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Abstract

HIV-associated neurocognitive disorders (HAND) arise from HIV infection of the central
nervous system, resulting in chronic neuroinflammation and progressive neuronal damage
that impair cognitive, motor, and behavioral functions. Clinically, HAND encompasses
a spectrum of neurological impairments ranging from asymptomatic neurocognitive im-
pairment to severe HIV-associated dementia. Despite the widespread use of combination
antiretroviral therapy (cART) and significant improvements in the life expectancy of people
living with HIV, HAND remains prevalent and continues to pose a major clinical challenge.
One of the primary limitations of cART is the limited penetration of many antiretrovi-
ral drugs across the blood–brain barrier (BBB), thereby allowing the persistence of viral
reservoirs within the CNS and contributing to sustained neuroinflammation and neuronal
damage. To address these challenges, novel nanotherapeutic strategies have been devel-
oped to enhance the delivery of antiretroviral agents to the brain. These approaches include
targeted delivery systems and the co-delivery of therapeutics across the BBB through
mechanisms such as receptor-mediated transcytosis and other transport pathways. In this
review, we discuss the pathophysiological challenges associated with HAND and recent
advances in nanotherapeutic approaches designed to improve treatment efficacy. We also
discuss the current state of the art in vitro and in vivo models used to test the efficacy
of these advanced therapeutics. Finally, we outline the remaining challenges and future
prospects for the development of nanotherapeutics to improve the treatment of HAND.
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1. Introduction
Human immunodeficiency virus (HIV) infection affects millions of people worldwide

and remains a significant global health challenge. Currently, more than 34 million people
are infected with HIV, and adding to the toll as many as 1.7 million new cases every
year [1]. According to the reports, 39–70% of people infected with HIV suffer from some
form of neurocognitive impairment [2]. The virus can reach the central nervous system
(CNS), causing damage to the brain and spinal cord, which may lead to cognitive decline,
motor dysfunction, and behavioral abnormalities, collectively known as HIV-associated
neurocognitive disorders (HAND). HAND encompasses a range of cognitive deficits,
ranging from mild impairments to severe dementia, and significantly impacts the quality
of life and long-term prognosis of affected individuals [3]. Based on their severity, HAND
is classified into three distinct categories: Asymptomatic Neurocognitive Impairment
(ANI), Mild Neurocognitive Disorder (MND), and HIV-Associated Dementia (HAD). This
classification relies on neuropsychological testing and additional clinical assessments of
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memory, attention, executive function, motor skills, and language. As per the ICD-11
(6D85.3), “dementia develops during the course of confirmed HIV disease, in the absence
of a concurrent illness or condition other than HIV infection that could explain the clinical
features”. The course of dementia due to HIV varies, including resolution of symptoms, a
gradual decline in functioning, improvement, or fluctuation in symptoms [4].

An evaluation of daily functioning further highlights the impact of cognitive decline
on everyday activities. Diagnostic techniques such as neuroimaging and cerebrospinal
fluid (CSF) analyses provide additional information regarding HAND-associated neu-
roinflammation in the CNS. Individuals with ANI typically maintain daily functioning
but may experience subtle difficulties with attention, memory, or executive function. In
contrast, MND is characterized by more pronounced cognitive decline, with moderate
impairments in concentration, executive function, and other cognitive domains. HAD is
the most severe form of HAND, with individuals exhibiting significant cognitive decline
and marked impairment in daily functioning [5,6]. HAND is more prevalent in women
due to a complex interplay of psychological, biological, and clinical factors. Additionally,
age and depressive symptoms also increase neurocognitive risk in women [7].

The underlying mechanism of HAND progression remains unclear. HIV is believed to
enter the CNS via infected macrophages and lymphocytes and to persist mostly in perivas-
cular macrophages and microglia [8]. Recent studies have identified single-nucleotide
polymorphisms, including MTND4P3 [rs4718789-T], RNA5SP231 [rs4718789-T], and MSH6
[rs2098242-T], as significant contributors to HAND pathogenesis. Additionally, miRNAs
such as hsa-miR-16-5p, hsa-miR-320a, and hsa-miR-335-5p, as well as transcription factors
THRA and NEUROD6, have been implicated in HAND [9]. Several reports indicate that
the degree of cognitive impairment in patients with HAND is directly related to CSF viral
load [10–12]. Once HIV reaches the brain, it infects macrophages and microglia, leading
to neuronal apoptosis. Activation of these cells is central to HAND pathogenesis [13].
Toxin production subsequently causes astrocytic and neuronal dysfunction [14]. Glial cell
activation is a hallmark of many neurodegenerative and neuroinflammatory disorders.
In people living with HIV, cognitive impairment is characterized by neuronal loss and
neuroinflammation, even among those receiving long-term antiretroviral therapy [13,15,16].

Inflammatory cytokines also cause neuronal damage, which is mediated by alterations
in the glutamate pathway. Different viral proteins, such as the transcriptional transactivator
(Tat), viral protein R (Vpr), negative regulatory factor (nef), and glycoprotein 120 (gp120),
have been extensively studied for their roles in neuropathogenesis [17–19]. The Tat pro-
tein has been linked to NMDA receptor-mediated calcium signaling, which triggers pro-
grammed cell death in primary human neurons [14]. Both Tat and nef trigger macrophages
to release quinolinic acid, a known neurotoxin [20]. gp120 can interact with neuronal
receptors and contribute to neuronal injury. It also dysregulates glutamate uptake in
astrocytes. As a result, extracellular glutamate levels rise, leading to excitotoxicity and,
eventually, neuronal death [20–22]. The viral protein Vpr induces neuronal death by
disrupting mitochondrial functions in the cell [13].

Current treatment strategies primarily rely on cART, but the restricted permeability
of the blood–brain barrier (BBB) limits the therapeutic potential of these drugs against
HAND. However, nanocarrier-mediated drug-delivery approaches have been investigated
as a new treatment for HAND. This review discusses the current challenges and prospects
of nanotherapeutics for the treatment of HAND. Moreover, the current state of the art of
in vitro and in vivo models used to test the efficacy of these advanced therapeutics has also
been included.
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2. Challenges in Current Treatment Approaches
Since the introduction of cART in 1997, HIV-related morbidity has significantly de-

creased. Antiretroviral drugs are categorized based on the stage of the HIV life cycle
they inhibit. Although cART effectively suppresses systemic viral replication, many an-
tiretroviral agents have limited ability to cross the BBB. As a result, managing HAND
remains a persistent challenge [23]. The BBB is a selectively permeable physiological barrier
that preserves CNS homeostasis by tightly regulating the passage of substances from the
bloodstream into the brain.

Drug molecules smaller than ~400 Da can cross the BBB primarily via lipid-mediated
diffusion. Some small molecules may also enter the brain via alternative mechanisms,
but most are actively removed by efflux transporters such as P-glycoprotein (P-gp) and
multidrug resistance proteins [24]. Antiretroviral (ARV) drugs can further induce P-gp
expression, which limits their therapeutic concentrations in the brain [25]. This limited
availability of these drugs in the brain cannot restrict the viral reservoir in the CNS [26].

Latent or hidden HIV reservoirs present a major challenge to achieving a functional
cure for the disease. Following treatment interruption, the virus from these reservoirs can re-
enter the circulation, causing a rapid viral rebound in plasma within weeks. Macrophages
and microglial cells act as key cellular reservoirs and can re-trigger infection in peripheral
tissues after treatment discontinuation [27]. Infected macrophages significantly affect the
proteome of cerebral endothelial cells, resulting in damage to the BBB and facilitating the
entry of HIV and circulating neurotoxins into the CNS [28]. Similarly, astrocytes also act as
HIV reservoirs under specific conditions, such as priming by IFN-Υ [29]. Overall, limited
drug permeability across the BBB remains a fundamental obstacle to developing effective
therapeutic strategies for eliminating HIV reservoirs in the CNS [30].

Moreover, the efflux transporters pump out drugs along with the harmful substances
and limit the effectiveness of drugs that cross the BBB [22]. Metabolic barriers also play
a significant role in limiting drug concentrations through enzymatic degradation before
drugs reach the target site [31]. Highly lipophilic drugs may cross the BBB via passive
diffusion but often lack target specificity due to their uptake mechanism [32]. This results
in non-targeted dispersion in the brain, rather than delivery to the target site. Lack of
specificity of the CNS disease-treating drugs can expose other healthy organs and can cause
neurotoxicity, excitotoxicity, inflammation, and cell death [32–34]. This lack of precision is
also a major challenge in achieving an effective treatment regimen.

3. Nanotherapeutics for HAND
Concerns about the failure of cART in HAND patients remain a global challenge.

In recent years, nanocarrier-based drug delivery systems have demonstrated immense
potential to overcome BBB-related challenges and improve drug pharmacokinetics in the
brain. Additionally, nanoparticles enable site-specific or targeted drug delivery, which can
diminish drug-associated toxicity and enhance patient compliance [35].

Nanocarriers and drugs are internalized via different transcytosis mechanisms; for ex-
ample, lipid nanocarriers and lipid-soluble small molecules can cross the BBB via lipophilic
diffusion (Figure 1). Paracellular transport is restricted for large molecules and becomes
more permeable under pathological conditions. Functionalization of the nanocarriers
with targeting ligands (CPPs, small receptor-binding effector molecules) exploits the
receptor-mediated transcytosis pathway for internalization. Solute-carrier protein influx
also functions similarly to receptor-mediated transcytosis but operates against the concen-
tration gradient. Neurotransmitters and drugs like L-DOPA often follow this pathway,
whereas adsorptive-mediated transport is based on electrostatic interactions between the
drug/nanocarrier and the cell membrane [36].
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Figure 1. Schematic representation of different nanocarriers and their mechanisms of transcytosis
across the blood–brain barrier (BBB). SLN: solid lipid nanocarrier. The figure was created using
BioRender (Created in Biorender by Jagdish Singh (2026): https://app.biorender.com/).

A variety of nanocarrier systems have been developed to effectively deliver drugs
to the CNS. Their engineered physicochemical properties allow for the incorporation of
targeting ligands that guide therapeutic cargo to specific sites of action. In the following
section, we discuss nanoparticles that have been explored for drug delivery in the treatment
of HAND.

3.1. Lipid Nanocarriers

Several lipid-based nanocarriers have been studied for the delivery of ARV drugs
to the CNS, including liposomes, solid lipid nanoparticles (SLN), and nanostructured
lipid carriers (NLC). Liposomes are biodegradable phospholipid bilayer vesicles that can
encapsulate hydrophilic and hydrophobic drugs, making them suitable for CNS drug
delivery [35]. A liposomal formulation encapsulating the antiviral drug foscarnet exhibited
a 13-fold higher brain uptake than the free-drug treatment group [37]. The systemic
clearance of the liposomal drug was 77-fold lower than that of the free drug.

The antiviral activity and bone marrow toxicity of 3′-azido-3′-deoxythymidine (AZT)
encapsulated in liposomes were evaluated in C57BL/6 mice [38]. The liposomal formulation
enhanced AZT distribution to the liver, spleen, and lungs while reducing its accumu-
lation in the bone marrow. AZT exhibits bone marrow toxicity at >2 mg/kg/day after
five administrations, whereas the liposomal formulation showed no detectable toxicity
across doses ranging from 0.08 to 10 mg/kg/day. In another study, nevirapine (NVP)-
loaded liposomes were evaluated for drug loading efficiency, release kinetics, and BBB
penetration. The findings indicated that this liposomal delivery system enabled efficient
drug delivery while reducing systemic toxic effects, highlighting its potential to improve
antiretroviral therapy [39].

Novel magneto-liposomes were developed as multi-component sustained-release
formulations containing the antiretroviral drugs tenofovir and nelfinavir, the latency-
reactivating agent disulfiram, and methamphetamine, a drug of abuse that accelerates HIV
pathogenesis [40]. Results showed that these components were released from the liposomes
for up to 10 days and reduced in vitro HIV-1 infection by 40–50%. Furthermore, transport
across the BBB increased to approximately 15% following magnetic treatment (0.8 T). In
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a separate study, cannabidiol-encapsulated liposomes demonstrated reduced p24 levels
and long-term HIV gene expression, increased APO levels, and attenuated mitochondrial
reactive oxygen species production in infected microglia [41].

SLNs represent a relatively new class of lipid-based nanocarriers. These spherical
particles are composed of biodegradable, biocompatible solid lipids with melting points
above 37 ◦C, thereby allowing them to remain solid during administration. Their hy-
drophobic nature and small size enable SLNs to efficiently cross the BBB and evade P-gp
efflux transporters.

This capability is further enhanced when SLNs are surface-functionalized with mon-
oclonal antibodies, poloxamer 407 (P407), and polysorbate 80 (Tween 80) [42]. Physico-
chemical and cellular uptake studies showed that lipid composition influenced particle
size and zeta potential, while the P407/Tween 80 coating stabilized the SLNs and reduced
their uptake by macrophages. Furthermore, the presence of Tween 80 and antibody graft-
ing improved endothelial permeability and facilitated targeted delivery of saquinavir
across the BBB.

Apolipoprotein E–functionalized SLNs exhibited reduced cytotoxicity toward the
human cerebral microvascular endothelial cell line (hCMEC/D3) and showed enhanced
permeability across the hCMEC/D3 monolayer, with approximately a 1.5-fold greater
transport compared with unfunctionalized SLNs [43]. Similarly, SLNs loaded with the
azapeptide inhibitor of HIV-1 protease, atazanavir, exhibited no detectable toxicity in
hCMEC/D3 cells and showed increased cellular accumulation within the endothelial cell
monolayer, indicating improved uptake and potential transport across the BBB [44]. In
another study, researchers assessed the permeability of three antiretroviral drugs (stavudine,
delavirdine, and saquinavir) encapsulated in SLNs across the BBB. These SLN formulations
achieved 3- to 16-fold greater BBB permeability than the free drugs [45]. Furthermore,
ritonavir-loaded SLNs significantly inhibited HIV-1 activity in vitro, further supporting the
utility of SLN-based nanocarriers for improving the delivery and therapeutic efficacy of
antiretroviral drugs in the brain [46].

NLCs are also extensively studied for targeted drug delivery. Composed of a mixture
of solid and liquid lipids, NLCs offer several advantages, including the prevention of
drug aggregation, immobilization of the encapsulated drugs, biodegradability, controlled
drug release, and preparation without organic solvents [47,48]. These features make NLCs
promising drug-delivery carriers for the treatment of HAND. For instance, atazanavir is a
poorly bioavailable drug that limits its therapeutic efficacy against HAND. Encapsulation
in NLCs demonstrated a 2.75-fold higher Cmax and a 4-fold higher bioavailability in the
brain compared to the free drug [49].

Similarly, NLC-based delivery of etravirine improved its brain pharmacokinetics,
and the developed formulation acted as a multi-site targeted therapy for eradicating
viral loads from several anatomical reservoirs [50]. In another study, intranasally ad-
ministered tenofovir disoproxil fumarate-loaded NLCs significantly improved pharma-
cokinetic parameters, including prolonged mean retention time and a higher Cmax, com-
pared to the free drug [51]. The scarcity of studies investigating lipid-based nanocarriers
for HAND highlights an important gap in fully utilizing their potential for developing
effective therapeutics.

3.2. Polymeric Nanocarriers

Polymeric nanocarriers have also been explored for targeted drug delivery to the
brain to effectively manage neurological disorders. Different polymeric nanoparticles
have been studied for their biodegradability, ability to encapsulate both hydrophilic and
hydrophobic drugs, controlled-release properties, protection of drugs from degradation,
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and improved permeability across the BBB [52]. For example, poly(butyl cyanoacrylate)
(PBCA) nanoparticles have been shown to increase the permeability of zidovudine and
lamivudine across the in vitro BBB severalfold [53]. However, degradation of PBCA can
generate harmful formaldehyde by-products; therefore, safer alternative polymers have
been explored as more suitable carriers for brain-targeted drug delivery. Table 1 lists
various nanocarriers used for brain-targeted delivery against HAND.

Table 1. Lipid nanocarrier-based formulations for antiviral drug delivery to the brain against HAND.

Nanocarrier Type Drug Inference Reference

Liposomes 3’-azido-3’-deoxythymidine Localized accumulation of the drug with reduced
toxicity and improved bioavailability [38]

Liposomes Nevirapine Higher drug loading with stability at physiological pH [39]

Liposomes Tenofovir, Nelfinavir,
methamphetamine

Enhanced bioavailability, permeability, and
therapeutic efficacy [40]

Liposomes Cannabidiol Reduced p24 expression in infected microglia [41]

SLNs ApoE Higher permeability across the hCMEC/D3 monolayer [43]

SLNs Atazanavir Reduced toxicity and greater cellular accumula-
tion in the endothelial cell monolayer [44]

SLNs Stavudine, delaviridine, saquinavir Crossed the BBB efficiently and demonstrated
higher bioavailability [45]

SLNs Ritonavir Significant inhibition of in vitro HIV-1 infection [46]

NLCs Atazanavir Higher brain bioavailability [49]

NLCs Etravirine Reduced HIV-1 viral load in anatomical reservoirs [50]

NLCs Tenofovir Improved pharmacokinetics of the drug [51]

NLCs Etravirine Improved biodistribution in the brain [54]

NLCs Etravirine Improved pharmacokinetics [55]

Polylactide (PLA) and poly(lactide-co-glycolide) (PLGA) are FDA-approved poly-
mers and are among the most commonly used materials for biomedical applications. The
degradation products of PLA and PLGA are lactic acid and glycolic acid, which enter
the tricarboxylic acid cycle, where they are ultimately converted into CO2 and water and
eliminated from the body. The tunable properties of these polymers enable easy surface
modification with coating polymers, such as polyethylene glycol (PEG), and targeting lig-
ands. Such modifications enhance systemic circulation time, reduce phagocytic uptake, and
improve permeability across the BBB [56]. For instance, PLA-PEG nanoparticles improved
the systemic circulation time of zidovudine by minimizing phagocytosis (Table 2) [57].

Table 2. Synthetic nanocarriers for drug delivery to the brain against HAND.

Nanocarrier Drug Inference Reference

PBCA nanoparticles Zidovudine, Lamivudine Increased permeability across the BBB and
improved bioavailability [53]

PLA-PEG nanoparticles Zidovudine Enhanced retention time in the systemic circulation [57]

PLGA nanoparticles Ritonavir, Lopinavir, Efavirenz Improved bioavailability in the brain and
sustained in vitro anti-viral efficacy [58]

PLGA nanoparticles Darunavir Improved permeability across the BBB
and inhibited the metalloproteinase 9 [59]

PLA nanoparticles Ritonavir Improved bioavailability of the drug [46]

Carbosilane-dendrimer siRNA Downregulation of GAPDH and restriction of
HIV replication [60]

Magnetic nanoparticles-exosomes T20 peptide Neuroprotection [61]
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Table 2. Cont.

Nanocarrier Drug Inference Reference

Nanocrystal Rilpivirine, Cabotegravir Improved bioavailability [62]

Dendrimer Lamivudine, efavirenz Reduced retroviral activity [63]

Building on these advantages, PLGA- and PLA-based nanoparticles have been widely
investigated for brain-targeted delivery of antiretroviral drugs. PLGA nanoparticles loaded
separately with ritonavir, lopinavir, and efavirenz demonstrated sustained drug availability
in the brain for up to 28 days, whereas the corresponding free drugs were eliminated within
2 days [58]. Moreover, these nanoparticulate formulations exhibited improved in vitro
antiviral efficacy by prolonging the inhibition of HIV-1 ADA replication. In another study,
luminescent carbon dot-tagged PLGA nanoparticles loaded with darunavir enhanced the
drug’s bioavailability and therapeutic efficacy [59]. The nanoparticles crossed the artificial
BBB model and inhibited metalloproteinase-9, a key factor in HIV-related neurological
disorders. Similarly, surface-modified PLA nanoparticles conjugated with the Tat peptide
increased the bioavailability of ritonavir by nearly 800-fold compared with the free drug [64].
Collectively, these findings highlight the excellent targeting and drug-delivery potential of
engineered polymeric nanocarriers for the brain, as they not only improve pharmacokinetics
but also maintain therapeutic drug concentrations for extended periods, thereby enhancing
treatment outcomes against CNS viral reservoirs.

3.3. Miscellaneous Nanocarriers

Several other nanocarrier systems have also been explored for drug or gene delivery
in the treatment of HAND. For example, a carbosilane dendrimer-siRNA dendriplex
demonstrated higher permeability across in vitro bovine brain microvascular endothelial
cells and efficiently transfected HIV-infected human astrocytes. Importantly, the dendriplex
did not exhibit toxicity toward uninfected or healthy astrocytes, and the downregulation of
GAPDH and the suppression of HIV-1 replication confirmed its therapeutic efficacy [60].
In another study, a magnetic nanoparticle- and exosomal extracellular vesicle-coupled
nanocarrier system carrying the anti-HIV T20 peptide (T20) was evaluated for targeted
delivery and therapeutic efficacy. The T20 peptide-loaded nanocarrier was capable of
protecting neurons without compromising BBB integrity [61].

Interestingly, nanocrystals containing rilpivirine and cabotegravir were administered
via microneedles on both sides of the face in rats, resulting in sustained drug bioavailability
for up to 21 and 28 days, respectively [62].

4. Animal Models to Study HIV and Neuropathogenesis
Animal models are valuable for investigating various aspects of HIV infection that

cannot be studied in humans due to ethical constraints and the considerable biological
variability present in clinical populations. These models facilitate the examination of viral
pathogenesis, host–virus interactions, neuroinflammation, and therapeutic interventions
under controlled experimental conditions. In particular, rodent models have played a
critical role in studying HAND and evaluating potential treatment strategies. Key rodent
models used to study HIV infection and associated neurocognitive impairment in vivo
include humanized mouse models, HIV-transgenic mice, and EcoHIV (chimeric virus)
infection models [65].

4.1. Humanized Mouse Models

Humanized mouse models have been commonly used to study virus–host dynamics.
These mice are developed using severe combined immunodeficiency (SCID) genetics and
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possess a DNA-dependent protein kinase catalytic subunit deficiency, which restricts the
function of B and T cells [66]. The HIVE (HIV-1 Encephalitis) mouse model was among
the first humanized models introduced to study NeuroAIDS or HAND. It was created by
injecting the HIV-1-infected human monocyte-derived macrophages into the basal ganglia
of immunodeficient mice [67]. This model was later used to study peripheral immunity,
with the ultimate goal of improving understanding of the adaptive immune system in
HIV neuropathogenesis. Non-obese diabetic mice were bred with mice carrying a SCID
genetic background to produce mice reconstituted with human peripheral lymphocytes
(huPBLs) [68,69]. These huPBL mice were injected with HIV-1-infected human monocytes.
However, they exhibit high mortality and a short lifespan (four to five weeks) due to
graft-versus-host disease, in which human lymphocytes recognize mouse host cells as
foreign and attack them [68].

The bone marrow-liver-thymus (BLT) mouse model is a more recently developed
humanized mouse model. It is generated by transplanting fragments of human fetal thymus
and liver tissue into irradiated NOD-SCID or NSG mice, followed by transplantation of
human CD34+ hematopoietic stem cells, usually isolated from the same fetal liver tissue [70].
A key feature of the BLT model is the development of human T cells within a human thymus,
which more closely mimics clinical conditions. Additionally, studies have demonstrated
that BLT mice infected with HIV-1 contain measurable levels of viral RNA and DNA in the
brain, indicating that this model may serve as a valuable tool for exploring mechanisms
and therapies for HAND [71]. A common drawback of humanized mouse models is the
development of host-versus-graft disease, which limits lifespan and complicates long-term
or age-related studies.

4.2. HIV-Transgenic Mice

Transgenic rodent models were among the first approaches to model CNS infections,
as they express HIV proteins in the brain. The gp120 transgenic mouse model, which
expresses CXCR4-tropic gp120 exclusively in astrocytes, was one of the first models used to
study the role of viral proteins in the brain. These mice develop age-related (~3 months of
age) memory impairments, and the model has helped identify cellular pathways involved
in gp120-mediated neurotoxicity [72,73].

Similarly, a Tat-transgenic mouse model was developed in which the HIV Tat
protein is expressed under a doxycycline-dependent GFAP promoter, leading to Tat-
dependent pathologies such as astrogliosis, monocyte and T-cell infiltration, and pre-
mature mortality [74]. More recently, transgenic mouse models have been developed
to express the Vpr protein selectively in myeloid cells of the nervous system, resulting
in CNS abnormalities [75].

4.3. Chimeric Virus Infection Model

Chimeric virus infection models are considered safer and more robust than traditional
mouse models for studying HIV infection. These models are generated by infecting wild-
type mice with a chimeric virus that combines elements of ecotropic murine leukemia
virus (MLV) with HIV. The chimeric virus (known as EcoHIV or EcoNDK) was created
by replacing the HIV gp120 envelope protein with MLV gp80, making the virus murine-
specific [76]. The gp80 protein facilitates viral entry into target cells by cleaving into
SU (gp70) and TM (p15E). The TM unit acts as a membrane anchor, while the SU subunit
binds to the receptor, enabling viral entry into cells [77].

EcoHIV was created using a laboratory-derived NL4-HIV-1 strain, a molecular clone
of HIV belonging to subtype clade B [78,79], whereas EcoNDK was developed from HIV
subtype clade D [80]. This chimeric virus lacks gp120, which normally mediates binding
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to human cells, but can still infect murine monocytes, macrophages, and T cells. The
infected virions disseminate throughout multiple organs and trigger antiviral immune
responses [78]. The virus can also spread through sexual contact in mice, similar to HIV
transmission in humans [81,82].

Chronic infection in mice leads to cognitive impairments, particularly in spatial learn-
ing and memory, resembling deficits observed in cART-treated individuals [83]. Overall,
this model is well-suited for studying mechanisms of HIV infection and associated cognitive
impairment due to its similarity to aspects of human HIV infection, ease of implementa-
tion, and safety. This model has been widely used to investigate HIV-associated cognitive
deficits, examine the role of drug abuse in HIV replication in CNS cells [84], develop an
HIV vaccine [85], and model neuroinflammation and BBB damage [86].

4.4. Simian-Human Immunodeficiency Virus

Simian-human immunodeficiency viruses (SHIVs) have been studied in non-human pri-
mate models to elucidate mechanisms of virus transmission, immunopathogenesis, and
therapeutic interventions [87]. SHIVs are chimeric viruses that encode HIV-1 Env within the
SIV backbone. Across species, macaque-adapted SHIV-infected Chinese- and Indian-origin
rhesus macaques exhibited accelerated pathogenesis, high viral loads, and immunopatho-
genesis [88,89]. This model begins to develop neurodegeneration from three to six months
post-infection (Table 3).

Table 3. Apparent, construct, predictive, and convergent validity profiles of different HIV-animal models.

Animal Model
Validity

Reference
Apparent Construct Predictive Convergent

Humanized mice model Moderate Moderate–High Moderate Moderate–High [90]
HIV-transgenic mice Moderate–High Low–Moderate Low–Moderate Moderate [91]

Chimeric virus
infection model Moderate Moderate Moderate Moderate–High [78]

Simian-human
immunodeficiency virus High High Moderate–High High [92]

Although SHIV animal models have been widely explored and validated for testing
treatment strategies, these models are less suitable for latency and cure studies. The model
should demonstrate ongoing viral replication over time and persistence on ART to be used
to study the effects of drugs on viral load suppression or eradication. However, not all
SHIV models meet this requirement. Recently, Env375-transmitted/founder SHIVs have
been attempted to be validated for the latency and efficacy studies [93].

5. Future Prospects
Preliminary studies using different nanocarrier platforms, including liposomes, poly-

meric nanoparticles, dendrimers, and exosome-mimetic vesicles, have demonstrated effec-
tive delivery and distribution within the CNS. These nanocarriers improve the pharma-
cokinetic profiles of ART drugs, anti-inflammatory compounds, and gene-editing payloads,
while enabling controlled drug release. Surface modifications of these platforms with
targeting ligands (e.g., transferrin or cell-penetrating peptides) facilitate transcytosis across
the BBB, thereby increasing drug accumulation in specific brain regions. Additionally,
these nanocarriers can co-deliver small molecules and nucleic acids, allowing simultaneous
suppression of viral replication and attenuation of neurodegenerative pathways.

Looking forward, smart nanocarriers may be engineered to release drugs in response
to pH changes, oxidative stress, or enzyme-mediated mechanisms. Such systems could
provide dynamic control over drug release, therapeutic activity, and early endosomal escape.
However, clinical translation of these nanocarrier-mediated therapies will require rigorous
assessment of long-term safety, immunogenicity, and scalable manufacturing processes.
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Nonetheless, the convergence of nanotechnology and neuroHIV research represents a
promising paradigm for precision therapy in HAND.

Recently, researchers found that despite the availability of cART, HAND prevalence
remains high (~40–50% globally), even in virally suppressed patients. Additionally, the
neuropsychological profiles of non-Western and Western cohorts largely mirror one another,
and immunosuppression remains the primary risk factor across settings [94]. Similarly, in a
different report, researchers evaluated the validity of cognitive screening tools for HAND
identification. After analyzing 19 studies, the authors reported significant variability in
criterion validity, mainly due to inconsistent explanations of impairment and demographic
differences [95]. A study also claimed that the effect of HIV on cognition in women is
very small (~0.05–0.09 SD units), except among women with low literacy levels and HIV-
related comorbidities [96]. Therefore, universal data harmonization, longitudinal studies,
and comparative studies between well-matched groups should be conducted to better
understand asymptomatic impairment and to identify more reliable biomarkers [94,96].

6. Conclusions
This review highlights the significant potential of nanocarriers to address the persistent

challenges associated with cART in mitigating HAND. Physiological challenges that make
HAND hard to treat include chronic neuroinflammation, neurotoxicity caused by viral
proteins, excitotoxicity, and the presence of the BBB. Although cART has substantially
improved the life expectancy of people living with HIV, its effectiveness in preventing or
reversing neurological complications remains limited. However, lifestyle modifications,
socio-behavioral interventions, cognitive training, and adherence to available treatments
can improve brain health and patient survival. The current long-term treatment regimen
and continuous viral load monitoring are critical for the suppression of viral load and
reducing neuroinflammation. Additionally, physical activity, a balanced diet, mental health
counseling, and cognitive training could also improve overall mental health, along with
reduced neuroinflammation and viral replication.

The application of nanocarrier-based drug delivery platforms offers a promising
strategy to overcome these limitations by enabling improved targeting across the BBB,
enhancing drug stability, and improving bioavailability. The developed formulations could
be evaluated for therapeutic efficacy in different animal models as a preclinical assessment.
These animals can be used to study the mechanisms underlying HAND progression, iden-
tify new biomarkers, mimic human disease pathology, and test new therapeutic tactics.
Moreover, nanotechnology may improve patient compliance by reducing dosing frequency.
Advanced polymeric nanocarriers could enhance antiretroviral penetration across the BBB
and target viral reservoirs. Functionalization of these nanocarriers may enable cell-specific
targeting and minimize toxicity. Additionally, nanosensors and gene-editing tools could
be helpful in early diagnosis and precise eradication of latent virus in the CNS, respec-
tively. Collectively, these advantages suggest that nanocarrier platforms could significantly
advance the prevention and management of HAND using current cART regimens.
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