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This review comprehensively explores the dysregulation of Gamma Delta T-cells, CD8+ T Cells, and Natural Killer T Cells in the
context of Human Immunodeficiency Virus (HIV) infection and its implications for brain pathology. It encompasses an overview
of the HIV disease process, immune cell dysregulation, association with neurological diseases, and the critical role of Glutathione
(GSH) in T-cell function. The alterations in Gamma Delta T-cells during chronic infection, the intricate dynamics of Vi1 and V§2
subsets, and the potential of Vy9V52 T cells in inhibiting HIV replication are discussed. Additionally, the review addresses the
exhaustion, impaired cytotoxicity, and premature senescence of CD8+ T cells, as well as the dysregulation of Natural Killer Cells
(NKCs) and their impact on overall immune system activity. Furthermore, it examines the role of Gamma Delta (J) T-cells in
brain injuries, infections, and tumors and highlights the therapeutic implications of elevated GSH levels in promoting a T helper
1 (Th1l) immune response. However, HIV-infected patients with decreased GSH exhibit a T helper 2 (Th2) bias, compromising
protection against intracellular pathogens. Finally, the review discusses studies in murine models demonstrating the impact
of GSH levels on immune responses and underscores the therapeutic potential of targeting GSH to enhance immunity in HIV
patients. Overall, this review provides valuable insights into the complex interplay between immune dysregulation, GSH levels,
and HIV-associated brain pathology, offering insights into potential therapeutic avenues for mitigating immune compromise and
neurological impairments in HIV patients.
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Introduction cation [4]. The HIV-1 envelope comprises two essential

components, namely the external glycoprotein (gp120) and

The public emergence of Human Immunodeficiency  the transmembrane protein (gp41), which protrude from the
Virus (HIV) in the United States can be traced back to  surface of the virion. These components facilitate the en-

1981 when a peculiar spike in malignancies and opportunis- Yy of the virus into host cells. Initially, gp120 binds to
tic infections, particularly Pneumocystis carinii pneumo-  the CD4+ receptor on the host cell membrane, followed
nia and Kaposi’s sarcoma, was observed [1]. The com- by interactions with chemokine co-receptors such as C-C
mon denominator among the initial cluster of patients was ~ chemokine receptor 5 (CCBS) anq C'X'C che.mokine. re-
a severe immune deficiency in individuals who were previ- ceptor 4 (CXCR4). These interactions trigger irreversible

ously healthy. Since then, HIV has become a global health changes in the conformation of the viral envelope [4,5].
challenge, with an estimated 1.2 million individuals in the Subsequently, a fusion event occurs, leading to the forma-
United States and approximately 39 million globally living tion of pores within minutes, allowing the release of the vi-
with the virus [2]. In 2021, around 36,000 individuals inthe ~ ral core into the host cell cytoplasm [4,5]. Post-core dis-

US received a new HIV diagnosis, and there were nearly assembly, the viral genome undergoes reverse transcrip-
20,000 HIV-related deaths [3]. tion into DNA facilitated by the virus’s reverse transcrip-

tase enzyme. This process, prone to errors due to the en-
zyme’s lack of proofreading activity, can generate related
yet distinct viral variants [4,6]. During the middle stage
of infection, the viral protein integrase collaborates with

In the initial stages of HIV-1 infection, the virus gains
entry into host cells without causing immediate lethal dam-
age (Fig. 1). However, this entry process can trigger intra-
cellular signal cascades, potentially facilitating viral repli-
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Fig. 1. Human Immunodeficiency Virus (HIV) life cycle. The figure shows the various steps in the life cycle of HIV from infection to

intracellular reproduction to the release of new progeny. Created using Biorenders. https://www.biorender.com/. CCRS5, C-C chemokine

receptor 5.

enzymes involved in DNA repair from the host organism
to incorporate the viral genome into regions of the host’s
chromosomal DNA that are rich in genes and actively tran-
scribed [5,6]. This integration process, which is assisted
by a host factor known as lens epithelium-derived growth
factor (LEDGF/p75), represents a critical juncture as it per-
manently alters the host cell, rendering it capable of pro-
ducing viruses [6]. In the later stages of infection, the
synthesis of viral particles entails a combination of host-
driven and virus-driven transcription processes. Viral pro-
teins are transported to the vicinity of the cell membrane,
where they assemble. The release of viral particles from
the cell involves the vesicular sorting pathway, particularly
through the mediation of endosomal sorting complexes re-
quired for transport (ESCRT) I, 11, and III, which facilitate
the budding of endosomes into multivesicular bodies [5].
Through its late domain, a concise sequence motif found in
p6 of Gag, HIV-1 engages with TSG101, thereby exploit-
ing this protein-sorting pathway [6]. The viral protease-

mediated cleavage of the Gag-Pol polyprotein results in
the generation of mature infectious virions [4,6,7]. Explo-
ration into the initial events following HIV-1 penetration of
the mucosal barrier suggests the presence of a window pe-
riod wherein viral proliferation is not yet established, po-
tentially allowing host defenses to exert control over vi-
ral expansion [6]. Crucial co-receptors for HIV-1 infec-
tion are the chemokine receptors CCRS5 and CXCR4. Re-
gardless of the transmission route, the majority of new in-
fections involve viral variants dependent on CCRS5 utiliza-
tion. CXCR4-tropic viruses, which typically emerge during
later stages of infection, have been associated with height-
ened pathogenicity and disease progression [6,7]. HIV in-
fection typically commences asymptomatically, accompa-
nied by subtle changes in the immune system. This ini-
tial stage persists for up to three months, culminating in
seroconversion, the point at which HIV-specific antibod-
ies become detectable in individuals recently exposed to the
virus. The progression of infection and the onset of clini-
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cal symptoms can vary widely among individuals, often ex-
hibiting a relatively slow trajectory. The duration from pri-
mary infection to the manifestation of symptoms indicative
of advanced HIV diseases and immunosuppression spans
several years [7]. Despite outward appearances of health
during the primary infection, the virus actively replicates in
the lymph nodes and bloodstream, causing gradual damage
to the immune system [7]. The symptomatic stage marks
the late phase of HIV disease, commonly referred to as Ac-
quired Immunodeficiency Syndrome (AIDS), wherein indi-
viduals become susceptible to various opportunistic infec-
tions (OIs) [7]. These infections can encompass diseases in-
duced by Mycobacterium avium, Mycobacterium tubercu-
losis, Pneumocystis carinii, cytomegalovirus (CMV), toxo-
plasmosis, and candidiasis. It is widely acknowledged that
individuals transition to an AIDS status when their plasma
HIV load increases, coupled with a decline in CD4+ T cell
count to below 200 mm? [7].

During the progression of HIV infection, a complex
array of immune dysregulations unfolds, significantly im-
pacting various components of the immune system. One
of the primary hallmarks is the progressive depletion of
CD4+ T cells, which are crucial for orchestrating immune
responses [8]. Concurrently, CD8+ T cells experience dys-
function, characterized by exhaustion and impaired cyto-
toxicity, further compromising the immune response [9].
Additionally, alterations in Natural Killer Cells (NKCs)
function have been observed, including changes in subset
distribution and functional impairment [10]. Understand-
ing these immunological alterations is paramount, particu-
larly in the context of HIV-associated brain pathology and
neurocognitive disorders. Significantly, HIV has the ability
to breach the central nervous system (CNS), resulting in a
range of neurological complications grouped together under
the term HIV-associated neurocognitive disorders (HAND)
[11]. These disorders range from mild neurocognitive im-
pairment to severe HIV-associated dementia and are exac-
erbated by dysregulated immune responses within the CNS
[12]. Persistent inflammation driven by immune activation
and viral replication contributes to neuronal injury, synaptic
dysfunction, and neurodegeneration, highlighting the crit-
ical role of immune dysregulation in the pathogenesis of
HAND [13].

Despite the challenges posed by HIV, significant
strides have been made in improving patient outcomes
through the use of therapies such as antiretroviral drugs that
target nucleosides and reverse transcriptase to induce viral
suppression [14]. These advancements have transformed
HIV from a once-debilitating and often fatal condition into
a manageable chronic disease.

While the global impact of HIV is well-documented,
its intricate interactions with the immune system, especially
concerning Gamma Delta (v0) T-cells, have significant im-
plications for brain pathology [15]. Early in HIV infection,
the virus initiates a cascade of immune dysregulation, di-

1093

rectly impacting the functionality of v T-cells, a crucial
subset of the immune system known for their role in both
innate and adaptive immunity. These cells are pivotal in the
body’s defense against pathogens and in modulating inflam-
matory responses within the CNS [15]. Research indicates
that HIV-associated immune activation leads to alterations
in 6 T-cell populations, which is consequential for neuro-
logical health. For instance, the depletion of V2 T-cells, a
subset of yd T-cells, in HIV-infected individuals correlates
with an increased susceptibility to opportunistic infections
and may exacerbate neuroinflammatory conditions [16].

The dysregulation of v T-cells in HIV patients ex-
tends beyond peripheral immune compromise, influenc-
ing their neuroprotective roles. These cells can infiltrate
the CNS, responding to pathogen-associated molecular pat-
terns (PAMPs) and danger-associated molecular patterns
(DAMPs), thereby playing a critical role in the immuno-
surveillance of the brain [16]. However, HIV-induced im-
pairments in v T-cell functions can disrupt this delicate
balance, leading to increased vulnerability to neuroinvasive
pathogens and contributing to the pathogenesis of HAND.
The situation stresses on how important it is to under-
stand the link between HIV-associated immunological dis-
turbance and brain health, which is especially essential from
a clinical standpoint when it comes to the role that v§ T-cells
play [15,16].

The implications arising from the immune dysregula-
tion and the direct effect of HIV on the brain are indica-
tors for further research on the development of therapeutic
strategies targeting yd T-cell populations for maintenance
or repair of their integrity [15]. This strategy may help in
the neuroprotection, as well as in the dual treatment of HIV
and its resultant neuropsychiatric manifestations [16]. The
combination of immunology, neuropathology, and virology
leads to a crucial way for the proper interpretation of the
systemic outcomes of HIV and the development of more
powerful treatment strategies for people with HIV [15,16].

Prevalent challenges like viral resistance and strict ad-
herence to drug regimens persist, highlighting the ongo-
ing urgent need for in-depth research and innovation to en-
hance the quality of care for individuals living with HIV
[17]. The dysregulation of Gamma Delta T-cells and CD8+
T cells in the rich context of HIV infection unfolds intri-
cate immunological alterations with profound implications.
Gamma Delta T-cells, which are always distinct in their
and § chains, exhibit responsiveness to various cytokines,
notably implicated in the immune response against HIV
[18]. The V41 and V62 subsets undergo distinct changes,
with potential implications for disease progression. Par-
allelly, CD8+ T cells, essential in recognizing and elim-
inating virus-infected cells, face dysfunction induced by
chronic exposure to high viral antigen levels [18]. Ex-
haustion markers, like CTLA-4, give rise to impaired cyto-
toxicity and reduced effector molecule production, hinder-
ing their ability to control viral replication. Chronic HIV
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Fig. 2. Gamma Delta (v6) T-cells anti-tumor effect. v T-cells recognize tumor cells through T-cell receptors (TCRs) and Natural
Killer Cell receptors (NKRs), enabling direct killing via TNF-Related Apoptosis-Inducing Ligand (TRAIL), Fas Cell Surface Death Re-
ceptor (FAS), or granule exocytosis pathways. The targeting of tumor cells is enabled by vd T-cells through antibody-dependent cellular
cytotoxicity when they are treated with tumor-specific antibodies. Furthermore, ~é T-cells facilitate antitumor immune responses by
producing interferon-y (IFN-v) and exhibiting antigen-presenting cell functions. This activation subsequently triggers a8 T cells and
stimulates NK cells through the expression of 4-1BB ligand (4-1BBL). v T-cells promote dendritic cell (DC) growth and activation
through the action of IFN-~. Interleukin-15 (IL-15) and IL-2 potentiate the antitumor features of v T-cells, while PD-1 expression, Sol-
uble Molecules of Major Histocompatibility Complex Class I Chain-related Molecule A (sMICA) presence, or treatment with decitabine
and Histone Deacetylases (HDAC) inhibitors can dampen their killing capacity. Immune cell subsets like Treg cells and neutrophils
may inhibit antitumor 4§ T-cell functions through the production of IL-10, Transforming Growth Factor Beta (TGF/3), Arginase-1, and

reactive oxygen species (ROS). Created using Biorenders. https://www.biorender.com/.

infection further induces premature senescence of CD8+
T cells, fostering inflammation and immune compromise
[18]. NKCs, modulated by inhibitory and activating recep-
tors, exhibit dynamic changes in numbers and phenotypes
during HIV progression. Dysfunctional NKCs impact im-
mune responses by inhibiting the maturation of dendritic
cells, crucial for orchestrating effective immune responses.

Gamma Delta T-cells reveal multifaceted roles in brain
regulatory processes, brain infections, brain injury, autoim-
mune diseases, and brain tumors [18]. Here we highlight
the intricate interplay of various T-cell subsets and NKCs
in the context of HIV, emphasizing the need for targeted
therapeutic approaches to preserve immune function [18].

Dysregulation of Gamma Delta T-Cells and
CD8+ T cells

Part of what is allowing this HIV pandemic to persist
is its pathogenesis since the aggressive retrovirus intricately
impacts various lymphocyte subsets, with notable attention
to the dysregulation of Gamma Delta T-cells and CD8+ T
cells in its pathogenesis [19].

Gamma Delta T-cells, constituting a small fraction of
CD3+ T cells in peripheral blood, stand out by their distinc-
tive -y and §-chains, in stark contrast to CD4+ helper T-cells
and CD8+ cytotoxic T cells expressing a5 T-cell receptors
(TCRs) [19]. This unique characteristic enables rapid re-
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sponses to nonpeptide antigens, circumventing the need for
major histocompatibility complex (MHC) presentation or
antigen-presenting cells. Notably, these cells exhibit re-
sponsiveness to cytokines like interleukin-12 (IL-12), IL-
23, 1L-17, and IL-18 [19]. Additionally, vd T-cells exhibit
a complex anti-tumor immune response (Fig. 2).

Comprising two primary subsets, Vd1 T cells and V§2
cells, Gamma Delta T-cells undergo alterations in chronic
HIV infection, albeit in distinct ways. Research reveals
an increase in V&1 T cells and an inverted V§2:V41 ratio,
marking a substantial effect on CD3+ T cells [20]. The sig-
nificance of increased V&1 T cell levels in HIV progres-
sion is currently under investigation. In contrast, V42 cells
are frequently depleted, and their numbers do not fully re-
cover even with antiretroviral therapy (ART). Noteworthy
correlations exist between the immunodeficiency stage and
V62 cell depletion, especially in patients with opportunistic
infections or CD4+ count below 200 cells/mm?® of blood.
Importantly, those patients lacking detectable V49 chain
demonstrate a preferential reduction of V§2 cells contain-
ing the V49 chain in HIV infection [20]. Key research
efforts connected HIV investigations with the developing
comprehension of phosphoantigens and their influence on
~§ T-cell biology [21]. Poccia’s team [21] affirmed previ-
ous findings regarding V§2 cell reduction in HIV-infected
individuals and identified a disease-related “functional an-
ergy”’, marked by reduced proliferation and cytokine reac-
tions subsequent to mycobacterial antigen exposure [21].
Their analysis of V49V§2 TCR chains in HIV+ individu-
als revealed preserved diversity in the V42 cell chain reper-
toire. Contrary to expectations, spontaneous apoptosis did
not differ between HIV patients and uninfected controls
after in vitro phosphoantigen stimulation. Concurrently,
Malkovsky and colleagues validated the existence of func-
tional anergy in V42 T cells sourced from individuals with
HIV. They showcased diminished reactions to phosphoanti-
gen or the typical cell target, Daudi B cells [22]. Both stud-
ies highlighted a significant reduction, but not elimination,
of V62 T cells in HIV disease. These cells exhibited sub-
stantial deficiencies in phosphoantigen response, suggest-
ing anergy possibly induced by inappropriate in vivo acti-
vation. A separate investigation documented modified re-
sponses of yd T-cells to Salmonella typhimurium or Can-
dida albicans in HIV-positive individuals compared to con-
trol subjects. Notably, intact responses of V§2 cells to My-
cobacteria were observed solely in patients with CD4+ T
cell counts surpassing 500/mm?. Furthermore, V&2 cells
were found to be diminished in the bloodstream but ele-
vated in the liver in both HIV-positive and HIV-negative
patients afflicted with disseminated Mycobacterium avium
complex [20]. Furthermore, VJ1 cells showed an increase
in tissue sites among HIV patients, particularly in the liver
or bone marrow [23,24]. These distinct alterations in yd
T-cell subsets, both V42 and V§1 cells, emerged as charac-
teristic features of HIV disease.
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The literature explores the pivotal role of VAy9V§2 T
cells in responding to phosphoantigens produced by var-
ious pathogens, both in peripheral blood and lymphatics,
operating in an MHC-independent fashion [25]. These
cells contribute significantly to NK cell function and ac-
tivation through interaction with CD137+ expressed on
Gamma Delta T-cells. Additionally, Vy9V§2 T cells pro-
duce chemokines (Macrophage inflammatory protein-1 al-
pha (MIP-1«), MIP-1/3, and Regulated on Activation, Nor-
mal T Expressed and Secreted (RANTES)) proven to in-
hibit HIV replication in vitro by blocking the CCRS5 co-
receptor crucial for HIV entry [26]. Moreover, V02 T cells
can be recruited to HIV-infected dendritic cells, controlling
viral replication and reducing HIV transmission through
Chemokine Ligand 4 (CCL4) production. However, during
HIV, V2 cells exhibit a significant reduction in interferon-
~ (IFN-7) production, suggesting a potential mechanism of
VA9VE2 T cell anergy, an ongoing area of investigation
[27].

Beyond Gamma Delta T-cells, CD8+ T cells, or cyto-
toxic T lymphocytes (CTLs), play a pivotal role in HIV in-
fection by recognizing and eliminating virus-infected cells
through MHC class 1 molecules [28]. Nevertheless, HIV
has evolved strategies to evade the immune system, in-
ducing dysfunction in CD8+ T cells. Chronic exposure
to high viral antigen levels leads to CD8+ T cell exhaus-
tion, marked by upregulated inhibitory receptors like Cyto-
toxic T-lymphocyte-associated Antigen 4 (CTLA-4), Pro-
grammed Cell Death Protein 1 (PD-1), and Tim-3, inhibit-
ing T-cell proliferation and contributing to a state of exhaus-
tion where cells are less responsive to antigen presentation
[28]. Literature underscores that CD8+ T cells in HIV in-
fection often lose polyfunctionality, diminishing their ca-
pacity to produce multiple effector molecules simultane-
ously, significantly impacting their ability to control viral
replication [29]. Furthermore, HIV infection causes these
cells to exhibit impaired cytotoxicity, associated with re-
duced granzyme B and perforin expression [30].

Finally, Sauce et al. [29] illustrate that chronic HIV
infection contributes to premature senescence of CD8+ T
cells, leading to dysfunctional cells that do not multiply but
do not die as expected. This phenomenon results in signifi-
cant inflammation and immune compromise, further facili-
tating opportunistic infections later in the disease course of
HIV [29].

A comprehensive understanding of the dysregulation
of CD8+ T cells and Gamma Delta T-cells is imperative for
developing targeted therapeutic approaches aimed at pre-
serving immune function and improving outcomes for HIV-
infected patients [19,28,29].

By manipulating the isoprenoid metabolism within
cancer cells, the predominant VA9V§2 T cell subset found
in human peripheral blood, which responds to prenyl py-
rophosphates, is strategically redirected towards tumors
[30]. This redirection is achieved through the use of amino-
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bisphosphonates such as zoledronate, pamidronate, and
risedronate, which serve as structural analogues of prenyl
pyrophosphates containing an amino moiety. As a result,
aminobisphosphonates indirectly inhibit the activity of far-
nesyl pyrophosphate synthase (FPPS) within the meval-
onate pathway, resulting in the buildup of prenyl pyrophos-
phate substrates [31].

Neurological diseases have a strong association with
HIV infection and the CNS effect of this virus, which is
marked by conditions like HAND documented in references
[32]. In this case the reason why the dysregulation of CD8+
T cells kat v§ T-cells is significant is that these immune
cells are important for maintaining the balance between the
viral infections in the central nervous system [32]. vd T-
cells is a necessary part of the immunosurveillance of the
brain due to their unique function in ability to cross the
blood-brain barrier and their capacity to react to pathogens
irrespective of MHC [32]. This defense system may be hin-
dered by their dysregulation during HIV infection, increas-
ing susceptibility to opportunistic infections and neuroin-
flammation [32]. Similarly, the exhaustion and dysfunc-
tion of CD8+ T cells, exacerbated by chronic HIV expo-
sure, impair their ability to eliminate virus-infected cells
effectively, further facilitating the progression of neurolog-
ical damage [32]. This complex interaction between HIV-
induced immune dysregulation and CNS pathology shows
the urgent need for therapeutic strategies that target both
viral control and immune restoration to mitigate the neuro-
logical impact of HIV.

Over the past decade, endeavors to harness v T-cells
for cancer immunotherapy have unfolded, demonstrating
varying degrees of efficacy alongside an overall commend-
able safety profile. Recent trials investigating the anti-
cancer potential of zoledronate combined with low-dose IL-
2 yielded diverse outcomes. In renal cell carcinoma, the
combined treatment resulted in a slight increase in Vé2pos
cells initially, but this expansion diminished with repeated
cycles, ultimately failing to produce the desired response
[33]. Conversely, a separate study noted no discernible
response in patients with solid tumors (melanoma and re-
nal cell carcinoma). However, they observed a partial re-
sponse in acute myeloid leukemia patients, alongside an
unexpected rise in vascular endothelial growth factor lev-
els [34]. Notably, aside from grade 4 fever, no severe side
effects were observed. In a recent phase IV clinical trial
involving cancer-free subjects, it was found that the degree
of transient inflammation-related side effects triggered by
zoledronate treatment could be anticipated through ex vivo
assessments of IFN-v production by zoledronate-activated
peripheral blood cells [35]. Furthermore, repeated admin-
istration of zoledronate led to the diminishment of the cen-
tral memory subset of V49V§2 T cells in the blood, along
with a sustained decrease in their absolute count. This de-
pletion is attributed to peripheral blood neutrophils, which
ingest zoledronate and hinder T cell proliferation by gener-

ating hydrogen peroxide [36]. Additionally, recurrent ex-
posure to phosphoantigens (PAgs), whether accumulated in
response to aminobisphosphonates or stemming from an
accelerated mevalonate pathway, has the potential to in-
duce a differentiation shift in Vy9V§2 T cells, ultimately
resulting in functional exhaustion [37]. Consequently, zole-
dronate alone appears inadequate to mount an effective anti-
tumor response. Nevertheless, combining zoledronate with
chemotherapy has been demonstrated to enhance the sur-
vival of breast cancer and multiple myeloma patients in
multicenter studies [38,39].

Exploring the potential of ~¢ T-cells in neuro-
oncology, particularly for glioblastoma and other brain can-
cers, could revolutionize treatment paradigms. Adoptive
cell transfer (ACT) of these cells, tailored for the CNS, of-
fers a promising avenue for targeted, immunotherapy-based
strategies to combat neurologically focused malignancies.

The adoption of ACT, involving ex vivo expanded o
T-cells, emerges as a more promising therapeutic strategy
compared to utilizing zoledronate as a standalone treatment.
Two distinct research groups documented the re-infusion
of autologous phosphoantigen (PAg)-expanded Vd2pos T
cells in metastatic renal cell carcinoma cases [40]. Notably,
when T cells were infused with IL-2 alone, disease stabi-
lization was observed in 6 out of 10 patients, whereas infu-
sion with both IL-2 and zoledronate led to disease stabiliza-
tion in 5 out of 10 cases and 1 complete response. However,
due to the limited number of patients in both studies, the ap-
parent superior efficacy of combining IL-2 and zoledronate
may have been coincidental. Moreover, in cases where cells
expanded with IL-2 and zoledronate were infused without
further exogenous stimulation, a partial response was ob-
served in 3 out of 10 patients with diverse solid tumors [41].
Given that these patients underwent chemotherapy along-
side adoptive cell transfer (ACT), the noted response could
potentially be attributed to the additive or synergistic effect
of the combined therapy.

Similar effects were also observed by Nicol et al.
[42], with complete and partial responses seen in patients
receiving both cell infusion and chemo/hormone therapy.
Nonetheless, the limited and heterogeneous patient cohorts
in these studies, encompassing variations in cancer type,
additional therapy, and T cell infusion composition, pose
challenges in accurately delineating the clinical impact of
~v6 T-cells.

The utilization of ACT involving v§ T-cells, in con-
junction with other cytotoxic cell types, has demonstrated
enhanced efficacy when combined with radiofrequency ab-
lation [43]. While these trials primarily utilized patients’
autologous peripheral blood T cells for ACT, the functional
capacity of autologous T cells may be substantially compro-
mised in certain instances [44]. A recent investigation by
Wilhelm et al. [44] demonstrated significant clinical effi-
cacy by infusing patients with a v§ T-cell product obtained
from haploidentical donors, resulting in complete regres-
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sion observed in 3 out of 4 patients with advanced hema-
tological malignancies [45]. The donor-derived 4 T-cells
persisted for 28 days and underwent in vivo expansion in
response to exogenous IL-2 and zoledronate. Additionally,
it has been shown that infused 4§ T-cells can persist for an
extended duration without IL-2 supplementation, possibly
relying on endogenous IL-15, while exogenous IL-18 can
act as a potent co-stimulator of v T-cell proliferation [46—
48].

Despite boasting a commendable safety profile, the
clinical performance of v T-cell therapy has been mod-
est thus far [49]. The anticipated discoveries related to the
diverse ligands recognized on tumor cells by the Vi2neg
T cell subset are expected to advance our comprehension
of the mechanisms underlying these cells. This, in turn, is
projected to broaden our capacity to effectively utilize these
mechanisms for immunotherapy.

When it comes to AIDS, the dysregulation of ~vd T-
cells gains particular significance given their potential duty
in combating CNS tumors, such as primary CNS lym-
phoma, a common AIDS-related malignancy [50]. As a re-
sult, the unique immunological challenges posed by HIV
could impair v T-cells’ anti-tumor efficacy within the
CNS, underscoring the urgent need for research into en-
hancing their function to provide a dual benefit of managing
HIV and its oncogenic manifestations in the brain [51].

Dysregulation of Natural Killer Cells and
Dendritic Cells

Moreover, NKCs play crucial roles in both adaptive
and innate immunity, contributing to protection against
tumors and viral infections in an antigen-nonspecific
manner [52]. The two predominant NKC subtypes,
CD56bright/CD16- and CD56dim/CD16+, exhibit distinct
functions. The former is associated with regulatory func-
tions, releasing tumor necrosis factor-alpha (TNF-«) and
interferon-v, while the latter, being more abundant, is pri-
marily responsible for cytotoxic activity and interferon-y
secretion upon activation [53]. The cytotoxic function of
NKCs involves the destruction of cells lacking major histo-
compatibility complex class I (MHC-I) molecules on their
surface [54]. NKC function is modulated by Natural Killer
Cell receptors (NKRs), acting as inhibitory (iNKRs) or acti-
vating (aNKRs) stimuli. iNKRs prevent the killing of nor-
mal healthy cells, whereas aNKRs stimulate apoptosis in
infected cells by detecting the absence of MHC-I expres-
sion [55].

In the context of HIV-1 infection, NKC homeosta-
sis undergoes dynamic changes with disease progres-
sion. Initially, there is a reported increase in NKC num-
bers to compensate for the viral load, with a specific
rise in the CD56dim/CD16+ subset and a decrease in
CD56bright/CD16-, potentially aiding in the clearance of
infected cells [55]. However, during chronic stages, NKC
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numbers and frequency normalize while the phenotypes of
the cells undergo marked alterations. There is an overall in-
crease in the reportedly dysfunctional CD56—/CD16+ sub-
type and a decrease in the CD56dim/CD16+ subset. The
CD56-/CD16+ cells express high levels of iNKRs and low
levels of aNKRs, contributing to the dysregulation of NKC
activity [54].

Furthermore, there is a documented decrease in sev-
eral activating NKC receptors, including Natural Killer Pro-
tein 30 (NKp30), NKp44, NKp46, and Natural Killer Group
2D (NKG2D), responsible for mediating the natural killer
response to viral infection. The loss of receptor expression
is suggested as one of several mechanisms leading to a com-
promised clearance of HIV-1 infected cells [56].

Beyond direct effects on NKCs, dysregulated NKC
activity extends to inhibit other immune cells, thereby hin-
dering overall immune system activity. CD56-/CD16+
NKCs fail to secrete crucial cytokines, such as interferon-
v, tumor necrosis factor-alpha (TNF-«), and granulocyte-
macrophage colony-stimulating factor. This failure dis-
rupts the induction of dendritic cell maturation, a subset of
antigen-presenting cells responsible for mobilizing immune
responses. Consequently, there is an increase in immature
dendritic cells, unable to secrete regulatory cytokines such
as interferon-alpha, leading to an inability to clear HIV-
infected CD4+ T cells and allowing the disease to progress
to chronic stages [53].

NKCs exhibit unique functions in the context of HIV,
and their dysregulation poses challenges for the immune
system in clearing infected cells. Consequently, NKCs re-
main a potential target for antiviral and targeted therapies,
with potential strategies ranging from leveraging the mem-
ory response possessed by NKCs to enhancing their cyto-
toxic activity [57,58].

In 2022, a study by Kim et al. [58] illustrated how al-
logeneic human peripheral blood NK cells effectively pro-
longed the delay of viral rebound after ART interruption in
HIV-infected humanized mice. Their approach involved a
“kick and kill” strategy, where a single administration of the
Protein Kinase C (PKC) modulator SUW 133 served as the
kick, while NK cells acted as the killing agent [58]. This
approach not only delayed viral rebound but also reduced
the diversity of rebounding viral clones and eradicated in-
fected cells harboring productive virus from the splenocytes
of a subset of HIV-1-infected humanized mice [58]. Al-
logeneic NK cells, renowned for their robust alloreactivity
against leukemic cells, have been safely utilized in patients,
with ongoing exploration of their potential against infec-
tious diseases, including COVID-19, through clinical trials
[59,60]. While allogeneic NK cells have yet to be clini-
cally employed against HIV infection, studies indicate their
promise, supported by Killer Cell Immunoglobulin-like Re-
ceptors (KIR) and Human Leukocyte Antigen (HLA) mis-
matches correlating with protection against HIV transmis-
sion and in vitro inhibition of HIV infection by allogeneic
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NK cells [61]. Kim et al. (2022) [58] emphasized the
effectiveness of allogeneic NK cells from human periph-
eral blood, particularly when combined with the latency-
reversing agent (LRA) SUW133 in a kick and kill approach
targeting the HIV reservoir. The selection of SUW133 as
the LRA in the study builds on previous evidence showcas-
ing its ability to activate CD4+ T cells and reverse latency in
vivo [62]. The synthetic analog SUW 133, a viable alterna-
tive to bryostatin with scalable Guanosine Monophosphate
(GMP) synthesis, induced increased CD69+ expression on
CD4+ T cells in vivo, as observed in mice treated with
SUW133 alone or in combination with NK cells [63,64].
Monitoring viral loads post-ART interruption revealed that
SUW133 alone delayed rebound viremia for two to four
weeks, albeit eventual rebound occurred, underscoring the
necessity for a killing agent such as NK cells in a sustained
kick and kill approach [63]. The timing of NK cell in-
jections proved crucial, with NK cells demonstrating ef-
ficacy when administered after ART interruption, hinder-
ing or eradicating reactivating latently infected T cells be-
fore viral dissemination to new target cells could occur [58].
This stands in contrast to NK cells alone, administered dur-
ing ART suppression, which failed to significantly delay vi-
ral rebound, indicating their role as a kick in augmenting
HIV-expressing target cells in vivo [58]. Additionally, the
reduced basal immune activation state observed in TKO-
BLT mice could influence NK cell recognition of sponta-
neously activating latently infected cells during ART [58].
Kim et al. (2022) [58] highlighted the potential of allo-
geneic NK cells and SUW133 in a strategic kick and kill
approach to tackle the challenges posed by HIV reservoirs
and viral rebound following ART interruption.

Dysregulation of T Cells and Neurological
Disease Process

The Rule of Gamma Delta T-Cells in Brain
Regulatory Processes

Another subset of cells, v T-cells, which are part of
the innate immune system, are significantly involved in the
neurological disease process. Numerous studies have elu-
cidated the role of vé T-cells, particularly focusing on their
function as receptors for heat shock protein 70 (HSP70) in
the context of human multiple sclerosis (MS) [65]. Notably,
these cells have shown potential cytotoxicity towards brain
cells, as indicated by the expression of HSP70 in oligoden-
drocytes, post-ischemic neurons, and microglia following
heat exposure [66]. Different types of v0TCRs (Gamma
Delta T-cells Receptors) are expressed in various brain re-
gions, and while healthy normal CNS tissue contains v§ T-
cells, their expression of low CD45RB levels suggests a po-
tential role as meningeal IL-17A-producing cells [67].

Given the virus’s documented impacts on neurologi-
cal function and structure, the complex regulatory activities
of vd T-cells within the CNS provide a fascinating intersec-
tion with HIV/AIDS neurology [68]. HIV/AIDS may cause

significant changes to the neuroprotective and regulatory
roles of vd T-cells, which could worsen the development of
HAND [69]. The immune system’s regular monitoring and
protective processes of vd T-cells in the brain may be dis-
rupted by the virus, making the brain more vulnerable to op-
portunistic infections and neuroinflammation—two char-
acteristics of hand—and increasing the risk of developing
other infections [70]. Furthermore, vd T-cells’ ability to
regulate neuroinflammatory responses indicates their po-
tential as therapeutic targets to lessen HIV’s neurodegen-
erative repercussions. Further study at that connection is
necessary to uncover innovative techniques for maintaining
neurological health in HIV-positive persons by understand-
ing how HIV modulates v§ T-cell activities inside the CNS
[71].

Contrary to the belief that vd T-cells do not exist in
the normal healthy CNS parenchyma, a significant number
is found in the meninges, particularly IL-17A-producing
cells, influencing anxiety-like behaviors in mice [72]. The
meningeal y0 T-cells, although non-proliferative and not
self-renewing, produce IL-17 under steady conditions, pos-
sibly reliant on TCR signaling and signals from commen-
sal microbes. Although the mechanism by which cytokines
from the meninges reach the brain parenchyma remains un-
certain, IL-17A directly affects excitatory neurons in the
medial prefrontal cortex [73].

Regarding memory-related functions, the deficiency
of vd T-cells does not affect certain behaviors but results in
impaired short-term spatial working memory, which is de-
pendent on IL-17A [74]. IL-17A then signals to glial cells,
triggering the production of brain-derived neurotrophic fac-
tor (BDNF), which may have implications for long-term po-
tentiation during the formation of short-term memory. The
sensitive interaction between immune signaling and neuro-
plasticity is highlighted by the BDNF modulation mediated
by IL-17A [75]. Additionally, it implies that v T-cells are
crucial for the cognitive functions of the brain. For instance,
increasing 4 T-cell activity and their IL-17A production
may help reduce symptoms in Alzheimer’s disease models
where cognitive loss is evident by increasing BDNF levels
and maintaining neuronal health [76]. Therefore, focusing
on the v§ T-cell-IL-17A-BDNF axis offers a novel approach
to preventing memory impairments and preserving cogni-
tive skills, making it a prospective therapeutic intervention
route in neurodegenerative illnesses [77].

Maternal IL-17A plays a pivotal role in progeny be-
havior, as evidenced by observations in a poly I:C-induced
maternal immune activation (MIA) model, which leads to
autism-like behavior in offspring [78]. Despite the absence
of IL-17A expression in the fetal brain, CD4+ T cells are
identified as significant IL-17A producers, influenced by
factors such as maternal microbiota and dietary salt intake
[79,80]. Maternal salt intake induces abnormal behaviors
in offspring, underscoring the impact of maternal CD4+ T
cell-derived IL-17A on cognitive functions. The potential
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involvement of v T cells in MIA-induced behaviors and
cognitive dysfunction amid environmental changes remains
a topic warranting further investigation.

Role of Gamma Delta T-Cells in Brain Infections

Microbial infections, such as toxoplasma and malaria,
can induce neuroinflammation and impact neurological
symptoms. In toxoplasma infection, IL-6 deficiency cor-
relates with increased brain cysts and necrosis, with IL-6
knockout mice displaying altered T cell populations, sug-
gesting a potential role for v T-cells in inflammation [81].
Similarly, Plasmodium yoelii infection induces brain in-
flammation, and 4 T-cells, particularly IL-2-mediated in-
filtration, play a critical role in susceptibility to infection
[82]. ~é T-cell deficiency is also linked to reduced pathol-
ogy in intracranial mesocestoides corti-mediated neurocys-
ticercosis [83].

Given that v T-cells are involved in immune control
and brain infections, investigating the relationship between
these cells and HIV/AIDS in the context of neurology is cru-
cial [84]. Because HIV might disrupt immune system func-
tions, such as vd T-cell activity, there is a chance that neu-
roinflammation will worsen, and the central nervous sys-
tem will become more susceptible to opportunistic infec-
tions [84]. This underscores a distinct facet of HIV’s influ-
ence on neurological well-being, indicating that v§ T-cell
dysregulation may heighten the intensity of HAND [84].
Gaining further insight into this connection may open the
door for tailored treatments meant to reduce HIV’s neuro-
logical effects by improving or regaining v T-cell activity
in the central nervous system.

Following West Nile virus (WNYV) infection, y§ T-
cell infiltration occurs, with Vy1+ and V~4+ cells be-
ing predominant producers of IFN-y and TNF-«, respec-
tively. Aging increases Vy4+ cells but reduces Vy1+ cells,
and V~4+ cells also produce IL-17A post-WNV infection
[85,86]. In oral herpes simplex virus type 1 (HSV-1) in-
fection, v T-cells are crucial in limiting viral spreading in
the trigeminal ganglia, particularly in susceptible BALB/c
mice [87].

The Epstein-Barr virus (EBV), often linked to MS,
demonstrates a notable prevalence in longitudinal analy-
ses. Antibodies derived from clonally expanded B cells
in MS have been discovered to target EBV Epstein-Barr
nuclear antigen 1 (EBNA1) and CNS-derived Glial CAM
protein [76]. The presence of EBNA1/GlialCAM anti-
bodies is linked to severe MS. Moreover, ~vd T-cells have
exhibited cytotoxicity against EBV-infected cells in vitro,
indicating a potential role in EBV-mediated MS [88-90].
Additionally, vé T-cells exhibit a strong association with
cytomegalovirus (CMV) infection. Considering the con-
nection between herpesviruses and neurodegenerative dis-
eases, 70 T-cells may play a pivotal role in preventing neu-
rological disorders associated with CNS viral infections
[91-94].
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~§ T-cells play an integral part in the defense against
brain infections, as shown by their response to the Zika
virus (ZIKV), which also involves fighting viral encephali-
tis [95]. Studies reveal that vd T lymphocytes have a vital
function in managing ZIKV infection and reducing related
brain impairment, including microcephaly in infants and
Guillain-Barré syndrome in adults [95]. These cells identify
neural progenitor cells that are infected and release IFN-~
to prevent viral multiplication in the central nervous sys-
tem. This activity demonstrates the wider ramifications of
the antiviral properties of vd T-cells, emphasizing their sig-
nificance in protecting the nervous system against many in-
fections [95]. The ability of v T-cells to navigate between
immune surveillance and neuroprotection illustrates their
potential as therapeutic targets for enhancing the CNS’s re-
silience to infections, including those exacerbated by HIV-
induced immune compromise [95].

Gamma Delta T-Cells and Brain Injury

Following ischemic injury, vd T-cells infiltrate the
brain parenchyma, playing distinct roles in inflammation.
CD4+ T cells stimulate TNF-a production by means of
IFN-~, whereas vd T-cells, via IL-17A, foster neutrophil
infiltration. The combined action of IL-17A and TNF-
« synergistically triggers astrocyte-mediated C-X-C Mo-
tif Chemokine Ligand 1 (CXCL1) expression, thereby am-
plifying neutrophil infiltration [96,97]. Microbiota, influ-
encing 9 T-cell activation, regulates outcomes of ischemic
stroke. IL-17A from ~d T-cells exacerbates stroke pathol-
ogy, while antibiotic-induced reduction of «d T-cells leads
to better outcomes [98]. Notably, infiltrating V~4+ or
V~6+ cells express IL-17A, and CCR6 appears crucial for
their migration [99,100].

In a NalOs-mediated retinal pigment epithelium in-
jury model, v9 T-cells demonstrate a regulatory role by pro-
ducing IL-4 and IL-10 in an AhR-dependent manner, miti-
gating injury [101]. Perinatal brain injury, impacting neu-
rophysiological maturation, is associated with increased ¢
T-cells expressing IL-17A and VEGF-A due to the presence
of gut microbiota, Klebsiella [102].

Research conducted by Cugurra A et al. [102] in-
dicates that the skull bone marrow contributes myeloid
cells and B cells to the meninges and parenchyma, which
may potentially influence the progression of brain injuries
[103,104]. Although T cells are considered peripheral
blood-derived, experimental exploration is needed to clar-
ify potential de novo development of ~v§ T-cells in skull
bone marrow or meninges [102]. Furthermore, vd T-cells
play a role in bone regeneration after injury via IL-17, sug-
gesting a potential regulatory role in skull regeneration fol-
lowing brain injury [105].

The dysregulation of v§ T-cells in HIV/AIDS is criti-
cally relevant to neurological outcomes, as these cells play a
vital role in the CNS’s immune surveillance and response to
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infections [68]. In HIV-infected individuals, compromised
~6 T-cell function could exacerbate susceptibility to CNS
opportunistic infections and contribute to the development
of HAND [68]. This highlights the intersection between
HIV-induced immune dysregulation and neurologic com-
plications, underscoring the importance of understanding
and targeting vd T-cell function within the CNS to mitigate
the neurologic impact of HIV/AIDS.

HIV’s invasion of the brain represents a critical as-
pect of its pathology, leading to HAND. The virus’s abil-
ity to cross the blood-brain barrier and infect microglial
cells results in chronic inflammation and neuronal damage
[68]. ~6 T-cells, key players in the immune response to
brain injuries, could potentially influence the progression
of HAND by modulating the inflammatory milieu within
the CNS. Their role in neuroinflammation suggests that
dysregulation or impairment in HIV could exacerbate neu-
ronal damage [68]. Understanding the dynamics of ~d T-
cells in the context of HIV brain infection could unveil
novel therapeutic targets to alleviate or halt the progres-
sion of HAND, emphasizing the need for comprehensive
research into their specific functions and mechanisms of ac-
tion within the HIV-infected brain.

Gamma Delta T-Cells and Autoimmune Disease in

CNS

~6§ T-cells derived from human peripheral blood have
demonstrated the ability to ex vivo eliminate freshly derived
human brain oligodendrocytes, indicating a potential role
in the progression of MS [106]. These cells have been de-
tected in plaques and cerebrospinal fluid (CSF) of individ-
uals with MS, further suggesting their involvement in the
disease [107]. Moreover, in patients with recent-onset MS,
highly activated oligoclonal «¢é T-cells have been observed,
suggesting their expansion due to MS antigens and their role
in initiating MS pathology [107].

Utilizing a murine experimental autoimmune en-
cephalomyelitis (EAE) model, the administration of anti-
~6TCR (UC7-13D5) exacerbated EAE pathology, empha-
sizing the regulatory role of 7 T-cells in disease progres-
sion through TCR signaling inhibition [108,109]. Some
other murine EAE studies associated v T-cells with IFN-vy
levels, while early IL-17A production from ~yé T-cells in-
fluenced later T helper 17 (Th17) cell activation, indicating
heterogeneity in their role in MS or EAE [110,111].

Further inquiry is necessary into the complex func-
tion of y9 T-cells in the context of HIV and its neurological
manifestations, especially considering the virus’s tendency
to impact the CNS and cause HAND [112]. Research into
the immunomodulatory properties of ~vd T-cells, their par-
ticipation in viral infection management, and their possible
neuroprotective activities is essential to comprehending and
reducing the consequences of HIV on the brain [112]. This
investigation may provide new targets for treatment that use
the special capacities of vd T-cells to improve CNS immu-

nity and stop or lessen the severity of HAND, filling in a
significant knowledge vacuum on how HIV affects brain
function.

Analysis of human samples has revealed the presence
of Vi1+ cells in both the blood and CSF of patients with
MS, while V§2+ T cells have exhibited potent cytotoxicity
against oligodendrocytes [113]. Long-term treatment with
IFN-3 in MS patients has been associated with the expan-
sion of V§1-V§2-V~9-v§ T-cells, a phenomenon correlated
with improved outcomes in MS [114]. In a murine model
of EAE, 7§ T-cells have been observed infiltrating the brain
parenchyma via integrin beta 2, with a subsequent reduc-
tion in expression following infiltration [115]. Further-
more, gut-derived Lactobacillus acidipiscis has been found
to influence V~4+ and Vy1+ cells, potentially exerting op-
posing effects that impact the outcomes of EAE [116].

Opposing roles have been identified for IFN-v-
producing and IL-17A-producing ~v¢é T-cells, as evidenced
by the exacerbation of EAE in mice deficient in IFN-v or
its receptor [117,118]. Investigating the contribution of
meninges-derived IL-17A or V~6+ cells in murine EAE
models would be an intriguing avenue of research. Ad-
ditionally, 70 T-cells have been implicated in the pathol-
ogy of Rasmussen’s encephalitis (RE), with clonal expan-
sion of V§1+ cells observed in the parenchyma of RE pa-
tients. Microglial activation via Toll-like receptors (TLRs)
may trigger multiple CNS inflammations by enhancing IL-
17A-producing vd T-cells through the action of IL-1 and
IL-23 [119,120]. In HIV infection, the brain becomes a
critical battleground where the virus and immune response
intersect, leading to complex neurological outcomes. The
unique role of v T-cells in brain infections underscores
their potential impact on HAND [121]. Given their abil-
ity to penetrate the blood-brain barrier and mediate immune
responses, dysregulation of vé T-cells in HIV could con-
tribute significantly to the pathogenesis and progression of
HAND [112]. Understanding how HIV affects 6 T-cell
function within the CNS is essential for developing targeted
therapies aimed at mitigating the neurocognitive decline as-
sociated with HIV, highlighting the need for research fo-
cused on the interplay between HIV, 4 T-cells, and brain
health.

It is typical of HIV and the CNS interaction to present
a labyrinthine entanglement with autoimmune diseases,
where the immune system’s response to the virus uninten-
tionally causes neurological damage [121]. o T-cells, be-
ing an immune system’s unique actor, are suggested to me-
diate both neuroprotection and neuroinflammation. Here,
in the context of HIV, the cells show a response that is quite
similar to autoimmune disorders such as MS, which means
that they target brain-originated cells primarily [121]. Iden-
tifying the complete impact of HIV on the 4§ subset of T
cells and its performance in CNS can add real value to the
understanding of the mechanism involved in the appear-
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ance of HAND which highlights common grounds in viral-
induced and autoimmune responses in the brain [121].

The dysregulation of «v§ T-cells in HIV-infected indi-
viduals might mirror the pathological processes seen in au-
toimmune diseases of the CNS, offering a novel perspective
on HAND’s pathogenesis [121]. The virus’s unchallenged
ability to trigger inflammatory cascades and alter the CNS’s
immunological environment could lead to an imbalance in
~v0 T-cell activities, exacerbating neurodegenerative pro-
cesses [121]. Exploring the parallels between HIV-induced
CNS changes and autoimmune CNS diseases could unveil
new therapeutic targets aimed at modulating vd T-cell re-
sponses to mitigate the detrimental effects of HIV within
the brain, ultimately improving outcomes for individuals
suffering from HIV-related neurological complications.

Gamma Delta T-Cells and Brain Tumor

~6 T-cells are increasingly recognized for their signif-
icant role in various tumors, displaying a correlation with
improved prognosis among tumor-infiltrating immune cells
[122]. Within the tumor microenvironment, distinct subsets
of v§ T-cells, classified into IL-17A-producing and IFN-
~v-producing cells, exhibit diverse functions [123]. IFN-
~v-producing cells generally possess cytotoxic properties,
while IL-17A-producing cells tend to promote a protumor
environment, as evidenced in murine tumor models [124].
Research findings have unveiled a correlation between ¢
T-cells and prolonged survival in patients with brain tu-
mors, particularly high-grade glioma (HGG), which con-
trasts with the inverse relationship observed in a3 T cells
[125]. In a murine model of HGG, the depletion of NK
cells, vé T-cells, CD8+ T cells, or CD4+ T cells did not
affect the survival of mice bearing HGG [126]. Hypoxia
has been identified as a factor positively correlated with in-
creased glioma grade and negatively impacting the infiltra-
tion of «vé T-cells [126]. Metformin, known for inhibiting
tumor cell respiration, has been shown to alleviate hypoxia-
induced suppression of yd T-cells, thereby restoring their
anti-tumor functions. While IL-17A and IL-17F did not
exhibit a correlation with HGG survival, the essential role
of NKG2D expression on IFN-vy-producing v T-cells in
anti-HGG immunity has been established [126]. NKG2D-
expressing 9 T-cells have been recognized as critical im-
mune cells in the HGG microenvironment [126]. Further-
more, administration of anti-ydTCR antibodies has been
found to neutralize the antitumor functions mediated by ~d
T-cells, suggesting the involvement of vdTCR in anti-HGG
immunity [127]. The simultaneous engagement of ydTCR
and NKG2D is crucial, potentially elucidating why other
NKG2D-expressing cells, such as NK cells, did not respond
to metformin treatment [128].

Considering their potential, v T-cells are considered
promising targets for next-generation anti-brain tumor ther-

apy [129].
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Glioblastoma (GBM), recognized as the most preva-
lent and aggressive malignant brain tumor, presents a
formidable challenge to conventional therapies, with pa-
tients typically facing a median overall survival of 1-2
years [129]. Despite the emergence of immunotherapy op-
tions such as anti-PD-1 therapy, clinical trials investigat-
ing GBM treatments have yielded discouraging outcomes
[130]. The immune landscape of the GBM microenviron-
ment, often described as a “cold tumor” due to reduced
neoantigen presence and immune cell infiltration compared
to “hot tumors”, may account for these setbacks [131]. ~v§
T-cells have emerged as a promising alternative target for
anti-GBM therapy [131]. The preferential infiltration of
VA9VH2 T cells observed in GBM patient tissues further
emphasizes their potential [ 132]. There has been a surge of
interest in adoptive cell therapy; however, the efficacy of in
vitro expanded conventional T cells remains limited, possi-
bly due to factors such as the low mutational and neoanti-
gen burden, as well as downregulated antigen processing,
which contributes to GBM immune evasion [133,134]. In
vitro studies have spotlighted the cytotoxic prowess of v T-
cells against various GBM cells while sparing normal brain
cells [135]. Notably, Vy9V§2 T cells have demonstrated
an ability to target glioma stem cells, effectively manag-
ing Glioma Stem Cell (GSC)-derived brain tumors in an-
imal models. However, injections of splenocyte-derived
~§ T-cells failed to extend the survival period of immuno-
competent GL261-bearing mice, and v T-cell deficiency
did not impact mouse survival [126]. When it comes to
HIV infection, the immune system’s compromise can lead
to an increased susceptibility to various cancers, including
CNS tumors such as primary CNS lymphoma, which is no-
tably more prevalent among HIV-positive individuals. The
unique properties of v T-cells, including their potential to
infiltrate tumor microenvironments and exert cytotoxic ef-
fects, could be particularly relevant for targeting such HIV-
associated brain tumors. Given their role in modulating im-
mune responses within the CNS, enhancing the function or
presence of vd T-cells could offer a novel therapeutic strat-
egy for managing or even preventing the development of
brain tumors in HIV-infected patients. This approach could
be especially beneficial considering the challenges posed
by the immunosuppressed status of these individuals, high-
lighting the need for innovative treatments that leverage the
anti-tumor capabilities of vd T-cells within the context of
HIV-related immunodeficiency. These findings indicate a
high rate of apoptosis among ~vé T-cells within the GBM
microenvironment, which corresponds to the concept that
tumor hypoxia plays a role in inducing apoptosis in these
cells [131]. Integrating & T-cell therapy with strategies
aimed at counteracting hypoxia or employing supplemen-
tary approaches such as metformin and Hypoxia Inducible
Factor 1 Subunit Alpha (HIF1A) inhibitor pretreatment sub-
stantially enhances the survival rates of mice bearing tu-
mors [136]. In addressing cell death induced by chemother-
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apy, the utilization of engineered 0 T-cells resistant to
chemo/radiotherapy presents a viable alternative approach
[137]. Allogenic v T-cell therapy, not relying on MHC-
mediated antigen presentation, holds distinct advantages
and is anticipated to be a “game changer” in tumor therapy,
including GBM [138].

GSH Depletion Related HIV Progression and T
Cell Dysfunction

Preventing said tumors also depends on inhibiting
HIV progression, and achieving this heavily relies on a
tripeptide known as Glutathione (GSH). The AIDS model
induced by the Lymphoproliferative-Bone Marrow 5 (LP-
BMS5) murine leukemia virus serves as a valuable tool for
researchers investigating the immunopathogenesis of HIV,
shedding light on various cellular factors and agents that
contribute to prolonging host immunocompetence [139].
Among the endogenous tripeptide agents, GSH, consisting
of gamma-glutamyl-cysteinyl-glycine, emerges as a crucial
player, demonstrating efficacy in innate cell-mediated de-
fense and detoxification against oxidative stressors [140].
The expression of GSH significantly influences the devel-
opment of T helper cells, leading to a delicate balance be-
tween Th1 and Th2 cell subtypes, ultimately impacting host
immunocompetence.

Research by Dobashi et al. [141] reveals that ele-
vated GSH levels contribute to an increase in interleukin-
12 (IL-12), a cytokine crucial for differentiating progen-
itor T-cells into the Thl subtype. This Thl cell domi-
nance results in elevated interferon-y (IFN-v) production,
essential for macrophage activation, and increased IL-2
production [141]. This inhibits Th2 production, thus pro-
moting Th1 cell proliferation and enhancing macrophage-
mediated pathogen phagocytosis [141]. HIV-infected pa-
tients with decreased GSH levels exhibit diminished IL-12
levels, leading to preferential Th2 cell activation, poten-
tially compromising the host’s protection against intracel-
lular pathogen invasion. This Th2 bias triggers an adaptive
immunoglobulin response mediated by IL-4, IL-5, IL-6, IL-
9, IL-10, and IL-13 [141]. This suppressed Thl immune
response is observed in various immunocompromising in-
fections, including HIV, Leishmania, and Mycobacterium
tuberculosis [142].

Brundu et al. [143] found that injection of LP-BM5
murine leukemia virus into mice induces AIDS and reduces
GSH quantities in lymphoid organs, spleen, lymph nodes,
pancreas, and brain acutely 5 weeks post-infection. This de-
crease correlates with a pronounced Th2 immune response,
as indicated by cytokine responses. Treatment with N-(N-
acetyl-l-cysteinyl)-S-acetylcysteamine (I-152), a supplier
of N-acetyl-cysteine, replenishes cysteine levels and re-
stores GSH levels in organs. This restoration enhances
Thl-mediated interferon-y production and decreases Th2-
mediated IL-4 and IL-5 cytokines, rebalancing the Th1/Th2
response to infection [143].

Furthermore, Herzenberg et al. [144] demonstrate a
marked reduction in GSH levels in CD4+ T cells of HIV
patients, suggesting a potential association with reduced pa-
tient survival rates by 2—-3 years. Their research underscores
GSH deficiency as a determinant of survival, as oral admin-
istration of the GSH pro-drug N-acetylcysteine leads to im-
proved clinical outcomes [144]. This highlights the thera-
peutic potential of targeting GSH levels to enhance immune
responses and improve clinical outcomes in HIV patients.

Staal et al. (1992) [145] previous work established the
crucial role of intracellular GSH in modulating HIV tran-
scription and replication in vitro, emphasizing its influence
on signal transduction by inflammatory cytokines. Further
elaborating on this, detailed multiparameter fluorescence-
activated cell sorting (FACS) investigations highlight a sig-
nificant reduction in relative GSH levels within CD4+ and
CD8+ T cells among HIV-positive individuals in compar-
ison to uninfected counterparts [145]. This study, encom-
passing 134 HIV-infected subjects and 31 uninfected con-
trols, sheds light on distinct intracellular GSH concentra-
tions across various immune cell subsets, including CD4+
T cells, CD8+ T cells, B cells, and monocytes. Particularly
noteworthy is the marked decline in intracellular GSH lev-
els observed within T cell populations, particularly among
individuals in advanced stages of HIV infection. In patients
with AIDS, GSH levels decrease to 63% of normal levels
in CD4+ T cells and 62% in CD8+ T cells Similarly, those
with AIDS-related complex (ARC) exhibit GSH levels at
66% of normal in CD4+ T cells and 69% in CD8+ T cells
[145]. These findings underscore the potential significance
of low intracellular GSH levels as a contributing factor to
HIV infection and ensuing immunodeficiency.

The critical role of GSH depletion in the progression
of HIV and its impact on T-cell dysfunction bridges a vi-
tal gap in understanding HIV-associated immunodeficiency
and its systemic effects, particularly in the CNS [146].
GSH, a potent antioxidant, is instrumental in maintain-
ing immune cell function and preventing oxidative stress,
which is exacerbated by HIV infection [146]. The reduction
of GSH levels in HIV-infected individuals compromises the
immune system’s ability to combat the virus and contributes
to the deterioration of neurological functions, highlighting
a direct link between systemic immunodeficiency and neu-
rocognitive disorders such as HAND [146]. By targeting
GSH replenishment, therapeutic strategies could not only
improve immune competence but also potentially mitigate
the neurodegenerative impact of HIV, offering a dual ap-
proach to managing the disease. This underscores the im-
portance of GSH in the broader context of HIV pathogene-
sis, emphasizing the need for interventions that address both
the systemic and neurological manifestations of HIV [146].
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Discussion

This project presents a holistic exploration of the
HIV disease process and the dysregulation of immune cell
subsets, specifically Gamma Delta T-cells, CD8+ T cells,
and NKCs. Advancements in antiretroviral therapies have
transformed HIV into a manageable chronic disease; how-
ever, challenges persist, necessitating ongoing research and
innovation. Examining the dysregulation of Gamma Delta
T-cells and CD8+ T-cells reveals alterations in subsets like
Vi1l and V42 cells, highlighting challenges in maintain-
ing effective immune responses during chronic HIV in-
fection. The study emphasizes the need for targeted ther-
apeutic approaches to preserve immune function and en-
hance outcomes for HIV-infected individuals. Simultane-
ously, the investigation into the multifaceted roles of ~yd
T-cells in neurological processes provides novel insights,
challenging conventional beliefs about their presence in the
CNS parenchyma. The study underscores the pivotal in-
volvement of v T-cells in neuroinflammation, infection
responses, autoimmune diseases, and brain tumors, posi-
tioning them as promising anti-tumor agents, particularly in
glioblastoma. Moreover, the exploration of GSH depletion
in HIV progression emphasizes its impact on T-cell dys-
function. Targeting GSH levels presents a promising strat-
egy to enhance immune responses in HIV patients.

Emerging research suggests the potential of leverag-
ing the microbiome to modulate immune responses, includ-
ing 0 T-cell activity, in HIV-infected individuals. This
novel approach could offer dual benefits: enhancing gut
barrier integrity to reduce systemic inflammation and di-
rectly influencing CNS health to mitigate neurocognitive
impairments associated with HIV. By targeting the gut mi-
crobiome, researchers aim to restore microbial balance and
strengthen the intestinal barrier, thereby reducing microbial
translocation and systemic immune activation. Addition-
ally, modulating the microbiome may have direct effects
on the CNS, as growing evidence indicates bidirectional
communication between the gut and the brain through the
gut-brain axis. By influencing microbial composition and
metabolite production, microbiome modulation could po-
tentially attenuate neuroinflammation and neurocognitive
dysfunction observed in HAND.

This strategy represents a promising frontier in the
holistic management of HIV, integrating immunology, neu-
rology, and microbiome science to unveil innovative ther-
apeutic pathways. By considering the interconnectedness
of the immune system, gut microbiome, and CNS function,
researchers aim to develop targeted interventions that not
only control viral replication and preserve immune func-
tion but also address the complex neurocognitive sequelae
of HIV infection. Furthermore, understanding the role of
the microbiome in HIV pathogenesis opens new avenues
for personalized medicine approaches, where interventions
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could be tailored to individual microbial profiles and dis-
ease states, ultimately improving treatment outcomes and
quality of life for individuals living with HIV.

Conclusion

In conclusion, this comprehensive review elucidates
the complex immunological dynamics associated with HIV
infection and its neurological implications, thereby laying
the groundwork for precise therapeutic strategies aimed at
enhancing the prognosis and life quality of individuals af-
fected by HIV. It is imperative that future investigations
delve into these therapeutic potentials to refine treatment
modalities and tackle the multifaceted nature of HIV patho-
genesis.
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