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Background: Major depressive disorder is associated with inflammation and immune processes. Depressive symptoms correlate with inflammatory markers and alterations in the immune system including cytokine levels and immune cell function. Th17 cells are a T cell subset which exerts proinflammatory effects. Th17 cell accumulation and Th17/Treg imbalances have been reported to be critical in the pathophysiology of major depressive disorder and depressive-like behaviors in animal models. Th17 cells are thought to interfere with glutamate signaling, dopamine production, and other immune processes. Ketamine is a newly characterized antidepressant medication which has proved to be effective in rapidly reducing depressive symptoms. However, the mechanisms behind these antidepressant effects have not been fully elucidated.
Method: Literature about Th17 cells and their role in depression and the antidepressant effect of ketamine are reviewed, with the possible interaction networks discussed.
Result: The immune-modulating role of Th17 cells may participate in the antidepressant effect of ketamine.
Conclusion: As Th17 cells play multiple roles in depression, it is important to explore the mechanisms of action of ketamine on Th17 cells and Th17/Treg cell balance. This provides new perspectives for strengthening the antidepressant effect of ketamine while reducing its side effects and adverse reactions.
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INTRODUCTION
Th17 cells are a group of proinflammatory T helper cells which play important roles in various inflammatory and autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, psoriasis, and inflammatory bowel disease (Yang et al., 2014). The major cytokines secreted by Th17 cells are IL-17, IL-21, and IL-22, with IL-17 as its most important functional cytokine (Korn et al., 2009). The IL-17 family consists of six members (IL-17A-F). IL-17A, which is produced by activated T cells, and stimulates and regulates immunity (Kolls and Lindén, 2004). IL-17 receptors are divided into three subtypes, IL-17RA, IL-17RB, and IL-17RC, with different combinations exerting different functions (Gaffen, 2009). Th17 cells are mainly derived from CD4+ naive T cells (Korn et al., 2009) and are normally induced by a combination of TGF-β and IL-6 (McGeachy and Cua, 2008), under regulation by the transcription factors RORγt and STAT3 (Korn et al., 2009). Th17 differentiation can also be induced by combined stimulation by IL-1β, IL-23, and IL-6 (Revu et al., 2018). Besides the proinflammatory characteristics of Th17 cells, a new subpopulation, Treg17 cells, which shows anti-inflammatory features, has been recently reported. Their major functioning cytokine is IL-10 (Kluger et al., 2016). A detailed literature search was performed using depression, ketamine, and Th17 as keywords in the Web of Science, Cochrane, PubMed, and CNKI online databases (last search date: December. 30, 2020) without region, publication type, or language restrictions. The search strategy applied to PubMed is listed below: ((((depression) OR (depressive symptoms)) OR (major depression disorder)) AND (((Th17 cell) OR (T helper 17 cell)))) OR (((th17 cell) OR (t helper 17 cell)) AND ((ketamine) OR (esketamine))). Figure 1 illustrates the PRISMA flow chart of literature search strategies.
[image: Figure 1]FIGURE 1 | Preferred reporting items for systematic review and meta-analysis (PRISMA) flow diagram.
Th17 Cells in CNS
Th17 cells have strong plasticity, and both pathogenic and nonpathogenic Th17 cell subsets have been described in past reports (Lee et al., 2012). Under physiological conditions, the number of Th17 cells is very small, almost undetectable in peripheral blood (Shen et al., 2009). Th17 cells are mainly distributed in the intestinal mucosa and protect against extracellular pathogens such as Staphylococcus aureus and Klebsiella spp. by secreting IL-17A, IL-17F, IL-21, and IL-22 (Korn et al., 2009). In addition to functioning as adaptive immune cells in defending against pathogen invasion, Th17 cells and their major effector cytokine IL-17 play important roles in memory, social behavior, and structural brain development (Derecki et al., 2010). Many studies have confirmed the homeostatic function of T cells in the central nervous system (CNS), including their role in hippocampal-dependent learning (Kipnis et al., 2004; Ziv et al., 2006; Brynskikh et al., 2008; Wolf et al., 2009; Wolf et al., 2009; Kipnis et al., 2012), stress responses (Cohen et al., 2006; Lewitus and Schwartz, 2009) and their protective effects against neurodegeneration and CNS injury (Moalem et al., 1999; Kipnis et al., 2002; Serpe et al., 2003; Frenkel et al., 2005). The function and development of Th17 cells are closely related to the function and development of Treg cells, and the balance of the two cell types is critical to immune homeostasis (Park and Pan, 2015; Diller et al., 2016). Under physiological or non-autoimmune conditions, Th17 cells are not destructive to the brain but are the key brain nutrient cells that regulate mood and hippocampal growth. Transferring T cells to animals with T cell defects can restore normal behavior and reverse impaired learning ability, hippocampal neurogenesis, and brain growth factor expression (Ziv and Schwartz, 2008; Wolf et al., 2009). Specifically, a study by Kemperman et al. showed that adoptive transfer of Th17 cells rich in myelin-reactive T cell receptors can ameliorate compromised hippocampal neurogenesis and thus further corroborated the protective effect of Th17 cells on brain function (Niebling et al., 2014). However, whether these passively infused Th17 cells migrate to the CNS or secrete effector cytokines such as IL-17 to affect the CNS remotely is still unclear. In addition, Th17 cells may also play an anabolic role in maintaining the function and structural integrity of the brain. In healthy people, Th17 cells are positively correlated with greater white matter integrity. A study by Poletti et al. showed that under physiological conditions, the percentage of Th17 cells in circulation is positively correlated with higher fractional anisotropy of fiber bundles related to functional integrity in the brain (Poletti et al., 2017).
Conversely, Th17 cells also play important roles in immunopathology in the CNS. The number of Th17 cells and expression of IL-17 in CNS increase under pathological conditions such as multiple sclerosis, resulting in neuroinflammation and neurotoxicity (Sie et al., 2014). Under pathological conditions, the source of IL-17 is not restricted to Th17 cells; IL-17 is also secreted by astrocytes, microglia, and neurons (Moynes et al., 2014). The IL-17 receptors, IL-17RA, and IL-17RC are expressed by astrocytes, microglia, and endothelial cells, and these cells become activated upon IL-17 binding to its receptors (Zimmermann et al., 2013; Sun et al., 2017), resulting in release of NO and iNOS (Kawanokuchi et al., 2008) and neurotoxicity. The pathogenic Th17 cell subpopulations are considered to possess different characteristics from traditional Th17 cells. For example, in experimental autoimmune encephalitis, pathogenic Th17 cells are characterized by secretion of IL-17 and IFN-γ (Yasuda et al., 2019). The pathogenicity of Th17 cells is also associated with increased expression of CCR6 (Chen et al., 2017), IL-23R (Lee et al., 2017), CD5L (Davis et al., 2015), and CXCR5 (Beurel et al., 2013). This pathogenicity is also determined by localization; for instance, in the CNS, Th17 cells expressing T-bet are pathogenic, while in the intestine, Th17 cells not expressing T-bet are pathogenic (Krausgruber et al., 2016). Moreover, microRNA and RNA-binding proteins are also important regulators of Th17 cell pathogenicity (Ichiyama et al., 2016). In addition, Th17 cells can contribute to blood-brain barrier destruction, increasing its permeability, thus facilitating other immune cells entering the CNS. For example, IL-17A promotes monocyte migration across the blood-brain barrier by upregulating intracellular adhesion molecule 1 (Huppert et al., 2010).
Th17 Cells and Depression
Th17 cells are suggested to play important roles in the pathophysiology of depression. The number of Th17 cells and the expression of IL-17A and RORγt are upregulated in peripheral blood from patients with major depressive disorder (MDD) (Chen et al., 2011; Davami et al., 2016). However, these results only suggest a possible correlation between Th17 cells and depression but are inadequate to establish a causal link between them. It is possible that Th17 cells under pathological conditions show pathogenic characteristics. Studies by Beurel et al. and Nadeem et al. showed that infusion of Th17 cells or IL-17 induced a depression-like behavior in the CRS (chronic restraint stress) mouse model (Beurel et al., 2013; Nadeem et al., 2017). The percentage of Th17 cells in the brains of CRS mice is three-fold higher than that of control mice. Moreover, RORγt knockout or IL-17A neutralizing antibody administration resulted in resistance to learned helpless in mice (Beurel et al., 2013). Similarly, IL-17A antibody treatment in psoriatic patients with moderate to severe depression resulted in a significant reduction in depressive symptoms in 40% of the patients (Griffiths et al., 2017). Therefore, Th17 cells and IL-17A are considered potential therapeutic targets for depression.
Furthermore, Liu et al. found that IL-17 knockout significantly improved neurogenesis (Liu et al., 2014). The study by Beurel et al. also found that adoptively transferring Th17 cells to Rag2−/− mice devoid of endogenous T cells can increase their susceptibility to learned helplessness. Transfer of Th17 cells into wild-type mice leads to accumulation in the hippocampus and induces Th17 cells to differentiate in situ. Th17 cells in the hippocampus of mice with learned helplessness express the surface markers CCR6 and IL-23R, characteristic of pathological Th17 cells, and the markers CXCR5 and PD-1, typical of follicular cells. Knockout of CCR6 in Th17 cells blocked their ability to promote learned helplessness (Beurel et al., 2018). This evidence further supports that Th17 cells that contribute to depression are a subset of pathological Th17 cells. Since anxiety and pain are important inducing factors of depressive symptoms, it is possible that Th17 cells exert their effects in depression by increasing anxiety or reducing pain threshold. However, infusion of Th17 cells did not alter anxiety or pain sensitivity in animal models. The Th17/Treg balance is a key regulator of immune status, and an imbalance between them has been reported in patients with depression (Hong et al., 2013; Waisman et al., 2015). Increases in Th17 cell numbers and decreases in Treg cell numbers are most frequently reported, but simultaneous decreases have also been reported (Grosse et al., 2016). In contrast, decreases in Th17 cells and increases in Tregs are seen in a chronic unpredictable mild stress model of mice (Hong et al., 2013), which is postulated to be associated with transformation of Th17 cells into Tregs. A transition to Tregs is a final destination of most effector T cells and is not unique to Th17 cells.
There are several studies showing that IL-17A levels are not associated with depressive symptoms (Liu et al., 2012; Kim et al., 2013; Spanemberg et al., 2014). For example, Saraykar hypothesized that there is no correlation between IL-17A and depression in late life, but there is a possible association between IL-17A and cognitive dysfunction (Saraykar et al., 2018). This could suggest that Th17 cells may exert their effects in depression via cytokines other than IL-17, such as IL-21 and IL-22. However, a study by Davami et al. reported that the peripheral IL-21 levels are not significantly different between the patients with depression and healthy controls (Davami et al., 2016). Another possible explanation is that IL-17A expression could vary during disease progression or among depression subtypes. Other confounding factors such as body mass index and smoking may also bias the correlations. Gender differences are another possible interfering factor because most animal models only include males. Notably, a protective role of Th17 cells in depression is also suggested by some reports. In Niebling’s study, infusion of Th17 cells restored neurogenesis in the hippocampus (Niebling et al., 2014). In another study by Tfilin, IL-17 infusion regulated hippocampal neurogenesis as well as spatial learning in a mouse model (Tfilin and Turgeman, 2019). Moreover, an increase in the Th17/Treg ratio is beneficial for white matter integrity in patients with bipolar disorder (Poletti et al., 2017).
The exact mechanisms of Th17 cell action in the pathology of depression are still unclear. Recent ideas include neuroinflammation, perturbation of dopamine production, IL-17A-mediated glutamate excitotoxicity (Kostic et al., 2017), promotion of neuroprogression (Swardfager et al., 2014), and inhibition of hippocampal neurogenesis by IL-17 (Liu et al., 2014). Th17 cells are mainly found in the intestinal mucosa and are thought to enter peripheral blood under pathological circumstances. Intestinal immune cells communicate with the CNS via the gut-brain axis, including translocation of immune cells themselves or secretion of cytokines into systemic circulation to then enter the brain (Powell and MacDonald, 2017). In germ-free mice, there is impaired production of Th17 cell differentiation factors IL-6 and IL-1β, including alleviation of depressive symptoms (Fung et al., 2017), suggesting an important role of intestinal gut microbiota-immune system-CNS interactions in the pathophysiology in depression. Thus, the development of depressive symptoms possibly results from altered Th17 cell numbers and function and stress-induced gut microbiota changes.
Antidepressant Effects of Ketamine
The rapid and sustained antidepressant effects of ketamine are the subject of many current studies (Murrough et al., 2017). A single dose of ketamine induces a rapid and sustained antidepressant effect (Corriger and Pickering, 2019), but the underlying mechanisms remain unclear. Recent studies hypothesize NMDA receptor inhibition (Murrough et al., 2017), AMPA receptor activation (Freudenberg et al., 2015), mTOR signaling pathway activation, increased expression of synaptic proteins, regulation of neuroinflammation (Yang et al., 2020), modulation of calcium channels and the Kir4.1 potassium channel in the lateral habenula (Cui et al., 2018; Yang et al., 2018), and regulation of neuronal resting potential as potential mechanisms. Based on the crucial role of Th17 cells and IL-17 in depression, it can be postulated that ketamine’s antidepressant effects may be associated with Th17 cells and IL-17. However, since the alteration of cytokine expression and function are not immediate, it is possible that ketamine exerts its rapid antidepressant effect via regulating ion channels within a short period of time, and the sustained antidepressant effects are associated with modulating cytokine networks in a slow and continuous manner.
Effects of Ketamine on Th17 Cells
Ketamine suppresses differentiation and proliferation of Th17 cells in a mouse model of experimental autoimmune encephalitis (Lee et al., 2017). Further, Lee demonstrated that ketamine inhibited Th17 cell differentiation in a T cell intrinsic manner, because ketamine did not affect the secretion of Th17 cell differentiation factors such as IL-1β, IL-6, and IL-23 by dendritic cells. In addition, ketamine did not induce apoptosis of Th17 cells. However, the study by Lee did not exclude other sources of IL-17 such as microglia, astrocytes, and neurons. Notably, ketamine inhibits LPS-induced activation of microglia through ERK1/2 inhibition (Chang et al., 2009) and regulates the STAT3 pathway in microglia (Ho et al., 2019). Interestingly, ketamine also specifically inhibits pathogenic Th17 cells. Lee reported that ketamine reduces numbers of IFN-γ+ IL-17+, and GM-CSF+IL-17+ T cells but not the total number of IL-17+ T cells (Lee et al., 2017). Moreover, a study by Ghosh et al. found that IFN-γ+ IL-17+ T cells in patients with MDD secrete more IL-17, and their intracellular levels of IL-17 significantly correlate with the HDRS score (Ghosh et al., 2020). This suggests that ketamine may suppress pathogenic Th17 cell subsets but not the whole Th17 cell population. In contrast, in ketamine cystitis where ketamine overuse causes inflammation in the bladder, the number of Th17 cells is reportedly increased (Fan et al., 2017). Since ketamine cystitis is mostly seen in chronic ketamine users and ketamine abusers, it is possible that ketamine administration in a short period and safe dosage reduces the number of pathogenic Th17 cells, while in chronic and unguided users, Th17 cells are increased, resulting in local chronic inflammation and unexpected side effects. A safe dosage window and interval are required for ketamine’s antidepressant effects; it is therefore possible that ketamine exerts beneficial effects against depression by regulating Th17 cells when used within the appropriate dosage and intervals but causes adverse effect such as ketamine cystitis, psychotomimetic effects (Zanos et al., 2018), and cognitive dysfunction (Ke et al., 2018; Ide et al., 2019) under improper application. Figure 2 illustrates the pathophysiology of Th17 cells during depression and ketamine’s antidepressant effects.
[image: Figure 2]FIGURE 2 | Pathophysiology of Th17 cells in depression and antidepressant effects of ketamine.
CONCLUSION
Increasing evidence suggests that inflammation and the adaptive immune system play important roles in the progression of MDD. Th17 cells are suggested to have crucial impact on the pathogenesis of depression by promoting CNS neuroinflammation and inducing neurotoxicity. The imbalance of Th17/Treg cells is reportedly involved in the progression of depression. Recently, ketamine has been used to quickly relieve depressive symptoms and suicidal ideation in patients with depression. Despite its significant beneficial effects, its clinical safety is still unclear. The mechanisms of ketamine’s antidepressant effects involve a wide range of biological processes. As Th17 cells play multiple roles in depression, it is important to explore the actions of ketamine on Th17 cells and Th17/Treg balance. This would provide new perspectives for understanding the antidepressant effects of ketamine and reducing its adverse side effects.
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