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HIV can traverse the BBB using a Trojan horse-like mechanism. Hidden within infected immune cells, HIV can infiltrate the

highly safeguarded CNS and propagate disease. Once integrated within the host genome, HIV becomes a stable provirus,

which can remain dormant, evade detection by the immune system or antiretroviral therapy (ART), and result in rebound

viraemia. As ART targets actively replicating HIV, has low BBB penetrance, and exposes patients to long-term toxicity,

further investigation into novel therapeutic approaches is required.
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1. The Blood-Brain Barrier

The blood-brain barrier (BBB) is the crucial anatomic and biochemical interface responsible for regulating the

microenvironments between peripheral circulation and the central nervous system (CNS) . These highly regulated

microenvironments are required for neural signaling and the maintenance of homeostasis within the CNS. Additional

barriers including the blood–cerebrospinal fluid (CSF) barrier and the arachnoid barrier provide additional supportive

functions in maintaining CNS homeostasis, but are not as crucial nor do they occupy as large of a surface area as the

BBB. As such, the BBB is at the front line of defense in protecting the highly safeguarded CNS from the entrance of toxins

and pathogens, including HIV and medications such as ART, adding an element of challenge to drug discovery and

design.

At the BBB, a monolayer of cerebral microvascular endothelial cells (CMECs) forms the framework of capillary walls,

which are interlocked by tight junctions (TJs) made up of proteins including claudin-5, occludin, and submembranous zona

occludnes-1 (ZO-1). These TJs facilitate the regulation of BBB and CNS homeostasis by linking together CMECs,

preventing the passage of many paracellular molecules into the brain parenchyma, while also providing a cytoskeletal

matrix of intercellular protein filaments arranged as a series of membranous and submembranous barricades that enable

the structural and functional maintenance of barrier integrity. CMECs are peripherally surrounded by a basement

membrane (basal lamina), pericytes, astrocytic end-feet, and neurons, which together comprise the neurovascular unit

and serve to strengthen barrier function and integrity at the BBB . Pericytes and astrocytes have important roles in

maintaining structural integrity at the BBB as they can modulate levels of TJ protein expression and vesicle trafficking in

CMECs  and contribute to various aspects of CMEC phenotype, including development, proliferation, migration, and

survival . Interestingly, pericytes are also able to regulate the expression of BBB-specific genes in CMECs, influencing

overall BBB integrity .

There are several pathways that restrict the entry of drugs into the CNS. Molecules that can diffuse or be transported

through the endothelium, including ART, can be actively removed via efflux pumps including P-glycoprotein, multidrug

resistance proteins, and organic anion transporters . This provides a challenge for ART in reaching therapeutic

concentrations within the CNS, allowing for the possibility of rebound viraemia. It is, however, essential to note that

several factors can modulate the expression of these transport proteins, such as inflammatory, genetic, and drug-induced

interactions , which can result in increased transport of ART across the brain endothelium, leading to increased toxic

exposure. Of particular interest is the role of P-glycoprotein in limiting entry into the CNS for ARVds. Substantial effort has

been made to dissect the regulatory mechanisms modulating the expression and/or activity of this protein. Exposure of

capillaries to low levels of proinflammatory factors, such as lipopolysaccharide (LPS), tumor necrosis factor (TNF)-α, or

endothelin-1 (ET-1), was demonstrated to cause a rapid loss of P-glycoprotein transport function with no change in protein

expression. On the other hand, a prolonged exposure to proinflammatory factors, including TNF-α, had an opposing

effect, i.e., upregulating P-glycoprotein expression via complex mechanisms that shared common signaling elements,

such as TNF receptor 1, endothelin receptors, protein kinase C, and nuclear factor-κB (NF-κB) . The role of

inflammatory factors in the modulation of P-glycoprotein activity has been confirmed in several literature reports (reviewed

[1][2][3]

[3]

[4]

[2][4]

[5]

[6]

[6]

[7]



in ). Interestingly, P-glycoprotein is also involved in the immune inflammatory response in the CNS by regulating

microglia activation and mediating immune cell migration .

Hydrophobicity and low molecular weight are positively correlated with BBB penetration ; however, efflux pumps may

still actively remove these substances from the brain parenchyma. The inability of certain antiretroviral drugs (ARVds) to

reach therapeutic concentrations within the CNS may play a role in the potential for rebound viraemia. Thus, future

methods of drug delivery must be investigated and optimized to bypass the classical diffusion and transport mechanisms

of ART across the BBB.

2. A Trojan Horse Mechanism for HIV Infection of the CNS

HIV attacks the immune system by infecting and eliminating cells that express the CD4 receptor (CD4  cells) and

coreceptors, including the C-C motif receptor 5 (CCR5) and C-X-C motif receptor 4 (CXCR4). The HIV genome can

integrate into the host genome of many cell types; however, there are two major cellular reservoirs: CD4  T lymphocytes

and macrophages. CD4  T cells are crucial for combating infection and maintaining immune responses, homeostasis, and

memory, and as such, are associated with several inflammatory and autoimmune diseases . Macrophages are derived

from monocytes and myeloid cells of hematopoietic origin . In the CNS, microglia and partially pericytes are cells of

myeloid origin. These cells, along with astrocytes, can all be directly infected by HIV . Indeed, a 12 h

incubation period with two strains of HIV resulted in the cellular entry of HIV and low-level replication of HIV in human

brain pericytes, astrocytes, and CMECs .

HIV can infiltrate the CNS early in the course of infection. HIV evades detection by the immune system primarily by using

HIV  CD4  T cells and cells of the monocytic lineage in a Trojan horse approach to traverse the BBB  (Figure 1). The

free virus is also able to cross the BBB through TJ openings that can result from HIV-induced dysfunction of CMECs . In

addition, HIV  pericytes were shown to stimulate dysregulation of BBB integrity via decreased TJ protein expression .

This HIV-induced increase in BBB permeability can lead to the activation of microglial cells and uncontrolled migration of

immune cells into the CNS, which are capable of causing neuroinflammation, loss of neural tissue, and infection due to

the influx of pathogens . In addition, studies have shown that CMECs can undergo apoptosis during HIV infection ,

which increases BBB permeability and can promote the infiltration of HIV  cells and virions into the CNS. Intriguingly, HIV-

specific proteins, such as transactivator of transcription (Tat), are capable of inducing CMEC dysfunction and subsequent

BBB dysregulation , enhancing the infiltration of HIV across the BBB. The entry of HIV into the CNS can result in

neuropathological dysfunctions ranging from sub-clinical and minor cognitive impairments or motor deficits to HIV-

associated neurocognitive disorders (HAND), including dementia . ART administration is negatively correlated to TJ

protein expression and BBB permeability , illustrating the need for drug design to maximize the efficiency of BBB

crossing and to overcome toxicities associated with the administration of ART.

[8]

[9]

[6][10]

+

+

+

[11]

[9]

[12][13][14][15][16]

[17]

+ + [17]

[1]

+ [16]

[18] [1][16]

+

[19][20][21]

[22]

[4][18][23]



Figure 1. Proposed mechanisms of BBB infiltration of HIV. At the HIV  BBB, infected CD4  T cells and monocytes can

cross by several proposed mechanisms. The predominate method centers around HIV using infected CD4  T cells and

monocytes as a Trojan horse to paracellularly infiltrate brain parenchyma. HIV  monocytes can also transcellularly pass

through CMECs at the BBB. As HIV infection progresses in the CNS, increased BBB permeability and decreased

expression of TJ proteins can provide a pathway for HIV to paracellularly invade the brain parenchyma. Created with

BioRender.com. Abbreviations: HIV  = human immunodeficiency virus-infected; TJs = tight junctions.

3. Elusive Latent Proviral Reservoirs within the CNS

The integration of reverse-transcribed viral DNA into the host genome is a crucial step in propagating both the active and

dormant forms of HIV (Figure 2). Once integrated, the proviral DNA serves as the transcriptionally competent viral unit

and the central source of viral protein production. The gene expression of HIV is controlled by promoter and enhancer

sequences where transcription factors, including NF-κB, can bind, promoting RNA polymerase II activity, ultimately

resulting in increased virus-specific protein levels . Transcriptional inactivity of the HIV proviral DNA results in the latent

proviral stage of HIV, where the virus can remain dormant in the host genome as a transcriptionally incompetent reservoir

for later reactivation.
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Figure 2. Potential endpoints of positive-sense HIV RNA after integration into host genome. Once integrated into the host

genome, (+)-sense HIV RNA can persist as either latent provirus, which is capable of being reactivated, or actively

replicating HIV, which can be deactivated. Created with BioRender.com. Abbreviations: (+)-sense = positive-sense; HIV =

human immunodeficiency virus; RNA = ribonucleic acid.

The HIV provirus can exist in three forms: latent, which is transcriptionally silent; intact, producing active virions; or

defective, producing viral proteins but not able to successfully replicate  (Figure 3). Intact and latent HIV proviral

reservoirs have the potential to cause rebound viraemia, whereas defective provirus does not. It is important to note that

while defective HIV provirus is not replication-competent, these malfunctioning viral DNA sequences can produce viral HIV

proteins, which can propagate pathogenesis. Furthermore, cells latently infected with HIV can release exosomes

containing viral mRNA and protein, hijacking intercellular communication networks as a means to reactivate latent

reservoirs, transmit infection, and further disease development , presenting another target required to fully eradicate

infection with HIV.

Figure 3. Proposed forms of HIV proviral reservoir. HIV provirus can persist in three forms: latent, being transcriptionally

silent; intact, producing active HIV virions; or defective, containing genetic mutations resulting in viral protein synthesis.

Created with BioRender.com. Abbreviations: HIV = human immunodeficiency virus.

HIV can exist as a latent proviral reservoir in several cell types, namely CD4  T cells and cells of monocytic lineage. Cells

that are latently infected with HIV provirus can evade detection by the immune system and may be replicated via the

homeostatic proliferation of their host cell . Although microglial cells are the primary reservoir cell type within the CNS

, there is novel evidence depicting astrocytes and pericytes as constituents of these dormant HIV cellular reservoirs 

. For example, integrated viral DNA has been discovered in microglia and pericytes within the CNS tissue of post-

mortem HIV  patients , illustrating the likelihood of myeloid-derived reservoir sites within the brain. Intriguingly, novel

research indicates a key role for neurons, as opposed to non-neuronal cell lines, in the stimulation of HIV latency in

microglia . In addition, neurons can prevent the emergence of active HIV from latency and neuronal damage can

induce replication and activation of HIV . As cells of the myeloid lineage are long-lasting and recent investigation has

illustrated both inductive and preventative roles for neurons in HIV latency, it is crucial to further investigate the functional

properties of HIV latency.
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Activating the transcriptionally silent, latent HIV proviral reservoir can be achieved with the use of histone deacetylase

inhibitors. Histone deacetylase inhibitors promote the acetylation of histones and consequential chromatin relaxation,

facilitating the accessibility of transcription factors to DNA and enabling transcription of the viral genome via RNA

polymerase II recruitment. For example, pericytes in the latent stage of HIV infection that were treated with histone

deacetylase inhibitors and tumor necrosis factor (TNF) exhibited a significant increase in HIV-1 RNA and HIV p24 protein

production, illustrating that pericytes can alternate between the latent and active viral stages . The mechanisms

underlying HIV proviral transcriptional silencing and reactivation are not yet fully understood. Recent investigation has

revealed a method of measuring and discerning the intact versus defective proviral HIV genome , which is a crucial

step toward curing HIV infection. Specific targeting of the latent proviral reservoir remains the central obstacle in achieving

complete viral eradication from HIV  individuals.

Perivascular spaces in the CNS also contain populations of cells capable of harboring HIV. In a macaque model,

perivascular macrophages and microglia were shown to harbor SIV genomes, which could be reactivated, even after

observed antiretroviral therapy suppression . While there is still debate regarding the role that macrophages play in

active viral reservoirs of HIV, findings in mice confirm the possible importance of this cell type. Indeed, studies indicated

that HIV persists in humanized myeloid-only mice independent of other possible reservoir-capable cell types, such as T-

cells, supporting the role of macrophages in HIV replication and formation of viral reservoirs. This mouse model is

generated by transplanting CD34  hematopoietic stem cells into immunodeficient nonobese diabetic/severe combined

immunodeficiency (NOD/SCID) mice, which are characterized by an absence of functional T and B cells .

Furthermore, there is mounting evidence that macrophages play an important role in their susceptibility to HIV even after

ART initiation (reviewed in ).

Evidence indicates that viral entry can occur through the choroid plexus . It is well-known that resident

macrophages, i.e., the cells that frequently become infected with HIV in the CNS, can line the epithelium of the choroid

plexus . As a separate dynamic reservoir for HIV accumulation, the choroid plexus provides a possible path for neuro-

invasion events and a conduit for future ART drug delivery. It should also be noted that HIV trafficking via the choroid

plexus barrier is coordinated by the high amount of multidrug resistance proteins and P-glycoprotein expressed on the

surface . Paradoxically, the P-glycoprotein pump is oriented in a way that opposes the action of P-glycoprotein efflux

transporter located in the BBB, whereby it prevents substrates and other molecules from escaping the CSF. This complex

relationship further accentuates CNS and BBB homeostasis in trafficking therapeutics to the CNS (reviewed in ).
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