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Bipolar disorder (BD) is a distinctly heterogeneous and multifactorial disorder with a high individual and social burden. Immune
pathway dysregulation is an important pathophysiological feature of BD. Recent studies have suggested a potential role for T
lymphocytes in the pathogenesis of BD. Therefore, greater insight into T lymphocytes’ functioning in patients with BD is essential. In
this narrative review, we describe the presence of an imbalance in the ratio and altered function of T lymphocyte subsets in BD
patients, mainly in T helper (Th) 1, Th2, Th17 cells and regulatory T cells, and alterations in hormones, intracellular signaling, and
microbiomes may be potential causes. Abnormal T cell presence explains the elevated rates of comorbid inflammatory illnesses in
the BD population. We also update the findings on T cell-targeting drugs as potentially immunomodulatory therapeutic agents for
BD disease in addition to classical mood stabilizers (lithium, valproic acid). In conclusion, an imbalance in T lymphocyte
subpopulation ratios and altered function may be involved in the development of BD, and maintaining T cell immune homeostasis

may provide an overall therapeutic benefit.

Translational Psychiatry (2023)13:153; https://doi.org/10.1038/s41398-023-02445-y

INTRODUCTION

Bipolar disorder (BD) is a chronic disease characterized by
episodes of major depression and mania or hypomania that
affect >1% of the global population [1, 2]. Around two-thirds of
patients with BD also experience severe emotional and cognitive
impairments and difficulty handling daily activities [2]. The
effective treatment and prevention of BD represent an area of
significant unmet medical need, it remains vital to understand the
pathophysiological mechanism of BD for clinical management.
Multiple factors, such as genetic, environmental, biological, and
psychological, are involved in the pathogenesis of BD [3]. As an
essential component in maintaining the homeostasis of the
internal environment, the immune system has typically evolved to
protect humans from infection and malignancy; nonetheless, it is
not without effects on the central nervous system, which can lead
to changes in mood, cognition, and behavior [4]. The role of
immune dysfunction in BD is currently unclear, with low-grade
chronic inflammation (increased plasma cytokines, soluble cyto-
kine receptors, chemokines, acute phase reactants) and T-cell
activation features that may be associated with BD, but the results
are controversial [5-9]. Stressful situations can trigger emotional
episodes in individuals with BD, and T cells are associated with the
physiological stress response [10, 11]. Different subsets of T cells
with highly diverse functions can be distinguished based on CD
protein expression, chemokine receptor expression, and the
cytokines they produce. T cells can be classified as helper or
cytotoxic depending on whether they are CD4" or CD8"
respectively [12]. Naive T helper cells can differentiate into various
subtypes which can further complicate their role in stress
susceptibility and resilience [11]. Several studies have suggested
that there are changes in the number and function of
T-lymphocyte subsets in BD patients [13, 14]. To date, how T

lymphocytes influence the onset and progression of BD and how
these processes are regulated is still unknown. The participation of
T lymphocytes and their cytokines in BD will be reviewed, focusing
on controversial and recent findings, including the relative
abundance and altered function of different subpopulations. The
potential causes of this phenomenon are explored. Finally,
alterations in T lymphocytes in BD are associated with long-term
negative outcomes and can influence disease outcomes through
immune regulation. Together, this review will highlight the
contribution of T cells to BD pathology and offer a future
perspective on a potential translation into clinical practice by
targeting T cells to modulate BD.

T LYMPHOCYTES AND BD

In the absence of active somatic immune diseases, abnormalities
of T cell-mediated immunity have been reported in BD [13].
Progressively increased vulnerability to developing inflammatory
and compromised lymphoproliferative response correlates with
the severity of disease in BD patients [15]. Alterations in T
lymphocytes appeared during the exacerbation of BD and
correlated significantly with the results of the Hamilton Rating
Scale for depression [16] or Young Rating Scale for Mania [17], i.e.,
the higher the patient’s score (the higher the degree of depression
or mania), the lower the percentage of T lymphocytes, which
tended to normalize after successful treatment/remission [14]. BD
patients also display early T-cell senescence linked with premature
aging and neuro-progression [18]. Some studies have claimed a
decrease in circulating T cells [14, 19], and others have shown that
total T cells are significantly higher in patients with BD than in
healthy controls (HC) [20, 21], or that there is no change [22].
These conflicting reports may be due to differences in the severity
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expression of CD4" CD25" FOXP3™ T phenotypes.

Tregs

CD25, CD152, CD154, FOXP3

CD3, CD4, CD8, CD45

BD patients had greater CD3" T cell levels than HC.

Th, Tc
The inclusion and exclusion criteria for the studies are shown in Supplementary Fig. 1. The quality assessment is shown in Supplementary Table 1.

101

83

Su L et al., 2022 [136]

HC healthy controls, Th T helper, Tc cytotoxic T cell, Tregs regulatory T cells, IL interleukin, IFN interferon, FOXP fork-head box protein, CXCR CXC chemokine receptors, CCR chemokine receptor, MHC major

histocompatibility complex, HCMV human cytomegalovirus.
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and duration of the disease, or the fact that patients are receiving
mood-stabilizing agents (e.g., lithium, anticonvulsants, and anti-
psychotics) that may influence immune function or the analysis of
different T-cell subsets. To date, the exact changes in T
lymphocytes are controversial (Table 1), but there is a proven
correlation between chronic activation of the immune system
response by T lymphocytes and mood dysregulation [23].

In mouse models, chronic stress reduces immune responses,
including reduced leukocyte trafficking, neutrophil phagocytosis,
and reduction of peripheral lymphocytes [24]. Severe combined
immune deficiency mice exhibit cognitive impairments that can
be reversed by restoring a proper immune response. T cell
immunodeficient mice show a reduced ability to deter the
consequences of stress and had raised anxiety responses; a short
exposure of mice to the predator odor stressor enhanced T cell
infiltration into the brain via the choroid plexus, and the ability of
mice to cope with the stress was interrelated with the T cell
trafficking [25]. The depressive and anxiety-like behavior exhibited
by Rag1™~ or Rag2™~ mice lacking T cells can be improved by
transplantation of splenocytes/lymphocytes from chronically
stressed mice, and immunization with myelin-related peptides
can further reduce stress-induced anxiety [26-28]. Animal results
further confirm that T-cell immune homeostasis can suppress
excessive behavior and anxiety responses induced by stressful
stimuli. Indeed, as immune cell immunophenotyping studies
progressed, T cell subsets associated with BD were explored in
depth, and specific subtype variations are discussed in more detail
in the next section.

T-cell subsets and BD

CD4™ T subsets and BD. In response to the milieu, CD4™ T cells
differentiate into a specific lineage belonging to a continuum of
phenotypes (Fig. 1). The main lineages studied in BD are: Th1, Th2,
Th17 cells, and Regulatory T cells (Tregs), the alterations in
cytokines may be due to changes in T-cell subsets. A preliminary
study aimed to investigate the activation pattern of T lymphocyte
populations in BD patients, the blood cell counts of T-lymphocyte
subsets, and the plasma levels of cytokines they secreted were
selectively investigated. As a result, the plasma level of IL-6 was
found to be elevated in patients with BD [29]. Changes in
cytokines in BD patients of different features varied in degree and
were related to the course of the disease and the characteristics of
symptoms and may alter after medication [30]. CD4" T cells
demonstrate a shift from the Th1-phenotype toward others during
natural senescence, which could be exaggerated by BD [31]. The
Th1 chemokine receptor-5 is downregulated in BD, and serum
levels of Interferon-y (IFN-y), a cytokine produced by Thi, are
significantly reduced, and in vitro stimulation of lymphocytes also
results in reduced IFN-y release [19, 32], while Th2 levels elevated
and its marker IL-4 is also upregulated in BD [33, 34]. These
suggest a Th1/Th2 shift in BD. Studies have confirmed that
pharmacological treatment can restore the down-regulated Th1/
Th2 [35]. In addition, Th17 are pro-inflammatory neurotoxic cells,
whereas Tregs are anti-inflammatory neuroprotective cells. The
balance between these two subsets is essential for immune
homeostasis, and dysregulation of this balance has been
implicated in various inflammatory conditions, allograft rejection,
and tumorigenesis [36]. Compared to HC, the levels of both Th17
cells and their cytokine IL-17 production were significantly
increased in BD patients and correlated positively with the
duration of the disease [22, 37]. In the high psychiatric risk group,
childhood trauma was associated with increased Th17 cell
numbers, but it has also been shown that biphasic offspring have
reduced Th17 cells in early adulthood and that there may be a
correlation between altered Th17 and age [38, 39]. Tregs prevent
immune responses against self-antigens and reduced Tregs and
secreted IL-10 in BD could explain the increased incidence of the
autoimmune disease reported in individuals [19, 40-43].

SPRINGER NATURE
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Fig. 1
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IL-17 IL-10
IL-22 TGF-p
GM-CSF

CD4" T cells and cytokines implicated in BD. Once activated by their antigen and the cytokine milieu (each lineage of CD4™ T cells has

a combination of cytokines required to differentiate), as well as upon receiving co-stimulatory signals, CD4" T cells differentiate in the
different lineages: Th1, Th2, Th17 cells, and Tregs, which produce a combination of cytokines as indicated. These effector T cells are
considerable plasticity allowing for conversion to other phenotypes [137]. TCR T cell receptor, T-bet T-box transcription factor, RORyt retinoic
acid related orphan receptor y t, GM-CSF granulocyte-macrophage colony-stimulating factor.

Adolescent offspring of BD patients also show a subtle reduction
in Treg numbers and a negative correlation with inflammatory
monocyte activity [39]. It has also been found that there are
elevated levels of Tregs in BD patients or that there are no
significant differences with HC [13, 22]. The sources of immuno-
inflammatory activation in BD are multifactorial (eg, epigenetic
modification, intrinsic physiologic alterations in BD, and exposure
to social adversity during early life) [44]. The BD population may
have different immune biotypes or be at different stages of the
disease, leading to differences in clinical findings [44, 45]. Thus,
the causal relationship between immune activation brought about
by CD4* T cells and altered emotional reactivities required further
confirmation.

Th and Tregs are essential for normal brain development and
when their function is impaired may affect brain function in BD
patients [46]. Poletti et al. focused on the relationship between
circulating levels of Th and Tregs with structural and functional
brain imaging in BD patients and showed consistency between Th
and Tregs cell-mediated immune activation maintains the
functional and structural integrity of the brain [47]. The balance
between the Th17 and Tregs might regulate the White matter
(WM) microstructure of key tracts in interhemispheric, prefrontal-
occipital, and temporal-frontal-occipital connections that are
critical for cognitive and emotional brain function [47]. In addition,
there is controversy about the site of action of these Th and Tregs
in brain development and function. Some consider the activity of
the cells in the peripheral lymphoid organs as sufficient to induce
these brain effects (with T cell-specific cytokines entering the brain
via the circulation) [46], while others assume that the T cells
themselves traffic to the brain to exert their effects [48]. Indeed,
there is a special CC-chemokine ligand 20/CC-chemokine receptor
6 dependent route for Th17 cells and Tregs to enter the
cerebrospinal fluid via the choroid plexus, delivering the cells in

SPRINGER NATURE

close vicinity to the limbic structures [49, 50]. During the
inflammatory process, the release of cytokines may induce
permeability of the blood-brain barrier, thus allowing peripheral
pro-inflammatory mediators to enter the brain, constituting a
bidirectional transfer of inflammatory substances [51]. Elevated
levels of pro-inflammatory cytokines impact synaptic transmission
and negatively affect neuronal survival and may precipitate
learning and memory impairment [52]. The upregulation of
immune response genes in the prefrontal and orbitofrontal cortex
of BD patients confirms these findings and reveals the connection
between changes in peripheral inflammatory markers and
neuroinflammation in the pathophysiology of BD [53, 54]. Brain-
derived neurotrophic factor (BDNF) is a neurotrophic producer
that is thought to play an essential role in neuro-regeneration and
neuroplasticity and to provide the necessary conditions for normal
nerve cell function, and impaired CD4" T-cell activity results in
reduced expression of BDNF in the brain [46]. Current evidence
indicates decreased BDNF levels in BD patients compared to HC
and correlations between BDNF and the severity of symptoms/
mood episodes [55]. The above results suggest that the immune
system and neurotrophic signaling interact to promote disease
activity and neurological progression in BD.

Chronic stress-induced mice models have mitochondrial metabolic
dysfunction in CD4" T cells [56]. Lymphocyte subsets adoptively
transferred into or selectively deleted from mice can exert effects on
cognition [26, 56-58]. Rattazzi argued that CD4" T cells correct a
naturally existing anxious phenotype in lymphocytopenia Rag1™"
mice [26]. In contrast, the transfer of CD4™ T cells from naive mice to
Rag1™" mice did not affect anxiety behavior [57]. Fan confirmed that
naive CD4" cells but not effector T cells from electric foot shock-
treated donor mice adequately conferred behavioral abnormalities
[56]. Besides, Kim showed that depleting Tregs caused an increase in
anxiety-like behavior in the elevated plus maze [58]. Remarkably, not

Translational Psychiatry (2023)13:153



only were the behavioral decline and decreased cell proliferation
associated with stress reversed in the mice receiving cells from
stressed donors, but the pro/anti-inflammatory blood cytokine profile
was also substantially reversed between donor and host [57]. Integrin
B47~ (ITGB4”) mice have BD-related cognitive dysfunction, and
expression levels of the pro-inflammatory cytokines TNF-a and IL-6
were higher in the hippocampus and prefrontal cortex of ITGB4™
mice than in control mice [59]. [TGB4”~ mice mainly exerted Th2-type
inflammation in the periphery, like the number and major cytokines
IL-4 and IL-13 of Th2-type inflammation [59]. By binding the IL-4
receptor alpha chain in the choroid plexus, IL-4 induces the release of
pro-inflammatory cytokines from macrophages, which then leakage
into the brain and promote the production of a second wave of
cytokines by microglia, leading to neural network dysfunction, which
then triggers the onset of BD [59, 60]. Studies in rodents provide
corroborative further evidence of the involvement of CD4"
T cells in BD.

High levels of Th1 and Th17 are generally considered a sign of
inflammation, while high levels of Th2 and Tregs are anti-
inflammatory. Mainstream findings suggest that there is upregulation
of Th2 and Th17 and downregulation of Th1 and Tregs in BD
patients, suggesting activation of both pro- and anti-inflammatory
forces. Similar combinations of increases and decreases of pro- and
anti-inflammatory forces have been described in BD and other
psychiatric disorders [61, 62]. This suggests not so much a pro- or
anti-inflammatory state as the hallmark of psychiatric disease with an
exaggeration or deficiency of immune activity. The balanced
increases and decreases of Th and Tregs in BD patients, as described
here, suggest another role for CD4™ T cells in regulating neural
activity, not just inflammatory regulation.

CD8" T cells and BD. Cytotoxic T cells (CD8™ cells) are involved in
antiviral, cancer, reactive rejection, and immunomodulatory
cellular immunity by killing infected cells. The co-stimulatory
molecule CD28 is necessary to initiate T-cell-mediated immune
responses. The dramatic loss of telomerase activity in CD8" CD28"
T cells limit their proliferation ability [63], while the reduced
telomere length in lymphocytes of BD patients is associated with
the number of lifetime depressive episodes, suggesting that early
aging of the immune system may be related to the pathophysiol-
ogy of BD [64]. Aging is commonly associated with the progressive
loss of the CD28 marker and increased CD8" CD28 T cell
subpopulations in the blood [63]. do Prado et al. further found an
expansion of senescence-associated cells (CD8" CD28 T cells) in
BD, but the results are controversial [41]. It has also been found
that the percentage of CD8" T cells in BD patients is reduced both
during disease onset and remission, with the reduced CD8™ T cells
belonging to the CD87CD28™ and IFN-y* subpopulations (corre-
sponding to functionally activated CD8" T cells) [14, 19, 40, 65].
The reduced percentage of CD8" T cells in BD patients supports
the hypothesis that there is a close relationship between BD and
virus-induced infections. Also, the study proposes that CD8*
T cells in the blood of BD patients are chronically immune
activated, leave the circulating blood, and migrate to peripheral
tissues, including brain regions, and that reduced WM integrity in
the corpus callosum and left supra-radial corona is associated with
reduced end CD8" CD28 and CD8" IFN-y* populations [65]. This
phenomenon is reminiscent of chronic inflammatory neurological
diseases such as multiple sclerosis. There, a reduction of CD8"
T cells and increased CD41/CD8" ratio in the peripheral blood
circulation correlated with the accumulation of CD8" T cells in
acute and chronic inflammatory WM lesions are observed,
suggesting that CD8" T cells recognize myelin components and
could act as effector cells to promote WM injury [66]. Future
studies will need to formally demonstrate the presence and
localization of specific subpopulations of CD8" T effector cells in
the post-mortem brain of BD subjects to prove their pathogenic
potential in BD.

Translational Psychiatry (2023)13:153

Z. Chen et al.

Possible origins of the T-cell dysregulations in BD

Although it remains to be determined whether all the dysregula-
tion of T cells observed in patients with BD occurs simultaneously
in the same individual, it is conceivable that BD-specific factors
may affect T cell function. Thus, for example, the plasticity of Th
cells may be responsible for some of the differences observed
between different Th subtypes in BD. It is also possible that
previous treatments with mood stabilizers affect the proportion of
Th cells. In addition, mood dysregulation may be directly linked to
stressors, and T cells may be affected by different stressors to
produce different changes, including the source of stress (internal
versus external), the stress hormones, as well as indirect effects of
stress, such as alterations of the microbiota, which is known to
control immunity, and some of the pathways leading to these
different stress behaviors are described below.

Hormones. Exposure to stress leads primarily to activation of the
Hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic
nervous system to regulate metabolism, neuronal and cardiovas-
cular functions, as well as immune activity. The hippocampus,
amygdala, and prefrontal cortex undergo stress-induced structural
remodeling, which alters behavioral and physiological responses
[67]. Cortisol, the main by-product of the HPA axis, has both
adaptive and maladaptive effects on these brain regions, which
could influence cognitive and emotional functioning [68]. With
chronic inflammation, HPA activation may cause harmful effects
by chronic hypercortisolemia, which downregulates the synthesis
of Glucocorticoids (GCs) receptors, translocation, and sensitivity in
the pituitary and hypothalamus and effectively inhibits the
negative feedback loop of the HPA axis in BD [69]. The negative
feedback loop leads to further impairments in mood and
cognition with increasingly elevated cortisol levels. GCs abnorm-
alities are present in BD patients, and higher cortisol levels are
positively correlated with manic phases and negatively correlated
with the use of antipsychotic medication [70]. Endogenous GCs
are involved in the selection of appropriate T cell receptor pools in
the thymus, suppressing Th1 cells while moderately suppressing
Th2 cells and favoring Th17 cells, regulating T cell trafficking and
promoting T cell memory; exogenous GCs (e.g., corticosteroid
treatment) form cytokines required for T cell differentiation by
blocking gene expression of a variety of cytokines, including IL-1,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, GM-CSF, TNF and IFN-y
environment [71]. Glucocorticoid receptors are expressed on all
T cells, but different T cells have different sensitivity to
glucocorticoids. The difference is mainly attributed to the
glucocorticoid-induced loss of expression of B-cell lymphoma 2
(BCL-2), and greater expression of BCL-2 in Th1 cells, whereas BCL-
2 is moderately affected in Th2 cells and increased in Th17 cells
[72]. Furthermore, Tregs differentiation is also promoted by GCs
due to the upregulation of TGF-f receptors and Foxp3, and the
promotion of Tregs by GCs might be one of the major
mechanisms mediating immunosuppression [73]. The widespread
immune effects of GCs may explain the enrichment of certain T
cell subtypes during BD, e.g., Th17 cells are the most resistant cells
to glucocorticoid-induced apoptosis and are found elevated in BD,
but the suppressive effect of GCs on Th2 cannot explain the
elevation of Th2 in BD patients, so other factors combine to
promote the abnormal immune-inflammatory process in BD. The
catecholamines include neurotransmitters such as epinephrine,
norepinephrine, and dopamine and act through the autonomic
nervous system. Traditionally, the sympathetic nervous system is
activated after stress to increase blood epinephrine and norepi-
nephrine levels. Immune cells express both a-adrenergic and
B-adrenergic receptors, and their level of expression depends on
the state of the cells, their maturation, and their activation [74].
Consistent with this, norepinephrine promotes the transfer of
Th1 cells to Th2 cells, a phenomenon that explains the Th1/
Th2 shift existing in BD patients [75]. There is a balance between
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epinephrine promoting Th17 cells through secretion of cytokines
by the dendritic cells [76] and norepinephrine directly inhibiting
Th17 cells through (2-adrenergic receptors [77]. Additionally,
sympathetic dopaminergic innervations are present in the thymus,
spleen, and lymph nodes. Both peripheral and CNS immune cells
express all dopamine receptors, transporter proteins, and related
enzymes; dopamine receptors hypofunction is associated with
altered Tregs and impaired transport of immune cells to the brain
[24]. Nevertheless, the duration and concentration of exposure to
the catecholamines, the interaction with other factors induced
during stress (GCs, etc.), and the role of adrenergic receptors in the
various T cell subtypes need to be also taken into consideration.
Other nervous systems also affect T cells, including the
parasympathetic nervous system with the release of acetylcholine
and the sensory nervous system with the release of neuropeptides
and glutamate, which are also known to modulate T cell responses
[78].

Intracellular signaling. Many BD patients experience a chronic,
low-grade inflammatory state that may be enhanced to varying
degrees during acute emotional episodes, which may exacerbate
the T-cell deficits noted in this review and contribute to overall
cognitive decline and neurological progression. Inflammatory
signaling mediates a strong connection between cellular stress,
neuronal viability, and apparent symptoms, and differences in
intracellular signaling within T cells also play an important role.
Studies found impaired central Mitogen-activated protein kinase
(MAPK) signaling associated with behavioral changes and
cognitive deficits related to mood disorders, suggesting an
important role of this cascade in psychiatric disorders [79]. MAPK
proteins are involved in many cellular processes such as
differentiation, proliferation, activation, and apoptosis, and may
contribute to the immune alterations observed in BD [80]. Three
major MAPK cascades are known, including the Extracellular
signal-regulated protein kinase (ERK), C-Jun amino-terminal
protein kinase/stress-activated protein kinase (JNK), and p38.
During depressive episodes in BD patients, JNK levels in
lymphocytes were lower than in euthymic patients and control
individuals [81]. While phosphorylation of ERK1/2 is involved in
cellular proliferation, differentiation, activation, and survival,
phosphorylated p38 is related to cellular energy and pro-
apoptotic fate, these two enzymes have reciprocal antagonistic
actions [41]. BD is associated with increased percentage and
phosphorylated protein levels of p-ERK in CD4* and CD8" T cells
[41]. Increased p-ERK signaling may contribute in different ways to
the immune/inflammatory imbalance observed in BD subjects. It is
tempting to speculate that a lack of appropriate regulatory cells
may allow the increase in p-ERK signaling in T-cell subsets,
contributing to the immune imbalance (cell activation and pro-
inflammatory profile). Another important intracellular signaling
route related to the immune response is the nuclear factor kappa
B (NF-kB) pathway. Alterations in the NF-kB pathway are
associated with BD [82]. As a pleiotropic transcription factor, NF-
KB is reported to mediate the effects of HPA axis dysregulation on
stress-induced pleasure anhedonia and impaired neurogenesis
[83], and NF-kB also regulates the balance between neuroprotec-
tive and pro-apoptotic mechanisms in the CNS via Nod-like
receptor proteins 1/3 inflammasome regulation [84]. The NF-kB
pathway is readily activated in response to different stimuli, and
phosphorylation of the p65 subunit (p-p65) leads to its transloca-
tion to the nucleus to transcribe different pro-inflammatory genes.
It has been shown that the percentage of p-p65™ T cells and the
amount of p65 protein phosphorylation is increased in BD patients
and that this phenomenon is closely related to the activation of
T cells [40]. In conclusion, altered proportions of activated/
regulatory lymphocyte subsets and differential intracellular
signaling have been implicated in the immunological
imbalance in BD.
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Microbiome. The two-way communication between the gut
microbiota and the brain is involved in neuronal development,
brain function, cognitive regulation, and aging [85]. The decrease
of Bacteroides-Prevotella group/Enterobacter spp in the gut
suggested an imbalance in the intestinal microecology of BD
patients, which was associated with illness severity and immune
alterations, and a positive correlation between the Enterobacter
spp count and the total T-cell ratio [86]. Multiple studies have
documented an interaction between the gut microbiome,
immunity, cognitive functioning, and behavior in several models,
most of which involve rodents [87]. Th17 cells are only present in
the lamina propria of the small intestine in healthy mice and are
involved in the maintenance of the epithelial barrier by producing
low amounts of IL17A [88]. Th17 cells are absent in germ-free
mice, showing a major impact of the microbiota on Th17 cells [89].
Besides the microbial antigens, other signals are required to
promote the differentiation of Th17 cells [90, 91]. For example, the
trans-differentiation of Th17 cells to Tregs is partly dependent on
the aryl hydrocarbon receptor, whose agonists are produced by
the microbiota to promote anti-inflammatory responses consisting
of tryptophan metabolites [92, 93]. Serum tryptophan metabolite
levels were lower in bipolar individuals who were in a current state
of euthymia or mild depression when compared to HC [94].
Tryptophan metabolites act as an intermediate in the inflamma-
tory cascade to induce Tregs differentiation, limit Th1 and Th17
responses and produce anti-inflammatory mediators [95]. The
presence of tryptophan depletion characteristic of mood disorders
is a mechanism that explains the elevated Th17 and reduced Tregs
present in BD patients [96, 97]. Microbial metabolites (e.g., short-
chain fatty acids) also regulate Tregs homeostasis [98]. Poly-
saccharide A produced by Bacteroides species promotes Tregs’
anti-inflammatory effects while inhibiting Th1 and Th17 cell
differentiation [99, 100]. Thus, by promoting Th17/Tregs imbal-
ance, microbiota metabolites promote depression-like behaviors
[101]. Other Th cells are associated with changes in the
microbiota, such as helminth infections, which promote Th2
responses [102]. While animal models focus on the bacterial
composition of the intestinal tract, studies to date in individuals
with BD also point to the possible role of viruses. Human
cytomegalovirus (HCMV), correlated with the clinical presentation
of BD patients [103]. Under most circumstances, CMV infection is
latent and asymptomatic, but it is associated with the expansion
of late-differentiated CD8" T cells, a reduced T-cell repertoire,
reduced B-cell numbers, and increased IL-6 levels [104]. The HCMV
infection may be a driving force in the process of early immune-
senescence in BD [105]. In addition, CD8" T cells play a principal
role in the regulation of Epstein-Barr virus (EBV) infection and
psychological stress compromises the ability of CD8" T cells to
prevent the reactivation of latent EBV infection [106, 107]. Stress
may therefore increase the number of EBV-infected self-reactive B
cells and plasma cells, thereby exacerbating BD, leading to
increased stress and further affecting CD8" T cell function in a
vicious cycle [108]. At this stage, the pathways and potential
mechanisms used by the microbiota to promote BD are only just
emerging, all findings were associative, without establishing a
causal relationship with BD pathogenesis, and their impact on T
cell plasticity remains to be fully understood.

Overall, T cells are the point of convergence of many pathways
associated with the stress response. The research investigating
genetic variants linked to BD suggests that the genetic origins of
immune imbalance may potentiate pathogen escape [109]. We
propose a mechanism wherein genetic predisposition for BD
contributes to an altered adaptive immune response in some
individuals, and dysfunction of the HPA axis further exacerbates
the immune response (Fig. 2). We postulate that in these
individuals, the internal environment of T cells is altered, and
(viral) infection more easily triggers a dysfunctional immune
response. This process can generate and maintain
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Fig. 2 Potential mechanism(s) of altered T cell responses in BD. Possibly, (1) genetic variations change the adaptive immune composition
and response in some individuals; (2) disruption of the HPA axis affects the immune response through the release of glucocorticoids; (3) with
changes in inflammatory cascade signaling within T cells, there is an imbalance in the homeostasis of the intracellular environment; (4) in
genetically susceptible individuals, (viral) infections may trigger cross-reactions of T cells to self-proteins associated with BD; (5) genetic
susceptibility and BD pathology hampers brain-barrier-function, and increases its permeability; (6) within the brain parenchyma, T cells can
change neuronal function and promote neuroinflammation. HPA Hypothalamic-pituitary-adrenal, TCR T cell receptor, APC antigen-presenting
cell, MAPK mitogen-activated protein kinase, ERK extracellular signal-regulated protein kinase, NF-kB nuclear factor kappa B.

neuroinflammation in BD, ultimately leading to the observed
alterations in the proportion and function of T cell subsets.
Whether the T cell response is protective or detrimental will likely
depend on its nature. Potentially, increased levels of senescent
and terminally differentiated T cells lead to hampered and
dysfunctional immune responses, while a ‘young’ and flexible
effector T cell response might alleviate early BD pathology.
Different T cell subpopulations also correspond to different
functions, and which signal(s) can be targeted to improve BD
remains to be determined.

IMPLICATIONS FOR PATIENTS WITH BD

Increased comorbidities and infections

BD is now known to be associated not only with highly prevalent
co-occurring psychiatric and substance use disorders but also with
medical comorbidities, such as cardiovascular diseases, diabetes
mellitus, obesity, and thyroid dysfunction. Repeatedly observed
disorders of inflammation in BD, particularly defects in T-cell
function, could explain some of the co-morbidities between BD
and medical disorders. Excess mortality rates due to medical
causes are between 1.5 and three times higher in adults with BD
compared to the general population [110]. The increased mortality
rate covers all natural causes of death, including cardiovascular,
cerebrovascular, other medical disorders, and external causes of
death. Cardiovascular mortality is the main cause of excess
mortality in BD [110]. Inflammation plays a key role in
cardiovascular disease, participating in atherosclerosis from its
inception and development to its ultimate endpoint, thrombotic
complications. It begins with inflammatory changes in the
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endothelium, which expresses the vascular cell adhesion mole-
cule-1, which, in addition to attracting monocytes to transform
into foam cells, also induces T cells to migrate to the endothelium
and release pro-inflammatory cytokines, amplifying inflammatory
activity and ultimately leading to atherosclerosis [111]. In
symptomatic BD patients, lower BDNF was associated with greater
mean carotid intima-media thickness, suggesting a potential
interaction between neurotrophic/inflammatory biomarkers and
atherosclerosis proxies as well as promising prevention strategies
against cardiovascular disease in BD [112]. Activated oxidative and
nitrosative stress pathways and a pro-atherogenic lipid profile
have been found in both mood disorders and metabolic
syndrome. Under these conditions, the levels of pro-
inflammatory cytokines, and lipid peroxidation biomarkers,
including malondialdehyde and atherogenic indices, are
increased, as well as the levels of antioxidants [113]. These results
suggest there may be a shared immune-inflammatory, oxidative
and nitrosative stress, and metabolic pathways underpinning
metabolic syndrome and BD. Another comorbid pathology with
an inflammatory component is “autoimmune disease”, where
people with BD are at increased risk of developing multiple
sclerosis, psoriasis, inflammatory bowel disease, rheumatoid
arthritis, and systemic lupus erythematosus [114]. A possible
mechanistic overlap between mood disorders and autoimmune
diseases has previously been proposed, with extravasation of
activated CD8" T cells in the peripheral circulation of BD patients
reflecting T cell-mediated WM abnormalities in the brain
parenchyma and a link between WM pathology and CD8™ T cell
activation has been reported in other inflammatory diseases such
as multiple sclerosis [65, 115]. Furthermore, as the classical role of
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subserve resilience against stressors and maintain neuronal integrity during health and illness.

CD8" T cells is to mediate host defense against intracellular
infection factors (especially viruses), a decrease in CD8" T cells was
observed even during remission, which could support the
hypothesis of a close relationship between BD and infection
caused by viruses [19]. Compared with the general population, BD
patients are more predisposed to some infectious diseases,
particularly hepatitis B or C and human immune-deficiency virus
infection [116]. The increased incidence of certain viral diseases in
BD patients may be the result of immune dysfunction, including
T-cell defects, in the course of the disease, especially since studies
have failed to demonstrate the presence of the viral genome in
patients with psychiatric disorders [14]. Associations of BD with
Borna disease virus, influenza virus, herpes simplex virus type 1,
herpes simplex virus type 2, cytomegalovirus, human herpes virus
6, and Toxoplasma gondii suggest that these relationships may
not be specific to any one pathogen but rather involve a common
mechanism, possibly immune activation [109]. These suggest that
alterations in the immune system, particularly in T-cell function in
BD patients, are associated with negative outcomes in the
long term.

Potential pharmacological outcomes

Reciprocally, it also raises the question of how to mitigate T-cell
defects and thus treat BD. The classical mood stabilizers (lithium,
valproic acid) have been shown to directly affect the proliferation
and activity of T cells, both of which protect T lymphocytes from
apoptosis, and the inhibition of T lymphocyte proliferation is
visible only at toxic doses [117]. In addition to down-regulating IL-
6 levels in BD manic phase, lithium, and valproic acid also affect
inflammatory pathways by down-regulating T-cell activation
markers IL-2 and IFN-y and reducing lipopolysaccharide-induced
dopaminergic neurotoxicity by inhibiting microglial overactivation
[118, 119]. Lithium also improves depressed mood in BD and has a
broader effect on T cells than valproic acid, which is primarily used
to treat manic episodes or for prophylaxis. Lithium enhances
lymphocyte activity by increasing lymphocyte responses to
antigens and mitogens, promoting immunoglobulin synthesis or
enhancing natural killer activity, and enhancing BDNF mRNA levels
in lymphocytes from BD patients [120]. Lithium also affects
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specific T-cell phenotypes. In BD patients treated with Li, the
number of CD4'T cells decreased, while the number of
CD8'T cells increased, and the ratio of CD4"T/CD8'T was
negatively correlated with the duration of lithium treatment
[121]. In colonic diseases, lithium alleviated inflammatory
responses in a G-protein coupled receptor 43-dependent manner
by activating Tregs responses [122]. In a mouse model of
autoimmune encephalomyelitis, lithium attenuated IFN-y-depen-
dent activation of naive T cells and transcription factor STAT1 in
inflammatory T cells and Th1 cells [123]. Lithium acts through
multiple pathways to inhibit Glycogen synthetase kinase-3(. This
enzyme phosphorylates and inhibits nuclear factors that turn on
cell growth and protection programs, including the nuclear factor
of activated T cells and WNT/B-catenin [120]. The immunomodu-
latory effects of mood stabilizers are beginning to emerge, but the
efficacy of immunomodulatory/anti-inflammatory therapy for BD
remains controversial in clinical studies. It has been suggested that
anti-inflammatory drugs might confer a moderate antidepressant
effect in bipolar depression [124, 125]. For example, TNF-a
inhibitors (adalimumab, infliximab, etanercept, and certolizumab)
have been shown to reduce depressed mood, inhibit Th cell
proliferation and function and improve cognitive decline in BD
[126]. Minocycline has anti-depressive effects in bipolar depres-
sion, probably by decreasing the pro-inflammatory cytokine levels
[127]. Husain et al. questioned the potential therapeutic benefit of
adjuvant anti-inflammatory drugs for the acute treatment of BD,
and they have found no evidence that minocycline or celecoxib is
superior to placebo in the treatment of BD [128]. McIntyre et al.
found similar results, with infliximab not significantly reducing
depressive symptoms compared to placebo in adults with bipolar
depression [45]. Interestingly, they reported a significant reduction
in depressive symptoms in subgroups of physical and/or sexual
abuse following infliximab treatment [45]. Disparate anti-
inflammatory drugs have variable antidepressant effects in adults
with unipolar and bipolar depressive disorders [125, 129]. These
variable effects suggest that select anti-inflammatory agents may
be differentially efficacious in a subset of individuals with bipolar
disorder who are exhibiting proinflammatory balance. The
relatively high rate of negative and failed trials in bipolar
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depression, as well as the variable response to existing treatments,
implicates distinct biotypes within heterogeneous populations
with bipolar disorders [45, 130]. Further studies are needed to
confirm whether there is a plausible causal relationship between
abnormal inflammatory processes including T-cell defects and BD
disease activity so that further therapeutic trials of adjuvant anti-
inflammatory agents for BD can be targeted. In addition, light
therapy indirectly promotes cytokine production in Th1 cells and
reduces the anti-inflammatory response of Th2 cells by enhancing
melatonin on the one hand, and regulates lymphocyte function by
directly restoring the balance between Th1 and Th2 functions and
increasing the release of IL-2 and IL-10 [131, 132]. The therapeutic
role of EBV-specific T-cell therapy in BD has also been reported in
the literature, considering the role of EBV infection in the
pathogenesis of BD [108]. Many potential new strategies for
normalizing neuroimmune pathways require further validation for
their promise in BD treatment, and a better understanding of the
role of the immune system, including T cells, in BD is a prerequisite
for designing the most effective drugs.

CONCLUSION

Immunoregulation is inherently intricate and complicated, and
when taken together with diversified pathological, or physiologi-
cal factors, the precise manipulation of T lymphocytes to achieve
better intervention, therapeutics, or vaccination seems even more
difficult (Fig. 3). Animal studies that have addressed underlying
pathological mechanisms emphasize the value of targeting
peripheral immunity to combat BD pathology. Due to numerous
obstacles to BD-related research, including the lack of exact
animal models, the difficult accessibility to pathological brain
samples from patients, the timing of sampling (mania, depression,
relapse and remission in BD, medication selection), the size of
clinical samples, as well as the understanding of the so-called
inherent etiologies, the roles of T lymphocytes in BD are merely
based on observations and evaluations. As the boundaries of
neuroinflammation expand, investigations on the intercorrelated
or even shared functions of Th subsets in different disease settings
could promote a deeper understanding of this complex immune
network. In turn, through comparing distinct contributions of Th
subsets under different neuroinflammatory conditions, more
precise comprehension of pathogenesis, prevention, therapeutics,
and prognosis of these diseases may be achieved. Comparing
distinct contributions of T-cell subsets allows for more precise
comprehension of BD pathogenesis, prevention, therapeutics, and
prognosis.

It is worth noting that the exact nature of the relationship
between T cell imbalance and BD is still unclear, whether T cell
imbalance is the main cause of the pathological process of BD, a
consequence of the disease, or just a bystander effect, more
studies are needed to elucidate its correlation with the disease
and the mechanism of changes in different T cell subsets. For
example, the involvement of T cells in the preclinical stages of BD
could be further investigated using longitudinal studies that
follow healthy individuals over time. Eventually, understanding
the function of T cells and their migration to the CNS and further
mapping the targeted antigens of “BD-specific T cells” will provide
us with specific windows and targets in time and space, which can
potentially be used to develop intervention and modulation
strategies in BD.

REFERENCES
1. Haggarty SJ, Karmacharya R, Perlis RH. Advances toward precision medicine for
bipolar disorder: mechanisms & molecules. Mol Psychiatry. 2021;26:168-85.
2. Vieta E, Berk M, Schulze TG, Carvalho AF, Suppes T, Calabrese JR, et al. Bipolar
disorders. Nat Rev Dis Prim. 2018;4:18008.

Translational Psychiatry (2023)13:153

Z. Chen et al.

3. Sigitova E, FiSar Z, Hroudova J, Cikankova T, Raboch J. Biological hypotheses and
biomarkers of bipolar disorder. Psychiatry Clin Neurosci. 2017;71:77-103.

4. Pape K, Tamouza R, Leboyer M, Zipp F. Immunoneuropsychiatry-novel per-
spectives on brain disorders. Nat Rev Neurol. 2019;15:317-28.

5. Rege S, Hodgkinson SJ. Immune dysregulation and autoimmunity in bipolar
disorder: synthesis of the evidence and its clinical application. Aust N. Z J Psy-
chiatry. 2013;47:1136-51.

6. Anderson G, Maes M. Bipolar disorder: role of immune-inflammatory cytokines,
oxidative and nitrosative stress and tryptophan catabolites. Curr Psychiatry Rep.
2015;17:8.

7. Rosenblat JD, Cha DS, Mansur RB, McIntyre RS. Inflamed moods: a review of the
interactions between inflammation and mood disorders. Prog Neuropsycho-
pharmacol Biol Psychiatry. 2014;53:23-34.

8. Isgren A, Jakobsson J, Palsson E, Ekman CJ, Johansson AG, Sellgren C, et al.
Increased cerebrospinal fluid interleukin-8 in bipolar disorder patients asso-
ciated with lithium and antipsychotic treatment. Brain Behav Immun.
2015;43:198-204.

9. Isgren A, Goteson A, Holmén-Larsson J, Pelanis A, Sellgren C, Joas E, et al.
Cerebrospinal fluid proteomic study of two bipolar disorder cohorts. Mol Psy-
chiatry. 2022;27:4568-74.

10. Koenders MA, Giltay EJ, Spijker AT, Hoencamp E, Spinhoven P, Elzinga BM.
Stressful life events in bipolar | and Il disorder: cause or consequence of mood
symptoms? J Affect Disord. 2014;161:55-64.

11. Tsyglakova M, McDaniel D, Hodes GE. Immune mechanisms of stress suscept-
ibility and resilience: lessons from animal models. Front Neuroendocrinol.
2019;54:100771.

12. Taniuchi I. CD4 helper and CD8 cytotoxic T cell differentiation. Annu Rev
Immunol. 2018;36:579-601.

13. Drexhage RC, Hoogenboezem TH, Versnel MA, Berghout A, Nolen WA, Drexhage
HA. The activation of monocyte and T cell networks in patients with bipolar
disorder. Brain Behav Immun. 2011;25:1206-13.

14. Pietruczuk K, Lisowska KA, Grabowski K, Landowski J, Cubata WJ, Witkowski JM.
Peripheral blood lymphocyte subpopulations in patients with bipolar disorder
type Il. Sci Rep. 2019;9:5869.

15. Maes M, Nani JV, Noto C, Rizzo L, Hayashi MAF, Brietzke E. Impairments in
peripheral blood T effector and T regulatory lymphocytes in bipolar disorder are
associated with staging of illness and anti-cytomegalovirus 1gG Levels. Mol
Neurobiol. 2021;58:229-42.

16. Bech P, Allerup P, Larsen ER, Csillag C, Licht RW. The Hamilton Depression Scale
(HAM-D) and the Montgomery-Asberg Depression Scale (MADRS). A psycho-
metric re-analysis of the European genome-based therapeutic drugs for
depression study using Rasch analysis. Psychiatry Res. 2014;217:226-32.

17. Prisciandaro JJ, Tolliver BK. An item response theory evaluation of the young
mania rating scale and the montgomery-asberg depression rating scale in the
systematic treatment enhancement program for bipolar disorder (STEP-BD). J
Affect Disord. 2016;205:73-80.

18. Anderson G, Jacob A, Bellivier F, Geoffroy PA. Bipolar disorder: the role of the
kynurenine and melatonergic pathways. Curr Pharm Des. 2016;22:987-1012.

19. Barbosa IG, Rocha NP, Assis F, Vieira EL, Soares JC, Bauer ME, et al. Monocyte and
lymphocyte activation in bipolar disorder: a new piece in the puzzle of immune
dysfunction in mood disorders. Int J Neuropsychopharmacol. 2014;18:pyu021.

20. Breunis MN, Kupka RW, Nolen WA, Suppes T, Denicoff KD, Leverich GS, et al.
High numbers of circulating activated T cells and raised levels of serum IL-2
receptor in bipolar disorder. Biol Psychiatry. 2003;53:157-65.

21. Wu TN, Lee CS, Wu BJ, Sun HJ, Chang CH, Chen CY, et al. Immunophenotypes
associated with bipolar disorder and lithium treatment. Sci Rep. 2019;9:17453.

22. Becking K, Haarman BCM, Grosse L, Nolen WA, Claes S, Arolt V, et al. The
circulating levels of CD4™ t helper cells are higher in bipolar disorder as com-
pared to major depressive disorder. J Neuroimmunol. 2018;319:28-36.

23. Bergink V, Burgerhout KM, Weigelt K, Pop VJ, de Wit H, Drexhage RC, et al.
Immune system dysregulation in first-onset postpartum psychosis. Biol Psy-
chiatry. 2013;73:1000-7.

24. Castellani G, Contarini G, Mereu M, Albanesi E, Devroye C, D'Amore C, et al.
Dopamine-mediated immunomodulation affects choroid plexus function. Brain
Behav Immun. 2019;81:138-50.

25. Lewitus GM, Cohen H, Schwartz M. Reducing post-traumatic anxiety by immu-
nization. Brain Behav Immun. 2008;22:1108-14.

26. Rattazzi L, Piras G, Ono M, Deacon R, Pariante CM, D'Acquisto F. CD4" but not
CD8" T cells revert the impaired emotional behavior of immunocompromised
RAG-1-deficient mice. Transl Psychiatry. 2013;3:2280.

27. Clark SM, Michael KC, Klaus J, Mert A, Romano-Verthelyi A, Sand J, et al. Dis-
sociation between sickness behavior and emotionality during lipopolysacchar-
ide challenge in lymphocyte deficient Rag2(-/-) mice. Behav Brain Res.
2015;278:74-82.

SPRINGER NATURE



Z. Chen et al.

10

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Lewitus GM, Wilf-Yarkoni A, Ziv Y, Shabat-Simon M, Gersner R, Zangen A, et al.
Vaccination as a novel approach for treating depressive behavior. Biol Psy-
chiatry. 2009;65:283-8.

Wu W, Zheng YL, Tian LP, Lai JB, Hu CC, Zhang P, et al. Circulating T lymphocyte
subsets, cytokines, and immune checkpoint inhibitors in patients with bipolar Il
or major depression: a preliminary study. Sci Rep. 2017;7:40530.

Modabbernia A, Taslimi S, Brietzke E, Ashrafi M. Cytokine alterations in bipolar
disorder: a meta-analysis of 30 studies. Biol Psychiatry. 2013;74:15-25.

Liu W, Fan M, Lu W, Zhu W, Meng L, Lu S. Emerging roles of T helper cells in non-
infectious neuroinflammation: savior or sinner. Front Immunol. 2022;13:72167.
Brambilla P, Bellani M, Isola M, Bergami A, Marinelli V, Dusi N, et al. Increased
M1/decreased M2 signature and signs of Th1/Th2 shift in chronic patients with
bipolar disorder, but not in those with schizophrenia. Transl Psychiatry.
2014;4:e406.

Vogels RJ, Koenders MA, van Rossum EF, Spijker AT, Drexhage HA. T cell deficits
and overexpression of hepatocyte growth factor in anti-inflammatory circulat-
ing monocytes of middle-aged patients with bipolar disorder characterized by a
high prevalence of the metabolic syndrome. Front Psychiatry. 2017;8:34.
Guloksuz S, Cetin EA, Cetin T, Deniz G, Oral ET, Nutt DJ. Cytokine levels in
euthymic bipolar patients. J Affect Disord. 2010;126:458-62.

Kim YK, Myint AM, Lee BH, Han CS, Lee SW, Leonard BE, et al. T-helper types 1, 2,
and 3 cytokine interactions in symptomatic manic patients. Psychiatry Res.
2004;129:267-72.

Diller ML, Kudchadkar RR, Delman KA, Lawson DH, Ford ML. Balancing inflam-
mation: the link between Th17 and regulatory T cells. Mediators Inflamm.
2016;2016:309219.

Keshri N, Nandeesha H, Kattimani S. Elevated interleukin-17 and reduced tes-
tosterone in bipolar disorder. Relation with suicidal behaviour. Asian J Psychiatr.
2018;36:66-8.

Counotte J, Drexhage HA, Wijkhuijs JM, Pot-Kolder R, Bergink V, Hoek HW, et al.
Th17/T regulator cell balance and NK cell numbers in relation to psychosis
liability and social stress reactivity. Brain Behav Immun. 2018;69:408-17.
Snijders G, Schiweck C, Mesman E, Grosse L, De Wit H, Nolen WA, et al. A
dynamic course of T cell defects in individuals at risk for mood disorders. Brain
Behav Immun. 2016;58:11-7.

Wieck A, Grassi-Oliveira R, do Prado CH, Rizzo LB, de Oliveira AS, Kommers-
Molina J, et al. Differential neuroendocrine and immune responses to acute
psychosocial stress in women with type 1 bipolar disorder. Brain Behav Immun.
2013;34:47-55.

do Prado CH, Rizzo LB, Wieck A, Lopes RP, Teixeira AL, Grassi-Oliveira R, et al.
Reduced regulatory T cells are associated with higher levels of Th1/TH17
cytokines and activated MAPK in type 1 bipolar disorder. Psychoneur-
oendocrinology. 2013;38:667-76.

Eaton WW, Pedersen MG, Nielsen PR, Mortensen PB. Autoimmune diseases,
bipolar disorder, and non-affective psychosis. Bipolar Disord. 2010;12:638-46.
Qiu R, Zhou L, Ma Y, Zhou L, Liang T, Shi L, et al. Regulatory T cell plasticity and
stability and autoimmune diseases. Clin Rev Allergy Immunol. 2020;58:52-70.
Aas M, Dieset |, Hope S, Hoseth E, Morch R, Reponen E, et al. Childhood mal-
treatment severity is associated with elevated C-reactive protein and body mass
index in adults with schizophrenia and bipolar diagnoses. Brain Behav Immun.
2017;65:342-9.

Mclintyre RS, Subramaniapillai M, Lee Y, Pan Z, Carmona NE, Shekotikhina M,
et al. Efficacy of adjunctive Infliximab vs Placebo in the treatment of adults with
bipolar I/l depression: a randomized clinical trial. JAMA Psychiatry.
2019;76:783-90.

Wolf SA, Steiner B, Akpinarli A, Kammertoens T, Nassenstein C, Braun A, et al.
CD4-positive T lymphocytes provide a neuroimmunological link in the control of
adult hippocampal neurogenesis. J Immunol. 2009;182:3979-84.

Poletti S, de Wit H, Mazza E, Wijkhuijs AJM, Locatelli C, Aggio V, et al. Th17 cells
correlate positively to the structural and functional integrity of the brain in
bipolar depression and healthy controls. Brain Behav Immun. 2017;61:317-25.
Ziv Y, Schwartz M. Orchestrating brain-cell renewal: the role of immune cells in
adult neurogenesis in health and disease. Trends Mol Med. 2008;14:471-8.
Sallusto F, Impellizzieri D, Basso C, Laroni A, Uccelli A, Lanzavecchia A, et al. T-cell
trafficking in the central nervous system. Immunol Rev. 2012;248:216-27.
Axtell RC, Steinman L. Gaining entry to an uninflamed brain. Nat Immunol.
2009;10:453-5.

Benedetti F, Poletti S, Hoogenboezem TA, Mazza E, Ambrée O, de Wit H, et al.
Inflammatory cytokines influence measures of white matter integrity in bipolar
disorder. J Affect Disord. 2016;202:1-9.

Yirmiya R, Goshen I. Inmune modulation of learning, memory, neural plasticity
and neurogenesis. Brain Behav Immun. 2011;25:181-213.

Rao JS, Harry GJ, Rapoport SI, Kim HW. Increased excitotoxicity and neuroin-
flammatory markers in postmortem frontal cortex from bipolar disorder
patients. Mol Psychiatry. 2010;15:384-92.

SPRINGER NATURE

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ryan MM, Lockstone HE, Huffaker SJ, Wayland MT, Webster MJ, Bahn S. Gene
expression analysis of bipolar disorder reveals downregulation of the ubiquitin
cycle and alterations in synaptic genes. Mol Psychiatry. 2006;11:965-78.

Niu Z, Yang L, Wu X, Zhu Y, Chen J, Fang Y. The relationship between neu-
roimmunity and bipolar disorder: mechanism and translational application.
Neurosci Bull. 2019;35:595-607.

Fan KQ, Li YY, Wang HL, Mao XT, Guo JX, Wang F, et al. Stress-induced metabolic
disorder in peripheral CD4(") T cells leads to anxiety-like behavior. Cell.
2019;179:864-79.

Brachman RA, Lehmann ML, Maric D, Herkenham M. Lymphocytes from
chronically stressed mice confer antidepressant-like effects to naive mice. J
Neurosci. 2015;35:1530-8.

Kim SJ, Lee H, Lee G, Oh SJ, Shin MK, Shim |, et al. CD4"CD25™ regulatory T cell
depletion modulates anxiety and depression-like behaviors in mice. PLoS One.
2012;7:e42054.

Han L, Wang L, Tang S, Yuan L, Wu S, Du X, et al. ITGB4 deficiency in bronchial
epithelial cells directs airway inflammation and bipolar disorder-related beha-
vior. J Neuroinflammation. 2018;15:246.

Fenn AM, Hall JC, Gensel JC, Popovich PG, Godbout JP. IL-4 signaling drives a
unique arginase*/IL-1B* microglia phenotype and recruits macrophages to the
inflammatory CNS: consequences of age-related deficits in IL-4Ra after trau-
matic spinal cord injury. J Neurosci. 2014;34:8904-17.

de Witte L, Tomasik J, Schwarz E, Guest PC, Rahmoune H, Kahn RS, et al.
Cytokine alterations in first-episode schizophrenia patients before and after
antipsychotic treatment. Schizophr Res. 2014;154:23-9.

Drexhage RC, Hoogenboezem TA, Cohen D, Versnel MA, Nolen WA, van Beveren
NJ, et al. An activated set point of T-cell and monocyte inflammatory networks
in recent-onset schizophrenia patients involves both pro- and anti-inflammatory
forces. Int J Int J Neuropsychopharmacol. 2011;14:746-55.

Strioga M, Pasukoniene V, Characiejus D. CD8" CD28  and CD8" CD577 T cells
and their role in health and disease. Inmunology. 2011;134:17-32.
Elvsashagen T, Vera E, Bgen E, Bratlie J, Andreassen OA, Josefsen D, et al. The
load of short telomeres is increased and associated with lifetime number of
depressive episodes in bipolar Il disorder. J Affect Disord. 2011;135:43-50.
Magioncalda P, Martino M, Tardito S, Sterlini B, Conio B, Marozzi V, et al. White
matter microstructure alterations correlate with terminally differentiated CD8"
effector T cell depletion in the peripheral blood in mania: combined DTI and
immunological investigation in the different phases of bipolar disorder. Brain
Behav Immun. 2018;73:192-204.

Melzer N, Meuth SG, Wiendl H. CD8" T cells and neuronal damage: direct and
collateral mechanisms of cytotoxicity and impaired electrical excitability. Faseb
J. 2009;23:3659-73.

McEwen BS. Physiology and neurobiology of stress and adaptation: central role
of the brain. Physiol Rev. 2007;87:873-904.

Andela CD, van Haalen FM, Ragnarsson O, Papakokkinou E, Johannsson G,
Santos A, et al. Mechanisms in endocrinology: cushing’s syndrome causes
irreversible effects on the human brain: a systematic review of structural and
functional magnetic resonance imaging studies. Eur J Endocrinol.
2015;173:R1-14.

Young AH. The effects of HPA axis function on cognition and its implications
for the pathophysiology of bipolar disorder. Harv Rev Psychiatry.
2014;22:331-3.

Belvederi Murri M, Prestia D, Mondelli V, Pariante C, Patti S, Olivieri B, et al. The
HPA axis in bipolar disorder: systematic review and meta-analysis. Psycho-
neuroendocrinology. 2016;63:327-42.

Taves MD, Ashwell JD. Glucocorticoids in T cell development, differentiation and
function. Nat Rev Immunol. 2021;21:233-43.

Banuelos J, Cao Y, Shin SC, Lu NZ. Immunopathology alters Th17 cell gluco-
corticoid sensitivity. Allergy. 2017;72:331-41.

Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G, Riickert B, et al.
Glucocorticoids upregulate FOXP3 expression and regulatory T cells in asthma. J
Allergy Clin Immunol. 2004;114:1425-33.

Scanzano A, Cosentino M. Adrenergic regulation of innate immunity: a review.
Front Front Pharm. 2015;6:171.

Hou N, Zhang X, Zhao L, Zhao X, Li Z, Song T, et al. A novel chronic stress-
induced shift in the Th1 to Th2 response promotes colon cancer growth. Bio-
chem Biophys Res Commun. 2013;439:471-6.

Kim BJ, Jones HP. Epinephrine-primed murine bone marrow-derived dendritic
cells facilitate production of IL-17A and IL-4 but not IFN-y by CD4™ T cells. Brain
Behav Immun. 2010;24:1126-36.

Liu Y, Rui XX, Shi H, Qiu YH, Peng YP. Norepinephrine inhibits Th17 Cells via 32-
adrenergic receptor (32-AR) signaling in a mouse model of rheumatoid arthritis.
Med Sci Monit. 2018;24:1196-204.

Rosas-Ballina M, Tracey KJ. The neurology of the immune system: neural reflexes
regulate immunity. Neuron. 2009;64:28-32.

Translational Psychiatry (2023)13:153



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Yuan P, Zhou R, Wang Y, Li X, Li J, Chen G, et al. Altered levels of extracellular
signal-regulated kinase signaling proteins in postmortem frontal cortex of
individuals with mood disorders and schizophrenia. J Affect Disord.
2010;124:164-9.

Raman M, Chen W, Cobb MH. Differential regulation and properties of MAPKs.
Oncogene. 2007;26:3100-12.

Spiliotaki M, Salpeas V, Malitas P, Alevizos V, Moutsatsou P. Altered glucocorti-
coid receptor signaling cascade in lymphocytes of bipolar disorder patients.
Psychoneuroendocrinology. 2006;31:748-60.

Elhaik E, Zandi P. Dysregulation of the NF-kB pathway as a potential inducer of
bipolar disorder. J Psychiatr Res. 2015;70:18-27.

Koo JW, Russo SJ, Ferguson D, Nestler EJ, Duman RS. Nuclear factor-kappaB is a
critical mediator of stress-impaired neurogenesis and depressive behavior. Proc
Natl Acad Sci USA. 2010;107:2669-74.

Datta-Mitra A, Kundu-Raychaudhuri S, Mitra A, Raychaudhuri SP. Cross talk
between neuroregulatory molecule and monocyte: nerve growth factor acti-
vates the inflammasome. PLoS One. 2015;10:e0121626.

Cryan JF, O'Riordan KJ, Sandhu K, Peterson V, Dinan TG. The gut microbiome in
neurological disorders. Lancet Neurol. 2020;19:179-94.

Lu Q Lai J, Lu H, Ng C, Huang T, Zhang H, et al. Gut microbiota in bipolar
depression and its relationship to brain function: an advanced exploration. Front
Psychiatry. 2019;10:784.

Desbonnet L, Clarke G, Traplin A, O'Sullivan O, Crispie F, Moloney RD, et al. Gut
microbiota depletion from early adolescence in mice: Implications for brain and
behaviour. Brain Behav Immun. 2015;48:165-73.

Cypowyj S, Picard C, Marddi L, Casanova JL, Puel A. Immunity to infection in IL-
17-deficient mice and humans. Eur J Immunol. 2012;42:2246-54.

Amatya N, Garg AV, Gaffen SL. IL-17 signaling: the yin and the yang. Trends
Immunol. 2017;38:310-22.

Tan TG, Sefik E, Geva-Zatorsky N, Kua L, Naskar D, Teng F, et al. Identifying
species of symbiont bacteria from the human gut that, alone, can induce
intestinal Th17 cells in mice. Proc Natl Acad Sci USA. 2016;113:E8141-50.
Yang Y, Torchinsky MB, Gobert M, Xiong H, Xu M, Linehan JL, et al. Focused
specificity of intestinal TH17 cells towards commensal bacterial antigens. Nat-
ure. 2014;510:152-6.

Hirota K, Duarte JH, Veldhoen M, Hornsby E, Li Y, Cua DJ, et al. Fate mapping of
IL-17-producing T cells in inflammatory responses. Nat Immunol.
2011;12:255-63.

Wilodarska M, Luo C, Kolde R, d'Hennezel E, Annand JW, Heim CE, et al. Indo-
leacrylic acid produced by commensal Peptostreptococcus species suppresses
inflammation. Cell Host Microbe. 2017;22:25-37.

Birner A, Platzer M, Bengesser SA, Dalkner N, Fellendorf FT, Queissner R, et al.
Increased breakdown of kynurenine towards its neurotoxic branch in bipolar
disorder. PLoS One. 2017;12:e0172699.

Ala M. Tryptophan metabolites modulate inflammatory bowel disease and
colorectal cancer by affecting immune system. Int Rev Immunol.
2022;41:326-45.

Fallarino F, Grohmann U, Vacca C, Bianchi R, Orabona C, Spreca A, et al. T cell
apoptosis by tryptophan catabolism. Cell Death Differ. 2002;9:1069-77.

Myint AM, Schwarz MJ, Miller N. The role of the kynurenine metabolism in
major depression. J Neural Transm (Vienna). 2012;119:245-51.

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, et al. The
microbial metabolites, short-chain fatty acids, regulate colonic Treg cell
homeostasis. Science. 2013;341:569-73.

Round JL, Mazmanian SK. Inducible Foxp3™ regulatory T-cell development by a
commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci USA.
2010;107:12204-9.

Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila TA, et al. The Toll-like receptor 2
pathway establishes colonization by a commensal of the human microbiota.
Science 2011;332:974-7.

Westfall S, Caracci F, Zhao D, Wu QL, Frolinger T, Simon J, et al. Microbiota
metabolites modulate the T helper 17 to regulatory T cell (Th17/Treg) imbalance
promoting resilience to stress-induced anxiety- and depressive-like behaviors.
Brain Behav Immun. 2021;91:350-68.

Reynolds LA, Finlay BB, Maizels RM. Cohabitation in the intestine: interactions
among helminth parasites, bacterial microbiota, and host immunity. J Immunol.
2015;195:4059-66.

Prossin AR, Yolken RH, Kamali M, Heitzeg MM, Kaplow JB, Coryell WH, et al.
Cytomegalovirus antibody elevation in bipolar disorder: relation to elevated
mood states. Neural Plast. 2015;2015:939780.

Pawelec G, Derhovanessian E. Role of CMV in immune senescence. Virus Res.
2011;157:175-9.

Rizzo LB, Do Prado CH, Grassi-Oliveira R, Wieck A, Correa BL, Teixeira AL, et al.
Immunosenescence is associated with human cytomegalovirus and shortened
telomeres in type | bipolar disorder. Bipolar Disord. 2013;15:832-8.

Translational Psychiatry (2023)13:153

Z. Chen et al.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

Latour S, Fischer A. Signaling pathways involved in the T-cell-mediated immu-
nity against Epstein-Barr virus: Lessons from genetic diseases. Immunol Rev.
2019;291:174-89.

Freeman ML, Sheridan BS, Bonneau RH, Hendricks RL. Psychological stress
compromises CD8" T cell control of latent herpes simplex virus type 1 infec-
tions. J Immunol. 2007;179:322-8.

Pender MP. Hypothesis: bipolar disorder is an Epstein-Barr virus-driven chronic
autoimmune disease-implications for immunotherapy. Clin Transl Immunol.
2020;9:e1116.

Oliveira J, Oliveira-Maia AJ, Tamouza R, Brown AS, Leboyer M. Infectious and
immunogenetic factors in bipolar disorder. Acta Psychiatr Scand.
2017;136:409-23.

Roshanaei-Moghaddam B, Katon W. Premature mortality from general medical
ilinesses among persons with bipolar disorder: a review. Psychiatr Serv.
2009;60:147-56.

Libby P. Inflammation and cardiovascular disease mechanisms. Am J Clin Nutr.
2006;83:4565-60s.

Hatch JK, Scola G, Olowoyeye O, Collins JE, Andreazza AC, Moody A, et al.
Inflammatory markers and brain-derived neurotrophic factor as potential
bridges linking bipolar disorder and cardiovascular risk among adolescents. J
Clin Psychiatry. 2017;78:e286-93.

de Melo LGP, Nunes SOV, Anderson G, Vargas HO, Barbosa DS, Galecki P, et al.
Shared metabolic and immune-inflammatory, oxidative and nitrosative stress
pathways in the metabolic syndrome and mood disorders. Prog Neu-
ropsychopharmacol Biol Psychiatry. 2017;78:34-50.

Chen M, Jiang Q, Zhang L. The prevalence of bipolar disorder in autoimmune
disease: a systematic review and meta-analysis. Ann Palliat Med. 2021;10:350-61.
Ciolac D, Luessi F, Gonzalez-Escamilla G, Koirala N, Riedel C, Fleischer V, et al.
Selective brain network and cellular responses upon dimethyl fumarate
immunomodulation in multiple sclerosis. Front Immunol. 2019;10:1779.

Chong LW, Hsu CC, Lee CY, Chou RH, Lin CL, Chang KH, et al. Association of viral
hepatitis and bipolar disorder: a nationwide population-based study. J Transl
Med. 2018;16:173.

Pietruczuk K, Lisowska KA, Grabowski K, Landowski J, Witkowski JM. Proliferation
and apoptosis of T lymphocytes in patients with bipolar disorder. Sci Rep.
2018;8:3327.

Rapaport MH, Manji HK. The effects of lithium on ex vivo cytokine production.
Biol Psychiatry. 2001;50:217-24.

Chen PS, Wang CC, Bortner CD, Peng GS, Wu X, Pang H, et al. Valproic acid and
other histone deacetylase inhibitors induce microglial apoptosis and attenuate
lipopolysaccharide-induced ~ dopaminergic  neurotoxicity. ~ Neuroscience.
2007;149:203-12.

Young W. Review of lithium effects on brain and blood. Cell Transpl.
2009;18:951-75.

Wahlin A, von Knorring L, Roos G. Altered distribution of T lymphocyte subsets
in lithium-treated patients. Neuropsychobiology. 1984;11:243-6.

Huang S, Hu S, Liu S, Tang B, Liu Y, Tang L, et al. Lithium carbonate alleviates
colon inflammation through modulating gut microbiota and Treg cells in a
GPR43-dependent manner. Pharm Res. 2022;175:105992.

Rowse AL, Naves R, Cashman KS, McGuire DJ, Mbana T, Raman C, et al. Lithium
controls central nervous system autoimmunity through modulation of IFN-y
signaling. PLoS One. 2012;7:e52658.

Husain MI, Strawbridge R, Stokes PR, Young AH. Anti-inflammatory treatments
for mood disorders: systematic review and meta-analysis. J Psychopharmacol.
2017;31:1137-48.

Rosenblat JD, Kakar R, Berk M, Kessing LV, Vinberg M, Baune BT, et al. Anti-
inflammatory agents in the treatment of bipolar depression: a systematic review
and meta-analysis. Bipolar Disord. 2016;18:89-101.

Colpo GD, Leboyer M, Dantzer R, Trivedi MH, Teixeira AL. Inmune-based stra-
tegies for mood disorders: facts and challenges. Expert Rev Neurother.
2018;18:139-52.

Soczynska JK, Kennedy SH, Alsuwaidan M, Mansur RB, Li M, McAndrews MP,
et al. A pilot, open-label, 8-week study evaluating the efficacy, safety and tol-
erability of adjunctive minocycline for the treatment of bipolar I/Il depression.
Bipolar Disord. 2017;19:198-213.

Husain MI, Chaudhry IB, Khoso AB, Husain MO, Hodsoll J, Ansari MA, et al.
Minocycline and celecoxib as adjunctive treatments for bipolar depression: a
multicentre, factorial design randomised controlled trial. Lancet Psychiatry.
2020;7:515-27.

Kappelmann N, Lewis G, Dantzer R, Jones PB, Khandaker GM. Antidepressant
activity of anti-cytokine treatment: a systematic review and meta-analysis of
clinical trials of chronic inflammatory conditions. Mol Psychiatry.
2018;23:335-43.

Insel PA, Amara SG, Blaschke TF. Introduction to the theme “Precision medicine
and prediction in pharmacology”. Annu Rev Pharm Toxicol. 2015;55:11-4.

SPRINGER NATURE

11



Z. Chen et al.

12

131. Gold AK, Kinrys G. Treating circadian rhythm disruption in bipolar disorder. Curr
Psychiatry Rep. 2019;21:14.

132. Song C, Luchtman D, Kang Z, Tam EM, Yatham LN, Su KP, et al. Enhanced
inflammatory and T-helper-1 type responses but suppressed lymphocyte pro-
liferation in patients with seasonal affective disorder and treated by light
therapy. J Affect Disord. 2015;185:90-6.

133. Wilson R, McKillop JH, Crocket GT, Pearson C, Jenkins C, Burns F, et al. The effect
of lithium therapy on parameters thought to be involved in the development of
autoimmune thyroid disease. Clin Endocrinol (Oxf). 1991;34:357-61.

134. Torres KC, Souza BR, Miranda DM, Nicolato R, Neves FS, Barros AG, et al. The
leukocytes expressing DARPP-32 are reduced in patients with schizophrenia and
bipolar disorder. Prog Neuropsychopharmacol Biol Psychiatry. 2009;33:214-9.

135. Snijders G, Brouwer R, Kemner S, Bootsman F, Drexhage HA, Hillegers MHJ.
Genetic and environmental influences on circulating NK and T cells and their
relation to bipolar disorder. Int J Bipolar Disord. 2019;7:4.

136. Su L, Shuai Y, Mou S, Shen Y, Shen X, Shen Z, et al. Development and validation
of a nomogram based on lymphocyte subsets to distinguish bipolar depression
from major depressive disorder. Front Psychiatry. 2022;13:1017888.

137. Zhou L, Chong MM, Littman DR. Plasticity of CD4™ T cell lineage differentiation.
Immunity. 2009;30:646-55.

ACKNOWLEDGEMENTS
We acknowledge the support of the National Natural Science Foundation of China
(82270840), the Natural Science Foundation of Hunan Province (2022JJ30847), the
key topics of Hunan Provincial Health Commission (202211003101), and the
Fundamental Research Funds for the Central Universities of Central South University
(2022Z7T7S0262; CX20220344).

AUTHOR CONTRIBUTIONS

This review was drafted by ZC, revised and expanded upon by MW. YH and BW
conducted the literature search and helped proof the manuscript. HP and XW
retouched figures. HW and WC managed references. All authors contributed to the
article and approved the submitted version.

SPRINGER NATURE

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-023-02445-y.

Correspondence and requests for materials should be addressed to Min Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Translational Psychiatry (2023)13:153


https://doi.org/10.1038/s41398-023-02445-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	T cells: an emerging cast of roles in bipolar disorder
	Introduction
	T lymphocytes and BD
	T-cell subsets and BD
	CD4&#x0002B; T subsets and BD
	CD8&#x0002B; T�cells and BD

	Possible origins of the T-cell dysregulations in BD
	Hormones
	Intracellular signaling
	Microbiome


	Implications for patients with BD
	Increased comorbidities and infections
	Potential pharmacological outcomes

	Conclusion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




