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Abstract

Aggressive use of antiretroviral therapy has led to excellent viral suppression within the systemic
circulation. However, despite these advances, HIV reservoirs still persist. The persistence of HIV
within the brain can lead to the development of HIV-associated neurocognitive disorders (HAND).
Although the causes of the development of neurocognitive disorders is likely multifactorial, the
inability of antiretroviral therapy to achieve adequate concentrations within the brain is likely

a major contributing factor. Information about antiretroviral drug exposure within the brain is
limited. Clinically, drug concentrations within the cerebrospinal fluid (CSF) are used as markers
for central nervous system (CNS) drug exposure. However, significant differences exist; CSF
concentration is often a poor predictor of drug exposure within the brain. This article reviews

the current information regarding antiretroviral exposure within the brain in humans as well as
preclinical animals and discusses the impact of co-morbidities on antiretroviral efficacy within the
brain. A more thorough understanding of antiretroviral penetration into the brain is an essential
component to the development of better therapeutic strategies for neuroAIDS.

Keywords

NeuroAIDS; antiretroviral; brain; concentration; human immunodeficiency virus; HIV-associated
neurocognitive dysfunction

Introduction

Within days of peripheral infection, HIV and SIV can enter the central nervous system
(CNS) to establish the brain as a viral reservoir and results in immune activation

and neuroinflammation [1,2]. Furthermore, even though aggressive use of combination
antiretroviral (ARV) therapy (CART) typically results in effective viral suppression within
the periphery, HIV infection persists within the CNS [3,4]. Viral persistence in the CNS

is associated with adverse outcomes in about one half of infected individuals [5,6] and
HIV-associated neurocognitive disorders (HAND) remain a significant health problem for
individuals living with HIV [5,7]. NeuroAIDS is associated with blood-brain barrier (BBB)

"Address for Correspondence: MaryPeace McRae, PharmD, PhD, Virginia Commonwealth University, 410 North 12th Street,
Richmond, VA 23298, USA, mpmcrae@vcu.edu.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nicol and McRae

Page 2

dysfunction [8,9], increased monocyte transmigration [10-16], altered cytokine expression
[17], CNS inflammation, gliosis, neuronal injury [18,19] and increased neurobehavioral
deficits in a region-dependent manner [20]. The neuropathology of neuroAIDS is complex
and includes neurotoxicity from viral replication occurring prior to initiation of ARV
therapy, inflammation/immune activation, and comorbidities (e.g. age, drug abuse, co-
infections, potential toxicity of ARV drugs). There also is persistent low level viral
replication in the CNS even with otherwise successful antiretroviral therapy [4,21].
Insufficient inhibition of viral replication can result in HIV egress from the CNS into
peripheral organs, thereby re-seeding the virus in the periphery [22]. Poor antiretroviral
penetration into the brain likely contributes to the local viral replication. This review focuses
on antiretroviral penetration into the brain, summarizing what is currently known about
antiretroviral concentrations achieved in brain tissue as well as the impact of comorbidities
or other factors that may influence therapeutic drug concentrations in the brain. Although
outside the focus of this review, there is a growing body of literature examining potential
toxic effects of antiretrovirals in the brain [23], further supporting the need for careful
evaluation of CNS drug penetration. Although the review primarily focuses on HIV, some
parallels to other viruses, like SARS-CoV-2, may potentially be drawn. Although much is
still unknown, there is evidence that at least one of the SARS-CoV-2 proteins crosses the
blood-brain barrier (BBB) to enter the brain via adsorptive transcytosis and infection results
in brain inflammation and immune activation [24,25].

Drug delivery to the brain

For drugs to enter the CNS, they must either traverse the blood-brain barrier (BBB) to enter
the brain or traverse the blood-CSF barrier (BCSFB) to enter the CSF. The relatively poor
penetration of drugs into the brain is due to the BBB preventing uptake of most therapeutic
drugs [26,27]. The primary cellular components of the BBB are brain microvascular
endothelial cells. These cells are connected via tight junctions and associated junctional
proteins. The junction proteins are responsible for impeding paracellular diffusion of ions
and polar solutes and for preventing macromolecular flux into the brain via the paracellular
route [28]. In addition to brain microvascular endothelial cells, the neurovascular unit of the
BBB is comprised of pericytes and astrocytes, which strongly influence the formation and
maintenance of the BBB [29,30]. Drug penetration into the CSF, however, is a function of
drug flux across the epithelial cells of the choroid plexus, which is the primary interface of
the BCSFB and is the site of CSF production. The BCSFB is leakier than the BBB and is
more permeable to macromolecules [28,31].

In addition to paracellular pathways in which drugs or other molecules traverse the BBB
by passing between the cells of the BBB, substances also can traverse the BBB by passing
through the cells (transcellularly). There are several different ways in which substances
can traverse the BBB transcellularly. Small lipophilic molecules can move relatively freely
through lipid membranes of the endothelial cells. Other molecules, such as HIV-1 proteins
Tat and gp120, can traverse the BBB via adsorptive endocytosis [32,33]. Additionally,
solute carriers, transporters of the SLC family, may be localized on luminal or abluminal
membranes of brain endothelial cells. These proteins regulate entry of many substances
including ions, nutrients, glucose, amino acids, nucleosides as well as xenobiotics [32,34].
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There are also energy dependent, active efflux mechanisms that can either facilitate or
impair molecular transcellular flux [30,32,34,35]. Efflux transporters, such as P-glycoprotein
(P-gp; MDR1) or Breast Cancer Resistance Protein (BCRP; ABCG2) at the BBB are
responsible for expulsion of substances from the brain back into the blood, thereby

limiting overall flux of the compound into the brain [36,37]. They can limit overall brain
penetration of substrate drugs and alterations in these proteins can have significant effects
on tissue penetration of substrate drugs. For example, amprenavir, an HIV protease inhibitor
and substrate for P-glycoprotein, brain penetration is significantly increased by chemical
inhibition or genetic manipulation (knockout) of the efflux protein P-glycoprotein [38].
Other factors influencing a drug’s ability to cross the BBB include molecular weight,
lipophilicity (log P), plasma protein binding, and ionization state [39,40].

Measuring ARV penetration into the brain and CSF

Cerebrospinal fluid (CSF) concentrations are the most commonly used clinical marker of
drug exposure in the CNS. However, CSF is not brain tissue and significant differences

in drug concentrations between CSF and the brain can exist. As discussed above, the

BBB mediates drug distribution between the blood and brain, whereas the blood-CSF
barrier (BCSFB) governs drug flux into the CSF. Furthermore, there are differences in the
localization and expression of transport proteins between the BBB and the BCSFB [41].
Perhaps because of the differential expression of transport proteins between the BBB and
BCSFB, for many drugs with high efflux activities (by transporters such as P-glycoprotein
or BCRP), CSF tends to over-predict brain exposure [42-45]. For example, over-prediction
of brain concentrations by CSF was demonstrated in a study with amprenavir; brain
concentrations (3.33 + 0.6 nCi/g) were ~7-times lower than in CSF (23.3 £ 11.2 nCi/g)

in mice [38]. Furthermore, pharmacologic manipulation of P-glycoprotein, as would occur
with drug-drug interactions, resulted in differential changes in fold concentration of drug
between CSF and brain. CSF concentrations increased 3.3-fold following P-glycoprotein
inhibition, but brain concentrations increased by 13-fold [38], illustrating the high likelihood
of misinterpretation of brain concentration when trying to use CSF as a surrogate marker.

CNS Penetration Effectiveness (CPE) scores have been developed for HIV antiretroviral
medications with the intent of providing a guide for prescribers to determine which
regimens have the greatest likelihood of achieving therapeutic concentrations in the CNS
[46]. CPE scores were developed based on the physiochemical, pharmacokinetic and
pharmacodynamic properties of each antiretroviral drug in CSF from clinical studies.
However, CPE does not convey any information about concentrations of the drugs within
brain and CSF may not be representative of drug exposure at the sites within the CNS
where pathogens reside, where drug action is most relevant. Perhaps even more importantly,
drug penetration into CSF does not correlate with neurocognitive outcomes. While CPE
scores have been positively correlated with viral suppression in the CSF [46], evidence

is conflicting about the extent to which high CPE scores reduce incidence of HAND or
neurologic toxicities. While some studies have found regimens with high CPE scores can
improve neurocognitive performance [47,48], others have reported no relationship or even a
deleterious relationship between highly penetrating regimens and neurocognitive outcomes
[49-51]. Furthermore, an analysis of over 61,000 individuals found that individuals on
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antiretroviral regimens with high (>9) CPE scores were at higher risk of HIV dementia
compared to individuals on a regimen with a low (<8) score (Hazard Ratio 1.74; 95%

Cl, 1.15, 2.65) [52]. Another study, a prospective randomized trial of 59 subjects,

stopped early by the Data Safety Monitoring Board for futility, found no improvement in
neurocognitive performance when subjects were assigned CNS-targeted therapy [53]. The
lack of correlation between neurocognitive performance and CPE score, which is largely
based on CSF drug exposures, may be due to differential drug penetration between CSF and
anatomical compartments across the CNS. This highlights the need to better understand the
penetration of antiretrovirals into the brain tissue itself.

Direct measurement of drug concentrations in human brain tissue is limited to

tissues collected postmortem. Interspecies differences in metabolism and distribution

can complicate extrapolation from animal models so validation in human tissues is

essential [54]. Postmortem tissues, available from tissue banks and other donor programs,
are a valuable resource to address this limitation and validate preclinical assessments.
Comparisons of drug tissue penetration across species and/or across different doses can

be made by expressing the data as tissue to plasma ratios (Fig. 1). While postmortem studies
can provide critical insight into drug penetration into and distribution within the brain as
well as the CSF, these studies are also inherently limited because of their retrospective
nature and because of the inability to control for factors such as postmortem redistribution
and variability in dosing history prior to death. Furthermore, although brain tissue from
preclinical models can be perfused to flush the blood from within the vasculature, this is not
possible with postmortem human brain tissue. Cerebral blood volume has been estimated to
be 1 — 10 mLs per 100 g brain tissue [55-61], and, therefore, the lack of ability to flush

the blood from the brain vasculature may result in an overestimate of parenchymal drug
exposure compared to animal models in which clearing the vasculature by perfusion is much
more feasible. Thus far, very few studies examining antiretroviral drug concentrations in
postmortem human brain tissue have been conducted, so data is limited.

Preclinical models allow for the design of more controlled studies, larger sample sizes,

and more robust pharmacokinetic studies, although, depending on the assay methods

used, this will require the use of multiple animals. One method that has been commonly
used is liquid chromatography-mass spectrometry (LC-MS) based measurements of drug
concentrations within tissue homogenate. Using this method, antiretroviral concentrations
have been assessed in nonhuman primates (NHP), rats, and mice, including humanized
mouse models (Table 1). Furthermore, additional information about the spatial distribution
of drugs can be obtained using mass spectrometry imaging [62—65]. This method allows

for simultaneous measurement of drug concentrations across multiple brain regions [65-67].
However, both of these analytical methods are an endpoint analyses, so assessment of drug
distribution across different time points requires the use of multiple animals and can be time-
and resource-intensive.

Positron Emission Tomography (PET) can also be used as a non-invasive way to estimate
brain exposure and distribution of compounds [68]. Most PET studies administer small
doses (< 5% occupancy of the protein target) of the radioligand to avoid pharmacologic
activity [69]. The PET imaging data is used to characterize the drug’s concentrations
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and distribution within tissue compartments through pharmacokinetic modeling [68]. The
major limitation of PET studies is that parent radioactive drug versus metabolite cannot
be distinguished and therefore additional characterization of metabolism of the drug is
necessary for appropriate interpretation of the data [68].

Brain microdialysis is an /n vivo technique which allows for the quantification of analytes
within the extracellular fluid (ECF) of the brain [70]. With microdialysis, a probe is
surgically implanted into the brain region of interest and unbound concentrations can be
measured dynamically. A key advantage to microdialysis is that repeated sampling can

be performed in the same animal, which saves animals and also allows for assessment

of both intra- and inter-animal variability. One challenge with microdialysis is that highly
lipophilic drugs can adsorb to the microdialysis tubing and probes and, if not recognized
and addressed, can lead to incorrect interpretation of quantitative information [70-73].
Microdialysis is commonly used to measure drug concentrations in animal models, although
under rare circumstances it can be used clinically to measure brain concentrations of drugs
during certain surgeries, like brain resections for refractory epilepsy, tumor resections, or for
patients in a neurocritical care unit [74]. In regards to analysis of antiretroviral therapy, the
brain penetration of some of the early HIV drugs like zidovudine and stavudine were studied
using microdialysis in the 1990s and early 2000s [75-78]. However, microdialysis has not
been widely used for assessment of antiretroviral brain concentrations in more recent years,
perhaps because of the development of imaging technology, as discussed above.

Variable antiretroviral concentrations in brain of human and preclinical

species.

A number of studies have directly measured antiretroviral concentrations in brain from both
human and preclinical species. These data are summarized in Table 1.

As discussed above, quantification of antiretroviral exposure in tissue collected postmortem
is one approach to directly assess drug exposure in the brain in humans. In 2019,

Nicol et al. measured postmortem antiretroviral concentrations in brain tissue, CSF and
plasma. The investigators were able to measure antiretroviral brain concentrations from

four individuals. In examining brain penetration, expressed as tissue to plasma ratios,
tenofovir penetration was 0.36 (0.14-1.24; Geometric Mean Ratio (GMR) (95% Confidence
Interval)), lamivudine was 0.27 (0.01 — 1.04), and efavirenz was 1.28 (1.08-1.79). [79].
Additionally, the investigators measured drug concentrations across 13 distinct brain
regions (frontal lobe, corpus callosum (CC), parietal lobe, occipital lobe, globus pallidus,
hippocampus, cerebellum, temporal lobe, midbrain, pons, medulla oblongata, meninges, and
the choroid plexus) to examine if there were regional differences in drug concentrations.
However, because of the small sample size, no definitive conclusions could be made
regarding regional differences in drug concentrations.

Another study has described antiretroviral brain concentrations across three brain regions

- white matter, globus pallidus, and cortical gray matter - from a total of 11 postmortem
donors of the California NeuroAIDS Tissue Network [80]. No significant differences in drug
concentrations were reported between the brain regions. The largest observed difference was
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that lopinavir was more concentrated in the white matter than the other regions, although this
did not reach statistical significance. The investigators had access to recent neurocognitive
exams and plasma viral loads. They reported that higher antiretroviral concentrations in
brain tissue (when pooling all drugs together) were associated with lower viral RNA

in plasma. However, higher concentrations were also associated with poorer performance

on neurocognitive exams, perhaps suggesting potential toxicity of the antiretroviral drugs.
However, because of the small sample size, the investigators pooled all data together, which
precludes the ability to explore which specific drugs might be driving poorer neurocognition.
Furthermore, information regarding recent antiretroviral dosing (e.g., time of last dose or
recent adherence patterns) was unknown. Lastly, although their cohort included a total of 11
individuals, the number of people on any individual antiretroviral was four or fewer, with the
exception of tenofovir (n = 7) [80].

Devanathan et al. (2020) also have reported antiretroviral concentrations obtained

from human postmortem tissues samples; and compared them to previously published
concentration data in non-human primates and humanized mouse models [81]. Tissues were
obtained from the National NeuroAIDS Tissue Consortium, National Neurological AIDS
Bank and the National Research Disease Interchange. Frontal cortex, cerebellum, basal
ganglia, and parietal cortex tissues were assessed but only median values across all brain
regions were reported so localization of drug could not be determined. Sample sizes were
not reported, but from the published figure, it appears that the number of samples per drug
ranges from one to four. Brain tissue to plasma ratios were < 0.3 for atazanavir, raltegravir,
and emtricitabine, tenofovir was ~ 0.7 and for efavirenz was just over 1.0. In this study,
plasma and brain concentrations were strongly correlated for emtricitabine, tenofovir, and
efavirenz with correlation coefficients = 0.8 (unable to assess for raltegravir and atazanavir
since they only had one participant on each drug).

Taken together, in the three studies using human tissues described above, antiretroviral
concentrations have been measured in fewer than 20 individuals (with a maximum of 15

for any single drug). Furthermore, although examination of the regional distribution of
antiretroviral drugs was intended in each study, definitive conclusions were limited by small
sample sizes. To gain a clearer understanding of antiretroviral brain penetration and any
associations with viral load or neurocognition, future studies should include larger samples
sizes with investigator access to a more detailed medical and prescription dosing history, if
possible. Notably, there is also a lack of data in human brain for integrase inhibitors, which
have become standard first-line treatment of HIV.

Influence of age, drugs of abuse, pre-existing conditions on antiretroviral

penetration into the brain.

Chronic neuroinflammation.

Chronic inflammation is associated with the neuropathology of HIV [82,83]. Inflammation
and associated inflammatory factors mediate CNS damage and are driven by residual

viral replication, persistently elevated levels of viral proteins despite systemic viral
suppression, immune dysfunction and positive feedback loops [82]. With a focus
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on how neuroinflammation may impact therapeutic drug efficacy within the brain,
neuroinflammation is known to alter the expression of tight junctions and compromise BBB
integrity [84—-86]. Additionally, inflammatory cytokines alter the expression and function of
drug metabolizing enzymes and drug transport proteins, leading to alterations in plasma drug
concentrations and target site concentrations, which may impact the efficacy of these drugs
[87-89].

CNS Opportunistic Infections.

Opioid Use.

Although there is limited information on the effect of CNS co-infections on antiretroviral
exposure in the brain, co-infections that are common among individuals with HIV, such

as cryptococcal meningitis or tuberculosis meningitis, have been shown to affect drug
distribution. Using PET to investigate drug penetration in the setting of tuberculosis
meningitis, Tucker et al. (2019) observed that penetration of 11C-rifampin into brain lesions
was limited and heterogeneously distributed [90]. Furthermore, the penetration of 11C-
rifampin significantly decreased two weeks after initiation of treatment. Although not tested
experimentally, the investigators postulated that the decrease in rifampin brain penetration
after two weeks of therapy could be because of initial repair of the leaky BBB and/or
induction of P-glycoprotein, with resultant increased efflux of rifampin. How a tuberculosis
meningitis co-infection in the setting of HIV might impact antiretroviral and tuberculosis
medications is not currently known. Tuberculosis has an estimated prevalence of 23.5%
among people living with HIV and is, therefore, a common opportunistic infection within
this patient population [91]. Although the prevalence of tuberculosis-meningitis specifically
in this group is unclear, the impact of tuberculosis on the pharmacology of antiretrovirals
within the brain is an important area to study.

Cryptococcal meningitis is the most common CNS co-infection in individuals living with
HIV. One study has investigated antiretroviral concentrations within the CNS in the setting
of cryptococcal meningitis co-infection [79]. Using plasma and CSF collected postmortem,
Nicol et al. reported increased penetration (threefold to fivefold) of tenofovir and lamivudine
in the CSF of 14 individuals with cryptococcal meningitis [79]. However, as described
above, drug exposure within the CSF may not be a good surrogate for drug exposure
throughout actual brain tissue. These same investigators also had access to brain tissue from
four individuals, three of whom also had cryptococcal meningitis. However, because of the
small sample sizes, the investigators did not make statistical comparisons. Further studies
need to be conducted to investigate the impact of CNS co-infections on therapeutic drug
penetration into the brain.

The opioid epidemic in the United States is reaching devastating levels. In 2017, the World
Drug Report documented that worldwide use of opioids had reached approximately 53.4
million people worldwide. This represented an increase of over 50% than in the prior year
[92]. Injection drug use and addiction to prescription opioids are associated with increases in
risky behaviors which can lead to increased infection rates. Additionally, substance abuse is
associated with decreased adherence to antiretroviral medications, which results in increased
viral loads and poorer health outcomes. One of the major comorbidities of HIV is HAND,
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which is exacerbated by opioid misuse and abuse [93-95]. The neuropathology of HIV in
the presence of opioids centers is complex and consists of altered BBB integrity, which leads
to increased immune cell migration into the brain, direct action on microglia and astrocytes,
increases in reactive oxygen species and reactive nitrogen species, proinflammatory cytokine
release as well as increases in the release of HIV-1 proteins, such as Tat and gp120, which
also promote inflammation. This exaggerated neuropathology with opioids and HIV has
been extensively reviewed elsewhere (reviewed in [96,97]). Furthermore, coadministration
of antiretroviral drugs and substances of abuse can result in drug-drug interactions that can
impact the pharmacokinetics of the antiretroviral drugs as well as the interacting substance.
Many of these drug-drug interactions are mediated through alterations in drug metabolism.
The interactions can result in decreased efficacy or increased potential for toxicity of the
drugs [98,99].

The impact of opioid use on antiretroviral concentrations specifically within the brain,
however, has not been well studied. To our knowledge, there is only one study, to date,
examining the impact of opioids on antiretroviral concentrations within the brain. Leibrand
et al. demonstrated that 5 days of continuous morphine administration resulted in brain
region specific changes in select antiretroviral concentrations in a HIV Tat transgenic mouse
model. Dolutegravir concentrations were significantly lower in striatum and hippocampus
in morphine exposed mice. Abacavir concentrations also were significantly lower but

only within the striatum and lamivudine concentrations were not significantly altered by
morphine exposure in either brain region [100]. There also was a morphine-associated
increase in P-glycoprotein expression and function in these animals. The antiretroviral
drugs dolutegravir and abacavir, which were decreased in the brain are also substrates for
P-glycoprotein; lamivudine concentrations were not influenced by morphine and it is not

a P-glycoprotein substrate. Future studies should focus on the impact of opioids on other
antiretroviral drugs and also should consider the impact of other substances of abuse on
antiretroviral concentrations within the brain.

Age.
With improved drugs and management, the life expectancy of people living with HIV
is markedly improved. In 2018, approximately 51% of individuals with a diagnosis of
HIV were 50 years old and older [101]. By 2035, the proportion of infected individuals
living with HIV is expected to reach 70% [102]. Aging impacts drug therapy in multiple
ways; it is strongly associated with comorbidity, polypharmacy, and increased adverse
effects to medications. Age-related changes in physiology such as altered body composition,
metabolism and renal function can lead to altered pharmacokinetics [103] as well as altered
pharmacodynamic responses.

Increased age is also associated with multiple changes within the blood-brain barrier, which
lead to altered permeability. Aging has been associated with decreases in tight junction
protein expression [104-106] and increases in permeability to paracellular compounds
[104,105,107], which may occur in a region-specific manner [105]. Age also has been
associated with changes in functional transport, with a shift from receptor-mediated
transcytosis to caveolar transcytosis of the BBB, which impacts the flux of plasma proteins
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into the brain and can allow the entry of neurotoxic endogenous proteins such as albumin
and fibrinogen [108]. Additionally, aging is also associated with changes in drug transport
proteins, including the drug efflux protein P-glycoprotein. Several studies from humans and
animal models have demonstrated an association between age and P-glycoprotein expression
and/or function. In general, this an inverse relationship between P-glycoprotein and age
[109-114], although in some studies there appears to be a biphasic expression pattern

over time [109-113]. Additionally, one study examined P-glycoprotein function in male

and female volunteers using PET imaging. This study found that P-glycoprotein function
decreased in males, but not females with age [115].

Despite studies demonstrating alterations in BBB and drug transport expression with aging,
there is a lack of data examining the impact of aging on antiretroviral penetration into the
brain. With increased paracellular permeability and decreased expression and/or function of
P-glycoprotein, it could be hypothesized that this would result in an increase in penetration
of select antiretroviral drugs into the brain. However, conclusions should not be drawn until
tested experimentally. Furthermore, the impact of aging on brain expression and function of
other transport proteins commonly involved in antiretroviral pharmacology, such as BCRP
should be examined in future studies as well.

Conclusions

Significant advances have been made over the last four decades in the treatment and
prevention of HIV. Yet, NeuroAIDS remains a significant problem for a significant
proportion of individuals living with HIV. A critical weapon against NeuroAIDS is the

use of antiretroviral drugs that optimally target brain regions most affected by HIV. This
effort is limited, however, by a lack of understanding of the extent of penetration and/or
regional specificity of antiretrovirals within the brain. Future studies using postmortem
tissues and non-invasive imaging technology will provide critical insight to extrapolate and
validate findings from preclinical animal models. Additionally, more work is needed to
quantify antiretroviral penetration into specific cell-types that are predominantly infected
in the brain, including macrophages and microglia. Understanding regional and cellular
localization of antiretroviral drugs may help to distinguish between direct toxic effects of
antiretrovirals versus indirect effects from persistent viral replication due to suboptimal
drug concentrations. Because most antiretroviral drugs inhibit replication inside the cells,
methods to specifically quantify intracellular concentrations (rather than brain homogenate)
could improve prediction of HIV efficacy within the brain. Addressing these questions will
fill a critical gap in the efforts to reduce morbidity due to NeuroAIDS.
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BBB blood-brain barrier

BCRP breast cancer resistance protein

BCSFB blood- cerebrospinal fluid barrier

CART combination antiretroviral therapy

CC corpus collosum

CNS central nervous system

CPE CNS Penetration Effectiveness

CSF cerebrospinal fluid

ECF extracellular fluid

HAND HIV associated neurocognitive disorders
HIV human immunodeficiency virus

HPF hippocampal formation

IP intraperitoneal

IQR interquartile range

LC-MS liquid chromatography-mass spectrometry
NHP nonhuman primate

PET positron emission tomography

SHIV simian-human immunodeficiency virus
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Fig 1.

Brain tissue to plasma ratio across species. The dashed line represents a tissue to plasma
ratio = 1 (where tissue concentrations = plasma concentrations). Up triangle = mice; Down
triangle = humanized mice; Circle = rats; Stars = rabbits; Square = non-human primates;
Diamonds = humans; Red = multiple dose; Black = single dose; Filled-in = Area Under the
Curve (AUC); Open = concentration from a single time point. Data are from references [65,
66, 117-122, 67, 75-79, 81, 116].
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Table 1.
Antiretroviral penetration into the brain
Regional
Concentrations Dose Species differences Ref
Entry Inhibitors
Maraviroc
. # 150 mg/d oral NHP, n = 9; 6M/3F; 5 [66]
Plasma: 31.8 (18.0 — 80.6) n%/mL SHIV=, 4 SHIV+,
CSF: 0.50 (0.50 — 4.96) ng/mL
Brain tissue: 57.5 (37.6 — 108) nglg”
Tissue to plasma ratio: 1.81 (0.76 — 2.14)
Plasma: 5.67 (0.94 — 23.4) ng/mL” 62 mg/kg oral gavage E'I'\T_m?“,fﬁ'v’f 136 [66]
Brain tissue: 12.3 (4.44 - 19.7) ng/g#
Tissue to plasma ratio: 1.86 (0.64 — 4.84)#
Plasma: 1.26 (0.50 — 5.73) ng/mL# 62 mg/kg oral gavage EtizHg%mGquor\s/i n [66]
Brain tissue: 0.22 (0.20 - 1.16) ng/g#
Tissue to plasma ratio: 0.39 (0.25 — 0.44)#
Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTI)
Efavirenz
. % 600 mg daily Human, postmortem, 24% variability [79]
Plasma: 3342 ng/ml. (310, 4860) plasma, n = 11, brain across 13 brain
Brain tissue: 1227-4854 ng/g tissuen =4 compartments
A
Tissue to plasma ratio 1.28 (1.08 - 1.79)
S # 600 mg daily Human, postmortem, n No differences [80]
Brain tissue: 35.9 (29.3-40.8) ng/mL =2 observed between
WM, GM, CGM
Brain tissue: ~ 3000 ng/g& Hun‘;an, postmortem, n [81]
Tissue to plasma ratio: ~ 2& =4
. # 200 mg/d oral gavage to NHP, n = 9; 5M/4F; 4 [66]
Plasma: 187 (71.6 - 339) ng/mL- steady state SHIV-, 5 SHIV+
CSF: 0.94 (0.50 — 1.89) ng/mL
Brain tissue: 775 (318 — 1453) ng/g#
Tissue to plasma ratio: 4.26 (4.07 — 4.54)#
. # 10 mg/kg/d oral gavage Hu-HSC-RAG mouse, n [66]
Plasma: 2.5 (0.5 - 10.7) ng/mL P to steady state =12, 6 HIV- 6 HIV+
Brain tissue: 0.58 (0.27 — 19.8) ng/g
Tissue to plasma ratio 1.14 (0.25 — 1.90)#
. & 50 mg/kg/day once daily ~ Mice, n = 6, male [123]
Plasma: ~ 7000 ng/mL & as oral gavage x 3 d,
Brain tissue: ~ 2000 ng/mL harvest 4 h post-dose
Tissue to plasma ratio: 2.23
. @ 50 mg/kg single dose, IP Rat, n = 3, female Widespread [65]
Plasma: Cmax 3246.07 + 480.54 ng/m@L throughout; highly
Brain tissue: Cmax 428.54 + 33.34 ng/g distributed in
Plasma AUC 0-24h: 4255.38 ng h/mL cerebral cortex,
Brain tissue: AUC 0-24h: 1509.14 ng h/g CC, basal
forebrain, globus
pallidus, HPF
Nevirapine
7 Human postmortem, n = No differences [80]

Brain tissue 25.0 (25.0 — 73.2) ng/gf\glf

4
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Regional
Concentrations Dose Species differences Ref
Plasma: Cmax 6320 % 176 ng/mL * 50 mg/kg single dose, IP Rat, n = 3, female Neocortex, [121]
- . hal \
Brain tissue: Cmax 1923 + 68.4 ng/mL * ::oit?crgﬁgal
pathways,
hippocampus, CC
and associated
WM
Rilpivirine
Plasma: 1767 + 241 ng/mL ™ 50 mg/kg single dose, IP Rat, n = 3, female most in HPF, CC [119]
Brain tissue: 132 + 10 ng/mg *
Tissue to plasma ratio: 0.074 at Cmax
Nucleoside Reverse Transcriptase Inhibitors (NRTI)
Abacavir
s 7F Human postmortem, n = No differences [80]
Brain tissue 25.0 (25.0-174.5) 3 observed between
WM, GM, CGM
Plasma (Cmax): 3369 + 237 ng/mL ™ 50 mg/kg single dose, IP Rat, n = 3, female [67]
Brain tissue (Cmax): 831 + 86.3 ng/mL *
Tissue to plasma ratio: 0.247
Plasma: 2790.6 + 607.0 ng/mL@ 2.5 mg/day (123.5 Mouse, n =9, females Similar distribution  [100]
Striatum: 134.4 + 26.1, Hippocampus: 129 + 26.4 mg/kg/day) continuous 5 in striatum and
@ ) e ) - d subcutaneous delivery hippocampus
nglg via osmotic pump
Tissue to plasma ratio: 0.105 (striatum)&, 0.08
(hippocampus)
Didanosine
Plasma (Cmax): 4389 + 291 ng/mL ™ 50 mg/kg single dose, IP Rat, n = 3, female [67]
Brain tissue (Cmax): 43.37 + 10.5 ng/mL
Tissue to plasma ratio: 0.0099
Emtricitabine
C L 21 Human postmortem, n = No differences [80]
Brain tissue: 111.4 (25.0-361.7) ng/mL observed between
WM, GM, CGM
Brain tissue: ~30 ng/g& H‘;man postmortem, n = [81]
Tissue to plasma ratio: ~O.3& 8
. # 16 mg/kg NHP, n = 18; 12M/6F; [66]
Plasma: 13.5 (8.46 - iO.l) ng/mL subcutaneously daily 10 SHIV-, 8 SHIV+
CSF: 3.97 (2.50 - 6.48)
Brain tissue: 26.3 (15.9 — 31.9)#
Tissue to plasma ratio: 1.55 (1.20 — 2.43)#
. & 30 mg/kg/d, once daily Mice, n = 6, male [123]
Plasma: ~500 ng/mL P as oral gavage for 3d,
Brain tissue: ~0.02 ng/mL sacrificed 4 h post-dose
Tissue to plasma ratio: 0.00001
. @ 50 mg/kg single dose, IP Rat, n = 3, female thalamus, [65]
Plasma: Cmax 6470.33 + 500.57 ng/m@L hypothalamus and
Brain tissue: Cmax 591.57 + 46.28 ng/g cerebral cortex
. # 240 mg/kg by oral BLT mouse, n = 13; 6 [66]
Plasma: 46.6 (27.8 — 79.2) ng/mL gavage HIV-, 7 HIV+

Brain tissue: 8.33 (4.29 — 14.2) ng/g#
Tissue to plasma ratio: 0.16 (0.10 — 0.18)#
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Regional
Concentrations Dose Species differences Ref
# 240 mg/kg by oral hu-HSC-RAG mouse, n [66]
Plasma 24.0 (19.8 — 68.4) ng/mL B gavage =12: 6 HIV=, 6 HIV+
Brain tissue: 1.78 (0.20 — 2.46) ng/g
Tissue to plasma ratio: 0.05 (0.01 - 0.12)#
Lamivudine
S #E Human postmortem, n = No differences [80]
Brain tissue 63.4 (25.0-271.8) ng/mL 4 observed between
WM, GM, CGM
. % 300 mg daily Human postmortem, 27% variability [79]
Plasma: 1315 ng/mL (657';522) plasmaand CSFn=14;  across 13 brain
CSF: 566 ng/mL (360, 1638) ¢ for tissue, n =4 compartments
Brain tissue: 328-784 ng/g 4
A
Tissue to plasma ratio: 0.37 (0.23-0.64)
. @ 1.2 mg/day (61.7 mg/kg/  Mouse, n = 9, females Similar distribution  [100]
Plasma: 829.7 + 320.9 ng/mL @ day) continuous 5 d in striatum and
Striatum: 25.9 + 3.5, Hippocampus: 27.3 + 3.4 ng/g subcutaneous delivery hippocampus
Tissue to plasma ratio: ~ 0.048 (striatum) ", ~0.045 via osmotic pump
(hippocampus)&
Plasma Cmax: 25,846 + 1961 ng/mL ™ 50 mg/kg single dose, IP Rat, n = 3, female CC, globus [120]
o ' * pallidus, striatum,
Brain tissue Cmax: 272 + 45.9 ng/mL neocortex
Tissue to plasma ratio: 0.011 (from Cmax), 0.044
(from AUC 0-24h), calculated from mean values
Stavudine
Drug concentrations below limit of quantification Human postmortem, n = [80]
Plasma (Cmax): 6064 + 202 ng/mL ™ 50 mg/kg single dose, IP Rat, n = 3, female [67]
Brain tissue (Cmax): 1300 £121 ng/mL *
Tissue to plasma ratio: 0.214
Brain (dialysate): 290 + 52 ng/mL ~ 1.75 mg/kg/hr, Rat,n =7, male [78]
Plasma: 850 + 90 ng/mL * continuous infusion
Brain to plasr_na ratio: 0.34 + 0.04
Caudate putamen (dialysate): 1.1 + 0.13 ng/mL ™ 5 mg/kg, i.v. bolus Rat, n = 4 (putamen), n No differences [75]
. . * =7 (cortex), male between putamen
Cortex (dialysate): 1.4 + 0.82 ng/mL and cortex
Brain to plasma ratio: 0.62 + 0.17 (putamen), 0.62 +
0.11
Tenofovir
. % 300 mg daily Human postmortem, 49% variability [79]
Plasma: 1024 ng/mL (247, 268‘2 plasmaand CSFn=11;  across 13 brain
CSF: 138 ng/mL (77-675) ng/mL v for tissue, n =4 compartments
Brain tissue: 328-784 ng/g
N
Tissue to plasma ratio: 0.36 (0.14-1.24)
S # Human postmortem, n = No differences [80]
Brain tissue 147.9 (80.6-291.8) ng/g 7 observed between
WM, GM, CGM
- . & Human postmortem, [81]
Brain tissue: ~ 80 ng/g & sample size not reported
Tissue to plasma ratio: ~ 0.9
Plasma: 60.3 (47.8 — 84.4) ng/mL$ 30 mg/kg daily NHP, n = 18; 12M/6F; [66]

CSF: 2.04 (1.40-2.82) ng/mL$
Brain tissue: 51.3 (34.9 - 57.5) ng/g$
Tissue to plasma ratio: 0.75 (0.59 — 0.92)

subcutaneously to steady
state

10 SHIV-, 8 SHIV+
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Regional
Concentrations Dose Species differences Ref
. @ 50 mg/kg single dose, IP Rat, n = 3, female Striatum, [65]
Plasma: Cmax 5651.72 + 672.87 ng/rC;L corticospinal tracts,
Brain tissue: Cmax 51.06 + 29.23 ng/g globus pallidus and
Tissue to plasma ratio: 0.009 cerebral cortex
. 5 208 mg/kg/day BLT mouse, n =13; 6 [66]
Plasma: 125 (89.5 - 241) ng/mL $ oral gavage to steady HIV-, 7 HIV+
Brain tissue: 14.3 (11.9 — 47.9) ng/g state
Tissue to plasma ratio: 0.11 (0.07 — 0.14)
. ¥ 208 mg/kg/day Hu-HSC-RAG mouse, n [66]
Plasma: 150 (77.1 - 368) ng/;nL oral gavage to steady =12; 6 HIV-, 6 HIV+
Brain tissue: 4.49 (0.62 — 18.8) state
Tissue to plasma ratio: 0.02 (0.01 - 0.11)$
Plasma Cmax: 9784.2 + 4722.7 ng/mL ™ 50 mg/kg single IP Rat, n = 3, female poor BBB [116]
Brain tissue Cmax: 54.5 + 7.1 nglg * injection, given as TAF penetration; but
Tissue to plasma ratio: 0.006 widely distributed
Zidovudine
Plasma Cmax: 55,976 + 5128 ng/mL ™~ 50 mg/kg single dose, IP Rat, n = 3, female CC, globus [120]
Brain tissue Cmax: 692 + 74.11 ng/mL * ﬁ:gé%l:tsé)fmatum’
Tissue to plasma ratio 0.012 (from Cmax), 0.032 (from
AUC 0-24h), calculated from mean values
Blood: 112 + 63.8 yM ™ 5 mg/kg, i.v. loading NHP, n =5, male [117]
in (dial . . * dose, then 15 mg/kg/h
Brain (dialysate): 13.8 £ 10.4 uM . continuous infusion
Brain (dialysate) to blood ratio: 0.13 + 0.06
Thalamus (dialysate) to plasma ratio (AUC) 1V bolus Rabbit, n = 3 per dosing [76]
0.052 + 0.027 5 mg/kg regimen, male
0.067 +0.030 10 mg/kg
0.064 +0.013 20 mg/kg
0.092 +0.039 30 mg/kg
Thalamus (dialysate) to plasma ratio (AUC), 0.08 £ 10 mg/kg, i.v. bolus Rabbit, n = 6, male [77]
19
Integrase Inhibitors
Dolutegravir
. @ 0.2 mg/day (10.3 mg/kg/  Mouse, n =9, females Similar distribution  [100]
Plasma: 433.2 + 80.9 ng/mL @ day) continuous 5 d in striatum and
Striatum: 4.6 + 1.1, Hippocampus: 4.8 + 1.1 ng/g subcutaneous delivery hippocampus
Tissue to plasma ratio: ~0.011 (striatum)&, ~0.011 via osmotic pump
(hippocampus)&
. & 10 mg/kg/day, once daily ~ Mouse, n = 6, male [123]
Plasma: 50,000£g/mL as oral gavage for 3 d,
Brain: ~400 ng/mL sacrificed 4 h post-dose
Tissue to plasma ratio: 0.0077
Elvitegravir
Plasma Cmax: 30760.9 + 3351.2 ng/mL * 50 mg/kg single dose, IP Rat, n = 3, female [116]
Brain tissue Cmax: 976.5 + 105.2 ng/g *
Tissue to plasma ratio: 0.032
Raltegravir
200 mg/day oral NHP, n =9, 6M/3F; 5 [66]

Plasma: 157 (78.6 — 297) ng/mL”
CSF: 0.50 (0.50 - 1.05)#
Brain tissue: 21.8 (14.2 - 67.1) ng/g#
Tissue to plasma ratio: 0.12 (0.05 — 0.21)

SHIV-, 4 SHIV+
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Regional
Concentrations Dose Species differences Ref
L & Human, postmortem, [81]
Brain tissue: ~80 ng/g & sample size not reported
Tissue to plasma ratio: ~0.2
Plasma: 21.9 (10.5 - 32.2) ng/mL# 56 mg/kg oral gavage Elr\'g_m(;uliti,vrl: 13;6 [66]
Brain tissue: 2.29 (153 - 3.17) nglg”
Tissue to plasma ratio: 0.13 (0.07 — 0.17)
Brain tissue: 0.22 (0.19 — 0.26) ng/g” 56 mglkg oral gavage ElizHgimGgﬁr\sﬁ " [66]
Tissue to plasma ratio: 0.13 (0.05 — 0.41)#
Protease Inhibitors
Atazanavir
Plasma: 2.40 (0.50 — 106) ng/mL” 270 mg/kg oral g‘;'ﬁ’,f 1%,_?,’\"/? 5 [66]
CSF: 0.50 (0.50 — 4.96) ng/mL#
Brain tissue: 84.1 (47.2  269) ng/g”
Tissue to plasma ratio: 97.4 (0.41—166)#
Brain tissue: ~400 ng/g& Hur‘réan, postmortem, n [81]
Tissue to plasma ratio: 0.1 =1
Plasma: 9.80 (8.64-14.4) ng/mL# 140 mg/kg oral gavage EII_\-E—m(;UI?I?’VrL: 13,6 [66]
Brain tissue: 2.10 (0.71-10.1) ng/g#
Tissue to plasma ratio: 0.12 (0.04—0.28)#
Plasma: 9.91 (2.50 — 18.7) ng/mL” 140 mg/kg oral gavage 5‘1‘2'*2%:3?_66”‘,3:‘\5/?; n (66]
Brain tissue: 0.98 (0.49 — 1.54) ng/g#
Tissue to plasma ratio: 0.13 (0.06 — 0.76)#
Nelfinavir
s . #1 Human postmortem, n = No differences [80]
Brain tissue: 54.7 (25.0-168.2) ng/g 4 observed between
WM, GM, CGM
Lopinavir
S . . #t Human postmortem, n= High conc in WM,  [80]
Brain tissue, White Matter: 250.5 (25.0, 956.23) 4 not detected in GM
or CGM
Saquinavir
Human postmortem, n = No differences [80]

Brain tissue: 208.3 (116.5-360.5) ng/g#

2 observed between
WM, GM, CGM”

*
Mean £ SD,

#Median (IQR),

@Mean + SEM,

$Mean (range),

“\edian (25th, 75t percentile),

AGeometric Mean Ratio (95% Confidence Interval),

T . . . .
Range of median values across multiple brain regions

&values approximated from publication figure
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’tLower Limit of Quantification (LLOQ) for this assay was 25 ng/g

Abbreviations: AUC, Area Under the Curve; BLT, bone liver thymus mouse; CC, corpus callosum; CGM, cortical gray matter; CSF, cerebrospinal
fluid; GM, gray matter; hippocampal formation (HPF), Hu-HSC-RAG, human stem cell hematopoietic/Rag2-; IP, intraperitoneal: IQR, interquartile
range; NHP, nonhuman primate; SHIV, Simian-Human Immunodeficiency Virus; TAF, tenofovir alafenamide; WM, white matter
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