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Abstract

Much attention has been paid to the potential role of the immune system in the pathophysiology of
major depression in humans. While activation of innate immune responses currently dominates the
research landscape, early studies in depressed patients demonstrating impairment in acquired
immune responses, in particular T cell responses, may warrant further consideration. Intriguing data
suggest that activated T cells may play an important neuroprotective role in the context of both stress
and inflammation. For example, generation of autoreactive T cells through immunization with central
nervous system (CNS) specific antigens has been shown to reverse stress-induced decreases in
hippocampal neurogenesis as well as depressive-like behavior in rodents. In addition, trafficking of
T cells to the brain following stress, in part related to glucocorticoids, has been found to reduce stress-
induced anxiety-like behavior. Data indicate that T regulatory cells may also play a role in depression
through downregulation of chronic inflammatory responses. Based on the notion that T cells may
subserve neuroprotective and anti-inflammatory functions during stress and inflammation, impaired
T cell function may directly contribute to the development of depression. Indeed, increased sensitivity
to apoptosis as well as reduced responsiveness to glucocorticoids, may not only decrease the
availability of T cells in depressed patients, but also may reduce their capacity to traffic to the brain
in response to relevant neuroendocrine or immune stimuli. Further elucidation of T cell pathology
may lead to new insights into immune system contributions to depression. Moreover, enhancement
of T cell function may represent an alternative strategy to treat depression.
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1. Introduction

Having spent much of my research career studying the impact of an activated immune system
on depression and vice versa, it has been heartening for me to see the tremendous progress that
has been made in terms of understanding not only how the immune system interacts with
pathophysiologic pathways relevant to depression, but also how new therapies targeting the
immune system might enrich the strategies which can be used to manage this devastating
disease. It is strikingly clear that depression is one of the most disabling of chronic illnesses
(Moussavi et al., 2007), leading to death by suicide in as many as 15% of patients (Sudak,
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2005). To compound the problem, almost a third of depressed patients are unable to respond
to or tolerate conventional antidepressant medications (Greden, 2001; Rush, 2007), and
therefore the need for novel therapeutic approaches is especially timely. The urgency of non-
response and evidence that treatment resistant depressed patients may be especially likely to
exhibit immune system activation only heightens the interest in further developing approaches
that involve the immune system to treat depression (Lanquillon et al., 2000; Miller et al.,
2009).

Much of our recent focus has been on the role of the activated innate immune response and
inflammation in neuronal integrity and neuropsychiatric disorders including depression
(Dantzer et al., 2008; Miller et al., 2009). Indeed, each year, the number of presentations on
these topics at the annual meeting of the Psychoneuroimmunology Research Society (PNIRS)
has steadily increased. However, at the PNIRS meeting this year, we were reminded that
acquired immune responses, in particular T cell responses, also contribute to stress- and
depression-related vulnerabilities and resilience. Indeed, data was presented and discussed that
T cells may play an important neuroprotective role in the context of stress and inflammation
(Lewitus and Schwartz, 2009; Lewitus et al., 2009; Rook and Lowry, 2008). This more active
role of T cells in nervous system function is in stark contrast to the theoretical notions of years
past when T cells were viewed largely as innocent victims of the ravages of depression on the
body, ultimately contributing to increased vulnerability in the context of a host of illnesses
including infectious diseases and cancer. In my Presidential Address, | would like to take this
opportunity to review where we have come in our understanding of the immune system and
depression and revisit our early notions of the relevance of T cells in depression, especially in
the light of new data on the impact of T cells on the brain and behavior. More specifically, |
would like to elaborate the hypothesis that decreases in the number and function of relevant T
cell subsets may directly to contribute to the development and maintenance of depression, and
restoration and/or enhancement of relevant T cell functions may represent an interesting and
novel approach to the treatment of this disorder.

2. Inflammation and Depression

There has been increasing interest in the role of an activated innate immune response and
inflammation in the development of major depression (Dantzer et al., 2008; Miller et al.,
2009). These findings are consistent with the notion that inflammation may serve as a common
mechanism of disease for a number of disorders including cardiovascular disease, diabetes,
and cancer (Aggarwal et al., 2006; Bisoendial et al., 2007; Bouzakri and Zierath, 2007). Patients
with major depression have been shown to exhibit evidence of inflammation as manifested by
increased inflammatory cytokines including tumor necrosis factor (TNF)-alpha, interleukin
(IL)-1and IL-6 in the peripheral blood and cerebrospinal fluid as well as increases in peripheral
blood concentrations of acute phase proteins, chemokines and adhesion molecules (Miller et
al., 2009). Peripheral blood elevations in the cytokine, IL-6, and the acute phase protein, c-
reactive protein (CRP), appear to be some of the most reproducible findings in this regard
(Howren et al., 2009; Mossner et al., 2007; Zorrilla et al., 2001). Interestingly, as noted above,
depressed patients with treatment resistance may be most likely to exhibit increases in
inflammatory markers (Benedetti et al., 2002; Lanquillon et al., 2000; Miller et al., 2009;
Sluzewska et al., 1997). Administration of cytokines including interferon (IFN)-alpha and
cytokine inducers such lipopolysaccharide (LPS) and typhoid vaccination have also been found
to lead to a host of behavioral changes that overlap with those seen in depressed patients
including depressed mood, anxiety, anorexia, fatigue, psychomotor retardation, impaired sleep
and cognitive dysfunction (Brydon et al., 2008; Miller et al., 2009; Reichenberg et al., 2001;
Wright et al., 2005). Indeed, in comparing cytokine-induced depressive syndromes with
depression in otherwise medically healthy individuals, there is little differentiation in terms of
specific symptom domains except for psychomotor retardation and anorexia, both of which
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are more frequent and/or severe in cytokine-treated individuals (Capuron et al., 2009). Finally,
administration of drugs that inhibit the action of cytokines or their signaling pathways (e.g.
etanercept and cyclooxygenase inhibitors) have been shown to improve mood in patients with
inflammatory disorders, while enhancing responsiveness to antidepressants in patients with
major depression (Mendlewicz et al., 2006; Muller et al., 2006; Tyring et al., 2006). Of note,
treatment with conventional antidepressant medications has been shown to reduce
inflammatory markers following successful therapy (Miller et al., 2009), and experiments have
shown that antidepressants can inhibit the production of inflammatory cytokines in vitro (Kenis
and Maes, 2002). Taken together, these findings have contributed to a major transformation in
the understanding of the pathophysiology of major depression and have led to concerted efforts
to identify inflammatory targets for the development of new depression therapies.

Regarding the mechanisms by which innate immune cytokines may impact behavior, studies
have demonstrated that cytokines can influence the metabolism of the neurotransmitters,
serotonin, norepinephrine and dopamine, and alter neuroendocrine function, leading to
flattening of the cortisol curve and increased evening cortisol concentrations following chronic
cytokine exposure (Anisman et al., 2008; Dantzer et al., 2008; Miller, 2008; Raison et al.,
2009b; Rich et al., 2005). These cytokine-induced changes in neurotransmitter and
neuroendocrine function have, inturn, been correlated with the development of both depression
and fatigue (Dantzer et al., 2008; Felger et al., 2007; Miller et al., 2009; Raison et al., 2009a).
Administration of cytokines and cytokine inducers in both laboratory animals and humans has
also been shown to activate the enzyme, indoleamine 2,3 dioxygenase (IDO), leading to
decreased peripheral blood concentrations of the serotonin precursor, tryptophan, while
increasing concentrations of kynurenine, an IDO metabolite that can be catabolized into the
neuroactive compounds, quinolinic acid and kynurenic acid (Bonaccorso et al., 2002; Capuron
et al., 2003; Dantzer et al., 2008). IDO activation and kynurenine administration have been
associated with depressive-like behavior in rodents (O'Connor et al., 2009; O'Connor et al.,
2008). In terms of the brain circuits involved, administration of both IFN-alpha and typhoid
vaccination to humans has been shown to alter mood relevant neurocircuits including the basal
ganglia and the dorsal anterior cingulate cortex (dJACC), brain regions that subserve behaviors
related to motor activity and motivation (basal ganglia) as well as anxiety, arousal and alarm
(dACC) (Brydon et al.,, 2008; Capuron et al., 2005; Capuron et al., 2007; Harrison et al.,
2009b; Juengling et al., 2000). Recent data suggest that immune activation also activates more
ventral aspects of the ACC including the subgenual region (Cg25) (Harrison et al., 2009a),
which is implicated in emotion regulation and depression and is a primary target of
antidepressant strategies using deep brain stimulation (Lozano et al., 2008).

There has been increasing interest in the role of growth factors, such as brain derived
neurotrophic factor (BDNF) and neurogenesis in the development and treatment of depressive
disorders (Duman and Monteggia, 2006), and a number of studies in rodents have demonstrated
that stress-induced decreases in BDNF and neurogenesis (which are associated with
depressive-like behavior) are related in part to the induction of innate immune cytokines,
including IL-1 (Barrientos et al., 2004; Ben Menachem-Zidon et al., 2008; Goshen et al.,
2008; Koo and Duman, 2008). Of note, stress-induced activation of microglia appear to play
arole in this process, although a direct link between stress-induced microglial production of
inflammatory cytokines and stress-induced decreases in BDNF and neurogenesis has yet to be
established (Frank et al., 2007).

3. T cells and Depression

Given all the excitement regarding innate immunity, inflammation and depression, much less
attention has been paid to the potential role of the adaptive immune response, especially T
cells, in depressive disorders. Nevertheless, mounting data indicate that in addition to being
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ostensibly innocent victims of the pathophysiologic processes involved in depression, T cells,
through their neuroprotective and anti-inflammatory effects, may play a pivotal role in both
the development of depression as well as its treatment.

T cell Alterations in Patients with Major Depression

The first studies examining the impact of stress and depression on T cell responses in humans
reported that in the context of bereavement or severe major depression (requiring
hospitalization), proliferation of peripheral blood mononuclear cells in response to the T cell
mitogens, phytohemagglutinin (PHA) and concanavalin A (Con A), was significantly reduced
(Bartrop et al., 1977; Kronfol et al., 1983; Schleifer et al., 1983; Schleifer et al., 1984; Stein et
al., 1991). A multitude of subsequent studies endeavored to repeat and expand these early
findings on the inhibitory effects of stress and depression on T cell function, and although there
were both successful and unsuccessful replication attempts, meta-analytic approaches to the
literature in this area have reached the consensus that statistically reliable decreases in T cell
responses exist in both stressed and depressed individuals (Irwin and Miller, 2007; Zorrilla et
al., 2001). In addition, in vivo measures of cell-mediated immune function including skin
responses to commonly encountered antigens, have suggested decreased T cell activity in
depressed patients (Hickie et al., 1993; Sephton et al., 2009).

Complementing these functional assessments, meta-analytic analyses of the extant literature
in this area have also revealed that depression and stress are associated with decreases in the
percent of lymphocytes as well as the percent of T cells, respectively (Zorrillaet al., 2001). Of
note, variability in the immunologic results regarding T cell number and function as they relate
to depressed individuals is believed to be secondary to relevant demographic and clinical
variables including age, sex, and the severity of depression (Irwin and Miller, 2007; Zorrilla
etal., 2001).

The mechanisms of T cell alterations in stress and depression in humans have yet to be
established, however, a number of possibilities have been identified. Interestingly, flow
cytometric assessments have revealed that CD4+ T cells from depressed patients exhibit
evidence of accelerated spontaneous apoptosis as well as increased expression of the receptor
for Fas (CD95), which mediates apoptotic signaling by Fas-ligand (Eilat et al., 1999; Ivanova
etal., 2007; Szuster-Ciesielska et al., 2008). Increased T cell apoptosis has also been observed
as a function of chronic stress in both humans and laboratory animals (Sakami et al., 2002;
Shi et al., 2003). One possibility that might explain increased T cell apoptosis in depression,
especially in the context of increased immune activation, is tryptophan depletion. As noted
above, a number of cytokines and cytokine signaling pathways have been shown to activate
the enzyme, IDO, which breaks down tryptophan into kynurenine (Dantzer et al., 2008;
Schwarcz and Pellicciari, 2002). Both activation of IDO and kynurenine have in turn been
associated with the development of depression (Bonaccorso et al., 2002; Capuron et al.,
2002; Dantzer et al., 2008). Relevant to T cell apoptosis, tryptophan is an essential proliferative
stimulus for effector T cells, and in a tryptophan-deprived environment, T cells undergo
apoptosis (Beissert et al., 2006; Mellor et al., 2003).

Another mechanism that has been considered regarding reduced T cell responses in major
depression is inhibition of T cell function by glucocorticoids. Glucocorticoids have multiple
effects on immune responses including inhibition of inflammation, mediation of cell trafficking
and induction of apoptosis in multiple immune cell types including T cells, especially
developing T cells in the thymus (McEwen et al., 1997). In addition, increased peripheral blood
concentrations of the glucocorticoid, cortisol, is a hallmark of major depression (Pariante and
Miller, 2001). Nevertheless, no relationship has been found between increased cortisol
secretion and decreased in vitro proliferative responses to T cell mitogens in depressed patients
(Kronfol et al., 1986). Moreover, several studies have demonstrated that peripheral blood
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lymphocytes from depressed patients, if anything, exhibit decreased responsiveness to the in
vitro inhibitory effects of glucocorticoids on T cell proliferation (Bauer et al., 2003; Pariante
and Miller, 2001; Raison and Miller, 2003). These findings are consistent with data showing
that the synthetic glucocorticoid, dexamethasone, has a greater effect on T cell redistribution
in controls than in patients with treatment resistant depression (Bauer et al., 2002). This failure
of T cells to respond to neuroendocrine trafficking signals may have a major impact on the
ability of T cells to mobilize to the brain and impart neuroprotective functions during stress
(see below).

Decreased responsiveness of peripheral blood lymphocytes, including T cells, to
glucocorticoids in depressed patients is believed to be related to a decreased expression of
glucocorticoid receptors (GR) (Pariante and Miller, 2001; Raison and Miller, 2003). Several
studies have shown that depressed patients exhibit reduced cytosolic GR binding in peripheral
blood mononuclear cells (Pariante and Miller, 2001). Such changes have been shown to reverse
after successful antidepressant treatment (Pariante and Miller, 2001). Changes in GR number
and/or function in peripheral blood immune cells may also result from exposure to
inflammatory cytokines (Pace et al., 2007). Inflammatory cytokines including IL-1 and IFN-
alpha have been shown to reduce GR function through effects of downstream signaling
molecules such as p38 mitogen activated protein kinase (MAPK) and signal transducer and
activator of transcription (STAT)5 on GR translocation and GR DNA binding, respectively
(Hu et al., 2009; Pace et al.,, 2007; Wang et al., 2004). Inflammatory cytokines have also been
shown to increase the expression of the relatively inert beta isoform of the GR (Pace et al.,
2007). Finally, depressed patients have been found to exhibit decreased expression of beta
adrenergic receptors on peripheral blood mononuclear cells (likely involving T cells), which
may further isolate immune cell subpopulations, including T cells, from the trafficking effects
of neuroendocrine hormones such as catecholamines (Halper et al., 1988).

An additional potential mechanism whereby T cell function may be impaired in patients with
depression is the disruption of T cell function by inflammatory cytokines, such as TNF-alpha,
which, has been shown to be elevated in depressed patients (Miller et al., 2009). For example,
both in vitro and in vivo studies have demonstrated that chronic exposure of T cells to TNF-
alpha decreases T cell proliferation and cytokine production (Cope et al., 1997; Cope et al.,
1994; Lee et al., 2008). The effects of TNF-alpha on T cell function can be reversed by
injections of monoclonal antibodies to TNF-alpha in mouse models and in patients with
rheumatoid arthritis (Bayry et al., 2007; Cope et al., 1994; Lee et al., 2008). The effects of
TNF-alpha on T cell function are related in part to disruption of signaling through the T cell
receptor (Cope et al., 1997; Cope et al., 1994). In addition, microarray analysis of the effects
of chronic TNF-alpha administration on T cells indicates that genes regulating cell cycle,
proliferation, ubiquitination, cytokine synthesis, calcium signaling, and apoptosis are also
involved (Lee etal., 2008). Finally, chronic exposure to TNF-alpha impairs NF-xB and adaptor
protein 1 transactivation, leading to T cell non-responsiveness (Lee et al., 2008).

It should also be noted that several genes that play a role in T cell function have been associated
with major depression and the response to antidepressants (Wong et al., 2008). Single
nucleotide polymorphisms (SNPs) in the genes, PSMB4 (proteasome beta4 subunit - which is
important for antigen processing) and TBX21 (T bet - which is important in T cell
differentiation), were shown to be associated in a dose dependent fashion with the likelihood
of being diagnosed with depression (Wong et al., 2008). Indeed, subjects with three risk alleles
were found to be almost 10 times more likely to carry a diagnosis of major depression (Wong
etal., 2008). Regarding treatment response, SNPs in the genes that regulate T-cell development
(CD3E, T-cell antigen receptor-e subunit of T3), antigen processing (PSMD?9: proteasome 26S
subunit, non-ATPase), and intracellular signaling (STAT3) were found to be significantly
associated with the response to antidepressant medications (Wong et al., 2008). These genetic

Brain Behav Immun. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

findings raise the intriguing possibility that T cell dysfunction in major depression may not
only represent a consequence of the disease, but also may play an important role in its cause
(see below).

Consequences of T cell Alterations in Depression

Given the data indicating T cell dysfunction in depression, there has been considerable interest
in the possibility that depression may impart its negative effects on health outcome through its
effects on T cells. A number of studies have demonstrated that depression is associated with a
worse outcome in a number of diseases including both infectious diseases and cancer. For
example, in patients with human immunodeficiency virus (HIV) infection, depression has been
associated with an increased likelihood of progressing to Acquired Immune Deficiency
Syndrome (AIDS) as well as an increased likelihood of AIDS-related death (Leserman,
2008). In patients with cancer, a history of depressive symptoms has been found to increase
the likelihood of cancer-related death by 2.6 fold within the first 19 months following diagnosis
(Stommel et al., 2002), and patients who became depressed following stem cell transplant were
shown to have a three times greater risk of dying between 6 to 12 months following the
procedure, even after adjusting for other prognostic factors (Loberiza et al., 2002).

Several investigators have directly addressed the impact of depression on T cells in the context
of viral infection and cancer. Although results have been mixed, at least 3 large studies have
demonstrated that depression is associated with a decreased CD4+ T cell count in patients with
HIV (Leserman, 2008). For example, in a study of 765 HIVV+ women spanning 7 years during
the availability of highly activated antiretroviral therapies, women with chronic depressive
symptoms exhibited a significantly greater decline in CD4+ T cell count over the course of the
study and were approximately 2 times more likely to die from AIDS (Ickovics et al., 2001). T
cell responses to varicella-zoster virus antigen have also been shown to be decreased in
depressed patients (Irwin et al., 1998). In terms of patients with cancer, women with metastatic
breast cancer who reported greater depressive symptoms exhibited suppressed T cell immunity
as evidenced by a decreased response to a series of commonly encountered antigens
administered intradermally (Sephton et al., 2009).

4. Autoreactive T cells and Neuroprotection

Although much of the focus on T cells in depression has been on the negative impact of
depression on T cell function, emerging data suggests that T cells, especially T cells
autoreactive to CNS antigens, may play an important role in neuroprotection and resilience
against CNS pathology including neuropsychiatric disease (Lewitus and Schwartz, 2009).

Some of the earliest indication that autoreactive T cells may play a neuroprotective role in the
CNS came from experiments demonstrating that the pathology of partial crush injury of the
optic nerve in rats could be significantly attenuated by the administration of T cells activated
by prior exposure to myelin basic protein (MBP)(Moalem et al., 1999). No protection was
afforded by T cells immunized against non-self antigens or antigens not specific to the CNS.
Labeling of these autoreactive CD4+ T cells demonstrated that they were trafficking to the site
of CNS injury from the periphery following intraperitoneal injection. Although immunization
against MBP has been shown to induce experimental autoimmune encephalomyelitis (EAE)
in rodents, these data demonstrated that under certain circumstances, autoreactive T cells may
be beneficial and limit CNS damage (Moalem et al., 1999). Subsequent studies have shown
that the neuroprotective effects of CNS autoreactive T cells (i.e. “protective autoimmunity™)
may generalize to a number of CNS pathologies including neurodegenerative disorders such
as Alzheimer’s disease and Parkinson’s disease (Avidan et al., 2004; Lewitus and Schwartz,
2009). CNS autoreactive T cells have also been shown to reverse the inhibitory effects of
MK801 [a N-methyl-D-aspartate (NMDA) antagonist] on learning and memory, while
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additionally reversing the disruptive effects of MK801 and amphetamine on prepulse
inhibition, a neurological phenomenon which is abnormal in patients with schizophrenia and
other neuropsychiatric disorders (Kipnis et al., 2004b). Of note, these studies showed that upon
encountering relevant CNS antigens, CNS autoreactive T cells are capable of producing
neurotrophic factors such as BDNF (Kipnis et al., 2004b). As noted above, BDNF is believed
to play an important role in depression through its effects on neural plasticity (Duman and
Monteggia, 2006).

In terms of depressive-like behavior, immunization of rats with a modified MBP (which does
not induce EAE, but induces weakly autoreactive T cells) was found to significantly reduce
the development of anhedonia (reduced sucrose preference) and immobility in the forced swim
test in response to 4 weeks of chronic mild stress (Lewitus et al., 2009). Immunization was
also found to reverse stress-related decreases in hippocampal BDNF while increasing the
generation of newly formed neurons as identified by BrdU and the early neuronal
differentiation marker doublecortin, in the dentate gyrus of the hippocampus (Lewitus et al.,
2009). Similar results were found in both Lewis and Sprague-Dawley rat strains (Lewitus et
al., 2009).

To further explore the mechanisms and consequences of CNS T cell recruitment during stress,
T cell trafficking to the brain was explored in mice exposed to predator odor (Cohen et al.,
2006; Lewitus et al., 2008). Previous work has shown that behavioral adaptation following
odor exposure (as measured by the acoustic startle response and the elevated plus maze) is
significantly improved in the presence of mature effector T cells (Cohen et al., 2006).
Interestingly, stressor (odor) exposure was associated with increased T cell infiltration to the
choroid plexus, which was associated with a significant increase in the expression of the
adhesion molecule, intercellular adhesion molecule (ICAM)-1, by choroid plexus cells
(Lewitus et al., 2008). The role of glucocorticoids in this latter effect was established by
demonstrating that systemic administration of corticosterone, the natural glucocorticoid of the
mouse, also significantly increased ICAM-1 expression in the choroid plexus (Lewitus et al.,
2008). These effects of glucocorticoids on adhesion molecule expression and T cell trafficking
are consistent with a rich literature showing that stress-induced elevations in glucocorticoids
play a key role in lymphocyte trafficking to sites throughout the body, where they are available
to encounter relevant antigens and enhance immunologic responses to invading pathogens and
cancer cells, while promoting wound healing (Dhabhar, 2009). Interestingly, compared to the
Balb/c strain of mice, the C57BL/6J mouse strain, which has a reduced glucocorticoid response
to stress, exhibited no stress-induced increases in ICAM-1 expression in the brain and minimal
CNS T cell trafficking (Lewitus et al., 2008). C57BL/6J mice, which also have a greater
behavioral sensitivity to stress, were shown to exhibit reduced stress-induced behavioral
anxiety-like responses following immunization with a CNS-related antigen (Lewitus et al.,
2008).

The role of T cells in the maintenance of normal cognitive function has also been examined
(Brynskikh et al., 2008; Kipnis et al., 2004b; Wolf et al., 2009). For example, using the Morris
Water Maze task, hippocampal-dependent visuo-spatial learning was measured in nude mice
(which are devoid of T cells) with and without T cell replenishment (Kipnis et al., 2004b).
Compared to nude mice without T cell replenishment, nude mice replenished with T cells
exhibited significantly greater learning capacity in terms of the acquisition, extinction and
reversal phases of the task (Kipnis et al., 2004b). Other memory tasks have been found to be
in part dependent on intact T cell function including the Barnes Maze test and the Radial Arm
Maze test (Brynskikh et al., 2008). T cells have also been shown to facilitate the expression of
BDNF and hippocampal neurogenesis, including playing a role in the increased neurogenesis
secondary to an enriched environment (Wolf et al., 2009; Ziv et al., 2006). As in the case of
stressed animals, T cells are believed to mediate their effects in healthy animals through actions
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in the meningeal spaces (choroid plexus and subarachnoid spaces) (Kipnis et al., 2008). Of
note, under non-pathological conditions, T cells do not penetrate the blood brain barrier and
are rarely found in brain parenchyma (Kipnis et al., 2008). Taken together, these data indicate
that in addition to playing a neuroprotective role during CNS pathology as well as in the context
of behavioral alterations such as depression and anxiety following stress, T cells may subserve
amore fundamental function in terms of the maintenance of neuronal integrity. Thus, inhibition
of T cell function by stress and depression may have profound consequences on essential
immunologic elements of healthy brain activity.

5. Regulatory T cells and Inflammation

Interesting conceptual notions regarding the potential role of T cells in psychiatric disease also
have been elaborated from the “hygiene hypothesis” and the potential anti-inflammatory effects
of regulatory T cells (Rook and Lowry, 2008). The “hygiene hypothesis” proposes that
increased inflammation and inflammatory disorders in developed countries may in part be
related to the lack of exposure to harmless organisms associated with soil, untreated water and
“spoiled” vegetable matter in addition to a lack of infection with helminthes (Bach, 2002; Rook
and Lowry, 2008). The result of deficiencies in environmental exposure to these “old
friends” (prevalent in developing countries) is a defective development of counter-regulatory
pathways to control inflammation, including the elaboration of regulatory T cells (Tregs).
Tregs, also known as suppressor T cells (CD4+CD25+Foxp3+), function to inhibit
inappropriate or excessive immune responses and mediate immune tolerance (Workman et al.,
2009). Tregs have also been found to exhibit neuroprotective functions as well. For example,
in a murine model of human immunodeficiency virus (HIV), adoptive transfer of CD3-
activated Tregs attenuated astrogliosis and microglia inflammation with concomitant
decreased proinflammatory cytokines and increased BDNF and glial cell-derived neurotrophic
factor (Liu et al., 2009). Moreover, in a rat stroke model, Tregs were found to enhance survival
of progenitor cells in the subventricular zone (Ishibashi et al., 2009). In addition to the
regulation of antigen presenting cells (APC) (including activation of APC IDO)(Beissert et al.,
2006), the expression and release of the inhibitory cytokines, 1L-10 and transforming growth
factor (TGF)-beta by Tregs is considered to be an important mechanism by which Tregs inhibit
inflammatory responses (Bach, 2002; Workman et al., 2009). Given the potential role of
inflammation in depression and the ability of Tregs to produce anti-inflammatory cytokines
such as IL-10 (which has been shown to block the development of endotoxin-induced
behavioral alterations in laboratory animals)(Dantzer et al., 2008), the possibility that
decreased Treg activity may play a role in depression is an intriguing consideration.
Nevertheless, there is limited data addressing Treg numbers or function in depression, although
arecent study in patients with post traumatic stress disorder (PTSD) indicated a 48% reduction
in Treg percentage in PTSD subjects (Sommershof et al., 2009). Consistent with the notion
that Treg function may be decreased in depression is the finding that the IFN-gamma/TGF-
beta ratio in depressed patients was higher than controls, and there was a significant negative
correlation between plasma TGF-beta concentrations and depressive symptoms (Myint et al.,
2005). In addition, low serum IL-10 concentrations have been found relative to IL-6 in patients
with major depression (Dhabhar et al., 2009).

Similar to the strategies noted above in the elaboration of autoreactive T cells, studies have
been conducted using exposure to probiotics (cultures of potentially beneficial bacteria of
healthy gut microflora) and mycobacteria extracts to increase Treg activity and reduce
inflammatory responses, while treating/preventing inflammatory disorders such as atopic
dermatitis and psoriasis (Bach, 2002; Kalliomaki et al., 2001; Rook and Lowry, 2008). For
example, in a randomized clinical trial, prenatal administration of Lactobacillus GG (a
constituent of healthy gut microflora) to mothers with a first degree relative with an atopic
disorder was found to substantially reduce the development of atopic disease in their infants
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during the first year of life (Kalliomaki et al., 2001). Regarding mycobacteria, administration
of heat killed Mycobacterium vaccae (M. vaccae) to mice has been shown to increase allergen-
specific Tregs, which confer protection against airway inflammation through the release of
IL-10 and TGF-beta (Zuany-Amorim et al., 2002). Interestingly, administration of killed M.
vaccae to patients with non-small cell lung cancer was associated with improved quality of life
(primarily involving emotional health, bodily pain and cognitive function) during
chemotherapy (O'Brien et al., 2004), consistent with the notion that induction of counter-
regulatory T cell responses may mitigate against the behavioral consequences of medical
treatments that induce inflammation (Rook and Lowry, 2008). These data support the notion
that the “hygiene hypothesis” and Tregs may have relevance to behavioral disorders (Rook
and Lowry, 2008).

It should be noted, however, that suppression of Treg activity by bacterial DNA has been shown
to have a neuroprotective effect after optic nerve injury, an effect mediated by restoration of
autoreactive T cell activity (Johnson et al., 2007). Moreover, Tregs have been found to inhibit
the mitigating effects of autoreactive T cells on stress-induced anxiety-like behaviors (Cohen
et al., 2006). These data suggest that Tregs may inhibit the ability of autoreactive T cells to
mediate neuroprotection under certain circumstances. In attempts to disentangle these
contradictory and oppositional effects of autoreactive T cells and Tregs, mice with severe
combined immunodeficiency (SCID) were administered either Treg-free CD4+ (CD25") cells
or Treg alone by passive transfer and subjected to optic nerve injury secondary to glutamate
injection (Kipnis et al., 2004a). Interestingly, both Treg-free CD4+ cells and Tregs alone
exhibited a beneficial effect on neuronal cell loss, indicating that both cell types have the
capacity to mediate neuroprotection in the absence of the other (Kipnis et al., 2004a). It should
be noted however, that Tregs exhibit significant plasticity and can lose regulatory activity and
express effector cell function under certain circumstances (Zhou et al., 2009). Nevertheless, it
may very well be that the relative balance between autoreactive T cells and Tregs may play a
critical role in the T cell dynamics that ultimately determine whether and under what conditions
T cell responses are clinically beneficial or detrimental.

6. Translational Implications and Future Directions

Based on emerging data of the role of T cells in the maintenance of neuronal integrity and
neuroprotection, coupled with an older literature indicating that T cell function is impaired by
virtue of stress and depression, there is ample reason to believe that T cell pathology may not
only contribute to the development and/or maintenance of depression but also may be a novel
target for the elaboration of treatment and prevention strategies (Figure 1). Further studies are
clearly warranted to more fully characterize the potential rich array of T cell functions that
mediate the resilience against the behavioral consequences of stress, with special attention to
the relative contribution of autoreactive T cells and Tregs, which may have different roles at
different time points in the unfolding of the disease process. Indeed, it may be that the induction
of autoreactive T cells will be most relevant as a protective or preventative strategy in the
context of disease development, whereas Tregs may be more important after stress-induced
activation of inflammatory responses has been established. Related to the potential role of
activated innate immune responses in depression, it should also be noted that anti-inflammatory
therapeutic strategies for depression which involve immunosuppressive agents may
additionally influence T cell function with potentially complementary or opposing actions
(Wekerle, 2008). For example, the immunosuppressive drug, rapamycin, has been found to
enhance in vitro Treg expansion, whereas calcineurin inhibitors, such as cyclosporine, are
associated with reduced frequency of Tregs (Wekerle, 2008). Moreover, anti-cytokine
therapies, particularly those targeting TNF-alpha, may be especially relevant in reversing T
cell dysfunction in depression. Indeed, anti-TNF-alpha therapy has been shown to increase the
number and function of Tregs in patients with Chrohn’s disease and rheumatoid arthritis (Bayry
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et al., 2007;Ricciardelli et al., 2008). Thus, treatments targeting the innate immune response
should consider the potential impact on relevant T cell functions.

Aside from more fully elaborating the translational benefits that may be achieved by
immunizing individuals with CNS-specific antigens or exposing them to probiotic bacteria or
attenuated mycobacterium, more attention needs to be paid to the T cell changes that have
already been described in patients with major depression. For example, the mechanisms by
which T cells exhibit impaired mitogen-induced proliferation and increased spontaneous
apoptosis have yet to be determined. Moreover, the relationship between increased
inflammatory cytokines, such as TNF-alpha, and T cell function has not been established.
Further work also is needed regarding the impact of inflammatory cytokines on GR function
and the resulting impact of glucocorticoid resistance on the ability of glucocorticoids to mediate
T cell trafficking to relevant bodily organs including the brain. Finally, given the data indicating
that T cells are required for normal cognitive function as well as hippocampal neurogenesis in
mice, studies are needed to examine the consequences of T cell dysfunction on specific
cognitive behaviors in humans and laboratory animals, both in the context of depression and/
or inflammatory disorders. Taken together, there appears to be great potential in further
exploring the interaction of innate and acquired immune responses in major depression.
Moreover, the data indicate that T cells may be a neglected player in the mix of immunologic
processes that contribute to depression. As noted above, the initial studies on the immune
system in depression focused on the impact of depression on T cell function. Now we have
come full circle to return to where we began, appreciating the importance of T cells not only
in the consequences of depression, but in its cause as well as its treatment.
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Figure 1. Brain-T cell Interactions in Health and IlIness

Depression and stress lead to activation of neuroendocrine and inflammatory pathways that
can contribute to T cell dysfunction as manifested by reduced T cell trafficking in response to
neuroendocrine hormones, decreased capacity to proliferate in response to non-specific and
specific stimuli, and increased apoptosis. This T cell dysfunction may in turn contribute to
disease development including infectious diseases and cancer as well as neuropsychiatric
disorders. In contrast, immunization to central nervous system (CNS) specific antigens or
exposure to ostensibly harmless or killed microorganisms such a mycobacterium vaccae (M.
vaccae) has been found to activate T cell subpopulations including autoreactive T effector cells
and regulatory T cells (Treg) which exhibit neuroprotective and anti-inflammatory
characteristics, respectively. Once activated, these T cell subpopulations can traffic to the brain,
produce local neurotrophic factors, increase neurogenesis and decrease inflammation, leading
to reduced CNS pathology depending on the circumstances. Such T cell activities may also
subserve resilience against stressors and maintain neuronal integrity during health and illness.
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