressed 
pro-inflammatory T cells and autoimmune neuro
inflammation in experimental autoimmune encephalitis,  
a mouse model of MS141. Additional support for the con-
cept that immune pathology underlies depression comes 
from a meta-analysis of randomized clinical trials that 
showed that, despite heterogeneous study results, non-
steroidal anti-inflammatory drugs had an overall positive 
effect on depression142. In rats, the microglia inhibitor 
minocycline improved symptoms of depression in the 
forced swimming test143, an observation that is consistent 
with reports that microglia are overactivated in depres-
sion112. A large randomized trial of minocycline has not 

been done in humans, but a meta-analysis of existing 
clinical data indicates beneficial effects of minocycline 
in patients with depression, thereby providing a proof 
of concept144. Minocycline also had positive effects as 
an adjunctive treatment to risperidone in children with 
ASD145, although not as a single medication in a small 
pilot study146. In addition to its inhibitory effects on 
microglia, minocycline has antibiotic properties that 
might modify the gut flora, which could contribute to 
beneficial treatment outcomes. Furthermore, in depres-
sion, anti-inflammatory treatment with the TNF antago
nist infliximab had beneficial effects in patients with 
treatment-resistant depression and high baseline levels 
of inflammatory biomarkers147.

In summary, immunomodulatory therapies are effec-
tive options for a range of neurological and psychiatric 
diseases. To develop individualized therapeutic strate-
gies, subgroups of patients with psychiatric disorders 
and signs of immune dysregulation must be identified 
(Fig. 2b). Clinical studies are more likely to reveal con-
sistent positive effects if they include patients with an 
inflammatory phenotype, indicated by MRI or high 
levels of inflammation markers in the CSF or serum. 
Furthermore, we assume that there is a narrow thera-
peutic time window for maximal therapeutic efficacy 
and avoidance of irreversible CNS injury. For example, 
timely immunomodulatory treatment in autoimmune 
encephalitis probably prevents neuronal damage and 
permanent neurological deficits148, and this concept 
might hold true for other neuropsychiatric disorders.

Resilience and reserve
A well-recognized risk factor for exacerbation in MS 
and many psychiatric disorders is psychosocial stress. 
Some evidence suggests that the association between 
psychiatric disorders and stress is mediated, at least 
in part, by neuroinflammatory processes, including 
microglial activation. For example, the ‘two-hit hypo
thesis’ proposes that stress in early life increases base-
line microglial activity, thereby increasing the risk of 
psychiatric disorders upon subsequent challenges later  

Box 2 | Immunomodulatory drugs available for the treatment of CNS autoimmune diseases

Immunomodulatory drugs and treatments applied in 
a broad range of autoimmune diseases
•	Steroids

•	Plasmapheresis

•	Intravenous immunoglobulin

•	Cyclophosphamide

•	Methotrexate

•	Mycophenolate mofetil

•	Azathioprin

•	Mitoxantrone

•	Rituximab

•	Ocrelizumab

•	Infliximab

Disease-modifying drugs from the range of 
therapeutics for multiple sclerosis
•	IFNβ

•	Glatiramer acetate

•	Teriflunomide

•	Dimethyl fumarate

•	Fingolimod

•	Natalizumab

•	Alemtuzumab

•	Cladribine

•	Rituximab

•	Ocrelizumab

other drugs with partial immunomodulatory  
effects

•	Nonsteroidal anti-inflammatory drugs

•	Selective serotonin reuptake inhibitors

•	Minocycline

•	Tryptophan metabolites
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in life149,150. Accordingly, a meta-analysis of clinical stud-
ies demonstrated a pro-inflammatory status (high levels 
of CRP, IL-6 and TNF) in adults with a history of child-
hood trauma151. Similarly, in a prospective cohort study, 
patients with a history of childhood maltreatment and 
depression had higher levels of CRP than participants 
with depression only152.

The question remains, however, of why some indi-
viduals are more resilient to stressful events than others. 
In a mouse model of chronic social defeat stress, BBB 
integrity was altered in the nucleus accumbens owing to 
downregulation of the tight junction protein claudin 5,  
thereby allowing influx of IL-6 into the brain paren-
chyma153. Importantly, however, loss of claudin 5 was 
observed only in stress-susceptible mice — susceptibil-
ity to stress was observed as social avoidance behaviour 
after several days of exposure to social defeat by a larger, 
physically aggressive mouse; by contrast, this behaviour 
was not seen in mice classified as resilient. Epigenetic 
modulation of IL-6 seems to further promote resilience 
in mice, as an inhibitor of IL-6 DNA methylation that 
decreased IL-6 production reduced depressive symptoms 
in a mouse model154. Furthermore, adaptive immune 
cells are needed for coping with stress. For example, 
exposure of mice to acute psychological stress in the 
form of predator odour increases T cell trafficking to the 
brain155, and T cell-deficient mice displayed more signs 
of maladaptation after stress156. In addition, analogous to 

findings for neurogenesis discussed above, self-reactive, 
brain-specific T cells are needed for resilience in mice, 
leading to the idea that vaccination with CNS-related 
peptides could stimulate coping behaviour157.

From studies of chronic autoimmune inflammation 
of the CNS in MS, we know that the brain has reserve 
capacities30. Our recent studies indicate that the cortical  
network responds to an inflammatory attack with a 
TNF-dependent increase in cortical synaptic strength65. 
This upregulation of cortical neuronal activity presum-
ably reflects repair mechanisms initially but eventually 
causes maladaptive development of anxiety behaviour 
despite otherwise complete remission in disability. 
Analysis of higher-order networks in patients who 
progress rapidly and those who do not could increase 
our understanding of brain reserve and identify future  
therapeutic approaches.

New clinical approaches
The idea that the CNS is a site of immune privilege has 
shifted with a growing understanding that immune cells 
have multifaceted roles in CNS homeostasis, even in 
the healthy brain. Mechanistic aspects of the neuroim-
mune interplay have been revealed, including roles for 
peripherally induced adaptive immunity and for cross-
talk between neurons and CNS-resident microglia. The 
involvement of astrocytes has been studied to a lesser 
extent but is becoming a focus of research.

New-onset neuropsychiatric 
clinical symptoms (cognitive 
decline, psychosis, epileptic 
seizures or transient focal 
neurological deficit) and 
exclusion of parallel 
extracerebral infection

Do MRI and lumbar 
punctures reveal signs 
of inflammation?

Is there evidence of an infectious 
cause (e.g. bacterial meningitis, 
neuroborreliosis, HSV, VZV, CMV, 
HIV or opportunistic infections)?

Is there evidence of systemic inflammation?

Unilateral cerebral 
atrophy and epilepsia 
partialis continua

Dissemination in 
time and space and
positive OCBs in CSF

Is there evidence of 
autoantibodies?

Are anti-aquaporin 4 
or anti-MOG 
antibodies present?

Are anti-neuropil- 
reactive 
autoantibodies  
present?

No evidence of 
immune-mediated 
pathology

Systemic autoimmune disease 
with CNS involvement
(e.g. rheumatologic disease, 
sarcoidosis and vasculitis)

Autoimmune encephalitis 
(paraneoplastic, triggered 
by infection or idiopathic)

Autoimmune subtypes 
of psychiatric diseases, 
(e.g. schizophrenia, 
autism, depression or 
bipolar disorder)

Autoimmune 
disease of the CNS

NMOSD or 
MOG-associated 
disease

Rasmussen encephalitis Multiple sclerosis

Infection

Is there reason for a high 
clinical suspicion of an 
inflammatory cause (e.g. high 
serum levels of CRP, IL-6, or 
IL-2 receptors, and/or high 
ESR)?

Does FDG–PET reveal signs 
of inflammation and/or 
does the condition respond 
to trial therapy for immune-
mediated disorders?

NO

YES

YES

YES

YES

NO

NO

NO

YES

NO

YES

NO

NO

YES

YES

Fig. 3 | A proposed clinical pathway for patients with new-onset neuropsychiatric symptoms. Blue boxes indicate 
investigations required and orange boxes indicate diagnoses. CMV, cytomegalovirus; CRP, C-reactive protein; CSF, 
cerebrospinal fluid; ESR , erythrocyte sedimentation rate; HSV, herpes simplex virus; MOG, myelin oligodendrocyte 
glycoprotein; NMOSD, neuromyelitis optica spectrum disorder ; OCB, oligoclonal bands; VZV, varicella zoster virus.
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Associations of the immune system with brain dis-
eases have been reported for decades, initially in case 
reports but later in epidemiological studies. Studies of 
the immune system in psychiatric disorders have thus 
far focused on classical markers of inflammation, such 
as CRP and erythrocyte sedimentation rate (ESR), TNF 
or IL-6 in serum, as more sensitive or specific markers 
are often lacking. A level of inflammation that strikes 
a highly sensitive equilibrium seems to be required 
for health. Consequently, any disturbance can cause 
detrimental effects not only on focal neurological 
symptoms but also, more importantly, on higher-order 
network function.

As common immunological aetiologies of neurologi-
cal and psychiatric diseases are discovered, the traditional 
classification of these diseases is increasingly challenged. 
In order to develop promising immune-based thera-
peutic approaches for psychiatric diseases, we propose 
new diagnostic pathways (Fig. 3). In this proposed algo-
rithm, individuals who present with new neuropsy-
chiatric symptoms, such as cognitive and behavioural 
disturbances, epileptic seizures and psychosis, must 

be screened for blood, CSF and imaging markers of 
inflammation. Psychiatric symptoms in patients with 
classical neuroinflammatory disorders must be con-
sidered when making treatment decisions. If there are 
any signs of active inflammation, immunomodulatory  
treatment should be discussed.

Conclusion
For decades, or even centuries, of medical history, neuro
psychiatric diseases have been diagnosed and classified 
on the basis of phenomenological criteria. The findings 
discussed in this Review provide novel perspectives and 
indicate the need for a future classification of neuropsy-
chiatric disorders on the basis of pathogenic mechanisms, 
at least for subgroups of patients. In this context, diag-
nostic algorithms should classify patients into inflamma-
tory and non-inflammatory subgroups to help reach an 
individualized treatment decision. For example, future 
understanding of neuropsychiatric diseases might no 
longer divide them into descriptive entities, such as MS, 
neuromyelitis optica spectrum disorder, autoimmune 
encephalitis, schizophrenia, ASD and bipolar disorder, 
but into pathogenic entities, such as autoimmune  
antibody-mediated or T cell-mediated brain disorders.

Although the knowledge of immune involvement 
in neuropsychiatric disorders has emerged over several 
years, necessary changes to the clinical management of 
patients with these disorders have scarcely been imple-
mented. Furthermore, many questions remain unsolved 
(Box 3), such as why apparently similar mechanisms lead 
to clinically distinct disorders and whether immunolog-
ical disturbances are always a cause of certain disorders 
or sometimes a consequence. The next steps will require 
combined experience from neurologists and psychiatrists  
in a new field of immunoneuropsychiatry.

Published online xx xx xxxx

Box 3 | unresolved questions to direct future research

•	Which pathways mediate the interplay between levels 
of inflammation and cognitive performance?

•	Why do apparently similar immunological mechanisms 
lead to clinically distinct disorders?

•	What are the precise mechanisms of interaction 
between immune cells and higher-order networks in 
neuropsychiatric diseases? How can this crosstalk be 
addressed therapeutically?

•	Are immunological disturbances the cause or 
consequence of neuropsychiatric diseases?

•	How can we better identify subgroups of patients who 
are likely to benefit from immunotherapies?
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