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Abstract: Depression is a complex neuropsychiatric disorder characterized by pervasive feelings of sadness,
hopelessness, and cognitive impairments that can profoundly impact an individual's quality of life. Despite
extensive research efforts, the precise mechanisms underlying depression remain elusive. Recent studies have
highlighted the intricate interplay between the immune system and the central nervous system in the
pathophysiology of depression. In this context, CD4+ T cells, a key component of the adaptive immune system,
have emerged as potential players in the neuroinflammatory processes associated with depression.
Concurrently, Brain-Derived Neurotrophic Factor (BDNF), a multifunctional neurotrophin, has garnered
significant attention for its roles in neural plasticity, mood regulation, and cognitive function. This review
paper explores the intriguing intersection between CD4+ T cells and BDNF in the context of depression and
delves into the exciting prospects it offers for therapeutic interventions. By examining the intricate crosstalk
between the immune system and the neurotrophic factors, we aim to shed light on the potential avenues for
novel therapeutic strategies in the treatment of depression.
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1. Introduction

Depression stands as a formidable global health challenge, affecting millions of individuals
worldwide and imposing a substantial societal burden [1]. While substantial progress has been made
in elucidating the intricate neurobiological underpinnings of this debilitating disorder, our
understanding of its etiology and pathophysiology remains far from complete [2]. Recent research
endeavors have increasingly turned their focus toward the interplay between the immune system
and the central nervous system, seeking to uncover novel mechanisms that contribute to the onset
and progression of depression. In this emerging landscape, CD4+ T cells, a pivotal component of the
adaptive immune response, have come under the spotlight for their potential involvement in
mediating neuroinflammatory processes that influence mood and cognition[3] [4] [5].
Simultaneously, Brain-Derived Neurotrophic Factor (BDNF), a versatile neurotrophin with profound
roles in synaptic plasticity, mood regulation, and cognitive function, has been recognized as a key
player in depression pathogenesis[6]. This review aims to traverse the intricate terrain where CD4+
T cells intersect with BDNF in the context of depression. By delving into the complex cross-talk
between the immune system and neurotrophic factors, we endeavor to provide an encompassing
overview of the current state of knowledge and its implications for innovative therapeutic
approaches in the management of depression. Through the examination of these converging
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pathways, we strive to shed light on potential avenues that hold promise for a deeper understanding
of depression and the development of more effective treatment modalities.

2. The Role of BDNF in Depression

Brain-Derived Neurotrophic Factor (BDNF) is a vital neurotrophin that plays a pivotal role in
the intricate web of neurobiology [7]. It is a protein found predominantly in the brain and is crucial
for supporting the growth, differentiation, and maintenance of neurons[8]. BDNF is essential for the
processes of synaptic plasticity and neurogenesis, which are fundamental mechanisms for cognitive
function, emotional well-being, and overall brain health. The discovery of reduced Brain-Derived
Neurotrophic Factor (BDNF) levels in individuals with depression has profound implications for our
understanding of the neurobiology of this mood disorder[6]. BDNF is not only a critical factor in
brain development but also in the ongoing plasticity and adaptation of the adult brain. In depression,
reduced Brain-Derived Neurotrophic Factor (BDNF) levels are closely associated with a several
results including hippocampal atrophy, Impaired Neurogenesis, synaptic plasticity disruption.

In depression, several pathways dysregulation contribute toward to a reduced BDNF levels. The
CREB (cAMP Response Element-Binding Protein) pathway, for instance, is affected as calcium influx
decreases, impairing CREB's ability to bind to cAMP response elements (CREs) in the BDNF gene
promoter and leading to decreased BDNF gene transcription [9][10]. Moreover, the self-regulating
positive feedback loop, typically facilitated by TrkB receptor activation, loses its efficiency. This
decline diminishes the enhancement of BDNF gene transcription through intracellular signaling
pathways such as the mitogen-activated protein kinase (MAPK) pathway. Furthermore, the
neurotrophin receptor p75NTR, with its dual pro-survival and pro-death effects on neurons,
indirectly affects BDNF production, however its signaling becomes perturbed in depression,
exacerbating the BDNF insufficiency [11]. Additionally, epigenetic regulation, involving DNA
methylation and histone acetylation, undergoes aberrant changes that inhibit BDNF gene expression
by disrupting chromatin structure and accessibility. Moreover, microRNAs (miRNAs), such as miR-
16, are upregulated in individuals with depression and can potentially inhibit BDNF expression by
binding to BDNF mRNA and reducing its stability [12]. Alterations in the levels of miR-132 can affect
MeCP2, which, in turn, controls hippocampal BDNF levels in MDD [13]. Also, certain transcription
factors, including NF-kB, may have a decreased ability to regulate the expression of the BDNF gene
[14]. These complex genetic pathways collectively contribute to the observed reduction in BDNF
levels.

One of the most significant consequences of BDNF reduction in depression is the impairment of
neurogenesis. This impairment is closely linked to the dysregulation of several signaling pathways
that are positively controlled by BDNF. In the context of depression, these pathways may undergo
alterations, contributing to the negative impact on neurogenesis and overall brain function. Firstly,
BDNF normally activates the MAPK/ERK (Mitogen-Activated Protein Kinase/Extracellular Signal-
Regulated Kinase) pathway, which is involved in cell growth, differentiation, and survival [15].
Secondly, BDNF can activate STAT proteins, including STAT3, which promote neural growth and
differentiation through the JAK/STAT (Janus kinase/signal transducer and activator of transcription)
pathway [16]. Thirdly, the Ras pathway, activated by BDNF, influences cell growth, differentiation,
and survival[17]. Fourthly, the mTOR (Mammalian Target of Rapamycin) pathway, crucial for
protein synthesis, cell growth is normally activated by BDNF [18]. Fifthly, PKA (Protein Kinase A)
activation by BDNF influences dendritic growth[19]. Sixthly, BDNF can activate CaMKII
(Calcium/Calmodulin-Dependent Protein Kinase II), vital for synaptic plasticity and dendritic spine
development[19]. Seventhly, BDNF signaling interacts with the Wnt/p3-catenin pathway to influence
neural differentiation and synaptic plasticity. Eighthly, the p38 MAPK pathway, involved in cellular
stress responses and neural plasticity, can be activated by BDNF. Lastly, BDNF can modulate GS5K-3
(Glycogen Synthase Kinase-3) activity, influencing neuronal differentiation, synaptic plasticity, and
neuroprotection[20]. In depression, the reduction of BDNF levels can disrupt the fine-tuned control
of these pathways, leading to impaired neurogenesis and synaptic plasticity, potentially contributing
to the structural and functional alterations observed in the brains of individuals with depression and
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their associated cognitive and emotional symptoms. Researchers are actively investigating these
pathways to develop potential therapeutic interventions that can restore normal BDNF signaling and
promote recovery from depression.

When Brain-Derived Neurotrophic Factor (BDNF) levels are reduced, it can have a significant
impact on the strengthening of synapses, particularly through mechanisms such as long-term
potentiation (LTP). In conditions of reduced BDNF levels, the ability of neurons to induce LTP may
be compromised[21][22][23]. This impairment can result in a reduced capacity to enhance synaptic
strength in response to learning and neural activity. Moreover, one of the critical ways BDNF
contributes to synaptic strengthening is by promoting the insertion of AMPA receptors into the
postsynaptic membrane[24]. In situations with lower BDNF levels, this process may be less efficient
or less frequent. As a result, there may be fewer AMPA receptors at the synapse, which can weaken
synaptic transmission and reduce synaptic strength. Moreover, BDNF's regulation of NMDA
receptor subunit composition is disturbed in depression. The balance of subunits, such as NR2A and
NR2B, can be altered. This imbalance can affect the properties of NMDA receptors, potentially
skewing them toward configurations that are less conducive to synaptic plasticity and learning.
Changes in subunit composition can impair the ability of NMDA receptors to participate in the
induction and maintenance of LTP, contributing to cognitive deficits observed in depression [25].
These structural changes can hinder the ability of synapses to strengthen and stabilize. Additionally,
BDNF is involved in modulating the release and uptake of neurotransmitters, including
glutamate[26]. Lower BDNF levels can disrupt the balance of excitatory and inhibitory
neurotransmission, which is essential for synaptic strength. Altered neurotransmitter dynamics can
result in weaker synaptic transmission [27][28]. Furthermore, BDNF also plays a role in shaping the
structure of dendritic spines, which are essential for synaptic connections. Reduced BDNF levels can
lead to alterations in spine morphology, potentially resulting in smaller or less stable dendritic spines
[29]. Also, BDNF supports structural plasticity by influencing dendritic growth and branching. In
conditions of BDNF deficiency, dendritic complexity and spine density may decrease. These
structural changes can limit the synaptic contacts that neurons can form and impact the overall
strength of synaptic connections[30]. It is interesting to note that In the absence of adequate BDNF
signaling, there may be a reduced ability to maintain and strengthen synapses. This could lead to

increased synaptic pruning, a process where weaker or less active synapses are eliminated [26].
While synaptic pruning is a natural process, excessive or unregulated pruning can weaken neural
circuits. These factors can lead to alterations in mood and emotional regulation.
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Figure 1. BDNF plays a crucial role in depression. During depression, BDNF levels are reduced
due to a decrease in calcium uptake, leading to subsequent dysregulation of the CREB pathways.
Additionally, the decrease in p75NTR, alterations in epigenetic regulation, and the upregulation of
microRNAs 16 and 32 also contribute to the reduction in BDNF levels. This reduction in BDNF is
followed by a significant decrease in the rate of neurogenesis and synaptic weakening, resulting in
the escalation of depression symptoms within a self-perpetuating cycle.

3. The Role of CD4 T Cells Subsets in Depression.

CD4+ T cells, also known as helper T cells, play a critical role in the adaptive immune system,
and their remarkable diversity gives rise to various subsets [31]. Among these subsets, Thl cells, or
T Helper 1 cells, are well-known for their involvement in cellular immunity, particularly in the
defense against intracellular pathogens such as viruses and intracellular bacteria. Th1 cells produce
cytokines like interferon-gamma (IFN-y), which activate macrophages to enhance their ability to
eliminate intracellular invaders, although this response is often associated with inflammation and
autoimmune conditions [32]. The impact of Thl cells on depression may be mediated through the
production of proinflammatory cytokines. For example, although IFN-vy, plays a central role in the
body's defense against infections, however, its excessive presence is associated with detrimental
effects in the context of depression [33]. Individuals with depression often exhibit increased levels of
IFN-vy, closely linked to the activation of microglia in the central nervous system (CNS) [34]. This
microglial activation can trigger neuroinflammation, which is intricately connected to depressive
symptoms. Importantly, IFN-y has the potential to disrupt the balance of neurotransmitters in the
brain, including serotonin and dopamine, which are crucial for mood regulation and whose
disturbance is a known contributor to depressive symptoms [35][36]. TNF-a is another pro-
inflammatory cytokine primarily produced by Th1 cells, and it possesses potent immune-modulating
properties [37]. Individuals with depression often have elevated levels of TNF-a, contributing to
neuroinflammation and influencing neural circuits associated with mood regulation. Significantly,
TNF-a can also activate the hypothalamic-pituitary-adrenal (HPA) axis, leading to an increase in
cortisol levels, which is commonly dysregulated in depression [38][39]. Similarly, IL-1(3 and IL-6 have
been reported to be upregulated in patients with Major Depressive Disorder (MDD), underscoring
the role of Thl-associated cytokines in depression [40][41].

Th2 cells, a subset of T Helper cells, are primarily responsible for coordinating humoral
immunity and immune responses against extracellular pathogens [42]. They produce a unique set of
cytokines that play a crucial role in regulating immune reactions and allergic responses. IL-4, a
signature cytokine produced by Th2 cells, is renowned for its role in promoting the differentiation of
B cells into antibody-secreting plasma cells[43][44]. Interestingly, IL-4 has been shown to inhibit IL-
1p3-induced depressive-like behavior and central neurotransmitter alterations IL-5, another cytokine
derived from Th2 cells, plays a critical role in the activation and maturation of eosinophils, a type of
white blood cell involved in allergic responses and immunity against parasites [45]. Recent findings
indicate that patients with Major Depressive Disorder (MDD) and breast cancer patients experiencing
depression tend to have lower IL-5 levels in their serum compared to control groups [46]
Paradoxically, in adolescents and pregnant women, there appears to be a positive correlation between
IL-5 concentration and depression symptoms. These results suggest that other factors, such as
pregnancy and gender, could also be influencing cytokine levels [47][48]. Similarly, the role of IL-
13, another cytokine produced by Th2 cells and known for its involvement in regulating allergic and
immune responses remains a topic of debate with no consensus on its relevance to depression
[49][50][51].

There is limited understanding of the role of Th9 cells in depression. T Helper 9 cells, or Th9
cells, are typically associated with allergic responses and immune reactions against extracellular
parasites[52]. Th9 cells produce interleukin-9 (IL-9), which enhances the function of mast cells,
eosinophils, and other immune components [53]. Interestingly, research has shown that IL-9, a key
cytokine produced by Th9 cells, is upregulated in the frontal cortex of patients with Major Depressive
Disorder (MDD) [54] [55][56]. Notably, a study by Becerril-Villanueva et al. did not find a correlation
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between IL-9 levels in the serum and the Hamilton Depression Rating Scale score, suggesting that
cytokine levels can vary depending on the measurement location, such as the brain or the blood [55].

Although Th17 and Treg cells share a significant portion of their transcriptome, they differ
considerably in their functions. Th17 cells, or T Helper 17 cells, play a critical role in defending against
extracellular bacteria and fungi by producing cytokines like interleukin-17 (IL-17) and interleukin-22
(IL-22), which facilitate neutrophil recruitment and tissue repair [57][58]. However, Th17 responses
can become dysregulated, contributing to autoimmune disorders and chronic inflammation. Notably,
Th17 cells have the capacity to target NMDAR and counter the effects of BDNF [59]. Our research,
along with others, has revealed that Th17 cells accumulate in the brains of depressed mice across
various depression models [4][60][61]. Once in the brain, they interact with the brain environment,
leading to increased astrogliosis, demyelination, and the formation of lesion-like structures [4].
Additionally, they exhibit a pro-inflammatory profile by producing IFNy and TNFa and are
regulated by RORyt expression. IL-17 has been shown to disrupt tight junctions of the blood-brain
barrier (BBB) both in vitro and in vivo in the context of conditions like multiple sclerosis (MS),
promoting inflammation within the central nervous system [62].

Regulatory T cells, or Treg cells, play a crucial role in maintaining immune tolerance and
preventing autoimmune responses [63]. They achieve this by suppressing excessive immune
activation and inflammation and by producing anti-inflammatory cytokines such as interleukin-10
(IL-10) and transforming growth factor-beta (TGF-p) Dysfunction in Treg cells can lead to the
development of autoimmune diseases and allergies [64][65][66]. An imbalance in the Th17 to Treg
cell ratio has been observed in both animal models and patients with depression characterized by an
elevated frequency of Th17 cells and a reduced frequency of Treg cells [67][68][69] [70]. This same
imbalance in Th17 and Treg cell numbers has been identified in mouse models, where minimal Treg
cell infiltration into the brain was observed. Importantly, on a therapeutic level, injecting Treg cells
in co-transfer mouse models of depression led to a significant improvement in depression symptoms
[4]. Furthermore, it has been reported that antidepressant treatment results in an increase in the
number of Treg cells [71].

T Follicular Helper cells, or Tth cells, play a central role in shaping antibody responses and
facilitating germinal center formation in lymphoid tissues [72]. These cells provide crucial signals to
B cells, encouraging class switching and affinity maturation, thereby enhancing the generation of
high-affinity antibodies during infections and vaccinations[73]. Lastly, Their involvement is often
associated with conditions like asthma and allergic inflammation. It's important to emphasize that
our understanding of the precise role of Tth cells in depression is still evolving, and more research is
needed to elucidate the specific mechanisms involved. Additionally, depression is a complex
condition influenced by multiple factors, including genetic, environmental, and neurobiological
elements. Tfh cells represent one facet of the intricate interplay between the immune system and
mood regulation. Further research may provide more insights into the functions of Tfh cells and their
potential relevance in the development and treatment of depression.
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Figure 2. CD4+ T cells role in depression. Diverse CD4+ T cell subtypes exhibit significant
variations in their impact on depression. Th1 and Th17 subtypes appear to promote inflammation
and potentially contribute to depressive symptoms, while Treg subtypes exhibit anti-inflammatory
properties and may aid in reducing depression symptoms. There is a clear call for further research
in this area, specifically to explore the roles of Th9 and Tth cells and to establish a consensus
regarding the effects of cytokines associated with each cell subtype. Additionally, it is crucial to
consider various factors such as the measurement location (CNS vs. blood), age (young vs. old),
gender, and the presence of other underlying pathological conditions in future investigations.

4. The Interaction between CD4+ and BDNF

The interaction between various T cell subsets, such as Thl, Th2, Th17, Tth, Th9, and brain-
derived neurotrophic factor (BDNF) in depression is a complex and emerging area of research. These
interactions involve both direct and indirect mechanisms. Direct mechanisms can occur through
interactions between peripheral CD4+ T cells and BDNF, with these interactions taking place in two
potential locations: (i) within the brain, between cells that have successfully infiltrated the blood-
brain barrier and brain BDNF, and (ii) within the vessels of the blood-brain barrier. A previous study
suggested a positive relationship between CD4+ T cell frequency and BDNF levels in the brain
[74][75]. However, this study did not account for the high variation within CD4+ T cells, which
include highly proinflammatory cells like Th17 and Th1, as well as anti-inflammatory cells like Tregs.
Our research and that of others have shown that CD4+ T cells exhibit differences in their ability to
infiltrate the BBB during pathological conditions. Th17 cells use a paracellular diapedesis mechanism
and seem to have more favorable conditions for infiltrating the BBB compared to Tregs. Additionally,
our unpublished data indicates that Th1 cells can enter the brain in depressive-like models through
a transcellular route. Direct interactions may also occur in the bloodstream. It has been reported that
serum BDNF levels negatively correlate with the Th1/Th2 ratio and Th17/Treg ratio in patients with
cardiovascular diseases [76]. Furthermore, it has been suggested that BDNF can increase T cell
proliferation and influence the differentiation of T cells into various subsets [77]. However, the exact
impact of BDNF on the differentiation of CD4+ T cells remains an open question.

Indirect interactions could encompass interactions between BDNF and the gut-brain axis,
primarily influenced by the interaction of CD4+ T cells with the microbiota and the release of
cytokines that might impact BDNF levels_[78]. In the case of anti-inflammatory cytokines like IL-4,
they have been associated with stimulating astrocytic BDNF production, shifting microglial immune
responses toward a neuroprotective M2 phenotype, and increasing hippocampal neurogenesis
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[79][80][48]. Conversely, pro-inflammatory cytokines appear to have the potential to decrease BDNF
levels, but this effect can be reversed by administering the TNF-a inhibitor infliximab [81]. Indirect
interactions also involve various cytokines associated with CD4+ T cells and BDNF. Elevated IL-1
expression in neurodegenerative disorders may render neurons susceptible to degeneration by
disrupting BDNF-induced neuroprotection, primarily through inhibiting the PI3-K/Akt and
MAPK/ERK pathways and suppressing CREB activation. This interference with BDNF signaling
appears to involve ceramide-associated mechanisms and can be partially corrected by ceramide
production inhibitors [82]. Paradoxically, IL-17 appears to enhance BDNF production by astrocytes.
Similarly, in the case of IFNYy, there have been reports of IFNy inducing BDNF production [83] [84].
It is possible that these effects could be related to the nature of the cells induced, as astrocytes are
considered the guardians of the blood-brain barrier (BBB). Therefore, IL-17 induction might logically
prompt them to respond by producing more BDNF. Furthermore, this influence could be time-
dependent, with initial IL-17 induction leading to BDNF induction, but studies on how chronic IL-17
induction affects astrocyte BDNF production are lacking. Additionally, in our depression model, we
observed that Th17 cells appear to be associated with higher levels of astrocyte activation, which
seems to be chronic. We hypothesize that a vicious cycle occurs involving IL6, IL1, and IL17
production by Th17 cells and the overactivation of astrocytes [85]. This area of research remains
largely uninvestigated, with specific questions about the roles of various cytokines, such as IL9 and
IL22, in relation to BDNF levels still unanswered.

There are several groundbreaking therapeutic interventions exploring the potential of BDNF
interaction in neurodegenerative diseases, including depression. For instance, in a notable study,
CD4+ T cells were genetically modified to produce BDNF and then injected intracerebroventricularly
into the 5XFAD mouse model of Alzheimer's disease, resulting in a reduction in AD symptoms
Additionally, patients with Treg cells expressing BDNF showed improved outcomes in stroke cases
[86]. There is also speculation that controlling food intake could impact BDNF levels through the gut-
brain axis, primarily mediated by the function of CD4+ T cells [87]. Furthermore, compounds like
ellagic acid have been shown to increase BDNF levels in the plasma by 21% and are known to
promote the differentiation of CD4+ T cells into an anti-inflammatory subtype [88][89]. Exercise has
also been associated with an increased BDNF/IL6 ratio in neurodegenerative diseases, highlighting
its potential role in enhancing the symptoms of depression [90]. These diverse approaches underscore
the promising avenues for harnessing BDNF in the treatment of various neurodegenerative
conditions.

5. Open Questions and Conclusions.

While we have gained some knowledge regarding the interaction between CD4+ T cells and
BDNF production, many aspects remain elusive. Questions persist concerning how Th17 cells, which
do not specifically target myelin sheaths, engage with neurons and how this dynamic unfolds over
time and space within the brain. Additionally, the impact of Th17 cells on AMPA receptors, closely
linked to BDNF production, remains an enigma. Speculation suggests that prolonged activation by
Th17 cells may diminish BDNF levels. Conversely, therapeutic strategies involving Treg cells, which
generate anti-inflammatory cytokines, hold promise for augmenting BDNF production and
potentially benefiting depression therapy. Moreover, does BDNF influence the differentiation of
CD4+ T cells into distinct subtypes? It is conceivable that it may favor anti-inflammatory types such
as Tregs, though empirical evidence is still required. Overall, the interaction between BDNF and
subpopulations of CD4+ T cells represents a crucial area of investigation that could potentially
enhance the prognosis for depression patients.
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