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A B S T R A C T

A strong body of evidence supports a role for immune dysregulation across many psychiatric disorders including
depression, the leading cause of global disability. Recent progress in the search for genetic variants associated
with depression provides the opportunity to strengthen our current understanding of etiological factors
contributing to depression and generate novel hypotheses. Here, we provide an overview of the literature
demonstrating a role for immune dysregulation in depression, followed by a detailed discussion of the immune-
related genes identified by the most recent genome-wide meta-analysis of depression. These genes represent
strong evidence-based targets for future basic and translational research which aims to understand the role of the
immune system in depression pathology and identify novel points for therapeutic intervention.
1. Introduction

Depression, a complex heterogeneous disorder characterized by core
symptoms of low mood and anhedonia, is relatively common and can
lead to severe impairment in daily life, making it the world’s leading
cause of disability (American Psychiatric Association, 2013; WHO, 2018,
2017). Despite its high prevalence and severe negative consequences, the
most common pharmacological treatments are only moderately effective
and have undesirable side-effects (Locher et al., 2017; Sugarman et al.,
2014). Moreover, our understanding of underlying biological factors
contributing to depression etiology is severely limited compared to
non-psychiatric disorders. Further complications in mechanistic research
arise from the high degree of etiological and symptomatic heterogeneity
seen among depressed patients and high comorbidity with other psy-
chiatric disorders (Kessler et al., 2003; Rush, 2007).

Although clinical depression represents a severe and disabling con-
dition, depression in general may be conceptualized as a continuum of
context-dependent cognitive, mood, and behavioral responses which
have evolved to facilitate rest, recuperation, and re-evaluation following
a perceived loss of a vital resource (Beck and Bredemeier, 2016; Berg-
strom and Meacham, 2016; Nesse, 2000). These responses may have
been beneficial for survival in our ancestors, who likely faced frequent
and acute physical threats and stressors. However, in our modern
kfulam, Hong Kong.
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environment, where risks and stressors are often sustained and
psychosocially-mediated, these responses may have become maladap-
tive, leading to clinical depression in the most severe cases. An inherited
biological basis of depression is supported by twin studies, which showed
that additive genetic factors accounted for between 31% and 41% of
variation in susceptibility (Sullivan et al., 2000). Recently, large-scale
genome-wide association studies (GWASs) have implicated 269 genes
for depression (Howard et al., 2019), which can be used to improve our
understanding of the underlying biological contributors to depression
and prioritize targets for drug development (King et al., 2019; Visscher
et al., 2017).

A somewhat surprising biological contributor to depression is im-
mune system dysregulation, as depression is usually conceptualized as a
mental rather than physical disorder. However, given the inextricable
link between physiology and psychology, such strict dichotomization
may do more harm than good if our goal is a more thorough under-
standing of depression etiology. Immune dysregulation has in fact been
consistently associated with depression and other psychiatric disorders
(Miller and Raison, 2016). This review attempts to summarise epidemi-
ological and neurobiological evidence supporting a role for immune
dysregulation in depression psychopathology, and discuss the genes
implicated from the most recent meta-analysis of genome-wide associa-
tion studies (GWASs) in depression (Howard et al., 2019) in the context
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of their known immune-related functions.

2. Depression and systemic immune dysregulation

The innate branch of the immune system constitutes the primary line
of defense against infection, and includes the complement system, Toll-
like receptors, and phagocytic cells (Yatim and Lakkis, 2015). The
adaptive branch evolved later and includes B and T lymphocytes, whose
immune-receptor and immunoglobulin genes undergo somatic rear-
rangements to detect new antigens and produce corresponding anti-
bodies. Regulatory lymphocytes control and terminate the immune
response by the secretion of cytokines. As a defensive response to im-
mediate threats such as infection or injury, the innate immune system
initiates acute inflammation, whose cardinal signs include redness, pain,
heat, and swelling (Kuprash and Nedospasov, 2016). Chronic inflam-
mation occurs when the threat is recurrent or cannot be completely
eliminated by physiological defenses, and is associated with both tissue
damage and repair, accompanied by systemic symptoms such as tiredness
and fever. The immune system sometimes malfunctions and attacks the
body’s own cells, resulting in autoimmune diseases such as systemic
lupus erythematosus and rheumatoid arthritis, or becomes hypersensi-
tive to harmless stimuli, causing allergic reactions.

Infection and autoimmune disease, not only of the brain but also the
rest of the body, has been associated with depression. Hospital contact
for either autoimmune disease or infection has been associated with
increased risk of subsequent mood disorders in a dose-dependent manner
(Benros et al., 2013), and a number of specific autoimmune or inflam-
matory disorders, including rheumatoid arthritis, inflammatory bowel
disease, multiple sclerosis, and asthma, have been associated with
increased depression risk (Goodwin et al., 2004; Graff et al., 2009; Kurina
et al., 2001; Marrie et al., 2017). Viral infections have also been associ-
ated with depressive symptoms and immunological changes in the brain
(Coughlin et al., 2018; Prusty et al., 2018). These associations of
depression with autoimmune disease and infection have led to the hy-
pothesis that systemic or brain alterations of the immune system have a
specific effect in increasing depression risk (Amodeo et al., 2018; Bull-
more, 2018).

However, depression has been associated with many chronic physical
diseases other than infections and autoimmune diseases, including cor-
onary heart disease, stroke, cancer, and diabetes (Voinov et al., 2013),
often in a bidirectional fashion. For example, while stroke is followed by
an increased risk of depression, depressive symptoms are also a risk
factor for stroke (Eurelings et al., 2018; Hackett et al., 2014; Villa et al.,
2018). A similar bidirectional relationship has been reported between
metabolic syndrome and depression (Pan et al., 2012). Indeed, results
from the Whitehall II study indicate that any long-standing illness is
associated with an almost 2-fold increase in risk of depression (Kivim€aki
et al., 2012).

Multiple mechanisms may contribute to the extensive associations
between chronic physical diseases and depression. For example, the
marked increase in depression risk for stroke patients (Towfighi et al.,
2017) may partly be the direct result of hypoxic brain damage, and partly
an emotional reaction to the loss of abilities such as mobility and
communication. Immune dysfunction is another possible contributor,
since hypoxic brain damage can activate inflammatory or immune re-
sponses (Ferrucci and Fabbri, 2018; Rea et al., 2018), and chronic
inflammation has been implicated in many common diseases including
coronary heart disease and diabetes (Tsalamandris et al., 2019; Willerson
and Ridker, 2004).

Chronic fatigue syndrome (CFS), characterized by prolonged and
debilitating fatigue, shares many symptoms in common with depression,
but also maintains clear distinctive features (Deale and Wessely, 2000;
Griffith and Zarrouf, 2008). Although the etiology of CFS is still unclear
and there is no definitive diagnostic laboratory test, many cases are
preceded by viral infection, and present with elevated levels of some
immune markers and cell types. Whether the evidence for immune
2

dysfunction in depression is derived entirely from “misdiagnosed” CFS
patients, or from a more substantial and representative fraction of
depressed patients, is at present unclear. CFS demonstrates not only that
immunological events can trigger psychological and behavioral symp-
toms, but that perception of physical symptoms by patients and even
physicians can significantly impact diagnosis and treatment (Wessely,
2012; Wessely and Powell, 1989).

A powerful clue that immune dysregulation contributes to the link
between chronic diseases and depression is that medical treatment which
directly alters inflammation also alters mood. Pro-inflammatory drugs
used to treat hepatitis C and cancer are associated with an increase in
depression, sometimes within days (Capuron et al., 2004, 2000; Udina
et al., 2012). Conversely, immunosuppressant drugs used to treat psori-
asis were shown to reduce symptoms of depression (Langley et al., 2010;
Tyring et al., 2006). Further evidence comes from a meta-analysis of
randomized clinical trials which found that non-steroidal anti-in-
flammatory drugs and cytokine inhibitors significantly reduced depres-
sive symptoms compared to placebo (K€ohler et al., 2014). Furthermore,
in mice, regulatory T cell depletion induces depression-like behaviors
(Kim et al., 2012), while knockout of a proinflammatory gene reduced
such behaviors following chronic restraint stress (Alcocer-G�omez et al.,
2016). Together, this evidence from human and animal studies suggests a
specific positive association between systemic inflammation and
depression independent of any psychological effects from loss of physical
ability or function.

3. Behavior, mood, and the immune response

One evolutionary theory for why the immune system may directly
influence brain function to alter behavior and mood is the “sickness
behavior” hypothesis. In 1964, Neal Miller hypothesized that feeling sick
during acute infection helps organisms conserve energy and prioritize
behaviors needed for immediate survival (Miller, 1964). When we have a
cold or flu, we often experience a loss of motivation, lack of energy,
decreased appetite, reduced cognitive ability, and diminished desire for
social interaction (Dantzer et al., 2008), responses which overlap with
hallmark symptoms of depression. Indeed, the name “sickness behavior”
suggests that depression-like symptoms may be one of the manifestations
of body’s immune response to disease. Viewed in this way, sickness
behavior may reduce the activity level of a sick animal, so that it can
focus on healing and recovery, and avoid external dangers. In prehistoric
humans, as in the poorer countries until recent times, injuries and in-
fections were the most frequent causes of death (Institute for Health
Metrics and Evaluation (IHME), 2017), which may have created strong
positive selection pressure for sickness behavior (Miller and Raison,
2016). However, when sickness behavior is prolonged and dysregulated,
it may become maladaptive and develop into a syndrome very similar to
clinical depression.

The “hygiene hypothesis” suggests that the human immune system is
mis-calibrated to be overaly active and vigilant in modern societies
(Straub and Schradin, 2016), where infections have fallen by an order of
magnitude as a proportion of causes of death (IHME, 2017). With the lack
of exposure to co-evolved commensal microbes commonly experienced
by our ancestors, the immune system reacts excessively to harmless dust
and food (allergies), begins attacking our own cells (autoimmune dis-
eases), or maintains chronic inflammation with harmful effects on mul-
tiple body systems.

Various evidence is consistent with the hygiene hypothesis in relation
to allergies and autoimmune disorders. Children who sucked their
thumbs or bit their nails have been shown to develop less atopic sensi-
tization (Lynch et al., 2016). Children who were born vaginally or whose
parents sucked their pacifiers to clean them have less allergy, asthma,
and/or eczema (Hesselmar et al., 2013). Amish, who practice traditional
farming with close exposure to animals, had much less asthma and
allergic sensitization than Hutterites, who are similar to Amish in ge-
netics and lifestyle, except that they practice modern farming with much
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less animal exposure (Stein et al., 2016). The reported increase in prev-
alence of autoimmune and other immune system related diseases asso-
ciated with improvement in socio-economic conditions improved is also
consistent with the “hygiene hypothesis”. Table 1 displays the shares of
all causes of disability adjusted life-years lost (DALYs) in the poorest
countries in 1990 and the richest countries in 2017 (IHME, 2017). The
contributions of psoriasis, inflammatory bowel disease, and multiple
sclerosis rose by about an order of magnitude, while that of asthma rose
several fold, consistent with the hygiene hypothesis. The lone exception
is asthma in ages 15–49, which fell slightly. This might be due to the
enormous health impact of indoor air pollution in poor regions
(Schraufnagel et al., 2019).

Consistent with a link between dysregulated immune function and
increased sickness behavior is the increased rates of depression with
improvements in socio-economic conditions. The proportion of DALYs
due to depression is greater in developed than in developing regions
where commensal microbes may be more prevalent (Table 1), and life-
time rates of depression are increasing, especially in developed countries
(Twenge et al., 2019; WHO, 2017). However, these findings may be
confounded by availability of mental healthcare and changes in diag-
nostic practice; it has been suggested that many patients currently
diagnosed with depression would have been considered to have only
“normal sadness” in the past (Horwitz and Wakefield, 2007).

An inherent difficulty with evolutionary explanations, such as sick-
ness behavior or the hygiene hypothesis, is that they are difficult, if not
impossible, to test experimentally. Observational studies used to support
these hypotheses are easily influenced by confounders, and alternative
explanations cannot be conclusively ruled out. However, while keeping
these caveats in mind, evolutionary hypotheses can still provide useful
frameworks with which to organize higher-order and long-term obser-
vational trends such as the increasing rates of depression across the
world, which follow advancements in infection control and sanitation.

A mechanism for sickness behavior was first proposed by Smith
(1991), who posited that cytokines affect the brain and can induce
depression. In 1993, Maes reported an increase in the acute-phase pro-
tein haptoglobin in melancholic depression, which associated positively
with a number of other inflammatory markers and cells, accompanied
vegetative symptoms of depression including decreased appetite, weight
loss, psychomotor retardation, sleep disorders, and lack of energy (Maes,
1993). Further preclinical studies have since uncovered other cellular
and molecular systems underlying sickness behavior (Miller and Raison,
2016), while human neuroimaging studies of immune challenge response
have identified specific brain regions associated with functional changes
predictive of sickness behaviors, including the insula, substantia nigra,
amygdala, and ventral striatum (Critchley and Harrison, 2013), some of
which have also been implicated in depression (Price and Drevets, 2010;
Satizabal et al., 2019; Schmaal et al., 2016).

Cytokines are likely to play a role in depression-like sickness behavior
Table 1
Comparison of contribution of common diseases to disability adjusted life years.

Poor Regions, 1990 Rich Regions, 2017

Age (y): 0–5 5–14 15–49 0–5 5–14 15–49

Disease
Asthma 0.33% 1.36% 1.67% 1.77% 4.82% 1.10%
Psoriasis 0.00% 0.09% 0.12% 0.28% 1.64% 0.95%
Inflammatory bowel
disease

0.00% 0.01% 0.03% 0.07% 0.16% 0.28%

Multiple sclerosis 0.00% 0.00% 0.02% 0.00% 0.01% 0.23%
Depression 0.00% 0.43% 1.89% 0.00% 3.40% 4.94%

Autoimmune diseases and depression have tended to become much more common in
developed regions. Percentages indicate the contribution of each disease to all disability
adjusted life years lost within each age range and region (Institute for Health Metrics
and Evaluation (IHME). GBD Compare Data Visualization. Seattle, WA: IHME,
University of Washington, 2017. Available from http://vizhub.healthdata.org/gbd
-compare.)

3

through a diverse set of mechanisms. Primary evidence comes from an-
imal studies, which show that both peripheral and central injection of
pro-inflammatory cytokines can induce a neuroinflammatory response
and result in sickness behaviors which are reduced in immune-deficient
or cytokine-knockout models (Poon et al., 2015). These results are
corroborated by studies in humans undergoing treatment with IFN-α, a
pro-inflammatory cytokine which causes neurovegetative symptoms of
depression including decreased appetite, fatigue, psychomotor retarda-
tion, and sleep disturbance in most patients and also induces anxiety,
pain, depressedmood, anhedonia, cognitive impairment, anger, hostility,
and suicidal ideation in half of patients (Slavich and Irwin, 2014). IFN-α
decreases dopamine release in the basal ganglia and is associated with
decreased effort-based motivation and decreased activation of basal
ganglia reward circuitry (Capuron et al., 2012; Miller and Raison, 2016).
By contrast, IFN-α increases glutamate release in the basal ganglia and
dorsal anterior cingulate cortex (Miller and Raison, 2016). Injection of
other pro-inflammatory agents are also able to cause sickness behavior,
with some having receptors available in brain neurons (Dantzer et al.,
2008). Thus, this converging evidence points to the conclusion that
systemic and neuroinflammation have direct effects on emotional and
behavioral processes inherent to depression.

Chronic inflammation, which results from sustained elevation of pro-
inflammatory cytokines, may also contribute to some aspects of sickness
behavior by increasing prostaglandin E2 (PGE2) levels or inducing p38
mitogen-activated protein kinase (Miller and Raison, 2016; Stein et al.,
2017; Zhu et al., 2010). These kinases can increase the expression and
function of serotonin reuptake transporters, reducing the availability of
serotonin, a key molecule in depression (Ressler and Nemeroff, 2000)
which is targeted by first-line treatment with selective serotonin reuptake
inhibitors (SSRIs).

Prostaglandins, with PGE2 being the most extensively studied, are
also important mediators of inflammation and depression-like sickness
behaviors. The rate-limiting enzymes in prostaglandin production are
constitutively expressed in brain tissue and are increased in response to
stress (Müller et al., 2011; Poon et al., 2015). Peripheral immune chal-
lenges have been shown to increase PGE2 levels in the brain, but as a lipid
molecule, PGE2 produced in the periphery is also able to cross the
blood-brain barrier, unlike most other inflammatory signaling molecules
(Poon et al., 2015). Depending on the subtype, PGE2 receptors of
microglia may elicit pro-inflammatory and anti-inflammatory responses,
while receptors near synapses may alter the neurochemical properties of
neurons. In addition to its role in systemic and brain inflammation, PGE2
has been shown to mediate sickness behavior including fever, reduced
food intake, and cognitive deficits (Poon et al., 2015). Importantly, PGE2
levels are increased in depressed patients, while SSRIs and tricyclic an-
tidepressants have been shown to decrease PGE2 production (Müller
et al., 2011).

The vagus nerve is an important mediator of the parasympathetic
nervous system which also modulates motivation and emotion by trans-
mitting information about visceral states, including inflammation, to the
central nervous system (CNS; Critchley and Harrison, 2013). Vagal affer-
ents can respond to the proinflammatory cytokines in the abdominal
cavity, relaying signals to the brain and resulting in an increased pro-
duction of pro-inflammatory IL-1β in the hippocampus and hypothalamus
(Poon et al., 2015). Rodent studies have shown that cytokine-induced
activation of the vagus leads to depression-like sickness behavior,
notably social withdrawal, reduced locomotion, and reduced food intake
(Poon et al., 2015). Although the release of IL-1β in the hypothalamus may
initially produce short-term neuroinflammation, it subsequently activates
the hypothalamic-pituitary-adrenal (HPA) axis to release cortisol, which
reduces inflammation (Bonaz et al., 2016; Tracey, 2009). Return to ho-
meostasis may be further facilitated by vagal efferents which release
acetylcholine, suppressing the release of pro-inflammatory cytokines by
macrophages throughout the body.

On the other hand, some commensal bacteria can suppress inflam-
mation and are associated with reduced anxious or depressive behavior
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in rats, or symptoms in patients (Frank et al., 2018; Valles-Colomer et al.,
2019). Giving people protective bacteria as probiotics to prevent or treat
depression has been considered for over a century, with George Porter
Phillips delivering lactic acid bacteria to “melancholia” patients in 1910
and reporting decreased depressive symptoms (Herman, 2019). In recent
years, some studies have shown that administering Lactobacillus or Bifi-
dobacterium improved mood or reduced depressive symptoms for both
healthy individuals and depressed patients (Herman, 2019). One possible
mechanism for the role of gut bacteria in depression is that stress
weakens tight junctions in the gut, allowing bacteria to escape, leading to
inflammation. Probiotic Lactobacillus bind to gut epithelium, competing
against and preventing pathogenic bacteria from doing so and leaking
into the body. The vagus nerve may also play a role, as vagotomy in mice
blocked Lactobacillus-associated reductions in depressive behavior (Her-
man, 2019).

Immune system activity is tightly linked with other biological systems
strongly linked to depression including neurotransmitter availability and
function, along with the stress response. By activating cytokines and
glucocorticoid release, stress and inflammation shift the balance of
tryptophan metabolism towards kynurenine, whose levels are elevated
relative to serotonin in depressed patients compared to controls (Agudelo
et al., 2014; Dantzer et al., 2008; Herbert and Lucassen, 2016; Kelly et al.,
2016; Slavich and Irwin, 2014). Through various other effects of the
kynurenine pathway, inflammation may impact depression symptoms
including cognitive deficits, low mood, and sleep disturbances by pro-
moting degradation of monoamines and melatonin, hippocampal atro-
phy, and production of endogenous NMDA-receptor agonists or
antagonists (Caumo et al., 2019; Herman et al., 2019; Jeon and Kim,
2017; Miller and Raison, 2016; Schlittler et al., 2016). The gut micro-
biome likely affects kynurenine metabolism and depression, as evidenced
by the observation that fecal transplants from depressed people to rats
raise their ratio of kynurenine to tryptophan and cause them to exhibit
depressive behaviors (Kelly et al., 2016), whereas probiotic treatment
reduces expression of a kynurenine-synthesizing enzyme and depressive
behavior (Marin et al., 2017).

During periods of stress, release of epinephrine and norepinephrine
by the sympathetic nervous system raises levels of circulating lympho-
cytes, perhaps to enable a rapid immune response if a threat results in
injury (Dhabhar, 2009). Normally, the slower subsequent release of
cortisol as part of the HPA axis response leads to a decrease in circulating
lymphocytes and generally suppresses immune activity (Dhabhar, 2009;
Slavich and Irwin, 2014), which eventually helps to restore homeostasis
(Russell et al., 2018). However, somewhat like the boy who cried wolf,
persistent glucocorticoid secretion induces habituation to repeated or
chronic stimuli (Slavich and Irwin, 2014). Such glucocorticoid resistance
can arise from the effects of chronic mild stress or childhood trauma on
glucocorticoid receptor availability, reduction of corticotropin releasing
factor (CRF) receptors, or decreased sensitivity of immune cells to
glucocorticoid inhibition (Miller and Raison, 2016; Nezi et al., 2015).
Glucocorticoid resistance increases levels of pro-inflammatory mole-
cules, lowers levels of anti-inflammatory molecules, and ultimately in-
creases risk of depression (Russell et al., 2018). As discussed earlier,
depression also increases risk for inflammation and other diseases, thus,
these factors may form a positive feedback loop which maintains
depressive symptoms (Slavich and Irwin, 2014).

Although they provide a helpful framework, there is relatively weak
evidence to support evolutionary theories for the association between
increased hygiene and dysregulated immune function as well as the po-
tential evolutionary value of sickness behavior. Regardless of the validity
of these evolutionary rationales, we have reviewed the strong evidence
that chronic inflammation can occur in the absence of a real immune
threat and that such mis-calibration of the immune system can lead to
improper long-term activation of depression-like sickness behaviors
through a number of distinct mechanisms.
4

4. Immune-related genes and depression

Having reviewed evidence supporting a role of immune dysregulation
in depression, we synthesize immune-related genes identified in the most
recent GWASmeta-analysis by Howard et al. (2019) with evidence of their
known biological function from existing literature. Although Howard et al.
(2019) found no significant evidence for enrichment of immune-related
gene-sets, other gene-set and expression studies show support for cyto-
kine and immune-related pathway enrichment in depressed patients
(Elovainio et al., 2015; Jansen et al., 2016; Leday et al., 2018; Wray et al.,
2018). Thus, more research will be necessary to firmly establish gene-set
enrichment, but current experimental, epidemiological, and genetic evi-
dence linking inflammation with depression warrants a systematic evalu-
ation of the functions of immune-related genes identified by Howard et al.
(2019) as candidates for deeper depression-focused study.

For each of the 269 genes identified by Howard et al. (2019), we
conducted a manual search of the NCBI Gene database (National Library
of Medicine (US) National Center for Biotechnology Information, n.d.)
and PubMed for evidence linking the gene or its protein product with the
development, production, trafficking, or function of immunological cells
or markers. 34 of the examined genes were found to have evidence for
immune-related functions, which are discussed in detail below. For ease
of interpretation and discussion, we manually sorted these genes
post-hoc into a few manageable sub-categories based on their major
function: leukocyte regulation and development, antigens and anti-
bodies, cytokines, innate immunity, and neuroinflammation. Fig. 1
shows the number of genes which fall into each of these categories.

The largest of these sub-categories, with 20 genes, implicated regu-
latory and developmental processes of white blood cells. Fig. 2 visualizes
likely connections between these genes, as curated by the GeneMANIA
prediction server (Warde-Farley et al., 2010), and visualizes which im-
mune cell types are implicated by the function of each gene, which are
discussed in more detail below.

Some genes implicatedmultiple cell types, with TCF4 being involved in
general lymphoid development (Forrest et al., 2014), LST1 negatively
regulating lymphocyte proliferation (Rollinger-Holzinger et al., 2000),
ZDHHC21 controlling lymphocyte adhesion (Beard et al., 2016), and es-
trogen receptors like ESR2 involved in lymphocyte development and
function (Kovats, 2015). MICB (Raulet et al., 2013) and TRAF3 (Bishop
and Xie, 2007) both regulate the activation of multiple lymphocyte types.
Other genes seem to exhibit a cell-type specific function. TCAIM,MR1, and
BTN3A2 each play a role in the activation of T-cells (Rhodes et al., 2015;
Schumann et al., 2014; Vogel et al., 2015), while CELF2, PRSS16, and
PLCG1 are involved in their development (Fu et al., 2010; Mallory et al.,
2015; Viret et al., 2011). ITPR3 influences both the activation and differ-
entiation of T-cells (Nagaleekar et al., 2008). PAX5 (Cobaleda et al., 2007)
and MEF2C (Wilker et al., 2008) are necessary regulators of B-cell devel-
opment and function whose expression has been observed in microglia of
the rodent brain (Deczkowska et al., 2017; Maurya and Mishra, 2018).
PPID can bind the immunosuppressant cyclosporin A and has been shown
to regulate glucocorticoid signaling (Bourke et al., 2013; Ratajczak et al.,
2003), which is an important mediator of HPA-induced inflammatory
processes. GRM5 is involved in neurotransmitter, stress, and immune
function through its mediation of glutamatergic effects on lymphocyte
activity (Pacheco et al., 2004) and inflammation-induced microglia acti-
vation (Liu et al., 2014). ZKSCAN4 interacts with glucocorticoid receptors
and is able to repress transcription initiated by glucocorticoids (Ecker
et al., 2009). As glucocorticoids are pivotal to the HPA stress response, but
also suppress inflammation, it is yet unclear by which pathway this gene
could exert an effect on depression. Finally, RTN1 is a marker for dendritic
cells, and HTT, known for its causal role in Huntington’s disease, also
regulates monocyte migration (Kwan et al., 2012).

Genes of the second largest sub-category, HLA-B, BTN3A3, HLA-DQB1,
and HLA-DQA1, all participate in the presentation of antigens to the im-
mune system. Four genes, PLCG1, CHD6, SERPING1, and OLFM4, are also
implicated in the innate immune response. PLCG1 has been shown to



Fig. 1. This figure shows the number of genes manually categorized into each post-hoc functional category. Of the 34 total genes which had evidence for an immune-
related function, a majority (20) of them appeared to have a major function related to leukocyte regulation and development. 4 showed involvement in antigen and
antibody function. Neuroinflammation, innate immunity, and cytokine functional categories each contained 3 genes. TMEM258 did not clearly fit into any of
these categories.
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partially mediate the innate immune response (Bae et al., 2017), whereas
CHD6 is able to hinder the replication of the influenza virus (Alfonso et al.,
2011). SERPING1 regulates the complement cascade, an important
component of the innate immune system (Davis, 2004). OLFM4, which
contains the most significant SNP from the GWAS meta-analysis of Wray
et al. (2018), is thought to be involved in innate immunity and gastroin-
testinal inflammation (Liu and Rodgers, 2016). The next sub-category,
comprising cytokine-related genes, includes EMILIN3 and LTBP3, which
are suggested to be involved in TGFβ signaling (Robertson et al., 2015;
Schiavinato et al., 2012), along with ACVR1B, a receptor for activins,
which have been shown to facilitate cytokine release (Xia and Schneyer,
2009). Neuroinflammation-related genes include LRFN5, which sup-
presses the immune response in the nervous system and regulates synaptic
development (Choi et al., 2016; Zhu et al., 2016), CSMD1, which regulates
inflammation in developing neurons (Kraus et al., 2006), and PLA2R1,
which may inhibit phospholipase A2 (Murakami et al., 2015), an enzyme
that mediates both general pro-inflammatory processes (Burke andDennis,
2009) and neuroinflammation specifically (Sun et al., 2010). Two genes
did not fit clearly into any of these categories, but had some evidence for
an immune-related function. Finally, TMEM258, involved in intestinal
inflammation and endoplasmic reticulum stress (Graham et al., 2016), was
not categorized.

Only a few of these genes have been explicitly examined for a role in
depression and other neuropsychiatric disorders. The enzymatic product
of the PLCG1 gene, phospholipase-C γ1 (PLCγ1), catalyzes the formation
of inositol phosphate 3 (IP3), which is an important secondary messenger
throughout the body that regulates calcium signaling, including in the
brain (Foskett, 2010) and immune system (Vig and Kinet, 2009). PLCG1
has been proposed as a mediating factor in schizophrenia, bipolar dis-
order, Alzheimer’s, Huntington’s, and epilepsy (Yang et al., 2016) and
has been associated with lithium treatment response in bipolar patients
5

(Løvlie et al., 2001; Turecki et al., 1998). Supportive of a role in
depression, antidepressants have been shown to activate PLCγ in mice
(Rantam€aki et al., 2007), while loss of expression in mouse forebrain
leads to manic-like behavior, including reduced depression-like behavior
(Yang et al., 2017). Additionally, PLCG1 expression is absent in the
postmortem brains of some suicide victims, while being present in con-
trol subjects (Lo Vasco et al., 2015).

Likewise, evidence also points to a specific role for HTT in depression
apart from its most well-known role in Huntington’s disease. Repeat
polymorphisms are associated with an increased lifetime depression risk
in humans (Gardiner et al., 2017), and ablation in mice led to decreased
depressive- and anxiety-like behaviors along with increased hippocampal
neurogenesis (Ben M’Barek et al., 2013). Notably, depression is the most
common comorbid psychiatric disorder in Huntington’s patients, with
symptoms often emerging early in disease progression (Epping and
Paulsen, 2011).

GRM5 expression in T cells has been linked to inflammation that re-
sults in fatigue in patients after cancer radiation therapy (Feng et al.,
2018), suggesting an involvement in sickness behavior. Clinical trials
assessing the effects of antagonists for the metabotropic glutamate re-
ceptor encoded by GRM5 on depression symptoms have been unsuc-
cessful (Barnes et al., 2018), but administration of ketamine reduced this
receptor’s availability in depressed patients and was associated with
symptom improvement in one recent study (Esterlis et al., 2018). Studies
in rodents have demonstrated a role for GRM5 in modulation of behav-
ioral and immunological responses to both acute and chronic stress
paradigms (Peterlik et al., 2017; Shin et al., 2015; Sun et al., 2017).

One recent study has shown that knockdown of SERPING1 in mice
leads to neuroinflammation, leakage across the blood-brain barrier,
cognitive deficits, and depressive-like behavior (Farfara et al., 2019).
Additionally, reduced TCF4 serum expression has been observed in



Fig. 2. The interior of this circle diagram shows connections between the 20 genes which exhibited a function related to leukocyte regulation and development as
curated through GeneMania (Warde-Farley et al., 2010). The outer portion of this diagram indicates which immune cell type(s) each gene affects directly through their
function, which are referenced and discussed in more detail within the main text.
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depression patients compared to healthy controls (Mossakowska-W�ojcik
et al., 2018) and is a known risk allele for schizophrenia (Forrest et al.,
2018; Xia et al., 2018). CSMD1 was recently found to be significantly
associated with depression in Han Chinese through a rare variant burden
test (Zhang et al., 2019). Finally, variants within both HLA-DQB1, and
HLA-DQA1 have been strongly associated with narcolepsy through
candidate gene studies and GWAS (Hor et al., 2010; Ollila et al., 2014).
Importantly, sleep disturbances often co-occur with symptoms of
depression and can be an important predictor of future episodes of
depression (Nutt et al., 2008).

5. Discussion

In the first half of this review, we discuss evidence supporting im-
mune system involvement in depression symptoms. Initial evidence
comes from the observed bidirectional temporal association between
immune disorders and depression. It is possible that the immune to
depression association could be explained as a psychological response to
pain or perceived loss of health and ability, rather than a consequence of
underlying immune dysregulation. However, studies showing antide-
pressant effects of anti-inflammatory medications and depressogenic ef-
fects of pro-inflammatory drugs in patients and rodent suggest a specific
role for the immune system. Some specific biological mechanisms linking
immune function to depression symptoms have been identified including
neuroinflammation, vagus nerve signaling, gut microbiota, brain regions
which respond to immune challenges, and interactions with neuro-
transmitters and the stress response.

One parsimonious explanation for both the rise in autoimmune dis-
ease and depression in developed countries comes from evolutionary
theory. The hygiene hypothesis suggests that decreased exposure to
environmental microbes and immune challenges during development
increases the sensitivity of our immune system. Such an overactive or
tonic immune response could cause chronic “sickness behaviors”, which
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overlap with the hallmark symptoms of depression, contributing to the
increase of rates of depression in developed countries. Of course,
evolutionary theories can often be post-hoc rationalizations of observa-
tional trends. They are difficult to test and observational support can be
severely biased by confounding factors. Nevertheless, while acknowl-
edging these limitations, such theories can still be helpful as a framework
for interpreting findings and generating novel testable hypotheses.

The second half of this review synthesizes gene-based results from the
most recent GWAS meta-analysis of depression with their known func-
tions in the immune system, supporting existing evidence for a role of
dysregulated immune function in depression. Such support from GWAS
shows the value of hypothesis-free methods for identifying disease-
relevant genes and prioritizing risk-associated biological systems. How-
ever, there are currently few clues about which of the previously dis-
cussed mechanisms might ultimately mediate the effects of these genes
on depression risk. For example, whether LST1, by mis-regulating
lymphocyte proliferation, causes tonic systemic inflammation and
elicits depression-like behavior via vagal nerve signaling, or whether
there is a specific effect on inflammation in the gut which causes pro-
tective microbes to be eliminated, will require targeted hypothesis-
driven experiments and observational studies.

Although many genes identified by Howard et al. (2019) show an
immune-related role, the remaining majority of genes currently have no
supporting evidence for an immune function. It is likely that some of
these genes have an immune-related function which we have yet to
discover, but more than likely these genes are evidence of the highly
polygenic and multifactorial nature of depression etiology. Furthermore,
a large majority (23) of the immune-related genes also have known
functions across other neurobiological systems, which may be difficult to
tease apart. For example, ESR2 not only affects lymphocyte development
and function, but also can raise the brain levels of tryptophan hydroxy-
lase and serotonin, and is expressed in neurons in the paraventricular
nucleus that release CRF, leading to higher blood glucocorticoid levels in
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response to stress (Borrow and Handa, 2017). One recent study has
shown this gene to interact with negative life events in menopausal
Chinese women to predict depression (Zhang et al., 2017). A discussion
of all such overlapping functions for each gene is beyond the scope of this
review, but it is critical to note their potential existence.

A high degree of pleiotropy is expected for these genes, given the
strong links between the immune system, neurotransmitter regulation,
and the biobehavioral stress response as well as the tendency for
“moonlighting proteins” to serve multiple biological functions (Jeffery,
2018). Even the immune-related genes which currently have no evidence
for cross-system effects may ultimately prove to harbor another neuro-
biological role. Statistical geneticists can work towards disentangling the
effects of multi-function genes by using multi-level omics data across the
transcriptome, proteome, and epigenome across relevant cell types.
Preclinical research will ultimately be necessary to clarify which mech-
anism(s) truly underlie the link between these genes and depression. Our
overview of these functions gives lab-based researchers a strong,
evidence-based starting point to identify the most promising candidates
within their area of expertise for follow-up experimentation.

The present review has three other major limitations. First, results
from a gene-based test were used as the basis for our function categori-
zation (Howard et al., 2019; Leeuw et al., 2015). Although these are
powerful tools for identifying risk loci (Neale and Sham, 2004), due to
linkage disequilibrium (LD) there is no guarantee that a true causal risk
locus has been identified. This is especially problematic for loci within
the highly conserved, gene-dense major histocompatibility (MHC) region
(Horton et al., 2004), where high LD makes identifying the source of an
observed association difficult. We note that nine of the 34 genes dis-
cussed here lie within the extended MHC. Notably, the MHC region had
the strongest association signal for schizophrenia in patients of European
ancestry (Ripke et al., 2014), which has been attributed to loci in the
Complement 4 (C4) genes (Sekar et al., 2016). Follow-up analyses have
begun to narrow down potentially relevant loci for depression in the
MHC (Glanville et al., 2020; H. Li et al., 2019a), but further study will be
necessary to pinpoint risk loci with more certainty. Due to the limitations
of the applied method in handling genes in regions of high LD, some
genes discussed here may not represent true causal loci. Recently, a
conditional gene-based test has been introduced to address this issue (M.
Li et al., 2019b).

Secondly, our review was designed as a qualitative stock-taking of the
most up-to-date GWAS findings. Conducting and synthesizing results from
manual searches of the literature may mean that relevant findings have
been overlooked and the number of immune-related genes undercounted.
Finally, as we relied on the findings from Howard et al. (2019) as the basis
for our immune-related gene identification, we inherit any limitations of
their study design and analysis. Notably, their findings come from a sample
which is exclusively of European ancestry and contains a higher proportion
of wealthy and highly educated individuals than the general population. It
is also important to acknowledge that although there is some evidence for
sex-specific genetic factors in depression, Howard and colleagues (2019)
did not perform a genome-wide test for such effects.

Although there is strong sex discordance between rates of depression
(Kessler et al., 2012), and evidence of sex-specific genetic factors from
family studies (Flint and Kendler, 2014; Kendler et al., 2006), GWAS
have so far failed to identify any specific loci (Hall et al., 2018; Trzas-
kowski et al., 2019). Notably, some evidence supports the existence of
sex differences in the depressogenic effects of inflammation (for a review,
see Bekhbat and Neigh, 2018). Thus, future studies examining the con-
tributions of inflammatory genes on depression should consider testing
for sex-specific effects when possible.

While we hope that this review serves as a platform for future inquiry
to better understand the immunological mechanisms contributing to
depression pathology, research should integrate measurements across
multiple systems and consider environmental and genetic interactions
when possible. Eventually, we must find ways to move beyond single-
gene or omnigenic studies in cells and model organisms to a truly
7

polygenic model, but these genes currently represent the most promising
starting point for basic and translations researchers when designing
studies with the aim of better understanding the underlying biology and
improving treatment options for depression.
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