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Fig. 4. Overall selection of T cells associated with depression. Glucocorticoid treatment and microbiota alterations in depression have been associated
with a shift toward Th17 cells. Catecholamines seem to favor Th2 cells. However, catecholamines promote T helper cell activation, whereas they block
leukocyte migration. Antidepressant treatments in contrast seem to reduce T helper cells in a nonspecific manner and favor regulatory T cells.

These suggest that T cells are the point of conver-
gence of many pathways associated with the stress
response.

C. Microbiome

Host microbiota interactions influence the develop-
ment of the adaptive immune system. These interac-
tions are required for homeostasis. Yet, changes in
the environment or genetic defects lead to disruption
of these interactions and promote diseases. Depres-
sion has been associated with changes in the relative
abundance of Firmicutes, Actinobacteria, and Bacter-
oidetes compared to healthy individuals [(Zheng
et al., 2016); for review, see (Cheung et al., 2019)], but
the pathways and underlying mechanisms used by
the microbiota to promote diseases are just emerging.

The adaptive immune system is in close contact
with the microbiota, and mutual regulatory mech-
anisms are in place. Thus, to protect the gut mucosal
epithelial layer from microbes, B cells secrete micro-
bial antigen specific IgA into the gut lumen. The

production of IgA is critical for shaping the microbial
communities and enhancing regulatory T cell expan-
sion (Kawamoto et al., 2014). Th17 cells, which are
only present in the small intestinal lamina propria of
healthy mice, also participate in the maintenance of
the epithelial barrier by producing low amounts of IL-
17A (Cypowyj et al., 2012). Th17 cells are absent in
germ-free mice, showing a major impact of the micro-
biota on Th17 cells (Amatya et al., 2017) and suggest-
ing that Th17 cells might be one of the major Th
subtypes dependent on the regulation by the micro-
biota. SFB is one of the first discovered inducers of
Th17 cells (Ivanov et al., 2009). Other bacteria [e.g.,
Escherichia coli (Viladomiu et al., 2017), Bifidobacte-
rium adolescentis (Tan et al., 2016), Staphylococcus
aureus (Zielinski et al., 2012), and Candida albicans
(Hernandez-Santos and Gaffen, 2012)] also increase
Th17 cells. However, it is important to note that these
different microbes induce different flavors of Th17
cells (Tan et al., 2016). This suggests that other sig-
nals are required besides the microbial antigen to
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promote the differentiation of Th17 cells (Yang et al.,
2014). Thus, for example, transdifferentiation of Th17
cells into regulatory T cells is partially dependent on
the aryl hydrocarbon receptor (Ahr), whose agonists
are produced by the microbiota to promote anti-
inflammatory responses comprising of tryptophan
metabolites (Hirota et al., 2011; Wlodarska et al.,
2017). The abundance of aryl hydrocarbon receptor
agonists in the microbiota is often diet dependent.
Although Th17 cells might mediate certain actions of
the microbiome in depression, the role of the micro-
biota-induced Thl17 cells in depression remains
largely unclear. The limited data show Th1l7 cells
mediate SFB-dependent depressive-like behaviors.
Stress increases SFB, which promotes the production
of the quorum sensing molecule autoinducer-2, which
in turn enhances the production of serum amyloid A
(SAA)1/2 that is required for Th17 cell differentiation
and promotion of depressive-like behavior (Medina-
Rodriguez et al., 2020) (Fig. 4).

In contrast, spore forming Clostridium clusters IV
and XIVa, Escherichia, Akkermansia, Bacteroides,
Lactobacillus, and Streptococcus are potent inducers
of regulatory T cells (Atarashi et al., 2013; Ahern
et al., 2014; Geva-Zatorsky et al., 2017). Microbial
metabolites (e.g., short chain fatty acids, especially
butyrate) also promote regulatory T cells (Smith
et al., 2013). Butyrate is mainly produced by Clostri-
diales species such as Ruminococcaceae and Lachno-
spiraceae. Polysaccharide A produced by Bacteroides
species promotes Treg anti-inflammatory effects while
inhibiting Th1l and Th17 cell differentiation (Round
and Mazmanian, 2010; Round et al., 2011). The over-
all effect of the microbiota on the balance between
Th17 and Treg cells depends on the composition of
the microbiota. Thus, by promoting Th17/Treg imbal-
ance microbiota metabolites promote depressive-like
behaviors (Westfall et al., 2021). Although Th17 cells
and Treg cells seem to be the main Th subtypes mod-
ulated by the microbiota, other Th cells have been
associated with changes of the microbiota, such as
helminth infection, which promotes a Th2 response
(Reynolds et al., 2015).

Although the understanding of the effects of the
microbiota on T cell plasticity remains to be fully
understood, it is conceivable that small changes in
the microbiota can have dramatic consequences on
the adaptive immune cells that in turn impact mood.
Although stress is known to affect microbiota compo-
sition, other factors affect the microbiota composition
such as diet, disease, environment, etc. and will need
to be considered. Recent evidence has pointed toward
a dysregulated gut-brain axis including a choroid
plexus vascular barrier contributing to the mental
symptoms associated with inflammatory bowel dis-
ease (Carloni et al., 2021).
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Overall, various stress signals converge on the adap-
tive immune cells, and it remains to be determined
which signal(s) can be targeted to improve depression.

II1. Implications for Patients with Depression

A. Increased Infections and Comorbidities

“We tend to get sick after stressful events” (Elstad
and Vabg, 2008), prompts the question of whether the
dysregulated adaptive immune response is responsible
for higher sensitivity of patients with depression to
infections, since the adaptive immune system is deci-
sive in eradicating infections. A past history of depres-
sion is in fact associated with increased risks of
infections (Troidle et al., 2003; Adams et al., 2008; Irwin
et al., 2011; Seminog and Goldacre, 2013; Andersson
et al., 2016). The effectiveness of the immune activity
in depression is reduced and has been associated with
increased mortality (Wulsin et al., 1999). Similarly,
there is an increased risk of developing autoimmune
diseases (multiple sclerosis, psoriasis, inflammatory
bowel disease, rheumatoid arthritis, and systemic lupus
erythematosus) in patients with depression (Kurina
et al., 2001; Dickens et al., 2002; Andersson et al., 2015;
Euesden et al., 2017; Patten et al., 2017). The autoreac-
tive T cells, especially Thl and Th17 cells, have been
thought to be the culprit, and this is consistent with
anti-IL-17A treatment ameliorating depression symp-
toms in patients with psoriasis (Griffiths et al., 2017).
Reciprocally, antidepressant treatments (e.g., Sertra-
line, psychotherapy, and cognitive behavioral therapy)
are associated with Thl-dependent improvement of
multiple sclerosis (Mohr et al., 2001). Ketamine reduces
the differentiation and proliferation of Th17 cells in a
mouse model of experimental autoimmune encephalitis
(Lee et al., 2017). Furthermore, there are reports of
depression affecting the recovery from surgery (Cheng
et al., 2020), and B regulatory cells are reduced in
patients with hip fracture who develop depression com-
pared with non-depressed patients with hip fracture or
healthy individuals (Duggal et al., 2016). These suggest
that the alterations of the immune system, especially of
the adaptive immune system in depression are associ-
ated with negative outcomes in the long-term.

B. How Does the Adaptive Immune System Promote
Depression?

Reciprocally, it also raises the question on how the
adaptive immune alteration promotes depression. The
adaptive immune system produces cytokines that can
impede neuronal circuitries involved in mood regula-
tion. Thus, for example IL-17A, by activating IL-17RA
and IL-17RC receptors, leads to the production of cyto-
kines and chemokines, matrix metalloproteinases, and
anti-microbial peptides via the activation of TNF
receptor associated factor (Traf)6, Traf4, nuclear factor

20z ‘0T Jequeldes uo sfeulnor 134S Y e Bio'seulno lsdse: aswieyd wou) papeojumod


http://pharmrev.aspetjournals.org

382

kappa light chain enhancer of activated B cells (NF-
kB), CCAAT-enhancer-binding proteins (C-EBP)f, C-
EBPJ, and mitogen-activated protein kinase (MAPK)
pathways [(for review (Milovanovic et al., 2020)]. Cyto-
kines, especially IL-6, are sufficient to promote depres-
sive-like behaviors. In addition, IL-17RA receptors are
expressed on a variety of neuron subtypes, astrocytes,
microglia, and endothelial cells in the brain (Das
Sarma et al., 2009), broadening even more the effects
of IL-17A (Fig. 2). However, it remains to be deter-
mined whether these cell specific pathways are all con-
tributing to depression. Astrocytes mediate Th17 cell
effects in a mouse model of multiple sclerosis (Kang
et al., 2010). Th17 cells disrupt the blood brain barrier
by acting on endothelial cells (Kebir et al., 2007),
whereas they promote the production of cytokines by
microglia (Murphy et al., 2010). Th17 cells promote neu-
ronal damage (Siffrin et al., 2010) (Fig. 2). Although
most of these findings were associated with autoim-
mune diseases for which the number of Thl7 cells is
higher than in depression, recent studies in autism sug-
gest a Th17 cell-dependent neuronal damage in psychi-
atric diseases even when the number of Th17 cells is
lower. Thus, IL-17A produced by Thl7 cells indu-
ces abnormal cortical phenotype in a mouse model of
maternal immune activation-inducing autistic traits
(Choi et al., 2016; Reed et al., 2020), and the abnormal
cortical phenotype is microbiota dependent (Kim et al.,
2017). Similarly, IL-17A produced by meningeal 0T
cells has been shown recently to promote anxiety-like
behaviors by activating IL-17RA receptors on cortical
glutamatergic neurons (Alves de Lima et al., 2020). Fur-
thermore, Th17 cells induced by high salt diet promote
neurovascular dysfunction in an IL-17A-dependent red-
uction of nitric oxide production by cerebral endothelial
cells (Faraco et al., 2018). These data suggest that the
action of Th17 cells might be specific depending on the
disease and the brain region they infiltrate. Although
similar mechanisms of action of Th17 cells in depression
are conceivable, the specific mechanisms of action of
Th17 cells in depression remain to be determined.

C. Potential Pharmacological Outcomes

Lastly, antidepressant drugs affect directly T cell pro-
liferation and activity. Thus, fluoxetine reduces the pro-
liferation of T cells (Fazzino et al., 2009; Ahern, 2011),
leading to a decrease in number of blood T cells (Rosso
et al., 2016). Fluoxetine (Himmerich et al., 2010; Grosse
et al., 2016a) and ketamine (Hou et al., 2016) increase
anti-inflammatory regulatory T cells. Ketamine also
decreases Th2 cell differentiation (Gao et al., 2011),
inhibits leukocyte adhesion and migration (Larsen et al.,
1998; Kawasaki et al., 2001), and induces T cell apopto-
sis (Braun et al., 2010). Therefore, detangling the contri-
bution of T cells in depression might be compromised by
the use of an antidepressant treatment, and further
studies will be required to understand the role of the
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adaptive immune cell response in medication-free
depression.

Maybe one of the most promising approaches is the
use of cytokine neutralizing antibodies targeting Th17
cells in depression. Indeed, few anti-IL-17A antibodies
(Secukinumab, Ixekizumab) and anti-IL-17RA (Broda-
lumab) are available for psoriasis and have been tested
on depressive symptoms associated with autoimmune
diseases. Ixekizumab reduces by 40% depressive symp-
toms in patients with psoriasis (Griffiths et al., 2017).
Brodalumab used in psoriasis, in contrast, promotes
risk of suicide and of developing psychiatric illnesses,
leading the Food and Drug Administration (FDA) to
issue a warning (Lebwohl et al., 2018). Furthermore,
anti-IL-12/IL-23 (Ustekinumab) treatment significantly
improves depressive symptoms compared with placebo
in patients with psoriasis (Wittenberg et al., 2020).
Using monoclonal antibodies to deplete B cells, such as
anti-BAFF (anti-BLyS, Belimumab) or anti-CD20 (Ofa-
tumumab), to treat systemic lupus erythematosus and
rheumatoid arthritis, respectively, have been shown to
slightly improve depressive symptoms (Wittenberg
et al., 2020). However, other reports have found, in con-
trast, an increase in risk to develop depression and sui-
cidal ideation in patients treated with Belimumab or
Ofatumumab (Minnema et al., 2019). These suggest
that monoclonal neutralizing antibodies are potential
therapies to alleviate depressive symptoms. However, a
better understanding of the contribution of the adaptive
immune system in depression is a prerequisite to design
the most efficacious drug.

Some probiotics regimens have also been shown to
ameliorate depressive symptoms (Yong et al., 2020).
Of relevance for this review, oleic acid, one of the
major components of olive oil, provides antidepressant
effects (Lin et al., 2012; Kiecolt-Glaser et al., 2013)
and reduces Th1l7 cell accumulation into the brain
(Medina-Rodriguez et al., 2020). This suggests that
targeting Th17 cells in periphery might be sufficient
to induce antidepressant actions. Other Th17 cell-tar-
geting compounds such as the RAR-related orphan
receptor gamma T inhibitor SR1001 block Th17
cell-induced depressive-like behaviors (Beurel et al.,
2013). Although all the characteristics of Th17 cells
associated with depression remain to be determined,
it is conceivable that other features of pathogenic
Th17 cells could be targeted in depression to block
Th17 cell entry to brain, for example (e.g., blockade of
CCR®6). Indeed, blocking all Th17 cells might have a
negative impact on intestinal mucosal health.

Although limited, the arsenal of drugs to target
Th17 cells in depression is expanding.

IV. Conclusion

Altogether, there is substantial evidence for a contri-
bution of the adaptive immune system to depression.
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On one hand, there is a reduction of the lymphopoiesis
in depression due to elevated level of norepinephrine
and glucocorticoids (Wohleb et al., 2016). This is accom-
panied with a switch toward inflammatory T helper
cells at the expense of the anti-inflammatory Treg cells,
which might be exacerbated by gut microbial changes,
which favor proinflammatory Th17 cells in depression.
Th17 cells appear to be central in promoting depressive
symptoms, and although the mechanisms of action of
Th17 cells in depression remain to be fully elucidated,
neutralizing the signature cytokine of Th17 cells, IL-
17A, provides unexpected antidepressant effects.
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