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Abstract

HIV has the ability to infect immune cells that can migrate into the brain by crossing the blood-brain barrier.
As aresult, HIV can disguise itself to evade this biological barrier, which typically restricts the entry of most
foreign substances. The majority of antiretroviral drugs are either unable to effectively penetrate the blood-
brain barrier or are efficiently eliminated from the brain tissue. Consequently, this leads to the ineffective
elimination of HIV from the brain and theformation of reservoirs. Within the brain, there exist diverse cell
reservoirs that can harbor dormant HIV. This accumulation within the central nervous system (CNS) can
result in viral recurrence and rebound infection. The brain-targeting efficiency of clinically administered
antiretroviral drugs is generally low. However, the utilization of nano-formulations of these drugsholds the
potential to enhance the bioavailability of effective medications in specific regions while preserving
netirolonical intearitv

Introduction

According to the latest data from the Joint United Nations Programme on HIV/AIDS, the global
number of individuals affected by human immunodeficiency virus (HIV) is estimated to be 35.3 million.
Despite a decreasing trend in new infections since 2001, the number of individuals living with the virus
continues to rise. This can be attributed to the success and increased availability of antiretroviral drugs. The
implementation of CART in 1996 brought about a significant transformation in the treatment of AIDS, leading
to improved quality of life and increased lifespan for those who are seropositive [2,3]. Several limitations of
currently available drugs, including their toxicity and poor pharmacokinetics, the requirement for prolonged or
chronic use, and the emergence of viral resistance, continue to pose challenges to the optimal efficacy of CART
[4] The inadequate bioavailability of various anti-HIV medications at viral reservoir sites, including the central
nervous system (CNS), particularly in brain macrophages and microglia cells, is a matter of significant concern.
This issue persists despite the availability of dosage forms.

Low concentration-ratio values of cerebrospinal fluid to blood plasma (CSF: BP) have been
documented for various drugs commonly utilized in the management of HIV/AIDS. For instance, protease
inhibitors (PIs) exhibit extensive binding to plasma proteins and serve as substrates for permeability
glycoprotein (P-gp) and other crucial efflux transporters found at the blood-brain barrier (BBB). This combined
action severely restricts their entry into the brain. In addition to hindering the elimination of the virus from the
central nervous system (CNS), the limited ability of antiretroviral drugs to penetrate the BBB is associated with
elevated CSF viral loads, which can significantly contribute to the development of neurological disorders [5-7].

The potential benefits of utilizing drug nanocarriers in delivering antiretroviral drugs across the blood-
brain barrier (BBB) and into the central nervous system (CNS) have been widely advocated. Nanotechnology-
based systems offer intriguing features, including enhanced intestinal absorption following oral administration,
improved toxicity profiles, increased drug stability, prolonged drug residence in the body (particularly in the
CNS), circumvention of efflux pumps at the BBB, and selective drug delivery to specific cells, such as HIV-
target cells. While other types of nanocarriers, such as dendrimers, nano-emulsions, liposomes, micelles, and
nanogels, have also been proposed for managing HIV infection of the CNS, this review will specifically focus
on solid nanoparticles (NPs) of polymeric, macromolecular, lipid, or metallic nature. Additionally, strategies
based on antiretroviral drug nanosuspensions will be overviewed [8-13].
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The CNS as a Sanctuary for HIV

Antiretroviral therapy (ART) is a crucial tool in the fight against the global epidemic of HIV, which
affects nearly 38 million people worldwide. ART works by suppressing viral replication and reducing HIV RNA
to untraceable levels in the blood, but its effectiveness in eradicating the virus from the central nervous system
(CNS) is limited by the blood-brain barrier (BBB). The BBB presents a major challenge to drug delivery, as
successful passage across it is necessary to target viral reservoirs in the CNS that can accumulate HIV
proviruses. However, crossing the BBB without altering its neurological barrier integrity and CNS function
remains an unsolved problem. In addition to this challenge, ART drug cocktails are accompanied by the risk of
comorbidities, including neurological, metabolic, cardiovascular, and cerebrovascular conditions. Addressing
these challenges is crucial to achieving the goal of eradicating HIV and improvingthe lives of those affected
by this devastating disease [14].

The paradox that is being examined in this text is the ability of foreign viral components to cross the
blood-brain barrier (BBB) and enter the central nervous system (CNS), while crucial therapeutic drugs are
unable to do so. The review discusses the neuropathology of HIV and the BBB, highlighting how disruption of
the BBB facilitates and enhances proviral replication. It also addresses the current therapies available for HIV-
infected individuals and their limitations. Furthermore, attention is drawn to promising therapeutic solutions that
aim to overcome barriers associated with HIV, such as the use of nanoparticles for efficient delivery of
antiretroviral therapy (ART) to the brain. These innovative approaches for drug delivery play a crucial role in
advancing efforts to develop drugs that specifically target the CNS [15].

HIV possesses the inherent capability to attach itself to receptors present on circulating leukocytes in
the bloodstream, as depicted in Figure 1. Subsequently, these leukocytes can be recruited into the brain by
various hypothesized mechanisms, crossing the blood-brain barrier (BBB). The migration of these infected host
cells into the brain occurs with remarkable ease, surpassing the efficacy of therapeutic drugs in accomplishing
the same task. Although antiretroviral therapy (ART) effectively circulates in the peripheral blood and
adequately suppresses HIV replication levels, its inability to penetrate the BBB creates a secure sanctuaryfor
HIV to accumulate and remain dormant. This poses a significant challenge in the treatment of HIV and the
prevention of disease recurrence [16].
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Figure 1

The inherent capability of HIV to attach to receptors expressed on circulating leukocytes in the
bloodstream. Subsequently, these leukocytes can be recruited into the brain through various hypothesized
mechanisms, bypassing the blood-brain barrier (BBB). The migration of these infected host cells into the brain
is remarkably effortless compared to the efficacy of therapeutic drugs in accomplishing the same objective.
While antiretroviral therapy (ART) effectively circulates in the peripheral blood and successfully suppresses
HIV replication levels, its inability to penetrate the BBB creates a secure sanctuary for HIV to accumulate and
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remain dormant. This

Blood-brain barrier (BBB): The anatomy-physiological unit that acts as a crucial interface between
the blood and the brain consists of brain vascular endothelial cells. These cells are securely connected by tight
junction proteins and interact with neighboring astrocytes and pericytes. Together, they form a functional
neurovascular unit that safeguards the brain against pathogens, ensures cerebral homeostasis, and controls the
exchange of molecules between the blood and the central nervous system [17].

Clonal expansion: Cells infected with HIV that are present in the brain can continue to replicate the
virus. These groups of cells that are multiplying are essentially copies of the originalHIV-infected cells and can
remain inactive in the central nervous system for a prolonged period. This phenomenon is known as clonal
expansion and is a significant factor in the persistence of viral reservoirs in the CNS, even when antiretroviral
therapy is administered [18].

HIV-associated neurocognitive disorder: More commonly known as HAND, this encompassesa wide
array of comorbidities that emerge from immune activation caused by HIV infection.

Latent viral reservoirs: Cells infected with HIV have the ability to integrate the virus's genetic
material into their own DNA. These cells can then enter a dormant state by halting theirtranscription processes,
rendering them undetectable by the immune system and allowing them to evade immune responses.
Consequently, the development of effective drugs and the eradication of HIV pose significant challenges [19].

Proviruses: When HIV infects a host, it undergoes reverse transcription, resulting in the formation of a
provirus - an inert form of the virus that is integrated into the host cell's DNA. During normal cell replication,
the provirus is replicated along with the host cell's genome, leading to the production of viral particles in the cell
progeny [20].

QVOA: The quantified viral outgrowth assay (QVOA) is an essential tool for quantifying viral
reservoirs, specifically on CD4+ T cells. This assay plays a crucial role in measuring the level of viral
reservoirs, particularly after ART administration. By reversing latent cells and initiating HIV transcription, the
QVOA enables the detection of high levels of HIV replication, which may indicate the presence of viral
reservoirs unaffected by ART. However, the QVOA has limitations due to the heterogeneity of replication-
competent cell reservoirs that have recently been identified. Consequently, this assay may significantly
underestimate the accurate measurement oflatent HIV in the brain [21].

Rebound viremia: The process of HIV re-entering the bloodstream through the cerebrospinal fluid
(CSF) after escaping from CNS viral reservoirs can lead to rebound viremia. This can also be caused by patient
noncompliance or premature discontinuation of ART regimens.

Viral load: A widely employed clinical term for assessing the viral load within a designated
blood volume is commonly used. In individuals affected by HIV, this measure is typicallyquantified by
determining the quantity of HIV RNA copies per milliliter of collected blood [22].

Structural and Regulatory
Components of HIV

The structure of the HIV lentivirus consists of two single strands of RNA enclosed within a capsid that
contains the viral protein, p24. This protein, p24, serves as a significant marker for detecting HIV infection
(Figure I). The RNA genome of HIV is highly organized and consists of nine genes that have the ability to code
for 15 different viral proteins. These genes include three structural genes: gag (group specific antigen), pol
(polymerase), and env (envelope).Additionally, there are two essential regulatory genes: tat and rev, as well as
four additional accessory genes: nef, vpr, vpu, and vif [96]. These genes, along with their associated viral
protein products, play a crucial role in viral replication and can be targeted as potential drug targets [23]. To
target these specific genomic proteins, anti-HIV peptides and small-molecule inhibitors have been utilized,
resulting in successful suppression of HIV RNA levels to below 50 copies/ml when measuring viral load [24].
The HIV RNA-enclosed capsid is surrounded by a lipoprotein-rich membrane.

The membrane of the virus contains two essential proteins, the surface glycoprotein (gp120) and
transmembrane glycoprotein (gp41), that facilitate the virus's ability to attack, bind, and infect host cells. The
gp120 protein binds to the CD4 receptors found on various types of host cells, including T cell precursors,
monocytes, macrophages, and dendritic cells. The initial stages of HIV infection rely on protein-protein
interactions, starting with the binding of gp120 to the CD4 receptor. This binding exposes the gp120 protein
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domain, allowing for specific binding ofchemokine receptors, such as CCR5 and CXCR4. When gp120 binds to
both CD4 and achemokine coreceptor, the gp41 transmembrane protein creates a channel across the host cell's
plasma membrane, resulting in the translocation of viral capsid into the host cell and subsequent HIV replication
and infection. This mechanism underlies chronic HIV infection [25].
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Figure 2. The Structure of HIV.

The schematic provided illustrates the structure of HIV. Enclosed within a protein capsid, the viral
RNA genome is surrounded by a lipoprotein-rich membrane. Embedded within this lipid membrane are the
significant structural proteins, glycoprotein-120 (gp120) and glycoprotein-41 (gp41), which play a vital role in
facilitating HIV's binding to receptors for viral transfection and fusion into the host cell. At the core of the viral
capsid, HIV harbors an RNA genome consisting of two single strands. The enzyme reverse transcriptase is
responsible for catalyzing the transcription of viral RNA into complementary DNA (cDNA). Another crucial
enzyme, HIV integrase, can integrate the HIV DNA into the genome of the host cell once it is transcribed. This
viral DNA, once inserted into a host cell, is commonly referred to as proviral DNA.

The schematic provided illustrates the structure of HIV. Enclosed within a protein capsid, the viral
RNA genome is surrounded by a lipoprotein-rich membrane. Embedded within this lipid membrane are the
significant structural proteins, glycoprotein-120 (gp120) and glycoprotein-41 (gp41l), which play a vital role in
facilitating HIV's binding to receptors for viral transfection and fusion into the host cell. At the core of the viral
capsid, HIV harbors an RNA genome consisting of two single strands. The enzyme reverse transcriptase is
responsible for catalyzing the transcription of viral RNA into complementary DNA (cDNA). Another crucial
enzyme, HIV integrase, can integrate the HIV DNA into the genome of the host cell once it is transcribed. This
viral DNA, once inserted into a host cell, is commonly referred to as proviral DNA [26].

There are four molecular transcellular routes into the central nervous system (CNS): lipid-mediated
diffusion, carrier-mediated transport, receptor-mediated transport, or active efflux transport. Lipophilic
therapeutic molecules with a molecular weight of less than 400 Da can diffuse across the blood-brain barrier
(BBB) through lipid-mediated diffusion [27]. However, these small molecules can be quickly eliminated from
the brain tissue by ATP-binding efflux pumps, such as p-glycoprotein and multidrug resistance proteins (MRP),
which are present in the endothelial monolayer [28-30]. These ATP-binding pumps play a crucial role in the
removal and circulation of biomolecules and drugs within the CNS. Consequently, certain antiretroviraltherapy
(ART) drugs like abacavir, efavirenz, and protease inhibitors, which are eliminated from the brain, exhibit a
high brain efflux and therefore fail to reach therapeutic concentrations in patients [10]. By targeting and
providing antagonists for this pathway, it may be possible to enhance the bioavailability of therapeutics beyond
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the BBB, prolong circulation time, and improve efficacy. Overall, the penetration of the BBB remains the
limiting factor in achieving effective therapeutic interventions for most CNS diseases [31].

HIV Can Stealthily Breach the BBB

The most efficient method of HIV infection is through the binding of the virus to a host cell using CD4
and chemokine receptors, specifically CXCR4 and CCRS. This is followed by the injection of the viral genome
for replication [32]. These receptors are predominantly expressed on T lymphocytes and monocytes, which
circulate in the peripheral blood and can potentially cross the blood-brain barrier (BBB) [33-35]. It is believed
that these infected cells act as carriers,transporting the HIV genome into the central nervous system (CNS) in a
Trojan horse-like mechanism. This mechanism is thought to enhance chronic infection by taking advantage of
the protective nature of the BBB [36]. Consequently, once the virus has replicated within macrophages and
microglia in the CNS, it becomes challenging to eliminate. Another hypothesis proposes that HIV can enter the
CNS by being taken up by specific chemokine receptors (such as APJ, CCR3, CXCR4, and CCR5) on the
microvascular endothelial cells of the BBB (Figure 2) [37]. Although CD4 receptors have been identified on
brain microvascular endothelial cells, active replication of the virus in these cells has not been observed in HIV
patients. In an in vitro model of the BBB, inhibiting chemokine receptors does not prevent HIV infection of
microvascular endothelial cells [38]. The mechanisms by which HIV invades the CNS remain unclear; however,
understanding the consequences of this process is crucial for the development of drugs that can effectively target
the brain [39].

Other pathways of viral entry focus on disrupting the integrity of the blood-brain barrier (BBB). This
disruption can occur by modifying the tight junction proteins that tightly bind the microvascular endothelial
cells. Numerous studies have demonstrated that following an initial HIV infection, there is an increase in BBB
permeability, which has significant implications for neurological health [40-42]. This increase in permeability
may be attributed, in part, to a decrease in pericyte coverage of the brain endothelium. This reduction in
coverage can lead tothe infiltration of monocytes into the brain, including the trafficking of HIV-infected cells,
as well as elevated levels of proinflammatory cytokines [43]. Furthermore, dysfunction of the BBB has been
observed through the loss of pericytes, contributing to the dysregulation of the BBB induced by HIV and the
associated comorbidities [44]. The significance of these events lies inthe fact that endothelial cells are highly
susceptible to inflammatory insults [45]. To quantify the occurrence of neuro-invasion, clinical studies have
compared the levels of albumin in cerebrospinal fluid (CSF) with the levels of albumin in serum, using the
quotient (Qalb) as the standard for determining BBB function.

Dysregulation in patients [46] can be observed through the examination of albumin, a large
macromolecule that is unable to penetrate the blood-brain barrier (BBB) and should not be present at high
concentrations within the cerebrospinal fluid (CSF). A low (Qalb) indicates a normal functioning BBB, while a
high (Qalb) suggests a loss of tight junction protein integrity and subsequent dysregulation of the BBB. Clinical
studies have further confirmed that individuals with acute HIV infection experience early neuronal injury, viral
infection, inflammatory onslaught of immune cells, and increased CSF to serum albumin quotients [47].

These findings provide evidence of the vulnerability of the BBB following early HIV infection, despite
the incomplete understanding of the routes of entry [48].
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Figure 3. Invasion of HIV into CNS via CD4+

T Cells and Monocytes. The diagram illustrates the proposed mechanism of HIV-infected immune
cell infiltration. CD4+ T cells (green) and monocytes (red) possess receptors that can interact with HIV,
facilitating its replication and subsequent injection into a healthy host cell. The blood-brain barrier (BBB)
expresses chemokines with chemokine-specific receptors, which aid in the recruitment of immunecells such as T
cells and monocytes, as depicted in the diagram. Consequently, HIV can surreptitiously traverse the typically
impermeable BBB, resulting in invasion of the centralnervous system (CNS).

Animal models have been developed to investigate the potential of HIV to enter the brain parenchyma.
Studies using simian immunodeficiency virus (SIV) in rhesus macaques have revealed the presence of SIV-
infected CD4+ T cells, macrophages, and dendritic cell markers in brain and bone marrow tissues. Furthermore,
active division of SIV RNA has been observed, supporting the theory of clonal expansion of latent viral
reservoirs in brain compartments. In addition, mice infected with EcoHIV, a chimeric form of HIV, have
demonstrated similar results [49].

The enhanced expression of C3, IL-1p, IL-6, CCL2, and STAT-1, which are influential factors in the
inflammatory responses to HIV in the brain, illuminated the viral genome. This illumination was observed in the
context of the increased expression of these factors [26]. Furthermore, EcoHIV triggered antiviral responses and
host cell infections, while concurrently suppressing tissue function and recovery. This suppression increased the
brain's susceptibility to cerebrovascular events [50-52].
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Figure 3. Comparison of Blood—Brain Barrier (BBB) Before and After

Dysregulation and Subsequent HIV Infection. In individuals with good health, the blood-brain
barrier (BBB) serves as an impermeable structure that separates the central nervous system (CNS) parenchyma
from the peripheral blood circulation and other pathogens. The BBB primarily consists ofendothelial
cells, which are connected by a complex of tight junction proteins. The BBB is composed of three crucial tight
junction proteins, namely claudin (with claudin-5 being the primary constituent of the BBB), zonula occludens
(20-1, z0O-2, and ZO0-3), and occludin. On the other hand, HIV infection and the use of long-term
antiretroviral therapy (ART) can disrupt the regulation of tight junction proteins, thereby increasing the
susceptibility to further CNS HIVinfection. It is important to note that the abbreviation for tight junction is TJ.

The CNS Safeguards HIV Accumulation in Reservoirs Beyond the BBB

The topic of HIV-associated reservoirs within the central nervous system (CNS) has been a subject of
recent debate. Numerous animal models have already demonstrated the existence of these reservoirs. Among the
various cell types within the CNS, microglial cells have been identified as the primary reservoir for HIV [53]. In
a mouse model consisting solely of T cells, mice were infected with HIV and subsequently treated with
antiretroviral therapy (ART). After initiating ART, CD4+ T cells were collected from the mice with suppressed
viral loads. It was discovered that HIV expression could be induced ex vivo, indicating that latency had already
been established in these isolated CD4+ T cells in vivo [54]. The presence of viral reservoirs within CD4+ T
cells, capable of causing rebound viremia if ART drugs are discontinued, has been confirmed through real-time
PCR assays and genomic sequencing [55-58]. Furthermore, the development of an intact proviral DNA assay
has allowed for the selective detection of proviral DNA levels within CD4+ T cells, distinguishing them from
any defective proviruses that may be present [59]. Nevertheless, the significance of T cells in the HIV-infected
brain in humans remains a topic of controversy [60].

Studies have explored various cell types as potential hosts for latent HIV reservoirs within the CNS.
Pericytes, in particular, remain somewhat mysterious in terms of their interaction with the virus. Recent research
has revealed that pericytes can harbor HIV and transition between latent and reactivated viral cycle stages. In
fact, when exposed to histone deacetylase inhibitors and tumor necrosis factor, latently infected pericytes
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demonstrated increased p24 and HIVV RNA levels, indicating viral reactivation. This is likely due to the fact that
pericytes express both CD4 and chemokine coreceptors, making them susceptible to direct infection by HIV
[61].

Populations of cells capable of harboring HIV can be found in perivascular spaces beyond the
neurovascular unit. In a macaque model, SIV genomes were found in perivascular macrophages and microglia,
which could be reactivated even after ART suppression. Studies in mice have alsosuggested the importance of
macrophages in HIV replication and formation of viral reservoirs. The mouse model involves transplanting
CD34+ hematopoietic stem cells into NOD/SCID mice, which lack functional T and B cells. There is growing
evidence that macrophages remainsusceptible to HIV even after ART initiation [62].

Various animal models have demonstrated that the central nervous system (CNS) has the ability to
compartmentalize pockets of HIV in its latent form. Resting CD4+ T cells can transition into a state of
dormancy, making them ideal hosts for viral infections [63-65]. These viral reservoirs, consisting of CD4+ T
cells, have been found to have a half-life of 44 months even afterantiretroviral therapy (ART) administration,
making viral eradication through natural decayhighly improbable [66]. In fact, a mere 1 million cells within a
latent viral reservoir canpotentially remain viable for up to 73 years [67]. Moreover, the presence of multiple
heterogeneous reservoirs, each consisting of millions of cells, further complicates the task of eradicating HIV
within the CNS. The stability of these cells, combined with physical barriers, provides a protective environment
for HIV strains to remain dormant. In human patients, even after initiating ART therapeutic regimens, CD4+
cell counts typically remain below baseline levels, indicating that HIV continues to suppress the healthy
replication of CD4+ T cells and highlighting the limited ability of ART to effectively suppress viral replication
beyond the blood-brain barrier [68]. Although the complete stability of cell reservoirs is still not fully
understood, these models underscore the longevity of HIV and the challenges associated with its eradication
through ART or natural decay [69].

Viral entry into the CNS can occur through the choroid plexus in addition to the BBB [70-73]. While
both barriers offer protection, the choroid plexus plays a crucial role in producing CSF and circulating
molecules throughout the CNS. The epithelium of the choroid plexus is also known to be lined with resident
macrophages, which are frequently infected with HIV in the CNS [74]. Studies have shown that feline
immunodeficiency virus can cross into the brain through the choroid plexus via macrophages, T lymphocytes,
and monocytes [75]. Viral accumulation was observed to be significantly higher on the apical surface of this
epithelial barrier, making the choroid plexus a dynamic reservoir for HIV accumulation and a possible path for neuro-
invasion events and future ART drug delivery. It is important to note that the ease at which viruses breach this
epithelial barrier is coordinated by the high amount of MRP and P-glycoprotein expressed on the surface [78].
Interestingly, the P-glycoprotein pump is oriented in a way that opposes the action of P-glycoprotein efflux
transporter located in the BBB. It is important to consider the subsequent modifiers when addressing the query.
The provided text elucidates the role of a certain mechanism in impeding the escape of substrates and other
molecules from the cerebrospinal fluid (CSF). This intricate association further emphasizes the maintenance
of central nervous system (CNS) and blood-brain barrier (BBB) homeostasis in facilitating the transportation of
therapeutic agents to the CNS [79].

HIV Therapeutics and Their Limitations in Targeting the Brain

A combination of three therapeutic antiretroviral drugs for HIV treatment was successfully introduced
clinically in 1996; however, to date, there are no FDA approved ART agents that can diffuse across the BBB
without altering its structural integrity [80]. The mechanism of BBB crossing of present FDA approved ART
drugs involves transcellular uptake or rapid efflux across the BBB using transport proteins such as P-
glycoprotein, MRP, and breast cancer resistance protein (BCRP). Ineffective ART delivery and suboptimal
concentrations reaching the CNS are causes of HIV’s ability to manifest in the CNS and maintain a low level of
replication [81]. This viral survival event can affect organs and tissues beyond the CNS, as is evident from its
associated comorbidities. The ability for these drugs to penetrate the BBB depends on many coordinating
factors, including molecular size and weight, protein-to-protein interactions, lipophilicity, molecular pump and
uptake mechanisms, as well as physiochemical properties. Due to the recency of newer generations of ART
drugs, lifetime longitudinal toxicity studies are somewhat limited. Neurovascular toxicity associated with taking
ART as a chronic regimen has been documented as permitting mitochondrial dysfunction, disrupting or altering
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the BBB,neural progenitor cell senescence, and reducing electron transport chain function through Complex |
[82-84]. While the clinical prescription of ART is the gold standard for suppressing actively replicating viral
genomes in HIV-infected individuals, eliminating the virus is notfoolproof and neurovascular toxicity should be
further analyzed [85].

Antiretroviral therapeutic drugs face the challenge of being unable to penetrate the blood-brain barrier
and effectively eliminate viral reservoirs.

Currently, HIV has no cure, and therefore, ART drugs are the standard for HIV care. These drugs can
effectively suppress HIV viral loads in peripheral blood circulation and reduce the risk of HIV transmission. An
undetectable HIV RNA viral load is equivalent to less than 50 copies/ml, while HIV suppression is associated
with HIV RNA plasma levels below 200 copies/ml. However, rebound viremia occurs when plasma viral loads
exceed 500 copies/ml after initial suppression using ART. Although ART drugs can reach the CNS, their
concentration is significantly lower than peripheral blood plasma levels. For example, abacavir accumulates
in the plasma at 5.2-10.9 pmol/ml but only reaches 0.5-1.8 umol/ml in the CSF. Similarly, efavirenz
accumulates in the plasma at 9.2-16.6 umol/ml but only reaches 0.006—0.09 umol/ml in the CSF. While the
BBB limits the transport of many ART drugs into the brain, some studies suggest that cation/anion transporters
in the choroid plexus can preferentially uptake drugs such as tenofovir disoproxil fumarate (PMPA) and
lamivudine (3TC) [86].

Modern day ART therapeutics are commonly administered in combination with each other based on
their CNS penetration effectiveness (CPE) scores. A higher CPE score indicates a greater ability to penetrate the
blood-brain barrier (BBB), while a lower score suggests limited penetration. However, the potential risks
associated with higher CPE scores and consequently higher concentrations of ART drugs remain uncertain.
Nevertheless, recent clinical trials havenot observed any impact of CPE score on neurocognitive impairment
[87]. For antiretroviral-naive patients with HIV, therapeutic regimens typically consist of three combined
medications from at least two distinct drug classes. These regimens usually include two nucleoside reverse
transcriptase inhibitors and one additional antiretroviral therapeutic [88]. These antiretroviral drugs are
categorized into eight groups, each targeting a specific stage in the lifecycle of HIV.

The identification of viral reservoirs in the central nervous system suggests that the current
antiretroviral therapy may not be effectively penetrating the blood-brain barrier. Consequently, the required
therapeutic levels within the CNS may not be achieved to combat latent viruses. Furthermore, these viruses have
been observed to undergo clonal expansion, which is not addressed by existing treatments. This is particularly
relevant in the case of HIV [89].

The RNA genome possesses a crucial long terminal repeat (LTR) promoter region that drives cell-
associated HIV expression. Although certain ART regimens can suppress viral replication, they do not affect the
functionality of the HIV LTR promoter region. Consequently, HIV proviruses can continue to express RNA,
produce viral loads, and activate T cells, leading to clonal expansion, a significant therapeutic target. It is
estimated that more than half of the cells inviral reservoirs are maintained through clonal expansion . Therefore,
to ensure the effectiveness of ART, it is necessary to target these reservoirs to prevent clonal expansion into
surrounding tissues while preserving the normal functioning of CNS cells [90].

Numerous studies have demonstrated that HIV viral reservoirs in the central nervous system (CNS) can
continue to replicate due to inadequate accumulation of antiretroviral therapy (ART) drugs. Consequently,
strains of HIV derived from mutations may emerge as a result of multidrug resistance or discontinuation of
antiretroviral treatment [91, 92]. Consequently, these HIV strains may exhibit distinct viral genomes, making
them challenging to target compared to the original HIV strains that can be effectively addressed by existing
medications [93]. Ultimately, this can lead to a resurgence of viremia, resulting in de novo infection [94]. It is
important to note that if patients prematurely discontinue the prescribed ART treatments, there will be a lack of
targeting of viral reservoirs, making subsequent viremia and disease rebound almost inevitable. The extent of
latent reservoir growth is still a subject of debate. Some studies suggest that there is no statistical significance in
HIV-associated DNA, RNA, or infected cell levels before versus after treatment interruption; however, the
presence of expanded clonal populations cannot be denied. Due to the evidence of viremia rebound, even after
achieving undetectable viral plasma levels, reducing the intensity of ART regimens is risky and generally not
recommended [95].
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With an incomplete efficacy of antiretroviral therapy (ART), there is a potential occurrence of
bystander damage, wherein HIV-related secondary mechanisms induce apoptosis in uninfected cells that are in
close proximity to infected cells. This phenomenon has been extensively documented in CD4 T cells; however,
it may also impact neurons and glia. Consequently, this process can trigger downstream pyroptosis and
inflammatory reactions, leading to further comorbidities. Hence, the primary objectives of sustaining ART
regimens encompass reducing immune activation and averting immune cell depletion, alongside their capacity
to prevent viral rebound [96].

Nanomedicine serves as an effective means to traverse the blood-brain barrier (BBB) while
simultaneously safeguarding the neurological integrity.

The administration of ART drugs orally results in reduced drug efficacy and bioavailability in thebrain
due to hepatic first-pass metabolism and slow absorption. This necessitates a higher dosage and frequency of
dosage to achieve the desired effects. Moreover, the BBB poses a significant challenge in targeting drugs to the
brain. However, nanotechnology has emerged as a promising solution to overcome these obstacles by enhancing
BBB transmigration, thereby improving drug delivery and minimizing loss of ART drug load to the brain. One
potential approach involves using nanotechnology to optimize the shape and size of conventional ART drugs,
resulting in a nanoparticle that can address drug solubility and permeability issues [97].

To achieve effective delivery of ART drugs across the blood-brain barrier (BBB), it is crucial to
consider the size of the nanoparticles used. Nanoscale size considerations should be taken into account in order
to successfully cross the BBB and achieve site-specific drug targeting. In the case of ART nanoparticles, it is
recommended to formulate them to be smaller than the typical HIV virus, which has a diameter of
approximately 100 nm [98]. For brain-specific drugs, nanoparticles should ideally be less than 120 nm in size
and administered intranasally for direct delivery. By adhering to these size guidelines, ART nanoparticles can
effectively traverse the BBB through transient pathways, without compromising the neurological integrity. This
approach ensures that the innate therapeutic effects of the original drug are preserved. In addition to size
considerations, there are other important factors that can limit the passage of drugs across the BBB [99].

Nanoparticles can be modified to enhance their functionality and target specific receptors in the brain.
For example, a study utilized PLGA-coated elvitegravir nanoparticles to improve their ability to cross the blood-
brain barrier (BBB), reduce inflammation at the brain interface, and effectively inhibit HIV replication. In
another experiment, nanodiamonds with modified surfaces were loaded with efavirenz to facilitate BBB
penetration. These nanodiamonds served as a safe and inert carbon material for drug delivery, prolonging the
drug's availability in the central nervous system (CNS) without causing any harmful effects on neuronal
plasticity [100]. The functionalized surface moieties on nanoparticles can also increase the binding surface area
for drugs, thereby enhancing drug bioavailability. By improving bioavailability in specific regions,
nanomedicine offers the potential to administer lower dosages of potentially neurotoxic ART drugs.

The potential to enhance the treatment of HIV in patients lies in the utilization of nanoparticles and
nanodrugs as carriers for therapeutic administration. In rodent models, nanomedicine-based approaches have
shown significant improvements in the delivery of antiretroviral therapy (ART), particularly through the uptake
of ART drugs by macrophages [101-104]. Another approach, tested in mice, involves the use of long-acting
slow-effective release (LASER) ART and CRISPR-Cas9 injections to deliver hydrophobic lipophilic ART
nanoparticles into the body. Thismethod allows for gradual drug dissolution, macrophage uptake, and minimal
off-target toxicity. A similar observation of macrophage uptake has been made with a long-acting dolutegravir
prodrug encapsulated in a poloxamer nano-formulation [105].

To facilitate transmigration across the blood-brain barrier (BBB), nanoparticles utilizing a ferrous
magnet-based liposome nanocarrier have demonstrated a 7.3-fold increase in transmigration. This effect is
achieved through the synergistic support of transferrin receptors on the epithelium in vitro, without
compromising BBB integrity. Additionally, the discovery of magnetic azidothymidine 5'-triphosphate (AZTTP)
liposome has shown a threefold increase in transmigration across the BBB compared to free AZTTP. This is
achieved by utilizing an external magnetic field to guide the nanoparticle to a specific site of interest. By
combining this approach with the conjugation of ART, it may be possible to target sequestered viral genomes
and reach brain reservoirs in a controlled, sustained, and nontoxic manner [106].

The use of ART nanoparticles is envisioned to preserve the inherent therapeutic and nontoxic
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properties of the original drugs, while also increasing their bioavailability compared to traditional
pharmacokinetic properties. Looking ahead, nanomedicine holds promise as a vehicle for drug delivery, not
only for targeting HIV viral reservoirs within the brain but also for expanding to other neurological therapeutics
aimed at treating brain-related diseases [107].

Concluding Remarks and Future Perspectives

HIV infection results in a swift invasion of immune cells, hindering the body's ability to combat
diseases, ultimately leading to AIDS if not treated adequately. Currently, ART is the preferred method for
suppressing actively replicating viral genomes in HIV-infected individuals. Although ART has extended the
lifespan of patients with this disease, complete eradication of the virus remains elusive. ART has several
unresolved limitations, including ineffective BBB penetration, failure to achieve necessary therapeutic
concentrations within the CNS, and complete elimination of CNS HIV reservoirs, which can result in chronic
HIV rebound viremia and reinfection. The presence of latent viral reservoirs within the brain that can potentiate
HIV replication hasprompted the development of drugs aimed at specific targeting. Overcoming the BBB is a
significant obstacle in drug delivery, leaving many questions as to how to approach targeting reserves in the
brain [108].

Studies conducted in vitro, animal models, and clinical settings have provided valuable insights into the
factors that hinder the complete suppression of HIV replication within the body, particularly in the central
nervous system (CNS). A key focus in this field is the development of innovative techniques to enhance the
delivery of antiretroviral therapy (ART) drugs across the blood-brain barrier (BBB), thereby improving
targeted drug efficacy. One potential approach to consider is the augmentation of BBB penetration by FDA-
approved ART agents, while ensuring the preservation of normal brain function through the utilization of
nanomedicine strategies. In a broader context, nanomedicine has emerged as a crucial tool in the pursuit of HIV
vaccines, microbicides, diagnostics, and therapeutics [109].
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