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HIV-associated neurocognitive disorder (HAND) is a complex neurological complication 
resulting from human immunodeficiency virus (HIV) infection, affecting about 50% 
of individuals with HIV and significantly diminishing their quality of life. HAND 
includes a variety of cognitive, motor, and behavioral disorders, severely impacting 
patients’ quality of life and social functioning. Although combination antiretroviral 
therapy (cART) has greatly improved the prognosis for HIV patients, the incidence 
of HAND remains high, underscoring the urgent need to better understand its 
pathological mechanisms and develop early diagnostic methods. This review 
highlights the latest advancements in neuroimaging and exosome biomarkers in 
HAND research. Neuroimaging, particularly magnetic resonance imaging (MRI), 
offers a non-invasive and repeatable method to monitor subtle changes in brain 
structure and function, potentially detecting early signs of HAND. Meanwhile, 
exosomes are nano-sized vesicles secreted by cells that serve as key mediators 
of intercellular communication, playing a crucial role in the neuropathology 
of HIV and potentially acting as a critical bridge between peripheral blood and 
central nervous system lesions. Thus, combining plasma exosome biomarkers 
with indicators derived from neuroimaging scans may enhance the early diagnosis 
of HAND. This review summarizes evidence supporting the role of exosomes as 
reliable biomarkers for early detection and management of HAND. Furthermore, 
we emphasize the correlation between neuroimaging biomarkers and exosome 
biomarkers and explore their potential combined use. This review discusses the 
technical challenges and methodological limitations of integrating these two 
types of biomarkers and proposes future research directions. This multidisciplinary 
integrative approach not only promises to improve the neurocognitive health 
management of HIV patients but may also offer valuable insights for research 
into other neurodegenerative diseases.
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1 Introduction

Human Immunodeficiency Virus (HIV) infection and its resulting 
Acquired Immunodeficiency Syndrome (AIDS) remain major global 
public health challenges. It is estimated that about 39.9 million people 
worldwide are currently infected with HIV, and approximately 630,000 
people died from AIDS-related illnesses globally in 2023 (1). Although 
combined antiretroviral therapy (cART) has significantly improved 
patient prognosis, nearly half of the patients who achieve viral 
suppression through treatment develop HAND (2). HAND remains 
an urgent clinical problem to be addressed.

HIV has significant neurotropism and can invade the central 
nervous system (CNS) early in infection. Studies have shown that HIV 
RNA can be detected in cerebrospinal fluid (CSF) within just 8 days 
after HIV transmission (3), and magnetic resonance spectroscopy 
(MRS) examinations can also reveal abnormal brain metabolic 
information (4). Combination antiretroviral therapy (cART) exhibits 
multifaceted therapeutic efficacy in HIV infection through distinct 
mechanistic pathways. In terms of antiviral activity, cART strategically 
targets key viral enzymatic machinery, including reverse transcriptase, 
protease, and integrase, effectively disrupting viral replication cycles 
and suppressing plasma viral load below quantification thresholds (5). 
Regarding immunological restoration, cART demonstrates significant 
efficacy in immune system reconstitution, manifested through 
enhanced CD4+/CD8+ T cell ratios, attenuated immune activation, 
and diminished pro-inflammatory cytokine production (6, 7).

These therapeutic mechanisms contribute to substantial 
improvements in clinical outcomes among HIV-infected individuals. 
In the context of neuropathology, cART administration significantly 
reduces HIV-associated dementia (HAD) incidence, facilitates 
synaptic integrity restoration, and enhances neuronal network 
connectivity (8). Advanced neuroimaging analyses demonstrate that 
timely cART initiation mitigates cerebral volume reduction and 
preserves cortical thickness (9), while simultaneously optimizing 
brain network functionality (10, 11). Remarkably, significant 
improvements in cognitive function and neural connectivity manifest 
even within short-term (12-week) therapeutic interventions (12). 
Longitudinal investigations reveal that sustained therapeutic 
intervention normalizes cerebral metabolic patterns (13), with 
particularly pronounced benefits observed during acute HIV infection 
intervention, facilitating cerebrospinal fluid inflammatory marker 
normalization (14).

Nevertheless, it warrants emphasis that despite cART’s efficacy in 
suppressing peripheral viral replication, the central nervous system 
(CNS) functions as a viral reservoir or “sanctuary site” for HIV, 
wherein the virus maintains persistent infection within macrophages, 
astrocytes, and microglial cells (15–17), consequently initiating and 
perpetuating chronic neuroinflammation. This chronic inflammatory 
and oxidative stress environment in the brains of people living with 
HIV (PLWH) leads to neuronal dysfunction and structural changes, 
ultimately resulting in the occurrence of HAND (2, 6, 8).

The pivotal role of exosomes in HIV pathogenesis has garnered 
substantial scientific attention in recent years (18–20). These 
nanoscale vesicles, representing a crucial subpopulation of 
extracellular vesicles (EVs) with dimensions ranging from 30 to 
100 nm, are secreted by diverse cellular populations, including 
neurons. They orchestrate multiple critical physiological processes, 
encompassing blood–brain barrier permeability regulation, 

neurogenesis modulation, intercellular communication facilitation, 
neuronal stress response mediation, and synaptic plasticity 
maintenance. Of particular significance, neuron-derived exosomes 
(NDEs) demonstrate distinctive advantages as potential biomarkers 
for HIV-associated neurocognitive disorder (HAND): they serve as 
direct indicators of central nervous system pathological alterations, 
their constituents specifically reflect neuronal functional status, and 
their accessibility through peripheral blood enables non-invasive, 
longitudinal monitoring of central nervous system diseases 
(21–24).

Integrating neuroimaging with exosome analysis provides a new 
research direction for the early diagnosis of HAND. This 
interdisciplinary approach has the potential to bridge the gap between 
brain pathological changes and peripheral blood biomarkers, leading 
to breakthrough progress in the diagnosis and treatment of 
HAND. This review aims to explore the correlation between 
neuroimaging and exosome biomarkers in HAND research. We will 
review the application of existing and emerging neuroimaging 
techniques in detecting HIV-related brain imaging biomarkers and 
discuss the potential of exosomes, especially NDEs, in HAND 
diagnosis. By integrating the latest advances in these two fields, 
we  hope to provide new perspectives for the early diagnosis and 
development of individualized treatment strategies for HAND, 
ultimately improving the quality of life for PLWH.

2 Neuroimaging in HAND

2.1 Structural MRI findings in HAND

Since the onset of the HIV epidemic, macrostructural MRI 
imaging has been widely used to evaluate structural brain changes in 
PLWH. In conventional T1-weighted MRI imaging, macrostructural 
neuroimaging can measure changes in gray matter (GM), white matter 
(WM), and cerebrospinal fluid globally or locally, with gray matter 
assessment including metrics such as volume, thickness, and surface 
morphology (4).

With the widespread use of combined antiretroviral therapy 
(cART), the impact of HIV on central nervous system tissues has 
gradually diminished (25, 26). Nevertheless, in chronically infected 
PLWH with suppressed viral loads, voxel-based morphometry 
(VBM) (27) and surface-based gray matter thickness analysis 
(SBM) (9, 28) can still detect changes in brain structure. This 
suggests that even after antiretroviral therapy, there remains a 
degree of brain structural change in patients with HAND. Notably, 
it remains unclear whether aging interacts with post-treatment HIV 
infection, thereby affecting the structural improvements brought 
about by antiretroviral therapy.

Studies have found that, compared to uninfected controls, virally 
suppressed PLWH exhibit significant reductions in gray matter 
volume across multiple brain regions, particularly in the frontal and 
parietal cortices (29), subcortical structures including the striatum 
(30, 31), as well as the cingulate gyrus, motor cortex, thalamus, and 
hippocampal regions (4, 29, 30). These changes are associated with 
cognitive dysfunction. CD4+ cell counts are significantly correlated 
with reduced hippocampal and thalamic volumes and increased 
ventricular volume, while detectable viral loads negatively correlate 
with hippocampal and amygdalar volumes (32). Cortical and 
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subcortical gray matter volume reductions are more pronounced in 
patients with a history of non-CNS AIDS-defining illnesses (31).

It has been reported that HIV-positive participants with poorer 
cognitive abilities have thinner cortices and reduced subcortical 
volumes, and these changes are associated with increased white matter 
hyperintensities (33). Recently, Chien et al.’s study further revealed the 
connection between white matter changes and cognitive function. They 
found that increases in white matter hyperintensity volume were 
significantly associated with lower scores in executive function and 
memory domains (34). HAND patients show increased abnormal white 
matter, with HAD patients having smaller white matter volumes 
compared to other control groups (35). ANI patients are associated with 
specific prefrontal white matter atrophy, while MND shows more 
widespread atrophy, including lateral ventricle enlargement and white 
matter atrophy in parietal, frontal, and cingulate regions, with 
subcortical atrophy correlated with reduced CD4+/CD8+ cell ratios (36).

Longitudinal MRI studies have highlighted the ongoing impact of 
HIV infection on brain structure. Untreated HIV infection results in 
significant subcortical atrophy and cortical thinning, while timely 
cART treatment can effectively prevent these damages (9). However, 
Liu et  al.’s study on SIV-mac239 infected rhesus macaques 
demonstrated that brain atrophy could still be observed even when 
cART treatment was initiated immediately after acute infection, 
although signs of reversal were noted (37). Human brain tissue may 
continue to suffer damage even when the viral load is undetectable 
(38). Multiple factors such as viral load, CD4+ cell count, HIV 
duration, and cognitive decline are linked to brain atrophy (38). These 
findings underscore the importance of early diagnosis and treatment, 
as well as the necessity of developing neuroprotective strategies.

Structural MRI has been crucial in revealing neurocognitive 
disorders and neuroinflammation. Studies have shown that gray 
matter volume reductions in PLWH are mainly concentrated in the 
thalamus, prefrontal cortex, parietal, and occipital regions, and these 
changes are closely related to cognitive dysfunction (34, 39). Reduced 
thalamic volume and decreased integrity of projection fibers are 
significantly associated with cognitive decline, possibly due to the 
thalamus acting as a relay station between subcortical regions and the 
cerebral cortex (39). However, recent studies have found that in ANI 
patients, the volumes of the putamen and caudate nucleus are actually 
increased (40, 41), possibly reflecting the activation of 
neuroinflammation or compensatory mechanisms. Patients receiving 
cART treatment show stronger overall information integration 
capabilities in brain networks, but significantly reduced small-world 
properties and regional functional segregation (7). Even when the 
virus is controlled, there are ongoing processes of damage and 
inflammation in the nervous system. Cerebrospinal fluid analysis 
reveals significantly elevated levels of neuronal injury markers and 
inflammatory factors (42). Lower CD4/CD8 ratios and higher 
proportions of CD16+ inflammatory monocytes correlate with 
reductions in cortical and gray matter volumes, while elevated sCD14 
levels are significantly linked to decreased cerebral blood flow (37, 43).

2.2 Diffusion MRI insights into HAND 
pathology

Diffusion Tensor Imaging (DTI) can detect white matter fiber 
integrity and microstructural abnormalities by measuring the 

fractional anisotropy (FA) and mean diffusivity (MD) of fiber bundles, 
thus providing precise information about neural connections and 
brain tissue health. Numerous studies have shown that FA and MD 
are altered in PLWH, especially in subcortical regions such as the basal 
ganglia and corpus callosum (44, 45). Damage to the corpus callosum 
can occur within 100 days of HIV infection, followed by damage 
extending to widespread periventricular white matter areas, including 
the corona radiata and centrum semiovale (44).

Abnormalities in DTI metrics indicate HIV-related tissue damage 
and neuroinflammation. Diffusion basis spectrum imaging using 
tensor models sensitive to cell density found high cell density in 
PLWH receiving antiretroviral therapy, suggesting persistent 
inflammation affecting DTI assessment of white matter integrity (46). 
Despite viral suppression in HIV-infected individuals after combined 
antiretroviral therapy (cART) treatment, elevated levels of 
inflammatory biomarkers remain associated with DTI white matter 
abnormalities and cognitive impairment. These biomarkers include 
monocyte/macrophage activation markers, chemokines, cytokines, 
and metalloproteases (47). In identifying HIV-induced brain damage 
processes through machine learning models, inflammatory markers 
were identified as discriminative features and quantitatively analyzed 
using DTI metrics and brain volume measurements (48).

Cross-sectional studies reveal correlations between clinical 
immune indicators and DTI measurements. Research suggests that 
HIV-related immunosuppression negatively correlates with white 
matter integrity (39). In HIV+ samples, higher central nervous system 
penetration effectiveness of antiretroviral drugs, higher current CD4+ 
T cell counts, and immune recovery from the lowest CD4+ T cell 
count are linked to increased FA and decreased MD (49). Additionally, 
whole-brain analysis using tract-based spatial statistics (TBSS) 
indicates that a longer duration of CD4 cell counts below 500 cells/ml 
is associated with lower FA values and higher MD values in 
commissural, projection, and callosal fibers (50). In SIV-mac239 
infected Chinese rhesus macaques, decreased FA and increased MD 
are detectable in the internal capsule, striatum, brainstem, and corpus 
callosum 4 weeks post-infection, with these changes worsening over 
time. However, cART treatment can reverse, alleviate, or enhance 
these changes, closely related to CD4/CD8 ratios and viral load (51).

Changes in white matter fibers in HAND at the DTI observational 
level are statistically significant, with longer HIV infection duration and 
cognitive impairment linked to decreased FA and increased MD (49, 52). 
HIV-positive individuals with cognitive impairment show significant FA 
decreases and MD increases in multiple white matter tracts (such as the 
superior longitudinal fasciculus and mid-corpus callosum), and these 
white matter damages negatively correlate with enhanced functional 
connectivity in gray matter regions (53). Even with complete suppression 
of plasma viral load, HIV-positive patients still exhibit significant changes 
in brain structural connectivity, especially in occipital and subcortical 
regions, and these structural connectivity metrics are significantly 
correlated with complex motor skills (54). Therapies that reduce chronic 
inflammation and safeguard mitochondrial function might help preserve 
white matter integrity in older HIV+ individuals (55).

2.3 Functional MRI revelations in HAND

Functional Magnetic Resonance Imaging (fMRI) evaluates 
neuronal activity by measuring Blood Oxygen Level Dependent 
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(BOLD) signals or perfusion changes, offering a crucial complement 
to structural neuroimaging. BOLD fMRI is primarily categorized into 
resting-state (RS) fMRI and task fMRI.

Resting-state functional Magnetic Resonance Imaging (rsfMRI), 
a non-invasive neuroimaging technique, assesses neuronal function 
by measuring spontaneous low-frequency fluctuations in the brain, 
serving as a vital tool for studying HAND (56, 57). rsfMRI estimates 
functional connectivity between regions by analyzing consistent 
activity across different brain networks during rest, a method 
extensively used in brain function research (58).

In studies of local brain regions, PLWH exhibit functional changes 
in areas such as the frontal, occipital, and temporal lobes, and striatal 
cortex, regions closely linked to learning, memory, and executive 
functions (59). Research indicates that even at the Asymptomatic 
Neurocognitive Impairment (ANI) stage, patients display enhanced 
local activity in visual network areas, the middle frontal gyrus, and 
cerebellar vermis (60). Furthermore, functional changes in PLWH are 
mainly detected in the slow-5 frequency band (0.01–0.027 Hz), 
suggesting this band may be more sensitive to early functional changes 
in HAND (61).

Recent studies reveal an increased fractional amplitude of 
low-frequency fluctuation (fALFF) in the occipital cortex and 
decreased functional connectivity (FC) in the prefrontal cortex of 
HAND patients (62). They also show enhanced FC between the right 
superior occipital gyrus and olfactory cortex, emphasizing the role of 
occipital and prefrontal cortices in HIV-related cognitive dysfunction. 
However, a large-scale single-center study challenged these views by 
comparing resting-state functional connectivity (RSFC) in 316 
HIV-infected individuals and 209 healthy controls, finding no 
significant correlations between HIV infection status, viral load, 
cognitive function status, and RSFC (63), highlighting the importance 
of large sample size studies.

Despite controversies, other studies have found effects of HIV 
infection on brain function. rsfMRI studies have revealed connectivity 
changes in multiple typical brain networks, including the salience 
network, default mode network (DMN), and executive network (64, 
65). Research shows decreased connectivity within the dorsal 
somatosensory motor network (dSMN) and between dSMN and the 
medial temporal lobe in PLWH (66). Even in the acute HIV infection 
(AHI) stage, patients show DMN functional connectivity 
abnormalities, particularly weakened connections between the left 
parahippocampal gyrus and left middle frontal lobe, despite intact 
white matter structure (10).

The protective effects of combined antiretroviral therapy (cART) 
on brain function have been confirmed. In simian immunodeficiency 
virus (SIV) models, cART can protect brain function, and DMN 
network connectivity may serve as a potential biomarker for early 
detection of viral infection and evaluation of treatment efficacy (67). 
A prospective longitudinal study further confirms (11) that intensified 
cART regimens can significantly improve functional connectivity 
across multiple networks, with this improvement strongly positively 
correlated with neurocognitive function. Recent research exploring 
the effects of working memory training on brain functional 
connectivity in PLWH found that adaptive working memory training 
can normalize the eigenvector centrality of the ventral default mode 
network (vDMN) in PLWH, correlating with improved memory 
performance (68). This provides new insights into HIV cognitive 
rehabilitation mechanisms and identifies potential therapeutic targets.

To enhance HAND diagnosis and prediction accuracy, researchers 
have proposed connectome-based predictive models (CPM), 
combining resting-state FC and white matter structural connectivity 
(SC) features, and integrating clinical and demographic data to better 
assess individual cognitive performance in PLWH (69). Overall, the 
application of rsfMRI in HAND research deepens the understanding 
of disease neurological mechanisms, providing new directions for 
early diagnosis, treatment evaluation, and personalized treatment 
strategy development.

3 Exosomes as emerging biomarkers 
in HAND

3.1 The role of exosomes in the 
pathogenesis of neurodegenerative 
diseases

The pathological progression of neurodegenerative diseases 
involves complex intercellular interactions, with a common feature 
being the misfolding and accumulation of amyloid proteins inside and 
outside neurons. Exosomes, as crucial mediators of intercellular 
communication, can transmit signaling molecules between neurons, 
astrocytes, and microglia (70). Recent studies have highlighted the 
importance of exosomes in pathological protein transmission, 
regulation of neuroinflammation, and disease diagnosis (64), offering 
new perspectives for understanding disease mechanisms and 
developing novel therapeutic strategies.

Exosomes are nano-sized membrane vesicles released from all 
cells, including those in the central nervous system (CNS). Similar to 
retroviruses, they transport bioactive molecules between cells, 
carrying contents such as RNA, proteins, and lipids. Exosomes are 
abundantly present in biological fluids like plasma and cerebrospinal 
fluid (8).

Exosomes are involved in the intercellular transmission of various 
neurodegenerative disease-related proteins, considered a core 
mechanism of disease progression (65). Quiroz-Baez et al. noted that 
EVs from neurodegenerative disease patients contain unique protein 
markers. These markers, including altered levels of Tau and β-amyloid, 
offer potential biomarkers for early diagnosis and monitoring of 
disease progression (71). In Alzheimer’s disease (AD), for example, 
Aβ-associated exosomes from AD model mice and patients can 
be absorbed by neurons and target mitochondria, triggering caspase 
activation and neuronal death. This mechanism was further confirmed 
by in vivo experiments (72). Similarly, in Parkinson’s disease (PD), 
researchers found α-syn oligomers in microglia-derived exosomes in 
PD patients’ cerebrospinal fluid. These exosomes can induce α-syn 
aggregation in recipient neurons, a process further enhanced by 
inflammatory factors, ultimately leading to degeneration of the 
nigrostriatal pathway (73). These findings highlight the key role of 
exosomes in pathological protein transmission.

Exosomes play a crucial role in regulating neuroinflammation 
and oxidative stress, two processes closely related to various 
neurodegenerative diseases (73). The significant increase in 
inflammatory factors (such as IFN-γ, RANTES, GRO) and decrease 
in growth factors (such as VEGF, FGF-4, EGF) in exosomes reveal 
enhanced inflammatory responses and reduced neurotrophic 
support during AD progression (74). M1 microglial-derived 
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exosomes can activate resting microglia and enhance their 
pro-angiogenic ability. This process involves miR-155-5p-mediated 
Socs1 inhibition and NFκB pathway activation, triggering 
inflammatory cascades (75). Studies have shown that activated 
microglia secrete tau protein-containing exosomes, which can spread 
to neurons and promote AD progression (76). As AD severity 
increases, the expression of neuron-derived markers (such as MOG 
and CD171) in patients’ exosomes significantly rises, reflecting the 
extent of neuronal damage (74). Meanwhile, the increase in 
endothelial cell-derived exosomes suggests blood–brain barrier 
dysfunction. These findings provide a basis for using exosomes as 
biomarkers of disease progression.

As nano-dimensional vesicular carriers orchestrating intercellular 
material transport and communication, exosomes play pivotal roles 
in epigenetic regulation of central nervous system diseases through 
their capacity to deliver miRNAs and modulate target cell gene 
expression (77, 78). Exosomal miRNAs influence the progression of 
neurodegenerative diseases by regulating key signaling pathways 
involved in neuroinflammation, neuronal survival, and apoptotic 
processes (79–81).

At the molecular level, BACE1, serving as the primary 
APP-cleaving enzyme, initiates Aβ formation (82). Exosomal 
miR-342-5p and the miR-29 family (comprising miR-29a, miR-29b1, 
and miR-29c) modulate β-amyloid formation through regulation of 
BACE1 mRNA expression (83–85). Additionally, miR-185-5p 
regulates APP distribution in exosomes by binding to APP transcript 
3’UTR, resulting in upregulated APP expression in recipient cells and 
subsequent alterations in Aβ production. Notably, miR-185-5p 
expression is significantly downregulated in serum-derived exosomes 
from AD patients (86, 87). Regarding neuroinflammation, 
mesenchymal stem cell-derived exosomal miR-223 attenuates 
neuronal death by targeting the PTEN-PI3K/Akt signaling pathway 
(88). Furthermore, exosomal circRNAs function as competing 
endogenous RNAs, orchestrating gene expression networks through 
miRNA sponging, thereby playing pivotal roles in the pathological 
processes of neurodegenerative diseases, including Parkinson’s disease 
(89). Clinical investigations have revealed that alterations in specific 
plasma exosomal miRNAs (such as let-7g-5p, miR-126-3p, and 
miR-142-3p) strongly correlate with disease severity in Alzheimer’s 
and Parkinson’s diseases, offering potential molecular biomarkers for 
diagnosis (74, 90, 91). These findings demonstrate that exosomal 
miRNAs participate in the pathogenesis of neurodegenerative diseases 
through multiple molecular mechanisms.

As an emerging therapeutic strategy, exosomal miRNAs 
possess several advantages, including blood–brain barrier 
penetration, protection from degradation, and simultaneous 
regulation of multiple disease-related genes. Accumulating 
evidence suggests the therapeutic potential of various exosomal 
miRNAs: microglia-derived exosomal miR-124-3p enhances 
cognitive function by targeting Rela to inhibit β-amyloid deposition 
(92); bone marrow mesenchymal stem cell-derived exosomal 
miR-146a promotes hippocampal synapse formation by suppressing 
astrocyte-mediated inflammation through NF-κB pathway 
inhibition (93); and MSC-derived exosomal miR-132-3p improves 
neuronal and synaptic function while reducing cortical and 
hippocampal Aβ levels via activation of the Ras/Akt/GSK-3β 
pathway (94). These findings demonstrate that exosomal miRNAs 
can exert neuroprotective effects through multiple mechanisms, 

providing compelling experimental evidence for developing novel 
miRNA-based therapeutic strategies targeting 
neurodegenerative diseases.

Furthermore, Su et  al. demonstrated characteristic lipidomic 
reconstruction in brain-derived extracellular vesicles (BDEVs) from 
AD patients, predominantly manifested as diminished levels of 
polyunsaturated fatty acids and elevated concentrations of specific 
sphingolipids. Notably, these molecular alterations remained 
undetectable in total brain tissue analyses, suggesting that exosome-
specific lipid signatures could serve as peripheral biomarkers for early-
stage Alzheimer’s disease. These findings establish a novel research 
trajectory for developing exosome-based diagnostic and monitoring 
strategies for neurological disorders (95).

3.2 Molecular pathogenesis of 
exosome-dependent HAND and 
HIV-associated comorbidities

As pivotal mediators of intercellular communication, exosomes 
orchestrate crucial regulatory functions in HIV infection and its 
associated complications. In the pathogenesis of HAND, these vesicles 
share cellular signal transduction cascades with HIV, modulating viral 
entry and egress through the trafficking of viral proteins and 
regulatory molecules (19, 20). Notably, exosomes derived from 
HIV-infected cells function both as vectors for viral components and 
as modulators of disease progression through their capacity to regulate 
neuroinflammatory responses and immune function (96, 97).

Regarding viral transmission, HIV-infected cells (including 
microglia, astrocytes, and infected T cells) release exosomes carrying 
viral proteins (such as Tat, Nef) and viral RNA (98–101). These viral 
components can be  transmitted to uninfected cells via exosomes 
(102), leading to a “bystander effect.” The presence of viral proteins 
and RNA in exosomes not only promotes viral spread within the 
central nervous system (97, 98) but also exacerbates neurotoxicity and 
neuroinflammation (98, 103).

In terms of neuroinflammation, exosomes can stimulate 
pro-inflammatory cytokine production and amplify inflammatory 
responses by activating uninfected glial cells. Research has shown that 
exosomes released from HIV-infected cells can induce 
pro-inflammatory factor production in microglia (101) and astrocytes 
(104). This persistent inflammatory state not only directly impairs 
neuronal function but also compromises blood–brain barrier integrity, 
creating a vicious cycle (101, 102). Furthermore, Sampey et  al. 
discovered that TAR RNA-containing exosomes can stimulate the 
production of pro-inflammatory cytokines such as IL-6 and TNF-β, 
thereby intensifying inflammatory responses (105).

Exosomes directly affect neuronal function through multiple 
pathways. Studies have revealed that Tat protein-induced astrocyte-
derived exosomes (ADEVs) can carry amyloid-beta (Aβ). These 
Aβ-carrying exosomes not only lead to alterations in neuronal dendritic 
structure, synaptic protein imbalance, and synaptic dysfunction, 
ultimately causing cognitive impairment (106), but also induce astrocyte 
activation and proliferation. Activated astrocytes produce excessive 
reactive oxygen species, impair glutamate uptake function, and 
subsequently disrupt neurovascular unit integrity, ultimately resulting in 
neuronal death (107). In terms of epigenetic regulation, exosome-carried 
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miR-132 participates in neuronal morphology regulation, with its 
aberrant expression significantly correlating with neuronal atrophy (108).

Beyond its effects on the central nervous system, HIV-associated 
exosomes participate in the development of various complications. 
Regarding the immune system, exosomes modulate T cell function 
and activity, promoting both immune activation and suppression 
while participating in antigen presentation, immune tolerance, and 
immunosuppression processes, significantly affecting immune system 
function (102). Studies have shown that HIV-infected individuals have 
a significantly increased risk of cardiovascular disease, with an 
incidence rate 37% higher than the general population (109, 110). This 
increased risk may be potentially associated with functional alterations 
in HIV-related exosomes. Exosomes secreted by cardiac fibroblasts 
participate in regulating cardiac hypertrophy and fibrosis, while 
endothelial cell-derived exosomes play crucial roles in angiogenesis 
and vascular endothelial regeneration (111). Through these pathways, 
exosomes may exert important regulatory functions in the 
pathogenesis of HIV-associated cardiovascular diseases.

Regarding metabolism, studies in non-HIV populations have 
shown that exosomes secreted by adipose tissue macrophages can 
influence insulin signaling pathways and glucose metabolism through 
miRNAs such as miR-155 (112). While metabolic disorders are 
common in HIV-infected patients, the specific mechanisms of 
exosome involvement in HIV-related metabolic disorders remain 
unclear and require further investigation.

Exosomes exhibit bidirectional regulatory effects during HIV 
infection: exosomes from infected cells promote viral replication and 
transmission, while those from uninfected cells possess 
immunoprotective functions (113). Research has shown that TAR RNA 
in exosomes secreted by HIV-1 infected cells promotes cancer cell 
growth and malignancy by modulating intracellular signaling networks, 
revealing potential therapeutic targets for HIV-associated cancers (114).

Regarding therapeutic applications, exosomes, as natural nano-
scale delivery vehicles, possess excellent biocompatibility and low 
immunogenicity, capable of carrying therapeutic molecules such as 
anti-HIV RNA, showing promise as ideal carriers for HIV vaccines 
(115). Recent research has found that engineered exosomes delivering 
zinc finger protein-DNA methyltransferase fusion protein (ZPAMt) 
can specifically bind to HIV-1 promoters and induce DNA 
methylation, achieving long-term stable HIV-1 suppression across the 
blood–brain barrier in humanized mouse models (116). In therapeutic 
strategies for neurological complications, Zhu et al. discovered that 
inhibiting neutral sphingomyelinase 2 can regulate brain-derived 
exosome (BDEVs) release and their miRNA composition, improving 
neuroplasticity, synaptic function, and expression of inflammation-
related miRNAs (117). Liu et al. developed Rabies Virus Glycoprotein 
(RVG)-modified exosomes that specifically target neurons and 
promote neurogenesis and synaptic plasticity by overexpressing BDNF 
(brain-derived neurotrophic factor) to activate the BDNF/TrkB/AKT 
pathway. This targeted delivery system with blood–brain barrier 
penetration capability provides an innovative therapeutic strategy for 
HIV-associated neurological complications (118, 119).

3.3 Exosomal biomarkers specific to HAND

HAND represents a prevalent complication in HIV-infected 
individuals. Although cART has effectively reduced the incidence of 

HAD, it cannot completely prevent the development and progression of 
HAND (120). The therapeutic efficacy of cART against HIV within the 
central nervous system remains limited, as most antiretroviral agents 
demonstrate poor blood–brain barrier penetration due to their high 
molecular weight and limited lipophilicity. Recent investigations have 
revealed that specific biomarkers expressed in circulating exosomal 
proteins may correlate with viral reactivation and neuropathology, 
potentially elucidating the etiology of neurological manifestations (136). 
These findings highlight the potential of NDEs as novel biological 
markers for disease monitoring and progression assessment.

Multiple studies have confirmed exosomal proteins as potential 
biomarkers for HAND. Sun et al. found significantly elevated levels of 
HMGB1, NF-L, and Aβ proteins in NDEs of HIV-infected individuals 
with cognitive impairment (121, 122). These findings suggest that 
NDEs contents can reflect neuronal health status, providing new 
insights for early HAND diagnosis. Additionally, Dagur et al. observed 
a significant increase in NDEs in the brain and serum of HIV-1 
transgenic rats, particularly L1CAM+ NDEs in circulation, suggesting 
a potential mechanism for peripheral HAND biomarkers (123).

Notably, Guha et al. found that increased abundance of EVs in the 
cerebrospinal fluid of cognitively impaired HIV-positive individuals 
positively correlated with the neuronal injury marker neurofilament 
light chain(NFL). Elevated levels of neuroinflammatory proteins 
HMGB1 and NLRP3 in NDEs were associated with neuropsychological 
scores (124, 125). Pulliam et al. used machine learning algorithms to 
reveal that elevated levels of HMGB1 and NFL proteins in NDEs are 
important predictors of cognitive deficits (126).

Furthermore, de Menezes et al. found that exosomes expressing 
neuroinflammatory markers such as CD14, CD16, CD192, CD195, 
and GFAP are significantly associated with cognitive impairment 
severity (127). Johnston et al. demonstrated that specific EV subgroups 
can effectively predict neurocognitive disorders in older HIV-infected 
individuals, with increased levels of CCR5+ EVs positively correlating 
with cognitive impairment (128). This study was the first to establish 
an association between exosomal surface proteins and HAND severity, 
providing new ideas for clinical stratified diagnosis.

HIV viral proteins, particularly Nef and Tat, demonstrate crucial 
mechanistic involvement in the pathogenesis of HIV-associated 
neurocognitive disorder (HAND). Experimental investigations have 
elucidated that Nef protein orchestrates HAND development through 
multiple exosome-mediated molecular cascades. Mahfuz et  al. 
demonstrated that Nef-containing exosomes facilitate enhanced 
expression and secretion of β-amyloid protein (Aβ) and its peptide 
derivatives in target cells, consequently amplifying HAND severity 
(129). Complementary investigations by Sami Saribas et al. revealed 
that neuronal internalization of these Nef-bearing exosomes precipitates 
oxidative stress and attenuates neuronal action potential generation 
(98). Of particular significance, clinical investigations by Caobi et al. 
established a positive correlation between cerebrospinal fluid 
Nef-containing exosome concentrations and both cognitive dysfunction 
severity and CD4 T cell quantification. Subsequent proteomic analyses 
of circulating exosomes revealed distinctive signaling pathway 
engagement and biological functions in asymptomatic neurocognitive 
impairment (ANI) and mild neurocognitive disorder (MND) (130), 
establishing novel biomarker candidates for HAND stratification.

Furthermore, Tat, another critical HIV protein, modulates cognitive 
function through exosome-dependent mechanisms. Investigations by 
Chandra et  al. demonstrated that Tat-containing exosomes induce 

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Luo et al. 10.3389/fneur.2024.1479272

Frontiers in Neurology 07 frontiersin.org

mitochondrial dysfunction and oxidative stress in brain endothelial 
cells, consequently compromising cognitive function (99). These 
findings were subsequently validated by Henderson et al., who identified 
biologically active Tat protein within cerebrospinal fluid exosomes, 
further substantiating its mechanistic role in neurotoxicity (106).

Regarding RNA biomarkers, DeMarino et al. unveiled a critical 
finding: under antiretroviral therapy, EVs in CSF and serum of 
HIV-infected individuals persistently harbor viral RNA. Notably, CSF 
HIV RNA levels demonstrated a significant correlation with HAND, 
providing pivotal insights into virus-induced neurological damage 
mechanisms (131). Integrative multi-omics analysis revealed 
approximately 1,000 differentially expressed genes between HIV-1 
infected patients and cognitively normal individuals, predominantly 
concentrated in miRNA and long non-coding RNA (lncRNA) domains. 
Enrichment analyses further elucidated that these molecular signatures 
participate in critical regulatory networks, including neuroinflammation, 
autophagy, neurogenesis, and mitochondrial dynamics (132). 
Particularly noteworthy, the lncRNA RP11-677M14.2 (Nrgn-AS) 
exhibited elevated expression in HIV-1 infected brain tissues. By 
modulating neurogenin (Nrgn) expression, this lncRNA is proposed as 
a key determinant in deciphering synaptic injury mechanisms associated 
with HAND (133). In primate model investigations, researchers 
observed significant alterations in RNA profiles within extracellular 
vesicles during SIV infection, with RNA species including mRNA, 
miRNA, and circRNA predominantly clustered around inflammatory 
regulation and immune response-related gene networks (8). 
Furthermore, circRNA, lncRNA, and miRNA carried by extracellular 
vesicles participate in competitive RNA regulatory networks underlying 
neurodegenerative disease pathogenesis, offering crucial preliminary 
insights for early diagnostic and therapeutic strategies (134).

Regarding RNA markers, DeMarino et  al. found that EVs in 
cerebrospinal fluid and serum of ART-treated HIV-infected 
individuals still contained HIV RNA despite controlled viral 
replication, with CSF HIV RNA levels associated with neurocognitive 
dysfunction (131). Huang and colleagues demonstrated that exosomes 
may participate in SIV infection-related neuropathological processes 
through the transportation of specific RNA molecules. During SIV 
infection, expression profiles of various RNA species in BDEVs, 
including mRNA, miRNA, and circRNA, underwent significant 
alterations, predominantly involving genes implicated in inflammatory 
modulation and immunological response pathways (8).

In conclusion, exosomes disrupt neurological function in HAND 
by spreading inflammatory factors, inducing neurotoxicity, affecting 
synaptic protein expression, and causing neuronal shrinkage. Exosomes 
and their contents have great potential as HAND biomarkers. Future 
research should further explore exosomes’ role in HAND pathogenesis 
and develop exosome-based diagnostic and therapeutic strategies to 
improve neurocognitive function in HIV-infected individuals.

4 Bridging neuroimaging and 
exosomal biomarkers in HAND

4.1 Convergence of exosome biology and 
brain imaging in neurodegeneration

Exosomes and exosome-enriched EVs play a crucial role in the 
pathogenesis of HAND, particularly in neuroinflammation and 

neurotoxicity. Recent research has revealed their potential as both 
biomarkers and pathogenic factors. Agliardi et  al. found that 
peripheral blood exosomes derived from the central nervous system 
(CNS) carry disease-specific molecular markers, potentially reflecting 
the inflammatory and toxic state of the CNS (135).

In a SIV-infected rhesus macaque model, Chandra et al. observed 
significantly elevated levels of proteins associated with 
neuroinflammation and neuropathology in exosomes from 
SIV-infected monkeys, indicating the role of exosomes in spreading 
and exacerbating neuroinflammation (136). Huang et  al. further 
revealed the importance of exosomes in regulating 
neuroinflammatory networks through brain-derived exosome RNA 
analysis (8). András et al. found that HIV infection increased the 
number of EVs released by brain microvascular endothelial cells and 
altered their amyloid β (Aβ) levels, potentially exacerbating 
neurotoxicity (137). András and Toborek further identified that 
EV-associated Serpine-1 could reduce synaptic protein expression in 
neural progenitor cells, directly linking to neurotoxicity and synaptic 
damage (138). Research by Rahimian, He, and colleagues more 
directly demonstrated the role of exosomes in neurotoxicity. They 
found that Tat-expressing astrocytes in HIV-infected individuals 
release exosomes containing miR-132, which, when absorbed by 
neurons, leads to neuronal shrinkage and increased neurotoxicity 
(108). This reveals how exosomes mediate harmful interactions 
between glial cells and neurons, exacerbating neurotoxicity.

These findings deepen our understanding of exosome-mediated 
neuroinflammation and neurotoxicity mechanisms in HAND. Multiple 
studies mentioned above indicate that the contents of neurogenic 
exosomes in PLWH plasma reveal neuroinflammation in the central 
nervous system of HIV patients. There is ample evidence that 
persistent chronic neuroinflammation, neurotoxicity, and oxidative 
stress lead to HAND, with the neuroinflammatory process likely being 
central to HAND (123, 139, 140). Subtle changes in brain structure 
and function caused by HIV infection-induced tissue damage and 
neuroinflammation can be detected through neuroimaging, which 
also alters the expression and release of neurogenic exosome contents 
(5). Therefore, the biological basis for the correlation between 
neuroimaging and exosome markers lies in the common pathways of 
neuroinflammation and neurodegenerative changes.

Thus, integrating MRI and exosome analysis in HAND 
research provides a promising frontier for early diagnosis and 
mechanistic understanding. In recent years, the integrated analysis 
of exosomes and magnetic resonance imaging (MRI) has made 
significant progress in neurological disease research, offering new 
insights for exploring the pathological mechanisms and diagnostic 
strategies of HAND. Although HAND research in this field is not 
yet in-depth, related findings in other neurological diseases 
provide valuable inspiration.

In other neurodegenerative diseases, studies have observed 
correlations between brain atrophy detected by MRI and exosomal 
biomarkers (141, 142). In AD, levels of insulin signaling pathway 
proteins in neurogenic exosomes were significantly correlated with the 
degree of atrophy in the temporal, parietal, and prefrontal cortices 
(99). Researchers believe these findings indicate that exosomal 
biomarkers reflect ongoing pathological changes in the brain and 
correspond to structural changes detected by MRI. This finding 
inspires us to consider whether there might also be  a correlation 
between brain changes detected by MRI and exosomal biomarkers in 
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HAND. Such potential associations could provide new avenues for 
early diagnosis and progression monitoring of HAND.

The clinical implementation of integrated diagnostic approaches 
combining neuroimaging techniques with exosomal biomarkers for 
neurodegenerative disease assessment remains in its developmental 
phase. A pioneering prospective investigation (ChiCTR2000029055) 
has been designed to recruit 210 subjects (comprising equal cohorts 
of 70 participants each in Alzheimer’s disease, amnestic mild cognitive 
impairment, and control groups) to elucidate the associations between 
plasma exosomal neurogranin profiles, cognitive function parameters, 
and neuroanatomical characteristics (143). This longitudinal three-
year observational study will provide pivotal clinical evidence for 
validating the efficacy of this integrated diagnostic paradigm in early-
stage neurodegenerative disease detection. Nevertheless, the current 
paucity of analogous investigations indicates that this research domain 
remains in its exploratory phase, highlighting the imperative need for 
additional clinical trials to establish diagnostic accuracy and reliability.

Emerging evidence suggests that exosomal biomarkers serve as 
molecular indicators of neurodegenerative structural modifications in 
the brain, establishing a novel paradigm for investigating 
neurodegenerative disorders. Kumar and colleagues demonstrated 
significant associations between chronic opioid-induced regional gray 
matter atrophy and elevated concentrations of neurofilament light 
chain (NFL) and α-synuclein in circulating exosomes (144). 
Considering the elevated prevalence of opioid misuse among 
HIV-infected populations and its documented potential to amplify 
HIV-associated neurological deterioration (145, 146), this innovative 
methodological integration of exosomal profiling with neuroimaging 
analyses may provide unprecedented insights into HAND 
pathogenesis and disease trajectory.

Recently, Zhang et al. found in a type 2 diabetes rat model that 
treatment with brain endothelial cell-derived exosomes could 
significantly improve neurovascular function (147). Through MRI 
analysis, they observed significant increases in cerebral blood flow 
(CBF) in the corpus callosum and hippocampus, and decreased 
blood–brain barrier permeability in the cerebral cortex after exosome 
treatment. This finding has important implications for HAND 
research, as HIV infection often leads to blood–brain barrier 
dysfunction and changes in the neurovascular unit. We can speculate 
that in HAND patients, a decrease in brain endothelial-derived 
exosomes might lead to decreased neurovascular function in 
HIV-susceptible brain regions such as the prefrontal cortex and basal 
ganglia through similar mechanisms.

Zhan et al.’s research found that exosomes derived from adipose-
derived stem cells (ADSCs) can provide neuroprotection by regulating 
hippocampal cell pyroptosis (148). Using fMRI technology, they 
observed that exosome treatment significantly improved functional 
connectivity between the hippocampus and other brain regions (such 
as the striatum and thalamus). These findings are significant for 
HAND research, as hippocampal dysfunction is a common cause of 
cognitive impairment in HAND patients. We can envision that in 
HAND patients, a decrease in ADSC-derived exosomes may correlate 
with memory and learning deficits caused by hippocampal dysfunction.

Integrating exosome biology with neuroimaging opens new 
prospects for HAND research. This innovative approach, combining 
brain structural and functional imaging with exosome molecular 
levels, has the potential to revolutionize our understanding of HAND 
pathogenesis (104, 139). It could enable early diagnosis and 

intervention for HIV patients potentially progressing to HAND and 
provide more precise, individualized strategies for diagnosis, 
treatment, and prognosis evaluation.

4.2 Challenges and prospects in HAND 
biomarker integration

The integration of neuroimaging and exosome biomarkers has 
opened a promising new field for research on HAND, providing 
unprecedented insights into disease mechanisms and the 
development of early diagnostic tools. However, this emerging field 
faces significant challenges that must be addressed to fully realize 
its potential.

Of primary consideration, Contemporary methodological 
constraints in exosome isolation and characterization frequently 
generate heterogeneous extracellular vesicle populations, particularly 
manifesting in miRNA compositional diversity. This heterogeneity 
predominantly originates from dual mechanisms: the selective 
orchestration of miRNA incorporation into exosomes and the diverse 
cellular derivation of exosomal populations. The sorting paradigm 
encompasses both selective mechanisms predicated on specific 
protein-RNA interactions and non-selective pathways correlating with 
cytoplasmic miRNA abundance. Furthermore, exosomal cargo 
composition demonstrates significant plasticity across cellular 
phenotypes, physiological states, and environmental conditions (149, 
150). This inherent heterogeneity substantially compromises the 
specificity and reliability of exosomal miRNAs as potential diagnostic 
biomarkers (79).

Additionally, methodological variations in neuroimaging 
techniques and their interpretative frameworks introduce further 
complexity to interdisciplinary integration efforts (151). The absence 
of standardized protocols presents substantial impediments to cross-
study comparative analyses (152). Concurrently, the heterogeneous 
clinical manifestations of HAND and multiple confounding variables 
further complicate data interpretation. Considering HIV’s 
multifaceted impact on the central nervous system, a sophisticated 
integrative approach is imperative for comprehensive biomarker 
analysis in understanding HAND pathogenesis and progression.

To address these methodological challenges, future investigative 
efforts should prioritize the development of refined exosome isolation 
strategies, particularly emphasizing neuron-derived exosome isolation 
through specific molecular markers such as L1CAM (153). Advanced 
computational approaches, including machine learning algorithms, 
can enhance detection precision, while integrated multi-omics 
analyses may provide more comprehensive mechanistic insights. The 
standardization of neuroimaging protocols and establishment of 
unified analytical frameworks are fundamental prerequisites for 
facilitating meaningful cross-study comparative analyses.

Despite these challenges, recent studies have revealed important 
links between exosome markers and neuroimaging changes in 
HAND. In terms of brain structure, research has found gender-specific 
differences in protein expression in plasma NDEs of HIV-infected 
individuals, potentially explaining gender-specific brain structural 
changes observed in T1-weighted MRI (122, 154). András et al.’s study 
suggests that HIV infection affects brain endothelial exosome release 
and amyloid-β (Aβ) levels, providing new perspectives on blood–
brain barrier dysfunction and neuroinflammation (107, 137).
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In white matter structure research, Li et  al. found that M2 
microglia-derived exosomes promote white matter repair through 
miR-23a-5p, revealing potential links between white matter integrity 
and exosome-carried myelin-related proteins or miRNAs (155). This 
provides new mechanistic insights into understanding white matter 
microstructural changes in HAND.

In brain functional connectivity research, HAND often manifests 
as alterations in multiple large-scale networks (140). Ku et al. discovered 
that HIV-1 Tat-induced astrocyte EV miR-7 release may lead to synaptic 
changes, explaining network functional abnormalities observed in 
resting-state fMRI (156). The role of Aβ-carrying exosomes in synaptic 
degeneration and HAND-related behavioral changes further emphasizes 
the multiple roles of exosomes in HIV-related neuronal damage (100).

Applying machine learning and artificial intelligence to integrated 
data analysis represents an exciting frontier with the potential to reveal 
complex patterns difficult to detect using traditional methods (157). 
Long-term follow-up studies are crucial for understanding disease 
progression and identifying early markers (21).

Integrating these biomarkers has enormous potential for HAND 
research and clinical practice, potentially enabling more accurate early 
diagnosis and personalized treatment (5). However, establishing 
standardized protocols is crucial for comparing results across studies 
and building a coherent understanding of HAND pathogenesis (158).

Despite the challenges, this field holds great promise. As research 
progresses, this interdisciplinary approach may lead to major 
breakthroughs, not only improving clinical management of 
HIV-infected individuals but also providing valuable insights for 
research into other neurodegenerative diseases. Continued exploration 
will deepen our understanding of how HIV affects the brain and 
develop more precise diagnostic and treatment strategies for 
HAND patients.

Author contributions

HLu: Conceptualization, Formal analysis, Writing – original draft, 
Writing  – review & editing. JC: Conceptualization, Investigation, 
Formal analysis, Writing – review & editing. JL: Investigation, Formal 
analysis, Writing  – review & editing. WW: Investigation, Formal 

analysis, Writing  – review & editing. CH: Supervision, Writing  – 
review & editing. XJ: Supervision, Writing – review & editing. JM: 
Supervision, Writing – review & editing. FX: Supervision, Writing – 
review & editing. XA: Supervision, Writing – review & editing. ZZ: 
Supervision, Writing  – review & editing. HLi: Conceptualization, 
Supervision, Funding acquisition, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Beijing Hospital Authority Clinical Medicine 
Development special funding support (grant no. ZLRK202333), the 
National Natural Science Foundation of China (grant nos. 61936013 
and 82271963), and the Beijing Natural Science Foundation (grant no. 
L222097).

Acknowledgments

The author expresses gratitude to each team member who 
provided assistance.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Global HIV & AIDS Statistics (2024). Fact sheet | UNAIDS. Available at: https://

www.unaids.org/en/resources/fact-sheet (Accessed August 11, 2024).

 2. Clifford DB, Ances BM. HIV-associated neurocognitive disorder. Lancet Infect Dis. 
(2013) 13:976–86. doi: 10.1016/S1473-3099(13)70269-X

 3. Chan P, Patel P, Hellmuth J, Colby DJ, Kroon E, Sacdalan C, et al. Distribution of 
human immunodeficiency virus (HIV) ribonucleic acid in cerebrospinal fluid and blood 
is linked to CD4/CD8 ratio during acute HIV. J Infect Dis. (2018) 218:937–45. doi: 
10.1093/infdis/jiy260

 4. Valcour V, Chalermchai T, Sailasuta N, Marovich M, Lerdlum S, Suttichom D, 
et al. Central nervous system viral invasion and inflammation  
during acute HIV infection. J Infect Dis. (2012) 206:275–82. doi: 10.1093/
infdis/jis326

 5. Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M, et al. 
HIV-associated neurocognitive disorder--pathogenesis and prospects for 
treatment. Nat Rev Neurol. (2016) 12:234–48. doi: 10.1038/nrneurol.2016.27

 6. Sreeram S, Ye F, Garcia-Mesa Y, Nguyen K, El Sayed A, Leskov K, et al. The 
potential role of HIV-1 latency in promoting neuroinflammation and HIV-1-
associated neurocognitive disorder. Trends Immunol. (2022) 43:630–9. doi: 
10.1016/j.it.2022.06.003

 7. Li R, Gao Y, Wang W, Jiao Z, Rao B, Liu G, et al. Altered gray matter structural 
covariance networks in drug-naïve and treated early HIV-infected individuals. Front 
Neurol. (2022) 13:869871. doi: 10.3389/fneur.2022.869871

 8. Huang Y, Abdelgawad A, Turchinovich A, Queen S, Abreu CM, Zhu X, et al. RNA 
landscapes of brain tissue and brain tissue-derived extracellular vesicles in simian 
immunodeficiency virus (SIV) infection and SIV-related central nervous system 
pathology. bioRxiv. (2023). doi: 10.1101/2023.04.01.535193

 9. Sanford R, Ances BM, Meyerhoff DJ, Price RW, Fuchs D, Zetterberg H, et al. 
Longitudinal trajectories of brain volume and cortical thickness in treated and untreated 
primary human immunodeficiency virus infection. Clin Infect Dis. (2018) 67:1697–704. 
doi: 10.1093/cid/ciy362

 10. Samboju V, Philippi CL, Chan P, Cobigo Y, Fletcher JLK, Robb M, et al. Structural 
and functional brain imaging in acute HIV. Neuroimage Clin. (2018) 20:327–35. doi: 
10.1016/j.nicl.2018.07.024

 11. Chaganti J, Gates TM, Brew BJ. Reversible large-scale network disruption 
correlates with neurocognitive improvement in HIV-associated minor neurocognitive 
disorder with combined anti-retroviral therapy intensification: a prospective 
longitudinal resting-state functional magnetic resonance imaging study. Neurol Sci. 
(2023) 44:3261–9. doi: 10.1007/s10072-023-06783-z

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.unaids.org/en/resources/fact-sheet
https://www.unaids.org/en/resources/fact-sheet
https://doi.org/10.1016/S1473-3099(13)70269-X
https://doi.org/10.1093/infdis/jiy260
https://doi.org/10.1093/infdis/jis326
https://doi.org/10.1093/infdis/jis326
https://doi.org/10.1038/nrneurol.2016.27
https://doi.org/10.1016/j.it.2022.06.003
https://doi.org/10.3389/fneur.2022.869871
https://doi.org/10.1101/2023.04.01.535193
https://doi.org/10.1093/cid/ciy362
https://doi.org/10.1016/j.nicl.2018.07.024
https://doi.org/10.1007/s10072-023-06783-z


Luo et al. 10.3389/fneur.2024.1479272

Frontiers in Neurology 10 frontiersin.org

 12. Zhuang Y, Qiu X, Wang L, Ma Q, Mapstone M, Luque A, et al. Combination 
antiretroviral therapy improves cognitive performance and functional connectivity in 
treatment-naïve HIV-infected individuals. J Neuro. (2017) 23:704–12. doi: 10.1007/
s13365-017-0553-9

 13. Boban JM, Kozic DB, Brkic SV, Lendak DF, Thurnher MM. Early introduction of 
cART reverses brain aging pattern in well-controlled HIV infection: a comparative MR 
spectroscopy study. Front Aging Neurosci. (2018) 10:329. doi: 10.3389/fnagi.2018.00329

 14. Hellmuth J, Slike BM, Sacdalan C, Best J, Kroon E, Phanuphak N, et al. Very early 
initiation of antiretroviral therapy during acute HIV infection is associated with 
normalized levels of immune activation markers in cerebrospinal fluid but not in 
plasma. J Infect Dis. (2019) 220:1885–91. doi: 10.1093/infdis/jiz030

 15. Denton PW, Søgaard OS, Tolstrup M. Impacts of HIV cure interventions on viral 
reservoirs in tissues. Front Microbiol. (2019) 10:1956. doi: 10.3389/fmicb.2019.01956

 16. Wallet C, De Rovere M, Van Assche J, Daouad F, De Wit S, Gautier V, et al. 
Microglial cells: the Main HIV-1 reservoir in the brain. Front Cell Infect. (2019) 9:362. 
doi: 10.3389/fcimb.2019.00362

 17. Rojas-Celis V, Valiente-Echeverría F, Soto-Rifo R, Toro-Ascuy D. New challenges 
of HIV-1 infection: how HIV-1 attacks and resides in the central nervous system. Cells. 
(2019) 8:1245. doi: 10.3390/cells8101245

 18. Pulliam L, Sun B, Mustapic M, Chawla S, Kapogiannis D. Plasma neuronal 
exosomes serve as biomarkers of cognitive impairment in HIV infection and Alzheimer’s 
disease. J Neuro. (2019) 25:702–9. doi: 10.1007/s13365-018-0695-4

 19. Stenovec M, Lasič E, Dominkuš PP, Bobnar ST, Zorec R, Lenassi M, et al. Slow 
release of HIV-1 protein Nef from vesicle-like structures is inhibited by cytosolic 
calcium elevation in single human microglia. Mol Neurobiol. (2019) 56:102–18. doi: 
10.1007/s12035-018-1072-2

 20. Madison MN, Okeoma CM. Exosomes: implications in HIV-1 pathogenesis. 
Viruses. (2015) 7:4093–118. doi: 10.3390/v7072810

 21. Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz JB, et al. 
Identification of preclinical Alzheimer’s disease by a profile of pathogenic proteins in 
neurally derived blood exosomes: a case-control study. Alzheimers Dement. (2015) 
11:600–607.e1. doi: 10.1016/j.jalz.2014.06.008

 22. Agoston DV, Shutes-David A, Peskind ER. Biofluid biomarkers of traumatic brain 
injury. Brain Inj. (2017) 31:1195–203. doi: 10.1080/02699052.2017.1357836

 23. Karnati HK, Garcia JH, Tweedie D, Becker RE, Kapogiannis D, Greig NH. 
Neuronal enriched extracellular vesicle proteins as biomarkers for traumatic brain 
injury. J Neurotrauma. (2019) 36:975–87. doi: 10.1089/neu.2018.5898

 24. Osier N, Motamedi V, Edwards K, Puccio A, Diaz-Arrastia R, Kenney K, et al. 
Exosomes in acquired neurological disorders: new insights into pathophysiology and 
treatment. Mol Neurobiol. (2018) 55:9280–93. doi: 10.1007/s12035-018-1054-4

 25. O’Connor E, Zeffiro T. Is treated HIV infection still toxic to the brain? Prog Mol 
Biol Transl Sci. (2019) 165:259–84. doi: 10.1016/bs.pmbts.2019.04.001

 26. O’Connor EE, Zeffiro TA, Zeffiro TA. Brain structural changes following HIV 
infection: Meta-analysis. AJNR Am  J Neuroradiol. (2018) 39:54–62. doi: 10.3174/
ajnr.A5432

 27. Sanford R, Fellows LK, Ances BM, Collins DL. Association of brain structure 
changes and cognitive function with combination antiretroviral therapy in HIV-positive 
individuals. JAMA Neurol. (2018) 75:72–9. doi: 10.1001/jamaneurol.2017.3036

 28. Clifford KM, Samboju V, Cobigo Y, Milanini B, Marx GA, Hellmuth JM, et al. 
Progressive brain atrophy despite persistent viral suppression in HIV patients older than 
60 years. J Acquir Immune Defic Syndr. (2017) 76:289–97. doi: 10.1097/
QAI.0000000000001489

 29. Pfefferbaum A, Zahr NM, Sassoon SA, Kwon D, Pohl KM, Sullivan EV. 
Accelerating and premature aging characterizing regional cortical volume loss in human 
immunodeficiency virus infection: Contributions from alcohol, substance use, and 
hepatitis C co-infection. Biol Psychiatry Cogn Neurosci Neuroimaging. (2019) 3:844–59. 
doi: 10.1016/j.bpsc.2018.06.006

 30. O’Connor EE, Zeffiro T, Lopez OL, Becker JT, Zeffiro T. HIV infection and age 
effects on striatal structure are additive. J Neuro. (2019) 25:480–95. doi: 10.1007/
s13365-019-00747-w

 31. O’Connor EE, Zeffiro TA, Lopez OL, Becker JT. Differential effects of AIDS and 
chronic human immunodeficiency virus infection on gray matter volume. Clin Infect 
Dis. (2021) 73:e2303–10. doi: 10.1093/cid/ciaa1552

 32. Nir TM, Fouche J-P, Ananworanich J, Ances BM, Boban J, Brew BJ, et al. 
Association of Immunosuppression and viral load with subcortical brain volume in an 
international sample of people living with HIV. JAMA Netw Open. (2021) 4:e2031190. 
doi: 10.1001/jamanetworkopen.2020.31190

 33. Sanford R, Strain J, Dadar M, Maranzano J, Bonnet A, Mayo NE, et al. HIV 
infection and cerebral small vessel disease are independently associated with brain 
atrophy and cognitive impairment. AIDS. (2019) 33:1197–205. doi: 10.1097/
QAD.0000000000002193

 34. Chien A, Wu T, Lau C-Y, Pandya D, Wiebold A, Agan B, et al. White and gray 
matter changes are associated with neurocognitive decline in HIV infection. Ann Neurol. 
(2024) 95:941–50. doi: 10.1002/ana.26896

 35. Nichols MJ, Gates TM, Soares JR, Moffat KJ, Rae CD, Brew BJ, et al. Atrophic brain 
signatures of mild forms of neurocognitive impairment in virally suppressed HIV 
infection. AIDS. (2019) 33:55–66. doi: 10.1097/QAD.0000000000002042

 36. Alakkas A, Ellis RJ, Watson CW-M, Umlauf A, Heaton RK, Letendre S, et al. White 
matter damage, neuroinflammation, and neuronal integrity in HAND. J Neuro. (2019) 
25:32–41. doi: 10.1007/s13365-018-0682-9

 37. Liu D, Liu J, Xu T, Qiao H, Qi Y, Gao Y, et al. Longitudinal trajectories of brain 
volume in combined antiretroviral therapy treated and untreated simian 
immunodeficiency virus-infected rhesus macaques. AIDS. (2021) 35:2433–43. doi: 
10.1097/QAD.0000000000003055

 38. Nir TM, Jahanshad N, Ching CRK, Cohen RA, Harezlak J, Schifitto G, et al. 
Progressive brain atrophy in chronically infected and treated HIV+ individuals. J Neuro. 
(2019) 25:342–53. doi: 10.1007/s13365-019-00723-4

 39. Sui J, Li X, Bell RP, Towe SL, Gadde S, Chen N-K, et al. Structural and functional 
brain abnormalities in human immunodeficiency virus disease revealed by multimodal 
magnetic resonance imaging fusion: association with cognitive function. Clin Infect Dis. 
(2021) 73:e2287–93. doi: 10.1093/cid/ciaa1415

 40. Qi Y, Ailixire GY, Li R-L, Li H-J. Current situation and prospect of HIV-associated 
neurocognitive disorder research in China: epidemiology, research, diagnosis, and 
treatment status. AIDS Rev. (2021) 23:74–81. doi: 10.24875/AIDSRev.20000044

 41. Li R, Qi Y, Shi L, Wang W, Zhang A, Luo Y, et al. Brain volumetric alterations in 
preclinical HIV-associated neurocognitive disorder using automatic brain quantification 
and segmentation tool. Front Neurosci. (2021) 15:713760. doi: 10.3389/fnins.2021.713760

 42. McMahan C, Dietrich DK, Horne EF, Kelly E, Geannopoulos K, Siyahhan Julnes 
PS, et al. Neurocognitive dysfunction with neuronal injury in people with HIV on long-
duration antiretroviral therapy. Neurology. (2023) 100:e2466–76. doi: 10.1212/
WNL.0000000000207339

 43. Burdo TH, Robinson JA, Cooley S, Smith MD, Flynn J, Petersen KJ, et al. Increased 
peripheral inflammation is associated with structural brain changes and reduced blood 
flow in people with virologically controlled HIV. J Infect Dis. (2023) 228:1071–9. doi: 
10.1093/infdis/jiad229

 44. Wright PW, Heaps JM, Shimony JS, Thomas JB, Ances BM. The effects of HIV and 
combination antiretroviral therapy on white matter integrity. AIDS. (2012) 26:1501–8. 
doi: 10.1097/QAD.0b013e3283550bec

 45. Li R-L, Sun J, Tang Z-C, Zhang J-J, Li H-J. Axonal chronic injury in treatment-
naïve HIV+ adults with asymptomatic neurocognitive impairment and its relationship 
with clinical variables and cognitive status. BMC Neurol. (2018) 18:66. doi: 10.1186/
s12883-018-1069-5

 46. Strain JF, Burdo TH, Song S-K, Sun P, El-Ghazzawy O, Nelson B, et al. Diffusion 
basis spectral imaging detects ongoing brain inflammation in Virologically well-
controlled HIV+ patients. J Acquir Immune Defic Syndr. (2017) 76:423–30. doi: 10.1097/
QAI.0000000000001513

 47. Chang K, Premeaux TA, Cobigo Y, Milanini B, Hellmuth J, Rubin LH, et al. Plasma 
inflammatory biomarkers link to diffusion tensor imaging metrics in virally suppressed 
HIV-infected individuals. AIDS. (2020) 34:203–13. doi: 10.1097/
QAD.0000000000002404

 48. Cao B, Kong X, Kettering C, Yu P, Ragin A. Determinants of HIV-induced brain 
changes in three different periods of the early clinical course: a data mining analysis. 
Neuroimage Clin. (2015) 9:75–82. doi: 10.1016/j.nicl.2015.07.012

 49. Cysique LA, Soares JR, Geng G, Scarpetta M, Moffat K, Green M, et al. White 
matter measures are near normal in controlled HIV infection except in those with 
cognitive impairment and longer HIV duration. J Neuro. (2017) 23:539–47. doi: 10.1007/
s13365-017-0524-1

 50. Su T, Caan MWA, Wit FWNM, Schouten J, Geurtsen GJ, Cole JH, et al. White 
matter structure alterations in HIV-1-infected men with sustained suppression of 
viraemia on treatment. AIDS. (2016) 30:311–22. doi: 10.1097/
QAD.0000000000000945

 51. Liu J, Nguchu BA, Liu D, Qi Y, Aili X, Han S, et al. Longitudinal white matter 
alterations in SIVmac239-infected rhesus monkeys with and without regular cART 
treatment. Front Immunol. (2022) 13:1067795. doi: 10.3389/fimmu.2022.1067795

 52. Ma J, Yang X, Xu F, Li H. Application of diffusion tensor imaging (DTI) in the 
diagnosis of HIV-associated neurocognitive disorder (HAND): a meta-analysis and a 
system review. Front Neurol. (2022) 13:898191. doi: 10.3389/fneur.2022.898191

 53. Hall SA, Bell RP, Davis SW, Towe SL, Ikner TP, Meade CS. Human 
immunodeficiency virus-related decreases in corpus callosal integrity and corresponding 
increases in functional connectivity. Hum Brain Mapp. (2021) 42:4958–72. doi: 10.1002/
hbm.25592

 54. Aili X, Wang W, Zhang A, Jiao Z, Li X, Rao B, et al. Rich-Club analysis of structural 
brain network alterations in HIV positive patients with fully suppressed plasma viral 
loads. Front Neurol. (2022) 13:825177. doi: 10.3389/fneur.2022.825177

 55. Solomon IH, Chettimada S, Misra V, Lorenz DR, Gorelick RJ, Gelman BB, et al. 
White matter abnormalities linked to interferon, stress response, and energy metabolism 
gene expression changes in older HIV-positive patients on antiretroviral therapy. Mol 
Neurobiol. (2020) 57:1115–30. doi: 10.1007/s12035-019-01795-3

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1007/s13365-017-0553-9
https://doi.org/10.1007/s13365-017-0553-9
https://doi.org/10.3389/fnagi.2018.00329
https://doi.org/10.1093/infdis/jiz030
https://doi.org/10.3389/fmicb.2019.01956
https://doi.org/10.3389/fcimb.2019.00362
https://doi.org/10.3390/cells8101245
https://doi.org/10.1007/s13365-018-0695-4
https://doi.org/10.1007/s12035-018-1072-2
https://doi.org/10.3390/v7072810
https://doi.org/10.1016/j.jalz.2014.06.008
https://doi.org/10.1080/02699052.2017.1357836
https://doi.org/10.1089/neu.2018.5898
https://doi.org/10.1007/s12035-018-1054-4
https://doi.org/10.1016/bs.pmbts.2019.04.001
https://doi.org/10.3174/ajnr.A5432
https://doi.org/10.3174/ajnr.A5432
https://doi.org/10.1001/jamaneurol.2017.3036
https://doi.org/10.1097/QAI.0000000000001489
https://doi.org/10.1097/QAI.0000000000001489
https://doi.org/10.1016/j.bpsc.2018.06.006
https://doi.org/10.1007/s13365-019-00747-w
https://doi.org/10.1007/s13365-019-00747-w
https://doi.org/10.1093/cid/ciaa1552
https://doi.org/10.1001/jamanetworkopen.2020.31190
https://doi.org/10.1097/QAD.0000000000002193
https://doi.org/10.1097/QAD.0000000000002193
https://doi.org/10.1002/ana.26896
https://doi.org/10.1097/QAD.0000000000002042
https://doi.org/10.1007/s13365-018-0682-9
https://doi.org/10.1097/QAD.0000000000003055
https://doi.org/10.1007/s13365-019-00723-4
https://doi.org/10.1093/cid/ciaa1415
https://doi.org/10.24875/AIDSRev.20000044
https://doi.org/10.3389/fnins.2021.713760
https://doi.org/10.1212/WNL.0000000000207339
https://doi.org/10.1212/WNL.0000000000207339
https://doi.org/10.1093/infdis/jiad229
https://doi.org/10.1097/QAD.0b013e3283550bec
https://doi.org/10.1186/s12883-018-1069-5
https://doi.org/10.1186/s12883-018-1069-5
https://doi.org/10.1097/QAI.0000000000001513
https://doi.org/10.1097/QAI.0000000000001513
https://doi.org/10.1097/QAD.0000000000002404
https://doi.org/10.1097/QAD.0000000000002404
https://doi.org/10.1016/j.nicl.2015.07.012
https://doi.org/10.1007/s13365-017-0524-1
https://doi.org/10.1007/s13365-017-0524-1
https://doi.org/10.1097/QAD.0000000000000945
https://doi.org/10.1097/QAD.0000000000000945
https://doi.org/10.3389/fimmu.2022.1067795
https://doi.org/10.3389/fneur.2022.898191
https://doi.org/10.1002/hbm.25592
https://doi.org/10.1002/hbm.25592
https://doi.org/10.3389/fneur.2022.825177
https://doi.org/10.1007/s12035-019-01795-3


Luo et al. 10.3389/fneur.2024.1479272

Frontiers in Neurology 11 frontiersin.org

 56. Hohenfeld C, Werner CJ, Reetz K. Resting-state connectivity in neurodegenerative 
disorders: is there potential for an imaging biomarker? Neuroimage Clin. (2018) 
18:849–70. doi: 10.1016/j.nicl.2018.03.013

 57. Lv H, Wang Z, Tong E, Williams LM, Zaharchuk G, Zeineh M, et al. Resting-state 
functional MRI: everything that nonexperts have always wanted to know. AJNR Am J 
Neuroradiol. (2018) 39:1390–9. doi: 10.3174/ajnr.A5527

 58. O’Connor EE, Sullivan EV, Chang L, Hammoud DA, Wilson TW, Ragin AB, et al. 
Imaging of brain structural and functional effects in people with human 
immunodeficiency virus. J Infect Dis. (2023) 227:S16–29. doi: 10.1093/infdis/jiac387

 59. Li R, Wang W, Wang Y, Peters S, Zhang X, Li H. Effects of early HIV infection and 
combination antiretroviral therapy on intrinsic brain activity: a cross-sectional resting-
state fMRI study. Neuropsychiatr Dis Treat. (2019) 15:883–94. doi: 10.2147/NDT.S195562

 60. Han S, Aili X, Ma J, Liu J, Wang W, Yang X, et al. Altered regional homogeneity 
and functional connectivity of brain activity in young HIV-infected patients with 
asymptomatic neurocognitive impairment. Front Neurol. (2022) 13:982520. doi: 10.3389/
fneur.2022.982520

 61. Wang W, Liu D, Wang Y, Li R, Liu J, Liu M, et al. Frequency-dependent functional 
alterations in people living with HIV with early stage of HIV-associated neurocognitive 
disorder. Front Neurosci. (2023) 16:985213. doi: 10.3389/fnins.2022.985213

 62. Chen P-P, Wei X-Y, Tao L, Xin X, Xiao S-T, He N. Cerebral abnormalities in HIV-
infected individuals with neurocognitive impairment revealed by fMRI. Sci Rep. (2023) 
13:10331. doi: 10.1038/s41598-023-37493-3

 63. Thippabhotla S, Adeyemo B, Cooley SA, Roman J, Metcalf N, Boerwinkle A, et al. 
Comparison of resting state functional connectivity in persons with and without HIV: 
a cross-sectional study. J Infect Dis. (2023) 228:751–8. doi: 10.1093/infdis/jiad180

 64. Hornung S, Dutta S, Bitan G. CNS-Derived Blood Exosomes as a Promising 
Source of Biomarkers: Opportunities and Challenges. Front Mol Neurosci. (2020) 13:38. 
doi: 10.3389/fnmol.2020.00038

 65. Fan RZ, Guo M, Luo S, Cui M, Tieu K. Exosome release and neuropathology 
induced by α-synuclein: new insights into protective mechanisms of Drp1 inhibition. 
Acta Neuropathol Com. (2019) 7:184. doi: 10.1186/s40478-019-0821-4

 66. Yang FN, Hassanzadeh-Behbahani S, Kumar P, Moore DJ, Ellis RJ, Jiang X. The 
impacts of HIV infection, age, and education on functional brain networks in adults 
with HIV. J Neuro. (2022) 28:265–73. doi: 10.1007/s13365-021-01039-y

 67. Tang Z-C, Liu J-J, Ding X-T, Liu D, Qiao H-W, Huang X-J, et al. The default mode 
network is affected in the early stage of simian immunodeficiency virus infection: a 
longitudinal study. Neural Regen Res. (2023) 18:1542–7. doi: 10.4103/1673-5374.360244

 68. Jia C, Long Q, Ernst T, Shang Y, Chang L, Adali T. Independent component and 
graph theory analyses reveal normalized brain networks on resting-state functional MRI 
after working memory training in people with HIV. J Magn Reson Imaging. (2023) 
57:1552–64. doi: 10.1002/jmri.28439

 69. Li Xiang, Towe Sheri L., Bell Ryan P., Jiang Rongtao, Hall Shana A., Calhoun Vince 
D., et al. The individualized prediction of neurocognitive function in people living with 
HIV based on clinical and multimodal connectome data. IEEE J Biomed Health Inform. 
(2023). doi: 10.1109/JBHI.2023.3240508 [Epub ahead of print].

 70. van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. Challenges 
and directions in studying cell-cell communication by extracellular vesicles. Nat Rev Mol 
Cell Biol. (2022) 23:369–82. doi: 10.1038/s41580-022-00460-3

 71. Quiroz-Baez R, Hernández-Ortega K, Martínez-Martínez E. Insights into the 
proteomic profiling of extracellular vesicles for the identification of early biomarkers of 
neurodegeneration. Front Neurol. (2020) 11:580030. doi: 10.3389/fneur.2020.580030

 72. Elsherbini A, Qin H, Zhu Z, Tripathi P, Crivelli SM, Bieberich E. In vivo evidence 
of exosome-mediated Aβ neurotoxicity. Acta Neuropathol Com. (2020) 8:100. doi: 
10.1186/s40478-020-00981-y

 73. Guo M, Wang J, Zhao Y, Feng Y, Han S, Dong Q, et al. Microglial exosomes 
facilitate α-synuclein transmission in Parkinson’s disease. Brain. (2020) 143:1476–97. 
doi: 10.1093/brain/awaa090

 74. Aharon A, Spector P, Ahmad RS, Horrany N, Sabbach A, Brenner B, et al. 
Extracellular vesicles of Alzheimer’s disease patients as a biomarker for disease 
progression. Mol Neurobiol. (2020) 57:4156–69. doi: 10.1007/s12035-020-02013-1

 75. Chen X, Wang X, Cui Z, Luo Q, Jiang Z, Huang Y, et al. M1 microglia-derived 
exosomes promote activation of resting microglia and amplifies proangiogenic effects 
through Irf1/miR-155-5p/Socs1 axis in the retina. Int J Biol Sci. (2023) 19:1791–812. doi: 
10.7150/ijbs.79784

 76. Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Depletion of 
microglia and inhibition of exosome synthesis halt tau propagation. Nat Neurosci. (2015) 
18:1584–93. doi: 10.1038/nn.4132

 77. Li Y-B, Fu Q, Guo M, Du Y, Chen Y, Cheng Y. MicroRNAs: pioneering regulators 
in Alzheimer’s disease pathogenesis, diagnosis, and therapy. Transl Psychiatry. (2024) 
14:367–15. doi: 10.1038/s41398-024-03075-8

 78. Hu S, Feng L, Yang Z, Fan X, Gao H, Yang T. A recognition of exosomes as 
regulators of epigenetic mechanisms in central nervous system diseases. Front Mol 
Neurosci. (2024) 17:1370449. doi: 10.3389/fnmol.2024.1370449

 79. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, 
et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 

position statement of the International Society for Extracellular Vesicles and update of 
the MISEV2014 guidelines. J Extracell Vesicles. (2018) 7:1535750. doi: 
10.1080/20013078.2018.1535750

 80. Kim SJ, Russell AE, Wang W, Gemoets DE, Sarkar SN, Simpkins JW, et al. 
miR-146a dysregulates energy metabolism during neuroinflammation. J NeuroImmune 
Pharmacol. (2022) 17:228–41. doi: 10.1007/s11481-021-09999-y

 81. Gui Y, Liu H, Zhang L, Lv W, Hu X. Altered microRNA profiles in cerebrospinal 
fluid exosome in Parkinson disease and Alzheimer disease. Oncotarget. (2015) 
6:37043–53. doi: 10.18632/oncotarget.6158

 82. Yang L-B, Lindholm K, Yan R, Citron M, Xia W, Yang X-L, et al. Elevated beta-
secretase expression and enzymatic activity detected in sporadic Alzheimer disease. Nat 
Med. (2003) 9:3–4. doi: 10.1038/nm0103-3

 83. Lei X, Lei L, Zhang Z, Zhang Z, Cheng Y. Downregulated miR-29c correlates with 
increased BACE1 expression in sporadic Alzheimer’s disease. Int J Clin Exp Pathol. 
(2015) 8:1565–74.

 84. Hébert SS, Horré K, Nicolaï L, Papadopoulou AS, Mandemakers W, Silahtaroglu 
AN, et al. Loss of microRNA cluster miR-29a/b-1  in sporadic Alzheimer’s disease 
correlates with increased BACE1/beta-secretase expression. P Natl Acad Sci USA. (2008) 
105:6415–20. doi: 10.1073/pnas.0710263105

 85. Dong Z, Gu H, Guo Q, Liu X, Li F, Liu H, et al. Circulating small extracellular 
vesicle-derived miR-342-5p ameliorates Beta-amyloid formation via targeting Beta-site 
APP cleaving enzyme 1  in Alzheimer’s disease. Cells. (2022) 11:3830. doi: 10.3390/
cells11233830

 86. Ding L, Yang X, Xia X, Li Y, Wang Y, Li C, et al. Exosomes mediate APP 
dysregulation via APP-miR-185-5p Axis. Front Cell Dev Biol. (2022) 10:793388. doi: 
10.3389/fcell.2022.793388

 87. Wang Y, Yuan P, Ding L, Zhu J, Qi X, Zhang Y, et al. Circulating extracellular 
vesicle-containing microRNAs reveal potential pathogenesis of Alzheimer’s disease. 
Front Cell Neurosci. (2022) 16:955511. doi: 10.3389/fncel.2022.955511

 88. Wei H, Xu Y, Chen Q, Chen H, Zhu X, Li Y. Mesenchymal stem cell-derived 
exosomal miR-223 regulates neuronal cell apoptosis. Cell Death Dis. (2020) 11:290. doi: 
10.1038/s41419-020-2490-4

 89. Zhou Y, Liu Y, Kang Z, Yao H, Song N, Wang M, et al. CircEPS15, as a sponge of 
MIR24-3p ameliorates neuronal damage in Parkinson disease through boosting PINK1-
PRKN-mediated mitophagy. Autophagy. (2023) 19:2520–37. doi: 
10.1080/15548627.2023.2196889

 90. Li Y, Xia M, Meng S, Wu D, Ling S, Chen X, et al. MicroRNA-29c-3p in dual-
labeled exosome is a potential diagnostic marker of subjective cognitive decline. 
Neurobiol Dis. (2022) 171:105800. doi: 10.1016/j.nbd.2022.105800

 91. Nie C, Sun Y, Zhen H, Guo M, Ye J, Liu Z, et al. Differential expression of plasma 
Exo-miRNA in neurodegenerative diseases by next-generation sequencing. Front 
Neurosci. (2020) 14:438. doi: 10.3389/fnins.2020.00438

 92. Ge X, Guo M, Hu T, Li W, Huang S, Yin Z, et al. Increased microglial Exosomal 
miR-124-3p alleviates neurodegeneration and improves cognitive outcome after rmTBI. 
Mol Ther. (2020) 28:503–22. doi: 10.1016/j.ymthe.2019.11.017

 93. Nakano M, Kubota K, Kobayashi E, Chikenji TS, Saito Y, Konari N, et al. Bone 
marrow-derived mesenchymal stem cells improve cognitive impairment in an 
Alzheimer’s disease model by increasing the expression of microRNA-146a in 
hippocampus. Sci Rep. (2020) 10:10772. doi: 10.1038/s41598-020-67460-1

 94. Ma X, Wang Y, Shi Y, Li S, Liu J, Li X, et al. Exosomal miR-132-3p from 
mesenchymal stromal cells improves synaptic dysfunction and cognitive decline in 
vascular dementia. Stem Cell Res Ther. (2022) 13:315. doi: 10.1186/s13287-022-02995-w

 95. Huaqi S, Rustam YH, Masters CL, Makalic E, McLean CA, Hill AF, et al. 
Characterization of brain-derived extracellular vesicle lipids in Alzheimer’s disease. J 
Extracell Vesic. (2021) 10:e12089. doi: 10.1002/jev2.12089

 96. Mahajan SD, Ordain NS, Kutscher H, Karki S, Reynolds JL. HIV 
Neuroinflammation: the role of exosomes in cell signaling, prognostic and diagnostic 
biomarkers and drug delivery. Front Cell Dev Biol. (2021) 9:637192. doi: 10.3389/
fcell.2021.637192

 97. Patters BJ, Kumar S. The role of exosomal transport of viral agents in persistent 
HIV pathogenesis. Retrovirology. (2018) 15:79. doi: 10.1186/s12977-018-0462-x

 98. Sami Saribas A, Cicalese S, Ahooyi TM, Khalili K, Amini S, Sariyer IK. HIV-1 Nef 
is released in extracellular vesicles derived from astrocytes: evidence for Nef-mediated 
neurotoxicity. Cell Death Dis. (2017) 8:e2542. doi: 10.1038/cddis.2016.467

 99. Chandra PK, Rutkai I, Kim H, Braun SE, Abdel-Mageed AB, Mondal D, et al. 
Latent HIV-exosomes induce mitochondrial Hyperfusion due to loss of phosphorylated 
dynamin-related protein 1 in brain endothelium. Mol Neurobiol. (2021) 58:2974–89. doi: 
10.1007/s12035-021-02319-8

 100. Chemparathy DT, Ray S, Ochs C, Ferguson N, Gawande DY, Dravid SM, et al. 
Neuropathogenic role of astrocyte-derived extracellular vesicles in HIV-associated 
neurocognitive disorders. J Extracell Vesic. (2024) 13:e12439. doi: 10.1002/jev2.12439

 101. Raymond AD, Diaz P, Chevelon S, Agudelo M, Yndart-Arias A, Ding H, et al. 
Microglia-derived HIV Nef+ exosome impairment of the blood-brain barrier is treatable 
by nanomedicine-based delivery of Nef peptides. J Neuro. (2016) 22:129–39. doi: 
10.1007/s13365-015-0397-0

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.nicl.2018.03.013
https://doi.org/10.3174/ajnr.A5527
https://doi.org/10.1093/infdis/jiac387
https://doi.org/10.2147/NDT.S195562
https://doi.org/10.3389/fneur.2022.982520
https://doi.org/10.3389/fneur.2022.982520
https://doi.org/10.3389/fnins.2022.985213
https://doi.org/10.1038/s41598-023-37493-3
https://doi.org/10.1093/infdis/jiad180
https://doi.org/10.3389/fnmol.2020.00038
https://doi.org/10.1186/s40478-019-0821-4
https://doi.org/10.1007/s13365-021-01039-y
https://doi.org/10.4103/1673-5374.360244
https://doi.org/10.1002/jmri.28439
https://doi.org/10.1109/JBHI.2023.3240508
https://doi.org/10.1038/s41580-022-00460-3
https://doi.org/10.3389/fneur.2020.580030
https://doi.org/10.1186/s40478-020-00981-y
https://doi.org/10.1093/brain/awaa090
https://doi.org/10.1007/s12035-020-02013-1
https://doi.org/10.7150/ijbs.79784
https://doi.org/10.1038/nn.4132
https://doi.org/10.1038/s41398-024-03075-8
https://doi.org/10.3389/fnmol.2024.1370449
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1007/s11481-021-09999-y
https://doi.org/10.18632/oncotarget.6158
https://doi.org/10.1038/nm0103-3
https://doi.org/10.1073/pnas.0710263105
https://doi.org/10.3390/cells11233830
https://doi.org/10.3390/cells11233830
https://doi.org/10.3389/fcell.2022.793388
https://doi.org/10.3389/fncel.2022.955511
https://doi.org/10.1038/s41419-020-2490-4
https://doi.org/10.1080/15548627.2023.2196889
https://doi.org/10.1016/j.nbd.2022.105800
https://doi.org/10.3389/fnins.2020.00438
https://doi.org/10.1016/j.ymthe.2019.11.017
https://doi.org/10.1038/s41598-020-67460-1
https://doi.org/10.1186/s13287-022-02995-w
https://doi.org/10.1002/jev2.12089
https://doi.org/10.3389/fcell.2021.637192
https://doi.org/10.3389/fcell.2021.637192
https://doi.org/10.1186/s12977-018-0462-x
https://doi.org/10.1038/cddis.2016.467
https://doi.org/10.1007/s12035-021-02319-8
https://doi.org/10.1002/jev2.12439
https://doi.org/10.1007/s13365-015-0397-0


Luo et al. 10.3389/fneur.2024.1479272

Frontiers in Neurology 12 frontiersin.org

 102. Tang Z, Lu Y, Dong J-L, Wu W, Li J. The extracellular vesicles in HIV infection 
and progression: mechanisms, and theranostic implications. Front Bioeng Biotech. (2024) 
12:1376455. doi: 10.3389/fbioe.2024.1376455

 103. Malik S, Eugenin EA. Mechanisms of HIV Neuropathogenesis: role of cellular 
communication systems. Curr HIV Res. (2016) 14:400–11. doi: 10.2174/157016
2X14666160324124558

 104. Sviridov D, Bukrinsky M. Neuro-HIV-new insights into pathogenesis and 
emerging therapeutic targets. FASEB J. (2023) 37:e23301. doi: 10.1096/fj.202301239RR

 105. Sampey GC, Saifuddin M, Schwab A, Barclay R, Punya S, Chung M-C, et al. 
Exosomes from HIV-1-infected cells stimulate production of pro-inflammatory 
cytokines through trans-activating response (TAR) RNA. J Biol Chem. (2016) 
291:1251–66. doi: 10.1074/jbc.M115.662171

 106. Henderson LJ, Johnson TP, Smith BR, Reoma LB, Santamaria UA, Bachani M, 
et al. Presence of tat and transactivation response element in spinal fluid despite 
antiretroviral therapy. AIDS. (2019) 33:S145–57. doi: 10.1097/QAD.0000000000002268

 107. András IE, Leda A, Contreras MG, Bertrand L, Park M, Skowronska M, et al. 
Extracellular vesicles of the blood-brain barrier: role in the HIV-1 associated amyloid 
beta pathology. Mol Cell Neurosci. (2017) 79:12–22. doi: 10.1016/j.mcn.2016.12.006

 108. Rahimian P, Jj H. HIV-1 tat-shortened neurite outgrowth through regulation of 
microRNA-132 and its target gene expression. J Neuroinflammation. (2016) 13:247. doi: 
10.1186/s12974-016-0716-2

 109. Batterham RL, Bedimo RJ, Diaz RS, Guaraldi G, Lo J, Martínez E, et al. 
Cardiometabolic health in people with HIV: expert consensus review (2024) 79:1218–33. 
doi: 10.1093/jac/dkae116

 110. Zhu S, Wang W, He J, Duan W, Ma X, Guan H, et al. Higher cardiovascular 
disease risks in people living with HIV: a systematic review and meta-analysis. J Glob 
Health. (2024) 14:04078. doi: 10.7189/jogh.14.04078

 111. Lin Q, He P, Tao J, Peng J. Role of exosomes in cardiovascular diseases. Rev 
Cardiovasc Med. (2024) 25:222. doi: 10.31083/j.rcm2506222

 112. Ying W, Riopel M, Bandyopadhyay G, Dong Y, Birmingham A, Seo JB, et al. 
Adipose tissue macrophage-derived Exosomal miRNAs can modulate in  vivo and 
in vitro insulin sensitivity. Cell. (2017) 171:372–384.e12. doi: 10.1016/j.cell.2017.08.035

 113. Sadri Nahand J, Bokharaei-Salim F, Karimzadeh M, Moghoofei M, Karampoor 
S, Mirzaei HR, et al. MicroRNAs and exosomes: key players in HIV pathogenesis. HIV 
Med. (2020) 21:246–78. doi: 10.1111/hiv.12822

 114. Sharma NK. Exosomal packaging of trans-activation response element (TAR) 
RNA by HIV-1 infected cells: a pro-malignancy message delivery to cancer cells. Mol 
Biol Rep. (2019) 46:3607–12. doi: 10.1007/s11033-019-04770-2

 115. Qiu Y, Ma J, Zeng Y. Therapeutic potential of anti-HIV RNA-loaded exosomes. 
Biomed Environ Sci. (2018) 31:215–26. doi: 10.3967/bes2018.027

 116. Shrivastava S, Ray RM, Holguin L, Echavarria L, Grepo N, Scott TA, et al. 
Exosome-mediated stable epigenetic repression of HIV-1. Nat Commun. (2021) 12:5541. 
doi: 10.1038/s41467-021-25839-2

 117. Zhu X, Hollinger KR, Huang Y, Borjabad A, Kim B-H, Arab T, et al. Neutral 
sphingomyelinase 2 inhibition attenuates extracellular vesicle release and improves 
neurobehavioral deficits in murine HIV. Neurobiol Dis. (2022) 169:105734. doi: 
10.1016/j.nbd.2022.105734

 118. Liu S, Chen L, Guo M, Li Y, Liu Q, Cheng Y. Targeted delivery of engineered 
RVG-BDNF-exosomes: a novel neurobiological approach for ameliorating depression 
and regulating neurogenesis. Research. (2024) 7:0402. doi: 10.34133/research.0402

 119. Yang J, Wu S, Hou L, Zhu D, Yin S, Yang G, et al. Therapeutic effects of 
simultaneous delivery of nerve growth factor mRNA and protein via exosomes on 
cerebral ischemia. Mol Ther Nucleic Acids. (2020) 21:512–22. doi: 10.1016/j.
omtn.2020.06.013

 120. Moschopoulos CD, Stanitsa E, Protopapas K, Kavatha D, Papageorgiou SG, 
Antoniadou A, et al. Multimodal approach to neurocognitive function in people living 
with HIV in the cART era: a comprehensive review. Life. (2024) 14:508. doi: 10.3390/
life14040508

 121. Sun B, Dalvi P, Abadjian L, Tang N, Pulliam L. Blood neuron-derived exosomes 
as biomarkers of cognitive impairment in HIV. AIDS. (2017) 31:F9–F17. doi: 10.1097/
QAD.0000000000001595

 122. Sun B, Fernandes N, Pulliam L. Profile of neuronal exosomes in HIV cognitive 
impairment exposes sex differences. AIDS. (2019) 33:1683–92. doi: 10.1097/
QAD.0000000000002272

 123. Dagur RS, Liao K, Sil S, Niu F, Sun Z, Lyubchenko YL, et al. Neuronal-derived 
extracellular vesicles are enriched in the brain and serum of HIV-1 transgenic rats. J 
Extracell Vesic. (2020) 9:1703249. doi: 10.1080/20013078.2019.1703249

 124. Guha D, Mukerji SS, Chettimada S, Misra V, Lorenz DR, Morgello S, et al. 
Cerebrospinal fluid extracellular vesicles and neurofilament light protein as biomarkers 
of central nervous system injury in HIV-infected patients on antiretroviral therapy. 
AIDS. (2019) 33:615–25. doi: 10.1097/QAD.0000000000002121

 125. Guha D, Lorenz DR, Misra V, Chettimada S, Morgello S, Gabuzda D. Proteomic 
analysis of cerebrospinal fluid extracellular vesicles reveals synaptic injury, inflammation, 

and stress response markers in HIV patients with cognitive impairment. J 
Neuroinflammation. (2019) 16:254. doi: 10.1186/s12974-019-1617-y

 126. Pulliam L, Liston M, Sun B, Narvid J. Using neuronal extracellular vesicles and 
machine learning to predict cognitive deficits in HIV. J Neuro. (2020) 26:880–7. doi: 
10.1007/s13365-020-00877-6

 127. de Menezes EGM, Liu JS, Bowler SA, Giron LB, D’Antoni ML, Shikuma CM, 
et al. Circulating brain-derived extracellular vesicles expressing  
neuroinflammatory markers are associated with HIV-related  
neurocognitive impairment. Front Immunol. (2022) 13:1033712. doi: 10.3389/
fimmu.2022.1033712

 128. Johnston CD, de Menezes EGM, Bowler S, Siegler EL, Friday C, Norris PJ, et al. 
Plasma extracellular vesicles and cell-free mitochondrial DNA are associated with 
cognitive dysfunction in treated older adults with HIV. J Neuro. (2023) 29:218–24. doi: 
10.1007/s13365-023-01122-6

 129. Khan MB, Lang MJ, Huang M-B, Raymond A, Bond VC, Shiramizu B, et al. Nef 
exosomes isolated from the plasma of individuals with HIV-associated dementia (HAD) 
can induce Aβ(1-42) secretion in SH-SY5Y neural cells. J Neuro. (2016) 22:179–90. doi: 
10.1007/s13365-015-0383-6

 130. Caobi A, Werne R, Gomez M, Andre M, Thomas C, Lima-Hernandez F, et al. 
Protein cargo of Nef-containing exosomal extracellular vesicles may predict HIV-
associated neurocognitive impairment status. Res Sq. (2023). doi: 10.21203/
rs.3.rs-2740135/v1. [Preprint].

 131. DeMarino C, Denniss J, Cowen M, Norato G, Dietrich DK, Henderson L, et al. 
HIV-1 RNA in extracellular vesicles is associated with neurocognitive outcomes. Nat 
Commun. (2024) 15:4391. doi: 10.1038/s41467-024-48644-z

 132. Canchi S, Swinton MK, Rissman RA, Fields JA. Transcriptomic analysis of brain 
tissues identifies a role for CCAAT enhancer binding protein β in HIV-associated 
neurocognitive disorder. J Neuroinflammation. (2020) 17:112. doi: 10.1186/
s12974-020-01781-w

 133. Reis RSD, Wagner MCE, McKenna S, Ayyavoo V. Neuroinflammation driven by 
human immunodeficiency Virus-1 (HIV-1) directs the expression of long noncoding 
RNA RP11–677M14.2 resulting in dysregulation of Neurogranin in vivo and in vitro. 
Res Sq. (2024). doi: 10.21203/rs.3.rs-3810214/v1. [Preprint].

 134. Lining S, Li R, Zhang Z, Liu J, Jingkao D, Wei H. Identification of altered 
exosomal microRNAs and mRNAs in Alzheimer’s disease. Ageing Res Rev. (2022) 
73:101497. doi: 10.1016/j.arr.2021.101497

 135. Agliardi C, Clerici M. Blood extracellular vesicles (EVs) of central nervous 
system origin: a window into the brain. Neural Regen Res. (2020) 15:55–6. doi: 
10.4103/1673-5374.264454

 136. Chandra PK, Braun SE, Maity S, Castorena-Gonzalez JA, Kim H, Shaffer JG, et al. 
Circulating plasma exosomal proteins of either SHIV-infected Rhesus macaque or HIV-
infected patient indicates a link to neuropathogenesis. Viruses. (2023) 15:794. doi: 
10.3390/v15030794

 137. András IE, Sewell BB, Toborek M. HIV-1 and amyloid beta remodel proteome of 
brain endothelial extracellular vesicles. Int J Mol Sci. (2020) 21:2741. doi: 10.3390/
ijms21082741

 138. András IE, Serrano N, Djuraskovic I, Fattakhov N, Sun E, Toborek M. 
Extracellular vesicle-serpine-1 affects neural progenitor cell mitochondrial networks and 
synaptic density: modulation by amyloid beta and HIV-1. Mol Neurobiol. (2023) 
60:6441–65. doi: 10.1007/s12035-023-03456-y

 139. Ellis RJ, Marquine MJ, Kaul M, Fields JA, Schlachetzki JCM. Mechanisms 
underlying HIV-associated cognitive impairment and emerging therapies  
for its management. Nat Rev Neurol. (2023) 19:668–87. doi: 10.1038/
s41582-023-00879-y

 140. Kolson DL. Developments in neuroprotection for HIV-associated neurocognitive 
disorders (HAND). Curr HIV/AIDS Rep. (2022) 19:344–57. doi: 10.1007/
s11904-022-00612-2

 141. Mullins RJ, Mustapic M, Goetzl EJ, Kapogiannis D. Exosomal biomarkers of brain 
insulin resistance associated with regional atrophy in Alzheimer’s disease. Hum Brain 
Mapp. (2017) 38:1933–40. doi: 10.1002/hbm.23494

 142. Chatterjee M, Özdemir S, Fritz C, Möbius W, Kleineidam L, Mandelkow E, et al. 
Plasma extracellular vesicle tau and TDP-43 as diagnostic biomarkers in FTD and ALS. 
Nat Med. (2024) 30:1771–83. doi: 10.1038/s41591-024-02937-4

 143. He M, Sun L, Cao W, Yin C, Sun W, Liu P, et al. Association between plasma 
exosome neurogranin and brain structure in patients with Alzheimer’s  
disease: a protocol study. BMJ Open. (2020) 10:e036990. doi: 10.1136/
bmjopen-2020-036990

 144. Kumar A, Kim S, Su Y, Sharma M, Kumar P, Singh S, et al. Brain cell-derived 
exosomes in plasma serve as neurodegeneration biomarkers in male cynomolgus 
monkeys self-administrating oxycodone. EBioMedicine. (2021) 63:103192. doi: 
10.1016/j.ebiom.2020.103192

 145. Chilunda V, Calderon TM, Martinez-Aguado P, Berman JW. The impact of 
substance abuse on HIV-mediated neuropathogenesis in the current ART era. Brain Res. 
(2019) 1724:146426. doi: 10.1016/j.brainres.2019.146426

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1376455
https://doi.org/10.2174/1570162X14666160324124558
https://doi.org/10.2174/1570162X14666160324124558
https://doi.org/10.1096/fj.202301239RR
https://doi.org/10.1074/jbc.M115.662171
https://doi.org/10.1097/QAD.0000000000002268
https://doi.org/10.1016/j.mcn.2016.12.006
https://doi.org/10.1186/s12974-016-0716-2
https://doi.org/10.1093/jac/dkae116
https://doi.org/10.7189/jogh.14.04078
https://doi.org/10.31083/j.rcm2506222
https://doi.org/10.1016/j.cell.2017.08.035
https://doi.org/10.1111/hiv.12822
https://doi.org/10.1007/s11033-019-04770-2
https://doi.org/10.3967/bes2018.027
https://doi.org/10.1038/s41467-021-25839-2
https://doi.org/10.1016/j.nbd.2022.105734
https://doi.org/10.34133/research.0402
https://doi.org/10.1016/j.omtn.2020.06.013
https://doi.org/10.1016/j.omtn.2020.06.013
https://doi.org/10.3390/life14040508
https://doi.org/10.3390/life14040508
https://doi.org/10.1097/QAD.0000000000001595
https://doi.org/10.1097/QAD.0000000000001595
https://doi.org/10.1097/QAD.0000000000002272
https://doi.org/10.1097/QAD.0000000000002272
https://doi.org/10.1080/20013078.2019.1703249
https://doi.org/10.1097/QAD.0000000000002121
https://doi.org/10.1186/s12974-019-1617-y
https://doi.org/10.1007/s13365-020-00877-6
https://doi.org/10.3389/fimmu.2022.1033712
https://doi.org/10.3389/fimmu.2022.1033712
https://doi.org/10.1007/s13365-023-01122-6
https://doi.org/10.1007/s13365-015-0383-6
https://doi.org/10.21203/rs.3.rs-2740135/v1
https://doi.org/10.21203/rs.3.rs-2740135/v1
https://doi.org/10.1038/s41467-024-48644-z
https://doi.org/10.1186/s12974-020-01781-w
https://doi.org/10.1186/s12974-020-01781-w
https://doi.org/10.21203/rs.3.rs-3810214/v1
https://doi.org/10.1016/j.arr.2021.101497
https://doi.org/10.4103/1673-5374.264454
https://doi.org/10.3390/v15030794
https://doi.org/10.3390/ijms21082741
https://doi.org/10.3390/ijms21082741
https://doi.org/10.1007/s12035-023-03456-y
https://doi.org/10.1038/s41582-023-00879-y
https://doi.org/10.1038/s41582-023-00879-y
https://doi.org/10.1007/s11904-022-00612-2
https://doi.org/10.1007/s11904-022-00612-2
https://doi.org/10.1002/hbm.23494
https://doi.org/10.1038/s41591-024-02937-4
https://doi.org/10.1136/bmjopen-2020-036990
https://doi.org/10.1136/bmjopen-2020-036990
https://doi.org/10.1016/j.ebiom.2020.103192
https://doi.org/10.1016/j.brainres.2019.146426


Luo et al. 10.3389/fneur.2024.1479272

Frontiers in Neurology 13 frontiersin.org

 146. Murphy A, Barbaro J, Martínez-Aguado P, Chilunda V, Jaureguiberry-Bravo M, 
Berman JW. The effects of opioids on HIV neuropathogenesis. Front Immunol. (2019) 
10:2445. doi: 10.3389/fimmu.2019.02445

 147. Ding G, Li L, Zhang L, Chopp M, Davoodi-Bojd E, Li Q, et al. MRI metrics of cerebral 
endothelial cell-derived exosomes for the treatment of cognitive dysfunction induced in aging 
rats subjected to type 2 diabetes. Diabetes. (2022) 71:873–80. doi: 10.2337/db21-0754

 148. Zhan Y, Zhang L, Sun J, Yao H, Chen J, Tian M. ADSC-derived exosomes provide 
neuroprotection in sepsis-associated encephalopathy by regulating hippocampal 
pyroptosis. Exp Neurol. (2024) 380:114900. doi: 10.1016/j.expneurol.2024.114900

 149. Temoche-Diaz MM, Shurtleff MJ, Nottingham RM, Yao J, Fadadu RP, Lambowitz 
AM, et al. Distinct mechanisms of microRNA sorting into cancer cell-derived 
extracellular vesicle subtypes. eLife. (2019) 8:e47544. doi: 10.7554/eLife.47544

 150. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et al. 
Proteomic comparison defines novel markers to characterize heterogeneous populations 
of extracellular vesicle subtypes. P Natl Acad Sci USA. (2016) 113:E968–77. doi: 10.1073/
pnas.1521230113

 151. Ortega M, Ances BM. Role of HIV in amyloid metabolism. J NeuroImmune 
Pharmacol. (2014) 9:483–91. doi: 10.1007/s11481-014-9546-0

 152. Bravo-Miana RDC, Arizaga-Echebarria JK, Otaegui D. Central nervous system-
derived extracellular vesicles: the next generation of neural circulating biomarkers? 
Transl Neurodegener. (2024) 13:32. doi: 10.1186/s40035-024-00418-9

 153. Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL, et al. 
Altered lysosomal proteins in neural-derived plasma exosomes in preclinical 
Alzheimer disease. Neurology. (2015) 85:40–7. doi: 10.1212/
WNL.0000000000001702

 154. Rubin LH, Sundermann EE, Dastgheyb R, Buchholz AS, Pasipanodya E, Heaton 
RK, et al. Sex differences in the patterns and predictors of cognitive function in HIV. 
Front Neurol. (2020) 11:551921. doi: 10.3389/fneur.2020.551921

 155. Li Y, Liu Z, Song Y, Pan J, Jiang Y, Shi X, et al. M2 microglia-derived 
extracellular vesicles promote white matter repair and functional recovery via 
miR-23a-5p after cerebral ischemia in mice. Theranostics. (2022) 12:3553–73. doi: 
10.7150/thno.68895

 156. Hu G, Niu F, Liao K, Periyasamy P, Sil S, Liu J, et al. HIV-1 tat-induced astrocytic 
extracellular vesicle miR-7 impairs synaptic architecture. J NeuroImmune Pharmacol. 
(2020) 15:538–53. doi: 10.1007/s11481-019-09869-8

 157. Liang X, Fu Y, Cao W-T, Wang Z, Zhang K, Jiang Z, et al. Gut microbiome, 
cognitive function and brain structure: a multi-omics integration analysis. Transl 
Neurodegener. (2022) 11:49. doi: 10.1186/s40035-022-00323-z

 158. Mateescu B, Kowal EJK, van Balkom BWM, Bartel S, Bhattacharyya SN, Buzás 
EI, et al. Obstacles and opportunities in the functional analysis of extracellular vesicle 
RNA  – an ISEV position paper. J Extracell Vesic. (2017) 6:1286095. doi: 
10.1080/20013078.2017.1286095

https://doi.org/10.3389/fneur.2024.1479272
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3389/fimmu.2019.02445
https://doi.org/10.2337/db21-0754
https://doi.org/10.1016/j.expneurol.2024.114900
https://doi.org/10.7554/eLife.47544
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1073/pnas.1521230113
https://doi.org/10.1007/s11481-014-9546-0
https://doi.org/10.1186/s40035-024-00418-9
https://doi.org/10.1212/WNL.0000000000001702
https://doi.org/10.1212/WNL.0000000000001702
https://doi.org/10.3389/fneur.2020.551921
https://doi.org/10.7150/thno.68895
https://doi.org/10.1007/s11481-019-09869-8
https://doi.org/10.1186/s40035-022-00323-z
https://doi.org/10.1080/20013078.2017.1286095

	Bridging brain and blood: a prospective view on neuroimaging-exosome correlations in HIV-associated neurocognitive disorders
	1 Introduction
	2 Neuroimaging in HAND
	2.1 Structural MRI findings in HAND
	2.2 Diffusion MRI insights into HAND pathology
	2.3 Functional MRI revelations in HAND

	3 Exosomes as emerging biomarkers in HAND
	3.1 The role of exosomes in the pathogenesis of neurodegenerative diseases
	3.2 Molecular pathogenesis of exosome-dependent HAND and HIV-associated comorbidities
	3.3 Exosomal biomarkers specific to HAND

	4 Bridging neuroimaging and exosomal biomarkers in HAND
	4.1 Convergence of exosome biology and brain imaging in neurodegeneration
	4.2 Challenges and prospects in HAND biomarker integration


	References

