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*  Chronic stress mobilizes leukocytes via sympathetic nerves and glucocorticoids.
* Leukocytes then secrete cytokines and infiltrate the brain for emotional changes.
*  Chronic stress activates microglia via innate immune receptors TLR2/4.

*  Microglia then cause emotional changes via multiple neuro-immune pathways.

* Similar immune system abnormalities in the brain and periphery occur in depression.
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Abstract

Stress due to adverse and demanding conditions alters immune functions. How innate and
adaptive immune systems respond to stress and affect neural processes remains unclear.
Rodent studies have demonstrated crucial roles of stress-induced immune responses for
depressive- and anxiety-like behaviors. In the periphery, stress evokes the mobilization
of neutrophils and monocytes to the circulation via sympathetic nerves and
glucocorticoids. These myeloid cells are thought to promote depressive- and anxiety-like
behaviors by infiltrating the brain’s perivascular space, releasing cytokines, and affecting
vascular endothelial functions. In the brain, stress activates microglia via innate immune
receptors TLR2/4. The activated microglia in the medial prefrontal cortex secrete
cytokines and alter neuronal morphology and activity in their vicinity. In subcortical brain
areas, prostaglandin (PG) E: released from the activated microglia attenuates the
dopaminergic projection to the medial prefrontal cortex via PGE receptor EP1. These
multiple actions of microglia promote depressive-like behavior in concert. These rodent
findings may be translatable to depression that clinical studies have associated with brain
and peripheral inflammations. Understanding causal relationships between immune and
neural alterations under stress might be exploitable to develop inflammation-targeting

therapeutics for mental illness.



1. Introduction

Stress is a strain of mental and physical functions caused by adverse and demanding
conditions inside and outside the body. Stress evokes adaptive biological responses to
cope with it for wellbeing and survival. However, if it becomes excessive or prolonged,
stress may cause depression, elevated anxiety, and cognitive dysfunctions, increasing the
risk of mental and physical illnesses (Yaribeygi et al., 2017; McEwen et al., 2017). Many
recent studies on stress have focused on its effects on brain functions, leaving its impact
on other systems less explored. Nonetheless, studies have shown that stress affects
immune systems since Hans Selye proposed the concept of stress in the 1950s (Szabo et
al., 2012). He discovered that stress causes the atrophy of the thymus, a crucial organ for
adaptive cellular immunity. He and later researchers also found that stress activates the
hypothalamic-pituitary-adrenal (HPA) axis as represented by blood glucocorticoid
increase and adrenal hypertrophy. Since glucocorticoids suppress various responses of
immune cells, stress was considered immunosuppressive. Clinical studies corroborated
this notion by suggesting that chronic stress suppresses adaptive cellular and humoral
immunity, the latter of which being less affected under acute stress (Segerstrom et al.,
2004). Rodent studies also confirmed the suppressive effect of stress on adaptive
immunity to infection (Glaser et al., 2005). However, stress may augment innate immune
responses under certain if not all conditions. Several studies in mice showed that repeated
social defeat stress mobilizes neutrophils and monocytes from the bone marrow to the
circulation (Engar et al., 2004; Powell et al. 2013; Xu et al., 2020; Ishikawa et al., 2021).
Stress reportedly enhances the bactericidal activity of splenic macrophages and innate
immune response to viral infection (Bailey et al., 2007), although it could also counteract

this effect via sympathetic nerves (Andersson_ & Tracey, 2012; Abe et al., 2017). Besides,
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stress activates microglia, increasing the expression of proinflammatory mediators in the
brain and induces brain infiltration of monocytes through the blood-brain barrier (Weber
et al., 2017). Depressive patients also show abnormalities in innate immune systems in
the periphery and brain, as exemplified by increased neutrophils, monocytes, and
inflammatory mediators in the blood (Hasselmann et al., 2018; Lynall et al., 2020; Syed
et al., 2018) and neuroinflammation in specific brain areas visualized by PET imaging
(Setiawan et al., 2015; Setiawan et al., 2018), respectively.

This review summarizes the impact of stress on immune systems in the periphery and
brain and their behavioral relevance. We also discuss translating these stress responses in

rodents to stress pathology in mental illness, such as depression.

2. Stress-induced immune responses in the periphery and their mechanisms
2.1. Stress-induced leukocyte mobilization from the bone marrow

Studies in rodents, mostly with repeated social defeat stress, have shown that stress
alters leukocyte counts, distribution, and properties (Table 1, Figure 1) (Davis et al., 2008;
Ince et al., 2019). Generally, chronic stress decreases lymphocytes, such as T cells and B
cells, whereas it increases myeloid cells, such as neutrophils and monocytes, in the blood
and bone marrow (Engar et al., 2004; Powell et al., 2013; Xu et al., 2020; Ishikawa et al.,
2020). These changes could be due to altered differentiation and proliferation of
leukocytes in the bone marrow and their egress to the circulation. However, not all
leukocyte subsets behave similarly after the cessation of stress. The neutrophil increase
and B cell decrease sustain for several days after the last stress, whereas other leukocyte

changes disappear (Ishikawa et al., 2020). Acute stress could induce similar changes in

leukocytes as chronic stress, as lymphocyte decrease and myeloid cell increase were
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noticeable immediately after single 2-hour exposure to social defeat stress. However, the
effects of acute stress may be less sustained. Only neutrophil increase, but not monocyte
increase, was observed 12 hours after single 2-hour exposure to social defeat stress
(Wohleb et al., 2013). These findings indicate that chronic stress induces longer-lasting
leukocyte changes than acute stress and that neutrophil increase sustains longer than the
changes in other leukocyte subsets.
2.2. Roles of autonomic and neuroendocrine systems

Stress-induced mobilization of these cells from the bone marrow is mainly mediated
by autonomic and neuroendocrine systems (Figure 1) (Glaser et al., 2005). The activation
of the sympathetic nervous system upon stress induces the release of noradrenaline and
adrenaline to the blood and tissues. These neurotransmitters activate adrenergic receptors
on leukocytes and their surrounding cells (e.g., mesenchymal stem cells in the bone
marrow), leading to stress-induced leukocyte mobilization (Heidt et al., 2014).
Sympathetic activation could be sufficient for these effects, as systemic treatment with
isoprenaline, a non-selective B-adrenergic agonist, decreases lymphocytes and increases
monocytes and granulocytes in the bone marrow (McKim et al., 2018). Pharmacological
inhibition of B2 and B3 adrenergic receptors suppresses stress-induced mobilization of
myeloid cells, suggesting their crucial role. These adrenergic receptors could promote the
differentiation and proliferation of myeloid cells (Vasamsetti et al., 2018). They could
also reduce C-X-C motif ligand (CXCL) 12 expression on osteoblasts and mesenchymal
stem cells that retain myeloid cells in the bone marrow via C-X-C motif chemokine
receptor (CXCR) 4 (Katayama et al., 2003; Heidt et al., 2014).

Besides, stress activates the HPA axis and increases the level of glucocorticoids in the

blood (Figure 1). Glucocorticoids directly act on myeloid and lymphoid cells to suppress
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inflammatory responses (Cain & Cidlowski, 2017). They also promote apoptosis of T
cells, macrophages, and dendritic cells, leading to inhibition of immune responses
(Amsterdam et al., 2002). However, after chronic stress, monocytes and macrophages
develop glucocorticoid resistance, or reduced sensitivity to glucocorticoids, in mice and
humans, thereby disinhibiting inflammatory responses (Weber et al., 2017). Alongside,
glucocorticoids promote innate immune responses upon stress by suppressing the
CXCL12-CXCR4 pathway that retains myeloid cells in the bone marrow and augmenting
cytokine release from these cells, since metyrapone, a glucocorticoid synthesis inhibitor,
prevented all these responses (Niraula et al., 2018).
2.3. Roles of cytokines and chemokines

Stress affects the expression of various cytokines and chemokines in the bone marrow
and circulation, likely contributing to stress-induced immune responses (Figure 1).
Distinct yet overlapping cytokines regulate the proliferation and mobilization of
neutrophils and monocytes. G-CSF generally promotes neutrophil proliferation and
mobilization, though not exclusively. G-CSF is thought to activate the sympathetic
nervous system locally in the bone marrow, leading to neutrophil mobilization (Asada et
al., 2013). CXCL1/2 and their receptor CXCR2 also stimulate neutrophil mobilization
(Hong, 2017). M-CSF and GM-CSF augment the proliferation and mobilization of
monocytes, and C-C motif chemokine 2 (CCL2) and its receptor C-C chemokine receptor
type 2 (CCR2) stimulate monocyte mobilization (Gordon & Taylor, 2005). Stress
increases the levels of G-CSF in the blood (Xu et al., 2020). As IL-17 promotes neutrophil
mobilization via G-CSF secretion, restraint stress increases aged neutrophils via [L-17A,
presumably derived from intestinal T helper 17 (Th17) cells (Xu et al., 2020). Since this

neutrophil mobilization depends on segmented filamentous bacteria in the gut, IL-17A
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could link gut microbiota and innate immune response to stress (Figure 1). Indeed, stress
affects gut microbiota that is associated with and influences stress susceptibility (Yang et
al., 2017; Foster et al., 2017). Although its mechanism remains elusive, gut microbiota
have been shown to be regulated by multiple routes, such as vagus nerves, glucocorticoids,
leukocytes, and secreted cytokines (Rea et al., 2020). However, the effects of stress on
circulating IL-17 levels vary among studies, and whether IL-17A mediates neutrophil
mobilization under stress remains to be established. Besides, stress increases the CXCL2
and CCL2 levels in the blood and brain (Sawicki et al., 2015; Elkhatib et al., 2020). This
CCL2 increase is not essential for stress-induced monocyte mobilization to the circulation
since CCR2 deletion did not affect it (Wohleb et al., 2013). Instead, the CCL2 increase in
the brain is crucial for stress-induced monocyte infiltration to the brain.
2.4. The effects of stress on immune systems via multiple organs

Stress can affect the spleen and lymph nodes via the projection of the sympathetic
nervous system, at least in part (Figure 1). Acute stress reportedly induces noradrenaline
release from sympathetic nerve endings in the spleen (Abe et al., 2017), which acts on
choline acetyltransferase-positive (ChAT") T cells via p2 adrenoceptors (Andersson_&
Tracey, 2012). These spleen T cells then release acetylcholine and inhibit the production
of proinflammatory cytokines by macrophages. This anti-inflammatory pathway is
beneficial in various inflammatory disease models, including ischemic acute kidney
injury and can be activated by vagus nerves connected to splenic sympathetic nerves

(Andersson_& Tracey, 2012). Chronic stress, such as repeated electronic foot shock or

restraint stress, increases CD4" T cells with reduced glycolysis and oxidative
phosphorylation as well as mitochondrial fission in the spleen and lymph nodes (Fan et

al., 2019). This metabolic remodeling appears to contribute to stress-induced elevated
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anxiety (see later for details). Chronic stress may also increase splenic plasma cells and
enhance antibody-dependent immune responses by activating stress-related brain regions,
such as the central nucleus of the amygdala and paraventricular nucleus of hypothalamus,
and splenic nerves (Zhang et al., 2020). This enhancement of humoral immunity occurs
only when the stress is weak and does not evoke glucocorticoid release, such that it does
not occur with restraint stress accompanied by glucocorticoid release. Thus, humoral
immunity is differentially regulated depending on stress conditions. Stress can also affect
non-immune peripheral organs, as acute stress reportedly increases IL-6 release from
brown adipocytes through direct sympathetic actions (Figure 1) (Qing et al., 2020).
Collectively, the interactions among multiple organs, including the bone marrow,
spleen, gut, and brown adipose tissue, shape stress-induced innate and adaptive immune

responses in a manner depending on stress conditions (Figure 1).

3. The effects of stress-induced immune responses in the periphery on neural
functions
3.1. Roles of bone marrow-derived myeloid cells
Stress-induced immune responses described above affect neural functions and
contribute to stress-induced behavioral changes (Figure 2). There are multiple barriers
between the brain and periphery, and leukocytes rarely exist in the brain parenchyma in a
healthy condition. Nonetheless, myeloid cells, such as monocytes, are thought to infiltrate
the perivascular spaces of the brain, especially under chronic stress (Wohleb et al., 2013;
Menard et al., 2017). Circulating monocytes adhere to vascular endothelial cells in the
brain and enter the perivascular space (Sawicki et al., 2015; Zheng et al., 2016). Alongside,

an elegant study with skull transplantation has demonstrated the direct route of myeloid
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cells from skull bone marrow to dura mater, skipping the entry to the circulation (Cugurra

et al., 2021). Dural myeloid cells would yet have to penetrate another type of barrier,

arachnoid and pia maters underneath, to reach the brain parenchyma. Repeated social
defeat stress increases perivascular monocytes in a manner dependent on CCR2 (Wohleb
etal.,2013). CCL2, a CCR2 ligand, is reported to be increased in microglia after repeated
social defeat stress, suggesting that microglia-derived CCL2 recruits perivascular
monocytes via CCR2 (Figure 2). Mice lacking CCR2 attenuate elevated anxiety induced
by repeated social defeat stress and concomitant brain infiltration of monocytes,
suggesting the anxiogenic role of blood-borne monocytes. Repeated social defeat stress
also mobilizes neutrophils into the circulation, and this neutrophil increase sustains longer
after the cessation of stress than that of monocytes (Ishikawa et al., 2020). Notably, the
neutrophil increase is more pronounced in BALB/c mice than in C57BL/6N mice. Since
BALB/c mice are more susceptible to stress than C57BL/6N mice, stress-induced
neutrophil increase could mediate genetic stress susceptibility.
3.2. Roles of circulating cytokines

Stress-mobilized myeloid cells appear to affect neural functions via the secretion of
cytokines (Figure 2) (London et al., 2013). IL-6 is one of these cytokines since bone
marrow transplantation from IL-6 knockout mice reduces depressive-like behavior
(Hodes et al., 2014). Notably, single 10-min exposure to social defeat stress increases IL-
6 in the blood before depressive-like behavior develops. This IL-6 increase is larger in
mice that will eventually develop depressive-like behavior after the repeated stress (i.e.,
susceptible mice) than in those that will not (i.e., resilient mice). Thus, pre-existing
variability of stress-induced IL-6 release from leukocytes could contribute to stress

susceptibility. Circulating IL-6 appears to leak into the brain parenchyma through the
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blood-brain barrier (BBB) since repeated social defeat stress disrupts the BBB with
reduced claudin-5 responsible for tight junctions in endothelial cells of the brain
vasculature (Menard et al., 2017). IL-1P and its receptor, IL-1 receptor type I (IL-1RI),
are also involved in stress-induced depressive- and anxiety-like behaviors. IL-1f derived
from leukocytes appears crucial for elevated anxiety since bone marrow transplantation
from mice lacking caspase-1, an enzyme responsible for IL-1p maturation, abolished this
behavioral change (McKim et al., 2018). Leukocyte-derived IL-1B could act on IL-1RI
on the brain vasculature to cause its anxiogenic effects, as shown by endothelial cell-
specific knockdown of IL-1RI that impaired stress-induced elevated anxiety. These
findings illustrate that leukocyte-derived cytokines affect neural functions via multiple
routes, directly or indirectly (Figure 2).
3.3. Roles of T cells and other immune cells

As described above, stress also increases CD4" T cells with a metabolic remodeling in
the spleen and lymph nodes. CD4" T cells are crucial for chronic stress-induced anxiety-
like behavior, as demonstrated by the loss of this behavior with antibody-mediated
depletion of CD4" T cells as well as genetic Ragl deletion (Fan et al., 2019). Adoptive
transfer revealed that naive CD4" T cells from stressed mice are sufficient to restore the
anxiety-like behavior in Ragl knockout mice, suggesting unconventional functions of
adaptive immune cells (Figure 2). Mitochondrial fission in CD4" T cells under chronic
stress could underlie stress-induced anxiety-like behavior since genetic induction of
mitochondrial fission in these cells causes anxiety-like behavior even without stress. The
anxiogenic effect of CD4" T cells with mitochondrial fission depends on purine
nucleoside phosphorylase 2 in the xanthine oxidase pathway, implicating abnormal purine

metabolism in this behavioral effect.
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Immune cells, including macrophages and resident lymphocytes, exist around the
barriers between the brain and periphery and could be involved in neuroinflammation
(Kierdorf et al., 2019). These macrophages are called CNS-associated macrophages
(CAMs), classified into perivascular, meningeal, and choroid plexus macrophages (Hove
et al., 2019). It was recently reported that meningeal yd T cells regulate anxiety-like
behavior via IL-17A signaling in prefrontal neurons (Lima et al., 2020). It remains
unexplored whether stress affects meningeal and choroid plexus macrophages and

resident lymphocytes and whether they are involved in stress-induced neural dysfunctions.

4. Stress-induced neuroinflammation
4.1. Roles of microglia and their inflammatory substances

Stress induces not only immune responses in the periphery but also inflammatory
responses in the brain (Figure 3). Stress-induced neuroinflammation and its significance

have been explored since the discoveries that stress induces the expression of

proinflammatory cytokines, such as IL-1p, in the brain (Minami et al. 1991; Nguyen et
al. 1998). IL-1 signaling is crucial for chronic stress-induced depressive- and anxiety-like
behaviors since IL-1RI knockout mice failed to show these behaviors (Koo et al., 2008).
Prostaglandin (PG) Ez, a lipid mediator derived from arachidonate, is also involved, as
shown by mice lacking PGE receptor EP1 that failed to show these behavioral changes
(Tanaka et al., 2012).

These inflammatory substances are mainly derived from microglia, resident
macrophages in the brain. Microglia are highly motile even without brain damages and
play various physiological functions (Wake et al., 2013). Consistent with microglial

involvement, chronic stress, including chronic unpredictable stress and repeated social
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defeat stress, activates microglia in specific brain areas (Figure 3). This microglial
activation is at least in part via innate immune receptors called Toll-like receptors (TLRs).
TLRs recognize not only pathogen-associated molecular patterns (PAMPs) but danger-
associated molecular patterns (DAMPs), endogenous ligands released from the cell upon
cellular damage or inflammatory stimuli. TLR2 and TLR4 (TLR2/4) are crucial for stress-
induced depressive- and anxiety-like behaviors and dendritic shrinkage and the attenuated
response of prefrontal neurons since genetic TLR2/4 deletion abolishes these changes
(Nie et al., 2018). As TLR2/4 are highly expressed in microglia, they are also necessary
for concomitant microglial activation. Notably, selective knockdown of TLR2/4 in
prefrontal microglia inhibits depressive-like behavior, demonstrating the behavioral
significance of prefrontal microglial activation. The activated microglia promote
depressive-like behavior via proinflammatory cytokines, IL-1a and TNF-a (Figure 3).
How these cytokines affect neuronal structures and functions warrants future
investigations.

TLR2/4 are also crucial for stress-induced prostaglandin (PG) E2 increase in the brain.
PGE2 is a lipid mediator derived from arachidonate involved in inflammation and immune
responses. Multiple biochemical pathways can synthesize PGE: from arachidonate-
containing membrane phospholipids or endocannabinoids, respectively (Park et al., 2006).
In the brain, monoacylglycerol lipase (MAGL) metabolizes 2-arachidonoylglycerol to
free arachidonate, which is further converted to PGE: by cyclooxygenase (COX) and PGE
synthase (Nomura et al., 2011). Microglia that express COX-1, one of the two COX
isoforms, could be the source of PGE: under stress since pharmacological inhibition and
genetic deletion of COX-1 abolishes stress-induced brain PGE: increase and depressive-

like behavior (Tanaka et al., 2012; Nie et al., 2019). Pharmacological MAGL inhibition
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also abolishes both of these (Nie et al., 2019). Thus, the MAGL-COX-1 pathway mediates
stress-induced brain PGE: increase, leading to depressive-like behavior. The resultant
PGE:2 is involved in chronic stress attenuating the dopaminergic pathway to the medial
prefrontal cortex via its receptor EP1 (Figure 3). As stress-induced prefrontal
dopaminergic response and D1 receptor activation prevent the induction of depressive-
like behavior (Shinohara et al., 2018), this PGE2-EP1 action likely contributes to this
behavior (Tanaka et al., 2012). Peripheral inflammation induced by LPS also causes EP1-
mediated dopaminergic attenuation, leading to avoidance from an LPS-associated
compartment (Fritz et al., 2016; Klawonn et al., 2021). Thus, different stressors activate
the same inflammatory process for their adverse behavioral effects.
4.2. Brain region-dependent heterogeneity of neuroinflammation

The PGE: increase selectively occurs in subcortical brain areas for its pro-depressive
effect, but not in cortical areas, including the prefrontal cortex, where proinflammatory
cytokines take this role instead. Thus, microglia appear to exert pro-depressive effects via
different proinflammatory effectors, depending on brain areas. Indeed, microglia show
highly variable patterns of stress responses, depending on brain regions (Stratoulias et al.,
2019). Even in naive mice, microglia show heterogeneity in gene expression profiles
across brain regions (Masuda et al., 2020; Tan et al., 2019), which may contribute to the
diversity of stress-induced microglial responses. However, TLR2/4 is involved in the
cytokine increase in the prefrontal cortex and the PGE: increase in subcortical regions

(Nie et al., 2018; Nie et al., 2019). These findings suggest that TLR2/4 coordinate

multiple inflammatory responses derived from microglial activation to promote
depressive-like behavior. Unexpectedly, MAGL inhibition did not affect stress-induced

elevated anxiety, despite the loss of stress-induced brain PGE: increase (Nie et al., 2019).
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As elevated anxiety depends on the PGE:2-EP1 signaling, peripheral PGE2 synthesis
independent from MAGL could be involved (Figure 3). Thus, brain and peripheral
inflammations could be preferentially involved in depressive- and anxiety-like behaviors,
respectively.
4.3. Roles of astrocytes

Astrocytes are also involved in synaptic regulation and neuroinflammation. Under
stress conditions, glial fibrillary acidic protein (GFAP), a marker of astrocytes, reportedly
decreases with edematous changes in their processes, possibly affecting the BBB integrity
(Tynan et al., 2013; Santha et al., 2016). Pharmacological ablation of astrocytes in the
prefrontal cortex recapitulates chronic unpredictable stress-induced depressive-like
behaviors (Banasr & Duman, 2008), suggesting a pro-depressive role of stress-induced
astrocytic dysfunctions. ATP release from astrocytes could exert antidepressant-like
effects since blockade of astrocytic ATP release with various genetic methods causes
depressive-like behavior (Cao et al., 2013). The antidepressant fluoxetine increases
astrocytic ATP release, inducing astrocytic BDNF synthesis via purine receptors for its
antidepressant-like effects (Kinoshita et al., 2018). Since astrocytes encapsulate and
directly contact neuronal structures, including synapses, whether and how astrocytes
interact with microglia under stress may provide a clue to the mechanism of

neuroinflammation-induced neuronal remodeling.

5. Clinical implications of stress-induced immune responses
Like the above rodent studies, clinical studies have suggested that psychological stress
induces innate immune responses in humans. For example, medical interns showed higher

stress intensity and frequency while working on the intensive care unit (ICU) than off
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duty (Heidt et al., 2014). While working in the ICU, circulating neutrophils and

monocytes were increased, showing the association between psychological stress and
leukocyte mobilization. The low socioeconomic status that may cause chronic social
stress is associated with increased monocytes in the blood (Powell et al., 2013).
Stressful life events in adulthood and childhood maltreatment increase the risk of
major depressive disorder (MDD), depending on genetic susceptibility (e.g., Caspi et al.,
2003). Numerous papers have reported altered levels of cytokines and chemokines in
depressive patients (Table 1) (Kohler et al., 2017; Milenkovic et al., 2019). Notably, these
abnormality exists in drug-naive patients (Syed et al., 2018). Consistent with stress-
induced mobilization of myeloid cells, circulating neutrophils and monocytes increase in
MDD patients (Hasselmann et al., 2018; Lynall et al., 2020). Increased platelets and
decreased erythrocytes have also been reported (CAI et al., 2017), as seen in mice with
repeated social defeat stress (Mckim et al., 2018). Circulating lymphocytes may also be
affected in MDD patients (Toben et al., 2015; Zorrilla et al., 2001), although the direction
and amplitude vary across studies. Nonetheless, the neutrophil/lymphocyte ratio
correlates with the severity of depression, based on several independent studies (Ozyurt
et al., 2018; Sunbul et al., 2016). A recent study used multivariate analyses of multiple
leukocyte subsets to stratify MDD patients (Lynall et al., 2020). In this study, a subgroup
of depressive patients named the inflamed depression subgroup showed increased
neutrophils, monocytes, CD4+ T cells, and C-reactive protein and IL-6. This subgroup
had higher severity of depressive symptoms than the uninflamed remains. Thus,
inflammation may not be involved in all depressive patients, as other studies have
associated inflammation with atypical depression, suicidal ideation, and treatment

resistance (Beurel et al., 2020). PET studies using the TSPO ligand ['®F]FEPPA have
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suggested neuroinflammation in selective brain areas, including prefrontal cortices, that
correlates with the severity and duration of depressive symptoms (Setiawan et al., 2015;
Setiawan et al., 2018). Whether and how neuroinflammation is related to peripheral
inflammation in the inflamed depression subgroup remains to be studied.

Clinical trials have tested the therapeutic effects of drugs targeting inflammatory
molecules in MDD and other depressive patients. Consistent with the roles of PGE: in

chronic stress-induced depressive- and anxiety-like behaviors (Tanaka et al., 2012; Nie et

al., 2019), celecoxib, a non-steroidal anti-inflammatory drug that inhibits PG synthesis,
significantly improves antidepressant effects of reboxetine (Miiller et al., 2006). Meta-
analyses have confirmed this celecoxib’s effect for augmenting therapeutic effects of
antidepressants (Na et al., 2014). Therapeutic effects of etanercept, a TNF inhibitor, for
depression were initially discovered in psoriasis, as etanercept improved depressive
symptoms in a manner little correlated to physical symptoms (Tyring et al., 2006). Later
studies have shown similar therapeutic effects on depressive symptoms in other
inflammatory diseases, such as Crohn’s disease (Guloksuz et al., 2013). Given the
association of inflammatory cytokines with treatment resistance, a clinical trial tested the
therapeutic effects of infliximab, a TNF antagonist, in treatment-resistant depressive
patients (Raison et al., 2013). Despite the lack of overall improvement, exploratory
analyses suggested that infliximab improves depressive symptoms in patients with high
baseline inflammatory markers.

Since the inflammatory status varies among depressive patients (Kéhler-Forsberg et
al., 2019), the inflammation-based stratification may help optimize antidepressant effects
of anti-inflammatory drugs. As proposed by the rodent findings above, brain and

peripheral inflammations may serve different symptoms of depressive patients. We
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should characterize the effects of respective drugs on the brain and peripheral

inflammations to establish personalized medicine targeting inflammation in depression.

6. Conclusions and future perspectives

In this review, we summarized rodent studies on the effects of stress on immune
systems in the periphery and brain. Despite the complexity of stress-induced immune
responses depending on stress and host conditions, studies have demonstrated crucial
roles of these immune responses, at least in part, for depressive- and anxiety-like
behaviors.

In the periphery, stress mobilizes innate and adaptive immune cells in distinct
spatiotemporal manners. Neutrophils and monocytes egress from the bone marrow upon
stress via concerted actions of sympathetic nerves and glucocorticoids and in a manner
affected by gut microbiota. These immune responses in the periphery promote stress-
induced depressive- and anxiety-like behaviors by infiltrating the brain, releasing
cytokines, and affecting vascular endothelial functions. In the brain, innate immune
receptors TLR2/4 activate microglia, which in turn secrete TNF-a and IL-1a in the medial
prefrontal cortex and PGE: in subcortical brain areas, respectively. The former appears to
alter the morphology and activity of prefrontal neurons, whereas the latter attenuates the
dopaminergic projection to the medial prefrontal cortex. These actions promote
depressive-like behavior in concert. Depressive patients have increased neutrophils and
monocytes, which may represent stress pathology seen in rodent stress models. So far,
drugs targeting PGE2 and TNF-a have been tested for their therapeutic effects in MDD
patients, yielding promising results. Therapeutic effects of these drugs could depend on

the inflammation status of the patients, suggesting the need for inflammation-based
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stratification to establish anti-inflammatory drugs for depression. The actions of anti-
inflammatory drugs on brain and peripheral inflammations warrant investigations to
decipher an optimal subgroup of depressive patients for each drug.

Although rodent studies have shown the behavioral effects of both brain and peripheral
inflammations, whether brain and peripheral inflammations interact with each other or
function separately remains unclear, and we should elucidate the mechanisms for the
brain-periphery crosstalk. Autonomic and neuroendocrine systems mediate neural stress
signals to peripheral inflammation. On the other hand, circulating leukocytes and their
secreted substances integrate signals from multiple peripheral organs, such as the bone
marrow, spleen, lymph nodes, and gut, to the brain parenchyma directly or indirectly.
Alongside, myeloid cells could migrate directly from the skull bone marrow to the brain,
skipping the entry to the circulation. Thus, the dynamics and actions of the respective
systems under stress need to be precisely understood. This direction of research is
essential from basic and clinical perspectives of stress-induced immune responses. It is
even more so because neural and peripheral inflammation could play differential roles on
depressive- and anxiety-like behaviors, respectively.

Epidemiological studies have claimed the gene x environment interaction in the
pathology of mental illness, including depression. Although most studies have used
inbred C57BL/6 mice to analyze stress-induced immune responses, several findings
employed two mouse strains, C57BL/6 and BALB/c, that differ in stress susceptibility,
implicating neutrophils in genetic stress susceptibility. Thus, stress-induced immune
responses may offer a novel mechanism of the gene x environment interaction for
depression. Finally, given specific neural circuits for respective stress-induced behaviors,

how these immune responses influence neural circuits remains to be clarified, and this
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understanding might be exploitable to translating rodent findings to clinics.

19



Acknowledgments

This study was supported in part by a CREST grant from Japan Agency for Medical
Research and Development (AMED) (JP21gm0910012 and JP21wm0425001 to T.F.),
Grants-in-Aids for Scientific Research from the Japan Society for the Promotion of
Science (21H04812 to T.F.), Grants-in-Aids for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology in Japan (18H05429 to T.F.), and a
collaborative research grant to Kobe University from Sumitomo Dainippon Pharma Co.,

Ltd. (T.F.). Cartoons in Figures 1, 2 and 3 were created with BioRender.com.

Conflict of interest

Y.I. is an employee of Sumitomo Dainippon Pharma Co., Ltd.

20



References

Abe, C., Inoue, T., Inglis, M. A., Viar, K. E., Huang, L., Ye, H., Rosin, D. L., Stornetta,
R. L., Okusa, M. D. and Guyenet, P. G., 2017, C1 neurons mediate a stress-induced
anti-inflammatory reflex in mice, Nat Neurosci, 20(5), pp. 700-707.

Ahmetspahic, D., K. Schwarte, O. Ambrée, C. Biirger, V. Falcone, K. Seiler, M. R.
Kooybaran, L. Grosse, F. Roos, J. Scheffer, S. Jorgens, K. Koelkebeck, U. Dannlowski,
V. Arolt, S. Scheu and J. Alferink., 2018, Altered B Cell Homeostasis in Patients with
Major Depressive Disorder and Normalization of CD5 Surface Expression on
Regulatory B Cells in Treatment Responders, J Neuroimmune Pharmacol 13(1), pp.
90-99.

Alves de Lima, K., Rustenhoven, J., Da Mesquita, S., Wall, M., Salvador, A. F., Smirnov,
I., Martelossi Cebinelli, G., Mamuladze, T., Baker, W., Papadopoulos, Z., Lopes, M.
B., Cao, W. S., Xie, X. S., Herz, J. and Kipnis, J., 2020, Meningeal yo T cells regulate
anxiety-like behavior via IL-17a signaling in neurons, Nat Immunol, 21(11), pp. 1421-
1429.

Ambrée, O., C. Ruland, P. Zwanzger, L. Klotz, B. T. Baune, V. Arolt, S. Scheu and J.
Alferink., 2019, Social Defeat Modulates T Helper Cell Percentages in Stress
Susceptible and Resilient Mice, Int J Mol Sci 20(14).

Amsterdam, A., Tajima, K. and Sasson, R., 2002, Cell-specific regulation of apoptosis by
glucocorticoids: implication to their anti-inflammatory action, Biochem Pharmacol,
64(5-6), pp. 843-50.

Andersson, U., and K. J. Tracey., 2012, Reflex Principles of Immunological Homeostasis,
Annu Rev Immunol 30, pp. 313-35.

Asada, N., Katayama, Y., Sato, M., Minagawa, K., Wakahashi, K., Kawano, H., Kawano,

21



Y., Sada, A., Ikeda, K., Matsui, T. and Tanimoto, M., 2013, Matrix-embedded
osteocytes regulate mobilization of hematopoietic stem/progenitor cells, Cell Stem
Cell, 12(6), pp. 737-47.

Aydin Sunbul, E., Sunbul, M., Yanartas, O., Cengiz, F., Bozbay, M., Sari, 1. and Gulec,
H., 2016, Increased Neutrophil/Lymphocyte Ratio in Patients with Depression is
Correlated with the Severity of Depression and Cardiovascular Risk Factors,
Psychiatry Investig, 13(1), pp. 121-6.

Bailey, M. T., Engler, H., Powell, N. D., Padgett, D. A. and Sheridan, J. F., 2007, Repeated
social defeat increases the bactericidal activity of splenic macrophages through a Toll-
like receptor-dependent pathway, Am J Physiol Regul Integr Comp Physiol, 293(3),
pp- R1180-90.

Banasr, M. and Duman, R. S., 2008, Glial loss in the prefrontal cortex is sufficient to
induce depressive-like behaviors, Biol Psychiatry, 64(10), pp. 863-70.

Beurel, E., Toups, M. and Nemeroff, C. B. (2020) ‘The Bidirectional Relationship of
Depression and Inflammation: Double Trouble’, Neuron, 107(2), pp. 234-256.

Cai, L., Xu, L., Wei, L. and Chen, W., 2017, Relationship of Mean Platelet Volume To
MDD: A Retrospective Study, Shanghai Arch Psychiatry, 29(1), pp. 21-29.

Cain, D. W. and Cidlowski, J. A., 2017, Immune regulation by glucocorticoids, Nat Rev
Immunol, 17(4), pp. 233-247.

Cao, X, Li, L. P., Wang, Q., Wu, Q., Hu, H. H., Zhang, M., Fang, Y. Y., Zhang, J., Li, S.
J., Xiong, W. C., Yan, H. C., Gao, Y. B., Liu, J. H., Li, X. W,, Sun, L. R., Zeng, Y. N.,
Zhu, X. H. and Gao, T. M., 2013, Astrocyte-derived ATP modulates depressive-like
behaviors, Nat Med, 19(6), pp. 773-7.

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., McClay, J.,

22



Mill, J., Martin, J., Braithwaite, A. and Poulton, R., 2003, Influence of life stress on
depression: moderation by a polymorphism in the 5-HTT gene, Science, 301(5631),
pp- 386-9.

Chen, Y., T. Jiang, P. Chen, J. Ouyang, G. Xu, Z. Zeng and Y. Sun., 2011, Emerging
tendency towards autoimmune process in major depressive patients: a novel insight
from Th17 cells, Psychiatry Res 188(2), pp. 224-230.

Cugurra, A., Mamuladze, T., Rustenhoven, J., Dykstra, T., Beroshvili, G., Greenberg, Z.J.,
Baker, W., Papadopoulos, Z., Drieu, A., Blackburn, S., Kanamori, M., Brioschi, S.,
Herz, J., Schuettpelz, L.G., Colonna, M., Smirnov, 1. and Kipnis, J., 2021, Skull and
vertebral bone marrow are myeloid cell reservoirs for the meninges and CNS
parenchyma. Science, eabf7844.

Davis, A. K., Maney, D. L., Maerz, J. C., 2008, The use of leukocyte profiles to measure
stress in vertebrates: a review for ecologists, Functional Ecology, pp. 760-772.

Elkhatib, S. K., Moshfegh, C. M., Watson, G. F. and Case, A. J., 2020, Peripheral
inflammation is strongly linked to elevated zero maze behavior in repeated social
defeat stress, Brain Behav Immun, 90, pp. 279-285.

Engler, H., Bailey, M. T., Engler, A. and Sheridan, J. F., 2004, Effects of repeated social
stress on leukocyte distribution in bone marrow, peripheral blood and spleen, J
Neuroimmunol, 148(1-2), pp. 106-15.

Fan, K. Q., L1, Y. Y., Wang, H. L., Mao, X. T., Guo, J. X., Wang, F., Huang, L. J., L1, Y.
N., Ma, X. Y., Gao, Z.J., Chen, W., Qian, D. D., Xue, W. J., Cao, Q., Zhang, L., Shen,
L., Tong, C., Zhong, J. Y., Lu, W,, Lu, L., Ren, K. M., Zhong, G., Wang, Y., Tang, M.,
Feng, X. H., Chai, R. J. and Jin, J., 2019, Stress-Induced Metabolic Disorder in

Peripheral CD4, Cell, 179(4), pp. 864-879.¢19.

23



Foster, J. A., L. Rinaman, and J. F. Cryan., 2017, Stress & the Gut-Brain Axis: Regulation
by the Microbiome, Neurobiol Stress 7 (Dec), pp. 124-136.

Fritz, M., Klawonn, A. M., Nilsson, A., Singh, A. K., Zajdel, J., Wilhelms, D. B., Lazarus,
M., Lofberg, A., Jaarola, M., Kugelberg, U., Billiar, T. R., Hackam, D. J., Sodhi, C. P,,
Breyer, M. D., Jakobsson, J., Schwaninger, M., Schiitz, G., Parkitna, J. R., Saper, C.
B., Blomgvist, A. and Engblom, D., 2016, Prostaglandin-dependent modulation of
dopaminergic neurotransmission elicits inflammation-induced aversion in mice, J Clin
Invest, 126(2), pp. 695-705.

Glaser, R. and Kiecolt-Glaser, J. K., 2005, Stress-induced immune dysfunction:
implications for health, Nat Rev Immunol, 5(3), pp. 243-51.

Gordon, S. and Taylor, P. R. (2005) ‘Monocyte and macrophage heterogeneity’, Nat Rev
Immunol, 5(12), pp. 953-64.

Guloksuz, S., Wichers, M., Kenis, G., Russel, M. G., Wauters, A., Verkerk, R., Arts, B.
and van Os, J., 2013, Depressive symptoms in Crohn’s disease: relationship with
immune activation and tryptophan availability, PLoS One, 8(3), pp. €60435.

Hasselmann, H., Gamradt, S., Taenzer, A., Nowacki, J., Zain, R., Patas, K., Ramien, C.,
Paul, F., Wingenfeld, K., Piber, D., Gold, S. M. and Otte, C., 2018, Pro-inflammatory
Monocyte Phenotype and Cell-Specific Steroid Signaling Alterations in Unmedicated
Patients With Major Depressive Disorder, Front Immunol, 9, pp. 2693.

Heidt, T., Sager, H. B., Courties, G., Dutta, P., Iwamoto, Y., Zaltsman, A., von Zur Muhlen,
C., Bode, C., Fricchione, G. L., Denninger, J., Lin, C. P., Vinegoni, C., Libby, P.,
Swirski, F. K., Weissleder, R. and Nahrendorf, M., 2014, Chronic variable stress
activates hematopoietic stem cells, Nat Med, 20(7), pp. 754-758.

Hodes, G. E., Pfau, M. L., Leboeuf, M., Golden, S. A., Christoffel, D. J., Bregman, D.,

24



Rebusi, N., Heshmati, M., Aleyasin, H., Warren, B. L., Lebonté¢, B., Horn, S., Lapidus,
K. A., Stelzhammer, V., Wong, E. H., Bahn, S., Krishnan, V., Bolafios-Guzman, C. A.,
Murrough, J. W., Merad, M. and Russo, S. J., 2014, Individual differences in the
peripheral immune system promote resilience versus susceptibility to social stress,
Proc Natl Acad Sci U S A, 111(45), pp. 16136-41.

Hong, C. W, 2017, Current Understanding in Neutrophil Differentiation and
Heterogeneity, Immune Netw, 17(5), pp. 298-306.

Hunzeker, J., D. A. Padgett, P. A. Sheridan, F. S. Dhabhar and J. F. Sheridan., 2004,
Modulation of natural killer cell activity by restraint stress during an influenza A/PR8
infection in mice, Brain Behav Immun 18(6), pp. 526-535.

Ince, L. M., Weber, J. and Scheiermann, C., 2018, Control of Leukocyte Trafficking by
Stress-Associated Hormones, Front Immunol, 9, pp. 3143.

Ishikawa, Y., Kitaoka, S., Kawano, Y., Ishii, S., Suzuki, T., Wakahashi, K., Kato, T,
Katayama, Y. and Furuyashiki, T., 2021, Repeated social defeat stress induces
neutrophil mobilization in mice: maintenance after cessation of stress and strain-
dependent difference in response, Br J Pharmacol, 178(4), pp. 827-844.

Katayama, Y., Battista, M., Kao, W. M., Hidalgo, A., Peired, A. J., Thomas, S. A. and
Frenette, P. S., 2006, Signals from the sympathetic nervous system regulate
hematopoietic stem cell egress from bone marrow, Cell, 124(2), pp. 407-21.

Kierdorf, K., Masuda, T., Jordao, M. J. C. and Prinz, M., 2019, Macrophages at CNS
interfaces: ontogeny and function in health and disease, Nat Rev Neurosci, 20(9), pp.
547-562.

Kinoshita, M., Hirayama, Y., Fujishita, K., Shibata, K., Shinozaki, Y., Shigetomi, E.,

Takeda, A., Le, H. P. N., Hayashi, H., Hiasa, M., Moriyama, Y., Ikenaka, K., Tanaka,

25



K. F. and Koizumi, S., 2018, Anti-Depressant Fluoxetine Reveals its Therapeutic
Effect Via Astrocytes, EBioMedicine, 32, pp. 72-83.

Klawonn, A. M., Fritz, M., Castany, S., Pignatelli, M., Canal, C., Simila, F., Tejeda, H.
A., Levinsson, J., Jaarola, M., Jakobsson, J., Hidalgo, J., Heilig, M., Bonci, A. and
Engblom, D., 2021, Microglial activation elicits a negative affective state through
prostaglandin-mediated modulation of striatal neurons, Immunity, 54(2), pp. 225-
234.¢6.

Koo, J. W. and Duman, R. S., 2008, IL-1beta is an essential mediator of the antineurogenic
and anhedonic effects of stress, Proc Natl Acad Sci U S A, 105(2), pp. 751-6.

Kohler, C. A., Freitas, T. H., Maes, M., de Andrade, N. Q., Liu, C. S., Fernandes, B. S.,
Stubbs, B., Solmi, M., Veronese, N., Herrmann, N., Raison, C. L., Miller, B. J., Lanctot,
K. L. and Carvalho, A. F., 2017, Peripheral cytokine and chemokine alterations in
depression: a meta-analysis of 82 studies, Acta Psychiatr Scand, 135(5), pp. 373-387.

Koéhler-Forsberg, O., N Lydholm, C., Hjorthgj, C., Nordentoft, M., Mors, O. and Benros,
M. E., 2019, Efficacy of anti-inflammatory treatment on major depressive disorder or
depressive symptoms: meta-analysis of clinical trials, Acta Psychiatr Scand, 139(5),
pp. 404-419.

Lieb, J., Karmali, R. and Horrobin, D., 1983, Elevated levels of prostaglandin E2 and
thromboxane B2 in depression, Prostaglandins Leukot Med, 10(4), pp. 361-7.

London, A., Cohen, M. and Schwartz, M., 2013, Microglia and monocyte-derived
macrophages: functionally distinct populations that act in concert in CNS plasticity
and repair, Front Cell Neurosci, 7, pp. 34.

Lynall, M. E., Turner, L., Bhatti, J., Cavanagh, J., de Boer, P., Mondelli, V., Jones, D.,

Drevets, W. C., Cowen, P., Harrison, N. A., Pariante, C. M., Pointon, L., Clatworthy,

26



M. R., Bullmore, E. and Consortium, N. 0. M. D. a. A. s. D. N., 2020, Peripheral Blood
Cell-Stratified Subgroups of Inflamed Depression, Biol Psychiatry, 88(2), pp. 185-196.

Masuda, T., Sankowski, R., Staszewski, O. and Prinz, M., 2020, Microglia Heterogeneity
in the Single-Cell Era, Cell Rep, 30(5), pp. 1271-1281.

McEwen, B. S., 2017, Allostasis and the Epigenetics of Brain and Body Health Over the
Life Course: The Brain on Stress, JAMA Psychiatry, 74(6), pp. 551-552.

McKim, D. B., Yin, W., Wang, Y., Cole, S. W., Godbout, J. P. and Sheridan, J. F., 2018,
Social Stress Mobilizes Hematopoietic Stem Cells to Establish Persistent Splenic
Myelopoiesis, Cell Rep, 25(9), pp. 2552-2562.¢3.

Menard, C., Pfau, M. L., Hodes, G. E., Kana, V., Wang, V. X., Bouchard, S., Takahashi,
A., Flanigan, M. E., Aleyasin, H., LeClair, K. B., Janssen, W. G., Labonté, B., Parise,
E. M., Lorsch, Z. S., Golden, S. A., Heshmati, M., Tamminga, C., Turecki, G.,
Campbell, M., Fayad, Z. A., Tang, C. Y., Merad, M. and Russo, S. J., 2017, Social
stress induces neurovascular pathology promoting depression, Nat Neurosci, 20(12),
pp. 1752-1760.

Milenkovic, V. M., Stanton, E. H., Nothdurfter, C., Rupprecht, R. and Wetzel, C. H., 2019,
The Role of Chemokines in the Pathophysiology of Major Depressive Disorder, Int J
Mol Sci, 20(9).

Minami, M., Kuraishi, Y., Yamaguchi, T., Nakai, S., Hirai, Y. and Satoh, M., 1991,
Immobilization stress induces interleukin-13 mRNA in the rat hypothalamus, Neurosci
Lett, 123(2), pp. 254-256.

Miiller, N., Schwarz, M. J., Dehning, S., Douhe, A., Cerovecki, A., Goldstein-Miiller, B.,
Spellmann, 1., Hetzel, G., Maino, K., Kleindienst, N., Méller, H. J., Arolt, V. and Riedel,

M., 2006, The cyclooxygenase-2 inhibitor celecoxib has therapeutic effects in major

27



depression: results of a double-blind, randomized, placebo controlled, add-on pilot
study to reboxetine, Mol Psychiatry, 11(7), pp. 680-4.

Na, K. S., Lee, K. J., Lee, J. S., Cho, Y. S. and Jung, H. Y., 2014, Efficacy of adjunctive
celecoxib treatment for patients with major depressive disorder: a meta-analysis, Prog
Neuropsychopharmacol Biol Psychiatry, 48, pp. 79-85.

Nie, X., Kitaoka, S., Shinohara, M., Kakizuka, A., Narumiya, S. and Furuyashiki, T., 2019,
Roles of Toll-like receptor 2/4, monoacylglycerol lipase, and cyclooxygenase in social
defeat stress-induced prostaglandin E, Sci Rep, 9(1), pp. 17548.

Nie, X., Kitaoka, S., Tanaka, K., Segi-Nishida, E., Imoto, Y., Ogawa, A., Nakano, F.,
Tomohiro, A., Nakayama, K., Taniguchi, M., Mimori-Kiyosue, Y., Kakizuka, A.,
Narumiya, S. and Furuyashiki, T., 2018, The Innate Immune Receptors TLR2/4
Mediate Repeated Social Defeat Stress-Induced Social Avoidance through Prefrontal
Microglial Activation, Neuron, 99(3), pp. 464-479.¢7.

Niraula, A., Wang, Y., Godbout, J. P. and Sheridan, J. F., 2018, Corticosterone Production
during Repeated Social Defeat Causes Monocyte Mobilization from the Bone Marrow,
Glucocorticoid Resistance, and Neurovascular Adhesion Molecule Expression, J
Neurosci, 38(9), pp. 2328-2340.

Nguyen, K.T., Deak, T., Owens, S.M., Kohno, T., Flescher, M., Watkins, L.R. and Maier,
S.F., 1998, Exposure to acute stress induces brain interleukin-1p protein in the rat, J
Neurosci, 18(6), pp. 2239-2246.

Nomura, D. K., Morrison, B. E., Blankman, J. L., Long, J. Z., Kinsey, S. G., Marcondes,
M. C., Ward, A. M., Hahn, Y. K., Lichtman, A. H., Conti, B. and Cravatt, B. F., 2011,
Endocannabinoid hydrolysis generates brain prostaglandins that promote

neuroinflammation, Science, 334(6057), pp. 809-13.

28



Nowak, W., L. N. Grendas, L. M. Sanmarco, I. G. Estecho, A. Arena, N. Eberhardt, D. E.
Rodante, M. P. Aoki, F. M. Daray, E. A. Carrera Silva and A. E. Errasti., 2019, Pro-
inflammatory monocyte profile in patients with major depressive disorder and suicide
behaviour and how ketamine induces anti-inflammatory M2 macrophages by NMDAR
and mTOR, EBioMedicine 50, pp. 290-305.

Ozyurt, G. and Binici, N. C., 2018, Increased neutrophil-lymphocyte ratios in depressive
adolescents is correlated with the severity of depression, Psychiatry Res, 268, pp. 426-
431.

Park, E. J., J. H. Lee, D. C. Jeong, S. I. Han and Y. W. Jeon., 2015, Natural killer cell
activity in patients with major depressive disorder treated with escitalopram, Int
Immunopharmacol 28(1), pp. 409-413.

Park, J. Y., Pillinger, M. H. and Abramson, S. B., 2006, Prostaglandin E2 synthesis and
secretion: the role of PGE2 synthases, Clin Immunol, 119(3), pp. 229-40.

Powell, N. D, Sloan, E. K., Bailey, M. T., Arevalo, J. M., Miller, G. E., Chen, E., Kobor,
M. S., Reader, B. F., Sheridan, J. F. and Cole, S. W., 2013, Social stress upregulates
inflammatory gene expression in the leukocyte transcriptome via B-adrenergic
induction of myelopoiesi’, Proc Natl Acad Sci U S A, 110(41), pp. 16574-9.

Qing, H., Desrouleaux, R., Israni-Winger, K., Mineur, Y. S., Fogelman, N., Zhang, C.,
Rashed, S., Palm, N. W., Sinha, R., Picciotto, M. R., Perry, R. J. and Wang, A., 2020,
Origin and Function of Stress-Induced IL-6 in Murine Models, Cell, 182(2), pp. 372-
387.e14.

Raison, C. L., Rutherford, R. E., Woolwine, B. J., Shuo, C., Schettler, P., Drake, D. F.,
Haroon, E. and Miller, A. H., 2013, A randomized controlled trial of the tumor necrosis

factor antagonist infliximab for treatment-resistant depression: the role of baseline

29



inflammatory biomarkers, JAMA Psychiatry, 70(1), pp. 31-41.

Rea, K., T. G. Dinan, and J. F. Cryan., 2020, Gut Microbiota: A Perspective for
Psychiatrists, Neuropsychobiology 79, no. 1, pp. 50-62.

Sawicki, C. M., McKim, D. B., Wohleb, E. S., Jarrett, B. L., Reader, B. F., Norden, D.
M., Godbout, J. P. and Sheridan, J. F., 2015, Social defeat promotes a reactive
endothelium in a brain region-dependent manner with increased expression of key
adhesion molecules, selectins and chemokines associated with the recruitment of
myeloid cells to the brain, Neuroscience, 302, pp. 151-64.

Sandrini, L., A. Ieraci, P. Amadio, M. Popoli, E. Tremoli and S. S. Barbieri., 2017,
Apocynin Prevents Abnormal Megakaryopoiesis and Platelet Activation Induced by
Chronic Stress, Oxid Med Cell Longev 2017, pp. 9258937.

Segerstrom, S. C. and Miller, G. E., 2004, Psychological stress and the human immune
system: a meta-analytic study of 30 years of inquiry, Psychol Bull, 130(4), pp. 601-30.

Setiawan, E., Attwells, S., Wilson, A. A., Mizrahi, R., Rusjan, P. M., Miler, L., Xu, C.,
Sharma, S., Kish, S., Houle, S. and Meyer, J. H., 2018, Association of translocator
protein total distribution volume with duration of untreated major depressive disorder:
a cross-sectional study, Lancet Psychiatry, 5(4), pp. 339-347.

Setiawan, E., Wilson, A. A., Mizrahi, R., Rusjan, P. M., Miler, L., Rajkowska, G., Suridjan,
I., Kennedy, J. L., Rekkas, P. V., Houle, S. and Meyer, J. H., 2015, Role of translocator
protein density, a marker of neuroinflammation, in the brain during major depressive
episodes, JAMA Psychiatry, 72(3), pp. 268-75.

Shinohara, R., Taniguchi, M., Ehrlich, A. T., Yokogawa, K., Deguchi, Y., Cherasse, Y.,
Lazarus, M., Urade, Y., Ogawa, A., Kitaoka, S., Sawa, A., Narumiya, S. and

Furuyashiki, T., 2018, Dopamine D1 receptor subtype mediates acute stress-induced

30



dendritic growth in excitatory neurons of the medial prefrontal cortex and contributes
to suppression of stress susceptibility in mice, Mol Psychiatry, 23(8), pp. 1717-1730.

Stark, J. L., R. Avitsur, D. A. Padgett, K. A. Campbell, F. M. Beck and J. F. Sheridan.,
2001, Social stress induces glucocorticoid resistance in macrophages, Am J Physiol
Regul Integr Comp Physiol 280(6), pp. R1799-1805.

Stratoulias, V., Venero, J. L., Tremblay, M. and Joseph, B., 2019, Microglial subtypes:
diversity within the microglial community, EMBO J, 38(17), pp. €101997.

Syed, S. A., Beurel, E., Loewenstein, D. A., Lowell, J. A., Craighead, W. E., Dunlop, B.
W., Mayberg, H. S., Dhabhar, F., Dietrich, W. D., Keane, R. W., de Rivero Vaccari, J.
P. and Nemeroff, C. B., 2018, Defective Inflammatory Pathways in Never-Treated
Depressed Patients Are Associated with Poor Treatment Response, Neuron, 99(5), pp.
914-924.¢3.

Szabo, S., Tache, Y. and Somogyi, A., 2012, The legacy of Hans Selye and the origins of
stress research: a retrospective 75 years after his landmark brief “letter” to the editor#
of nature, Stress, 15(5), pp. 472-8.

Santha, P., Veszelka, S., Hoyk, Z., Mészaros, M., Walter, F. R., Téth, A. E., Kiss, L.,
Kincses, A., Olah, Z., Seprényi, G., Rakhely, G., Dér, A., Pakaski, M., Kalman, J.,
Kittel, A. and Deli, M. A., 2015, Restraint Stress-Induced Morphological Changes at
the Blood-Brain Barrier in Adult Rats, Front Mol Neurosci, 8, pp. 88.

Tan, Y. L., Yuan, Y. and Tian, L., 2020, Microglial regional heterogeneity and its role in
the brain, Mol Psychiatry, 25(2), pp. 351-367.

Tanaka, K., Furuyashiki, T., Kitaoka, S., Senzai, Y., Imoto, Y., Segi-Nishida, E., Deguchi,
Y., Breyer, R. M., Breyer, M. D. and Narumiya, S., 2012, Prostaglandin E2-mediated

attenuation of mesocortical dopaminergic pathway is critical for susceptibility to

31



repeated social defeat stress in mice, J Neurosci, 32(12), pp. 4319-29.

Toben, C. and Baune, B. T., 2015, An Act of Balance Between Adaptive and Maladaptive
Immunity in Depression: a Role for T Lymphocytes, J Neuroimmune Pharmacol, 10(4),
pp- 595-609.

Tynan, R. J., Beynon, S. B., Hinwood, M., Johnson, S. J., Nilsson, M., Woods, J. J. and
Walker, F. R., 2013, Chronic stress-induced disruption of the astrocyte network is
driven by structural atrophy and not loss of astrocytes, Acta Neuropathol, 126(1), pp.
75-91.

Tyring, S., Gottlieb, A., Papp, K., Gordon, K., Leonardi, C., Wang, A., Lalla, D., Woolley,
M., Jahreis, A., Zitnik, R., Cella, D. and Krishnan, R., 2006, Etanercept and clinical
outcomes, fatigue, and depression in psoriasis: double-blind placebo-controlled
randomised phase III trial, Lancet, 367(9504), pp. 29-35.

Van Hove, H., Martens, L., Scheyltjens, 1., De Vlaminck, K., Pombo Antunes, A. R., De
Prijck, S., Vandamme, N., De Schepper, S., Van Isterdael, G., Scott, C. L., Aerts, J.,
Berx, G., Boeckxstaens, G. E., Vandenbroucke, R. E., Vereecke, L., Moechars, D.,
Guilliams, M., Van Ginderachter, J. A., Saeys, Y. and Movahedi, K., 2019, A single-
cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped
by ontogeny and tissue environment, Nat Neurosci, 22(6), pp. 1021-1035.

Vasamsetti, S. B., Florentin, J., Coppin, E., Stiekema, L. C. A., Zheng, K. H., Nisar, M.
U., Sembrat, J., Levinthal, D. J., Rojas, M., Stroes, E. S. G., Kim, K. and Dutta, P.,
2018, Sympathetic Neuronal Activation Triggers Myeloid Progenitor Proliferation and
Differentiation, Immunity, 49(1), pp. 93-106.¢7.

Wake, H., Moorhouse, A. J., Miyamoto, A. and Nabekura, J., 2013, Microglia: actively

surveying and shaping neuronal circuit structure and function, Trends Neurosci, 36(4),

32



pp- 209-17.

Weber, M. D., J. P. Godbout and J. F. Sheridan., 2017, Repeated Social Defeat,
Neuroinflammation, = and  Behavior: =~ Monocytes  Carry  the  Signal,
Neuropsychopharmacology 42(1), pp. 46-61.

Wohleb, E. S., Powell, N. D., Godbout, J. P. and Sheridan, J. F., 2013, Stress-induced
recruitment of bone marrow-derived monocytes to the brain promotes anxiety-like
behavior, J Neurosci, 33(34), pp. 13820-33.

Wu, W., Y. L. Zheng, L. P. Tian, J. B. Lai, C. C. Hu, P. Zhang, J. K. Chen, J. B. Hu, M. L.
Huang, N. Wei, W. J. Xu, W. H. Zhou, S. J. Lu, J. Lu, H. L. Qi, D. D. Wang, X. Y.
Zhou, J. F. Duan, Y. Xu and S. H. Hu., 2017, Circulating T lymphocyte subsets,
cytokines, and immune checkpoint inhibitors in patients with bipolar II or major
depression: a preliminary study, Sci Rep 7, pp. 40530.

Xu, C, Lee, S. K., Zhang, D. and Frenette, P. S., 2020, The Gut Microbiome Regulates
Psychological-Stress-Induced Inflammation, Immunity, 53(2), pp. 417-428.¢4.

Yang, C., Y. Fujita, Q. Ren, M. Ma, C. Dong, and K. Hashimoto., 2017, Bifidobacterium
in the Gut Microbiota Confer Resilience to Chronic Social Defeat Stress in Mice, Sci
Rep 7 (04 03), pp. 45942.

Yaribeygi, H., Panahi, Y., Sahraei, H., Johnston, T. P. and Sahebkar, A., 2017, The impact
of stress on body function: A review, EXCLI J, 16, pp. 1057-1072.

Zhang, X., Lei, B., Yuan, Y., Zhang, L., Hu, L., Jin, S., Kang, B., Liao, X., Sun, W., Xu,
F., Zhong, Y., Hu, J. and Qi, H., 2020, Brain control of humoral immune responses
amenable to behavioural modulation, Nature, 581(7807), pp. 204-208.

Zheng, X., Ma, S., Kang, A., Wu, M., Wang, L., Wang, Q., Wang, G. and Hao, H., 2016,

Chemical dampening of Ly6C(hi) monocytes in the periphery produces antidepressant

33



effects in mice, Sci Rep, 6, pp. 19406.

Zorrilla, E. P., Luborsky, L., McKay, J. R., Rosenthal, R., Houldin, A., Tax, A., McCorkle,
R., Seligman, D. A. and Schmidt, K., 2001, The relationship of depression and
stressors to immunological assays: a meta-analytic review, Brain Behav Immun, 15(3),

pp. 199-226.

34



, Stress

st |
Th17 cell \‘) ‘351

. IL-17A }

Neutrophil

Vagus nerve

mobilization f\_/v

M!croblome\ y ® o ‘ ) \
\ rown \ ACh

HPA-axis Vagus nerve
SNS Splenic o P i i
nerve - Antlbody-depend?;lt immunity
o Yo, %
/’”‘/{
NA 4 @
\ \Sr
GC b &%/ Plasma cell
o B-AR \  [TTTTTTTTTTTTTTT
myeloid cell . \ NA %°
CXCL12‘ re5|stance proliferation? ! -"'"- \ B2-AR

/ XX \

. ChAT* T cell

) @ adipocyte X C‘l ** a7nACHR
\ \

| / x * Macrophage

Cytokine & Chemokine

Figure 1. The impact of stress on immune systems in the periphery

Stress activates the sympathetic nervous system (SNS) and mobilizes myeloid cells,
mainly monocytes and neutrophils, to the circulation via noradrenarline (NA) and
adrenaline and their receptors. The hypothalamic-pituitary-adrenal (HPA) axis increases
circulating glucocorticoids (GC) upon stress, contributing to myeloid cell mobilization as
well. These effects are mediated by reduced expression of CXCL12 that retains myeloid
cells in the bone marrow via CXCR4. Besides, SNS and GC have direct effects on
leukocytes that are affected by chronic stress. Chronic stress induces glucocorticoid
resistance in myeloid cells, thereby disinhibiting inflammatory responses. SNS could also
promote myeloid cell proliferation. Stress-mobilized myeloid cells affect neural functions
directly or indirectly via secretion of cytokines, such as IL-1f and IL-6, and chemokines

(see Figure 2). A specific type of gut microbiota augments stress-induced neutrophil
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mobilization likely via IL-17A secreted from intestinal Th17 cells. On the other hand,
stress affects gut microbiota, perhaps via multiple routes, such as vagus nerves,
glucocorticoids, leukocytes, and secreted cytokines. Stress affects immune cells in the
spleen in multiple ways. Acute stress activates acetylcholine (ACh)-releasing ChAT" T
cells by splenic sympathetic nerves and suppresses inflammatory responses in splenic
macrophages via a7 nicotinic acetylcholine receptor (a7nAChR). Chronic stress could
increase splenic plasma cells and enhance antibody-dependent immunity only when it is
very mild and not accompanied by glucocorticoid release. Alongside, stress stimulates
brown adipocytes via B3 adrenergic receptors (B3-AR), and the stimulated adipocytes
secrete IL-6 into the circulation. Thus, the interactions among multiple organs, including
the bone marrow, spleen, gut, and brown adipose tissue, shape stress-induced innate and

adaptive immune responses.
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Figure 2. Stress signals from peripheral immune cells to the brain

Chronic stress induces CCL2 expression perhaps in microglia and astrocytes and attracts
circulating monocytes to the brain vasculature via CCR2. Monocytes adhere to
endothelial cells and further enter the brain perivascular space through the blood-brain
barrier. Monocytes secrete proinflammatory cytokines, such as IL-1B and IL-6. IL-1f
could act on IL-1RI on endothelial cells, disrupting their functions, such as the BBB
integrity maintained by claudin-5, a tight junction protein. Through the disrupted BBB,
circulating IL-6 infiltrates the brain parenchyma to alter neural circuit functions for
emotional behaviors. Also, stress increases glycolysis and purine metabolism, which
degrades purines to hypoxanthine and xanthine, in naive CD4" T cells. These metabolic
changes increases systemic levels of xanthine, which is proposed to activate
oligodendrotes in the left amygdala via adenosine receptor Al and induce anxiety-like

behaviors.
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Figure 3. Multiple inflammatory pathways induced by stress for behavioral changes
The findings with a mouse model of social defeat stress demonstrate that chronic stress
affects neuronal functions and behaviors via multiple inflammatory pathways. In the
medial prefrontal cortex, chronic stress activates microglia via innate immune receptors
TLR2/4. The activated microglia then secretes proinflammatory cytokines, TNF-a and
IL-1a, leading to dendritic atrophy and attenuated neuronal activities. In subcortical
regions, monoacylglycerol lipase (MAGL) metabolizes the endocannabinoid 2-AG
produced from active neurons, and COX-1-expressing microglia converts the resultant
arachidonic acid to PGEz. This PGE: synthesis increases upon chronic stress in a TLR2/4-
dependent manner and augments via its receptor EP1 synaptic inhibition to the
mesoprefrontal dopaminergic pathway that is activated by acute stress for stress resilience.
These neuroinflammatory pathways induced by stress promote depressive-like behavior
in concert. On the other hand, peripheral PGE: synthesis, perhaps from arachidonic acid

cleaved from phospholipids via cytosolic phospholipase A2a (cPLA2a) in leukocytes,
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could be involved in anxiety-like behavior, since this behavior, being dependent on the

PGE2-EP1 pathway, remains intact with MAGL inhibition.
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Cell type

Erythrocyte

Platelet

T cell

B cell

NK cell

Monocyte

Neutrophil

Chronic stress model
in mice

Total count |
Erythropoiesis (bone marrow) |

Total count & size 1
Megakaryocyte (bone marrow) 1

CD4+T cell, CD8+ T cell & Treg|
Proportion of Th17 (Spleen) t

Total count |
Immature & mature B cells (bone
marrow) |

Total count |
Cytotoxicity (lung) |

Total count 1

Ly6CMa" monocyte t
Pro-inflammatory phenotype 1
GC resistance (Spleen) 1
Monocytopoiesis (bone marrow &
Spleen) 1

Total count 1
Granulopoiesis (bone marrow &
Spleen) 1
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Ishikawa et al., 2020
Stark et al., 2001
Weberet al., 2017
McKimet al., 2018

Ishikawa et al., 2020
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Depressive patients

Total count |
Red blood cell distribution width
(RDW) 1

Total count 1
Mean platelet volume (MPV) 1

Count of Treg |

Count of Th17 cell 1

Count of CD8+ T cell | orn.s.
Count of CD4+ T cell 1 orn.s.
Apoptosis 1

Proportion of transitional B cells |
Activated cells |

Total proportion |
Cytotoxicity |

Proportion of non-classical
monocytes 1

Activation state of classical
monocytes 1
Pro-inflammatory phenotype 1

Total count 1
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Table 1. Changes in circulating blood cells in stressed mice and depressive patients
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