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Abstract

1. Antiretroviral concentrations in cerebrospinal fluid (CSF) are used as surrogate for brain tissue,
although sparse data support this. We quantified antiretrovirals in brain tissue across preclinical
models, compared them to CSF, and calculated 90% inhibitory quotients (IQgg) for nonhuman
primate (NHP) brain tissue. Spatial distribution of efavirenz was performed by mass-spectrometry
imaging (MSI).

2. HIV or RT-SHIV-infected and uninfected animals from two humanized mouse models
(hemopoietic-stem celllRAG2-, n=36; bone marrow-liver-thymus/BLT, n=13) and an NHP model
(rhesus macaque, n=18) were dosed with six antiretrovirals. Brain tissue, CSF (NHPs) and plasma
were collected at necropsy. Drug concentrations were measured by LC-MS/MS. Rapid equilibrium
dialysis determined protein binding in NHP brain.

3. Brain tissue penetration of most antiretrovirals were >10-fold lower (p<0.02) in humanized
mice than NHPs. NHP CSF concentrations were >13-fold lower (p<0.02) than brain tissue with
poor agreement except for efavirenz (r=0.91, p=0.001). Despite 97% brain tissue protein binding,
efavirenz achieved 1Qgp>1 in all animals and 2-fold greater white versus grey matter
concentration.

4. Brain tissue penetration varied across animal models for all antiretrovirals except raltegravir,
and extrapolating brain tissue concentrations between models should be avoided. With the
exception of efavirenz, CSF is not a surrogate for brain tissue concentrations.

Keywords

antiretrovirals; brain tissue; cerebrospinal fluid; efavirenz; HIV; mass spectrometry imaging;
protein binding

"Corresponding Author: Angela D. M. Kashuba, BScPhm, Pharm.D., DABCP, 1094 Genetic Medicine Building, CB# 7361, 120
Mason Farm Road, UNC Eshelman School of Pharmacy, Division of Pharmacotherapy and Experimental Therapeutics, University of
North Carolina at Chapel Hill, North Carolina, NC 27599, Tel (919) 966-9998 Fax (919) 962-0644, akashuba@unc.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srinivas et al.

Page 2

. Introduction

HIV invades the central nervous system (CNS) early after infection. HIV RNA can be
detected in the cerebrospinal fluid (CSF) of acutely infected patients eight days after HIV
exposure (Valcour et al. 2012), and may be detected in the CSF even when undetectable in
the plasma (Edén et al. 2010; Farhadian et al. 2017). In the brain, HIV replication occurs in
long lived cells such as macrophages (Joseph et al. 2014), and the resulting immune
activation is hypothesized to cause neuronal cell death and decline in neurological
functioning (New et al. 1998; Zayyad & Spudich 2015). Before combination antiretroviral
(ARV) therapy, almost 60% of patients with AIDS developed HIV associated dementia
(HAD) (Ances & Ellis 2007). Currently, the prevalence of HAD has been reduced to 5%,
although milder forms of neurocognitive impairment remain highly prevalent at 20-50%
(Marra 2015). This may be related to ARV penetration into the CNS (Letendre 2011). While
our understanding of ARV exposure/response in the CSF has greatly improved in the past
decade, some key knowledge gaps still exist.

The first critical knowledge gap is the extent of ARV penetration into the brain tissue and
agreement between CSF and brain tissue concentrations of ARVSs. The brain is the relevant
target site for HIV replication in the CNS, however, a paucity of information exists on ARV
concentrations achieved in the brain tissue. Furthermore, while CSF concentrations are often
considered as a surrogate for brain tissue exposure, little data support this for ARVs. For
several classes of drugs acting in the CNS, CSF concentrations are either much lower than,
or not predictive of, brain tissue concentrations (Liu et al. 2006; Rambeck et al. 2006). This
may also be the case for ARVs due to their affinity for the drug uptake and efflux
transporters at the blood-brain barrier (BBB) and the blood-CSF barrier (B-CSF-B). Active
transport of ARVs along the BBB and B-CSF-B disturbs the equilibrium of passive protein-
unbound drug movement (Smith et al. 2010), which may result in different relationships
between plasma, CSF and brain tissue concentrations for different ARVS.

The second critical gap is related to defining an appropriate efficacy target for drug exposure
in the CNS. An efficacy target that is commonly employed is the drug concentration
required to inhibit HIV viral replication by 50% (ICsg). While achieving drug concentration
>|Csgq has been generally considered optimal in the CSF (Best et al. 2011; Croteau et al.
2010), having coverage at ICsg concentrations may not be enough to avoid the onset of
resistance mutations (Calcagno et al. 2015). In a recent analysis by Calcagno (2015),
inhibitory quotients (1Q) were calculated for commonly used ARV regimens in the CSF by
using a standardized wild-type ICgs for HIV clinical isolates (Acosta et al. 2012). The
investigators were able to demonstrate the utility of this measurement in optimizing CNS-
penetrating ARV regimens by showing that an 1Qgs>1 was associated with better viral
control in the CSF. While such an approach could provide a standardized drug efficacy target
across studies, the wild-type 1Cgs estimates utilized in this analysis were corrected for
protein binding in the plasma and not the CSF. Since drugs usually exhibit a higher extent of
protein binding in the plasma compared to the CSF (Nguyen et al. 2013; Avery et al. 2013),
it is likely that some of the final 1Q estimates may have been underestimated. Furthermore,
these values have not been determined for brain tissue.
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Since it is not practical to obtain robust human brain tissue pharmacokinetic (PK) data,
animal models can be used to address the knowledge gaps detailed above. In this work, we
measure the penetration of ARVs across commonly used HIV preclinical models — two
humanized mouse models and one nonhuman primate (NHP) model (Denton & Garcia
2009; Hatziioannou & Evans 2012). In the NHPs, we evaluate the agreement between total
ARV concentrations in the brain tissue and CSF and measure unbound ARV brain tissue
concentrations in order to calculate 1Qgq estimates. To provide a measure of spatial brain
tissue distribution, we further investigate efavirenz (EFV). By using mass-spectrometry
imaging (MSI) combined with immunohistochemistry, we determine the distribution pattern
of EFV in the NHP brain, and colocalization with relevant HIV target cells.

[I. Materials and Methods

Tissue collection from animal models

This analysis utilized three commonly used animal models: two species of humanized mice
(human stem cell hemopoietic/Rag 2- [hu-HSC-Rag, n=36] and bone marrow-liver-thymus
[BLT, n=13]) and one species of NHP (rhesus macaques [n=18]). All of the humanized mice
were female, while six (33.3%) of the NHPs were female. Approximately one-half of the
animals were left uninfected or were infected with HIVga .p7 (hu-HSC-Rag mice),
HIVrest (BLT mice) or RT-SHIV (NHPs) (North et al. 2005; North et al. 2010), for four
weeks. All animals were dosed with combinations of six ARVS representing five ARV
classes: tenofovir (TFV), emtricitabine (FTC), EFV, raltegravir (RAL), maraviroc (MVC)
and atazanavir (ATZ). BLT mice were not dosed with EFV due to prior toxicity concerns but
were dosed with a combination of TFV/FTC/RAL/MVC/ATZ (six uninfected and seven
infected animals). Hu-HSC-RAG were divided into three groups and dosed with EFV only
(six uninfected and six infected animals), ATZ only (six uninfected and six infected animals)
or TFV/FTC/RAL/MVC (six uninfected and six infected animals). In the NHPs, animals
were dosed with TFV/FTC/EFV/RAL (four uninfected and five infected animals) or
TFV/FTC/MVC/ATZ (four uninfected and five infected animals). The dosage regimens
selected (Supplementary Table 1) were based on doses commonly used in the animal models
for virologic efficacy (Neff et al. 2010; Denton et al. 2010; Shytaj et al. 2012) and the
specific regimens were chosen either for site-specific practical considerations (humanized
mice) or to minimize the potential for drug-drug interactions (NHPs). ARVs were dosed for
ten days to achieve PK steady state conditions based on the half-lives of these drugs.
Necropsy was scheduled one day later. Detailed methods on the animal studies, including
dosing regimens, are provided in the supplementary material. For the NHPs, plasma, CSF,
and brain tissue (frontal lobe, cerebellum, basal ganglia, and parietal lobe) were collected at
necropsy. These regions were chosen to investigate cortical (frontal and parietal lobes) and
sub-cortical (cerebellum and basal ganglia) brain regions, to investigate morphologically
different areas, and to select those areas that showed more extensive involvement in HIV-
injury. For the humanized mice, plasma and whole brain tissue were collected. Animal
studies were performed in concordance with locally approved institutional animal care and
use committee (IACUC) protocols from the University of North Carolina at Chapel Hill
(protocol 15-168), Colorado State University (protocol 16-6998A) and the University of
California at Davis (protocol 18345).
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Sample analysis for parent drug

Sample analysis has been described in detail elsewhere (Thompson et al. 2017). Briefly,
plasma and CSF were extracted by protein precipitation using stable, isotopically labelled
internal standards. The extracts were analyzed on a Shimadzu HPLC system with a Waters
Atlantis T3 (50 mm x 2.1 mm, 3 um particle size) column, with an API 5000 mass
spectrometer (SCIEX, Framingham, MA) detector equipped with a TurbolonSpray interface.
The lower limit of quantification (LLOQ) was 1 ng/mL. The inter- and intra-day precision
and accuracy of the assay was within 15%.

Brain tissue samples were homogenized in 1 mL of 70:30 acetonitrile:1 mM ammonium
phosphate (pH 7.4) and then extracted by protein precipitation with stable, isotopically
labelled internal standards. TFV and FTC were analyzed by the method described for fluids
while ATZ, EFV, MVC, and RAL were separated using an Agilent Pursuit XRs 3 Diphenyl
(50 mm x 2 mm, 3 um particle size) HPLC column. The LLOQs of the brain tissue
homogenate were 0.002 ng/mL (FTC and MVC), 0.005 ng/mL (ATZ, EFV, and RAL), and
0.01 ng/mL (TFV). These concentrations in ng/mL were converted to ng/g using a density of
1.06 g/m3. The intracellular active metabolites of TFV (tenofovir diphosphate: TFV-dp) and
FTC (emtricitabine triphosphate: FTC-tp) were also quantified in the brain tissue. TFV-dp
and FTC-tp were extracted by homogenizing the tissue with 70:30 acetonitrile:1 mM
ammonium phosphate (pH 7.4). An aliquot of the resulting homogenate was mixed with
acetonitrile containing an isotopically-labelled internal standard, 13C5-TFV-dp, (Moravek
Biochemicals, Brea, CA). The extracts were evaporated to dryness, reconstituted with 1 mM
ammonium phosphate (pH 7.4), and transferred to a 96-well plate for analysis. TFV-dp and
FTC-tp were analyzed using anion exchange chromatography on a Thermo BioBasic AX (50
x 2.1 mm, 5 um particle size) analytical column (Waters, Milford, MA) followed by
detection under positive ion electrospray conditions. Data were collected using an AB Sciex
API-5000 triple quadrupole mass spectrometer. The dynamic range was 0.300-300 ng/mL
homogenate (rhesus macaques) and 0.0200 — 300 ng/mL homogenate (humanized mice) for
both TFV-dp and FTC-tp.

Determination of protein binding in the NHP brain tissue

The protein binding of EFV, RAL, MVC, and ATZ in the brain tissue was determined by
rapid equilibrium dialysis (RED). Briefly, 5-10 mg of frontal cortex brain tissue samples
were homogenized in Precelly’s tubes and incubated at 37°C for 18 hours in rapid
equilibrium dialysis cartridges (Thermo Scientific, Pittsburg, PA). The samples subsequently
underwent liquid-liquid extraction with methyl tert-butyl ether (MTBE) (Fisher Scientific,
Norcross, GA, USA) using an Agilent 1200 series HPLC System and an Agilent 1100 MSD
(Agilent Technologies, New Castle, DE) in positive ESI mode. Analytes were then separated
on an Agilent Zorbax Eclipse XDB-C8 (3.0 mm x 50 mm, 1.8 m) column. Assay sensitivity
was 2 ng/ml and inter- and intra-day assay precision was within 15%. The median fraction
unbound value was used to determine the unbound ARV concentrations across all NHP brain
tissue samples.
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Calculation of 90% Inhibitory Quotients in NHP brain tissue

Qg Was calculated as a surrogate measure of ARV efficacy in the brain tissue using the
protein-unbound brain tissue concentrations and the protein-unbound 1Cgqq for the RT-SHIV
strain of virus, when available. Since the RT-SHIV viral strain has the reverse transcriptase
(RT) enzyme from HIV-1 clinical isolates, the 1Cqq values of ARV classes targeting this
enzyme: nucleoside reverse transcriptase inhibitors (NRTIs) and non-nucleoside reverse
transcriptase inhibitors (NNRTIs) were taken from the values for HIV-1 clinical isolates
from various sources (Acosta et al. 2012; Van Rompay et al. 1996; Mathez et al. 1993).
MVC ICgq values for RT-SHIV were available from Pal (2012) and RAL ICqyg values for RT-
SHIV were available from Hassounah (2014). The ICqq value of ATZ against RT-SHIV
(12,750 ng/g) was calculated from concentration-response data provided by Z. Ambrose
(personal communication, September 18™, 2018). All values were corrected for protein
binding as described by Yilmaz (2012). The formula for ARV 1Qgg in brain tissue is given
by equation 1.

1Qq, = ARV protein — unbound concentration in the brain tissue 1)
90 — Protein — free wild — type IC90 of RT — SHIV

Mass spectrometry imaging

We chose to investigate EFV concentrations by MSI due to its accumulation in brain tissue
(Thompson et al. 2015) and its well-known clinical toxicity profile. Methods for the Infrared
Matrix-Assisted Laser Desorption Electrospray lonization (IR-MALDESI) MSI analysis
have been published previously (Barry et al. 2014; Thompson et al. 2015). Briefly, 10 um
thick frozen slices of discrete tissue regions (NHPs) or whole brain (humanized mice) were
thaw-mounted onto a glass slide, covered with an ice layer and ablated with 2 mid-IR laser
pulses with a 100 um spot-to-spot distance. Ablated molecules were ionized by electrospray
and sampled into a Thermo Fisher Scientific Q Exactive mass spectrometer (Bremen,
Germany) for analysis. Raw data from each volumetric pixel (voxel) were converted to the
mzXML format and then imzML format to evaluate using MSiReader (Robichaud et al.
2013). Quantification of EFV concentration was achieved by spotting calibration standards
of known concentration onto a non-dosed brain tissue slice (Bioreclamation I\VT, Baltimore,
MD). The resulting ng/slice concentrations were converted to ng/g using the area of each
slice, tissue thickness, and a density of 1.06 g/mL. The limit of detection for EFV was 123
fg/voxel (100 pm x 100 pm x 10 pm), or 0.1 ng/qg tissue.

Drug Colocalization to HIV target cells in the brain tissue

Dual immunofluorescence staining was performed on frozen humanized mouse and NHP
brain tissue sections for CD3/CD4 (CD4+ T-cells) and CD45/CD11b (microglial cells) in the
Bond fully-automated slide staining system (Leica Microsystems) using the Bond Polymer
Refine Detection kit (DS9800). The slides were brought to room temperature for 15 minutes
and were then fixed in 10% neutral buffered formalin for 15 minutes. Following this
procedure, slides were placed in Bond wash solution (AR9590) and antigen retrieval was
done at 100°C in Bond-epitope retrieval solution 2 pH 9.0 (AR9640) for ten minutes.
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Co-registration of EFV and target cell distribution images were performed using the Matlab
v. R2015a Image Processing Toolbox (Mathworks, Natick, MA). Co-registration of images
was performed on the cholesterol MSI image using a background DAPI IF stain as a
reference to ensure that the MSI and IF images were aligned appropriately before co-
localization. The transformed ARV images were overlaid with the variable of interest (CD4,
or CD11b) to generate a fused image containing both the ARV (in red) and the cellular
variable of interest (in green). After image overlay was performed, the fractional coverage of
the sum of the total cellular area which contained detectable drug concentration and drug
concentration >1Cgq and 1Cqq target values were calculated.

Statistical Analysis

Since the same mg/kg ARV dose was not given to all species, ARV concentrations were
normalized to the systemic concentrations in plasma to give either a CSF:plasma ratio or a
brain tissue:plasma ratio, in order to make inter-species comparisons of drug penetration.
Comparisons between species, and brain tissue and CSF compartments were made using the
Kruskal-Wallis test (p<0.01 was considered significant). The Spearman rank-order
correlation test was used to determine the relationship between the ARV concentrations in
brain tissue and CSF. Data were analyzed using SigmaPlot 13.0 (Systat Software Inc., San
Jose, CA) and are presented as median (range) unless otherwise noted.

[ll. Results

ARV penetration into the brain tissue varied markedly across humanized mice and
nonhuman primates except for RAL

Brain tissue concentrations from 36 hu-HSC-RAG mice, 13 BLT mice, and 17 NHPs were
available for the final inter-species comparison. By LC-MS/MS analysis, ARV
concentrations in the four brain regions of the NHPs did not differ (Supplementary Figure 1;
p>0.08). Therefore, these concentrations were combined for one measure of brain tissue
concentration per NHP.

Figure 1 shows the brain tissue:plasma penetration ratio of ARVS, and concentration of
active metabolites in the brain tissue across the three preclinical species. ARV penetration
ratios into brain tissue of humanized mice ranged from 0.001 (TFV and FTC) to 100 (ATZ)
(Figure 1a). Generally, ARV penetration was higher into the brain tissue of BLT mice
compared to the hu-HSC-RAG mice. For example, brain tissue penetration was 5-fold higher
for MVVC (p=0.002) and 3- and 5-fold higher, for TFV and FTC (p>0.15) respectively in the
BLT mice compared to the hu-HSC-RAG.

ARV brain tissue penetration in the NHPs was 10- to 100-fold higher than the BLT mice
(p<0.006), and 5- to 100-fold higher than the hu-HSC-RAG mice (p<0.02) for all ARVs
except for RAL. For most ARV, this result was due to lower ARV concentrations in the
brain tissue and plasma of both humanized mouse models (Supplementary Table 2).
However, in the case of TFV and FTC, the low brain tissue penetration in the two humanized
mouse models was a result of lower brain tissue concentrations and higher plasma
concentrations in the mice compared to NHPs. The brain tissue:plasma ratio of RAL
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(median of 0.11-0.12; p=0.6) was preserved across all three species while the brain
tissue:plasma penetration ratio of MVC (median of 1; p=1.0) was similar in the BLT mice
and NHPs (Figure 1a and supplementary table 2).

The active metabolite of TFV, TFV-dp, was quantifiable in all brain tissue samples, with
concentrations ranging from 851 to 179,000 fmol/g of tissue (Figure 1b). Median brain
tissue concentrations of TFV-dp were 10-fold higher in the hu-HSC-RAG mice (14700
fmol/g) compared to the BLT mice (1440 fmol/g), despite TFV concentrations being lower
in the hu-HSC-RAG mice, though this did not reach statistical significance (p=0.29). TFV-
dp concentration in the NHP brain was 34,800 (15,000-179,000) fmol/g. Due to the low
concentration of FTC in the brain tissue for both the humanized mouse models (3.31 ng/g
[0.14 ng/g to 29.1 ng/g] and nonhuman primates (26.3 ng/g [2.0 ng/g to 69.3 ng/g)), its
active metabolite FTC-tp was not quantifiable across all three animal models.

As an exploratory objective, we evaluated whether infection status and sex influenced ARV
penetration into the brain tissue in NHPs. We found no significant differences for any of the
ARVs on the basis of these factors (p>1.0).

Except for EFV, ARV concentrations in brain tissue were significantly higher than the CSF
and poorly correlated

In Figure 2, total ARV concentrations in the CSF and brain tissue of NHPs are shown. EFV
reached the highest concentration in the brain tissue (775 [240-1982] ng/g) which was 9- to
36-fold higher than other ARVs, where median concentrations were <100 ng/g (Figure 2a
and Supplementary Table 2). The lowest brain tissue concentrations were found for FTC
(26.3 [2.0-69.2] ng/g) and RAL (21.8 [11.5-265] ng/g). ARV concentrations in the CSF
were consistently lower (by 13- to 1,150-fold; p<0.001) than the brain tissue. Only the total
CSF concentrations of EFV strongly correlated with total brain tissue concentrations
(r=0.91, p<0.001). No correlation between CSF and brain tissue concentration was found for
the other ARVs (r<0.5, p >0.15) (Figure 2b).

Despite high protein binding in brain tissue of nonhuman primates, EFV maintained an

|Q90 >1

Protein binding in the brain tissue for EFV was 97% (91%, 98%), whereas it was lower for
ATZ (24% [0%, 39%]), and negligible for MVC (3%, [0%, 19%]). Due to low
concentrations of RAL in brain tissue, the fraction unbound could only be estimated for one
of the samples (24%).

The 1Qqgq calculated using the unbound brain tissue drug concentration (EFV, MVVC, ATZ,
and RAL) and protein-free 1Cqq values, are shown in the open circles in Figure 3. Only EFV
consistently had an 1Qgg >1 in all of the animals. One animal showed a RAL 1Qgg of 1.1
while another animal showed a TFV-dp 1Qgq of 1.1. For MVC, ATZ, TFV, and FTC, none of
the animals had an 1Qgg >1.
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Mass-spectrometry imaging demonstrated heterogeneous distribution of EFV in brain

tissue

The MSI results for NHPs in Figure 4 show response for the endogenous markers
cholesterol (Figure 4, left-pane), which was used to delineate regions of white matter (WM)
and grey matter (GM), and heme (Figure 4, middle-pane), which was used as a surrogate
for blood contamination in the brain tissue samples. EFV distribution (Figure 4, right-pane)
was masked based on the heme distribution in order to show the EFV response that did not
colocalize with heme. EFV distribution was visualized in only one hu-HSC-RAG mouse,
which had the highest EFV brain tissue concentration measured by LC-MS/MS (1,400 ng/g)
(Figure 4a). In this animal, drug distribution was relatively homogeneous across the brain
structures and heme distribution accounted for 30% of the summed EFV MSI response
across the tissue. EFV was not detected in the other mice, where concentrations were <35
ng/g. In the NHPs, EFV was detected in all tissue samples (and LC-MS/MS concentrations
were all >150 ng/g). In the uninfected animals (Figure 4b), EFV concentrations were 1.1- to
3-fold higher in the WM relative to the GM. The variability (as defined by CV%) of
concentration/voxel in the uninfected animals was approximately 85% in the GM and 78%
in the WM. Compared to the uninfected NHPs, RT-SHIV infected animals showed 86%
lower EFV concentration across brain tissue (Figure 4c), and no morphological differences
in EFV distribution pattern were evident. The variability (CV%) of concentration/voxel in
the infected NHPs was similar to the uninfected NHPs; 77% in the GM and 83% in the WM.
The heme response was negligible in the uninfected and SHIV-infected NHPS and
accounted for only 1% of the summed EFV MSI response across the tissue.

EFV showed low colocalization with HIV target cells

In Figure 5, the overlay of CD11b cells is shown with EFV drug exposure in the cerebellum
of an uninfected NHP (Figure 5a) and a SHIV-infected NHP (Figure 5b). For uninfected
animals, the fraction of total CD11b or CD4+ T-cell cellular area with detectable EFV
concentrations ranged from 50-80%. For the infected animals, the fractional coverage of
cells containing detectable EFV was similar, ranging from 45-70%. However, the fractional
coverage of CD4 and CD11b cells that contained total concentration of EFV above an ICsgg
target of 2 ng/g was only ~3% regardless of infection status. No cells colocalized with EFV
concentrations > 1Cq target.

V. Discussion

In this analysis, we present a comprehensive overview of brain tissue concentrations of
ARVs across three commonly used HIV preclinical models. We show that ARV brain tissue
penetration by LC-MS/MS is highly variable between the ARVs (50-150%), and between
the animal models for a given ARV. This variability is similar to, or higher than, the
variability found with human CSF ARV concentrations (~35%) (Calcagno et al. 2015).

Comparing drug exposure between the species, brain tissue penetration rank order
distinctively increased from hu-HSC-RAG mice to BLT mice to NHPs for TFV and FTC.
For EFV, MVC and ATZ, brain tissue penetration was higher for NHPs than humanized
mice. RAL penetration was similar between the species. While the exact reason for this is
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unclear, drug interactions and underlying physicochemical properties may play a role. For
example, RAL is a substrate of both P-gp and BCRP. While our group and others have
shown higher BCRP concentration in NHPs compared to humanized mice (Ito et al. 2011;
Thompson et al. 2017), RAL was co-administered with EFV in the NHPs which inhibits
BCRP (Weiss et al. 2007). The resulting interaction in the NHPs may have led to equivalent
brain tissue penetration across all three species. Similarly, the greater brain tissue:plasma
penetration of TFV, FTC, and MVC in the BLT mice relative to the hu-HSC-RAG mice may
be due to co-administration of these ARVs with ATZ in the BLT model, which inhibits drug
efflux by P-gp, BCRP, and MRP1 (Griffin et al. 2011). While we were not able to avoid
drug-drug interactions due to the limited number of animals, such interactions are also
clinically unavoidable since multiple drugs are used in HIV treatment regimens. In such
cases, preclinical models can be used to test how different ARV combinations may affect
tissue distribution.

In this study, CSF ARV concentrations in NHPs approximated human concentrations as
reported by Calcagno (2014). FTC was the one exception, where CSF concentrations were
approximately 3-fold lower in NHPs. While there are fewer human brain tissue studies to
compare to our preclinical models, one recent study by Nicol (2018) provides some insights.
Three African men with AIDS taking EFV and TFV had brain tissue concentrations
measured post-mortem. The median concentrations of EFV and TFV were 900 ng/g and 80
ng/g which agree with the values we report here in the NHPs (775 ng/g and 65 ng/g,
respectively).

With the exception of EFV, we found that ARV CSF concentrations were consistently lower
than, and not predictive of, brain tissue concentrations. This was shown across all classes of
drugs, irrespective of drug lipophilicity, pKa, drug transporter affinity, or other
physicochemical properties, and agrees with the literature for several classes of CNS-acting
drugs (Liu et al. 2006; Rambeck et al. 2006). For low permeability compounds such as TFV
and MVC (both ARVs are BCS class Il1), CSF concentrations may have underpredicted
brain tissue concentrations due to the fast recycling rate of the CSF that acts like a ‘sink’ to
clear drug (Shen et al. 2004). For other ARVs that have higher permeability, underlying
interactions between ARVs and drug transporters might also play a role in the discrepancy
between drug concentration measurements. For example, FTC is a highly permeable drug
(BCS class I) and is a substrate of MRP1 (Bousquet et al. 2008), an efflux transporter that is
localized on the basolateral membrane of the B-CSF-B. MRP1 effluxes drug-substrates out
in the direction of CSF to blood (Wijnholds et al. 2000; Strazielle & Ghersi-Egea 2015) at
the B-CSF-B but is not found on the BBB (Strazielle & Ghersi-Egea 2015). Thus, the
presence of MRP1 on the B-CSF-B but not on the BBB could result in lower FTC
concentrations in the CSF relative to the brain tissue. For the remaining ARVs: EFV, RAL,
and ATZ, which are highly permeable (BCS class | or class I1) and substrates of either P-gp
or BCRP, our results may appear to contradict conventional understanding, since P-gp and
BCRP are both localized on the apical membrane of the BBB (direction of drug-efflux is
brain to blood) and the B-CSF-B (direction of drug-efflux is blood to CSF) (Strazielle &
Ghersi-Egea 2015). However, many of these ARVs (FTC, EFV, MVC, and ATZ) are also
inhibitors of P-gp and BCRP (Alam et al. 2016). As previously discussed, co-administration
of multiple ARVs may have resulted in significant inhibition of the function of P-gp and
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BCRP and accumulation of ARVs in the brain tissue relative to the CSF. These data suggest
that deriving concentration-efficacy relationships in the CNS using only CSF concentrations
may be inaccurate.

This is the first study to define ARV 1Qqq in the brain tissue using protein-unbound brain
tissue concentrations. We chose to calculate 1Q values since they have previously
demonstrated utility in studying the relationship between drug exposure and efficacy
(Hoefnagel et al. 2005; Winston & Khoo 2008). Targeting 1Qgg>1 in plasma has been
associated with improvement in virologic control and clinical outcomes (Hoefnagel et al.
2005; Winston & Khoo 2008). Recent work by Calcagno (2015) suggested that the CSF
Qg5 may guide the rational selection of CNS-targeted ARV regimens. In order to derive the
IQgg in the brain tissue, we measured the unbound tissue concentrations for EFV, RAL,
MVC, and ATZ. Since TFV and FTC protein binding in plasma is <10%, we used the total
concentrations in brain tissue for their 1Qgq estimation The extent of drug binding in the
brain tissue was low (0-24%) for all ARVs except EFV (91-99%). The degree of brain
tissue binding we measured here for all ARVs was lower than the blood plasma protein
binding. For example, ATZ has been shown to be highly bound in the blood plasma (86%)
(Boffito et al. 2003), however the median binding of ATZ in the brain tissue was only 24%.
Similarly, MVC has been shown to be moderately bound in the blood plasma (~76%)
(MacArthur et al. 2008), however, the binding of MVC to the brain tissue was negligible
(<3%). These results can be explained by the very low concentration of drug binding
proteins in the brain tissue relative to the plasma. For example, plasma albumin
concentrations are 35-50 g/L whereas brain tissue albumin concentrations are <1 mg/L
(Srinivas et al. 2018). The relatively high protein binding of EFV in the brain (97%) tissue,
comparable to the plasma (99.5%) (Boffito et al. 2003), may be due to the high lipophilicity
of EFV (logP=4.6) and the binding affinity of EFV for CYP46A1 (cholesterol hydroxylase),
an enzyme localized to the endoplasmic reticulum of neurons (Anderson et al. 2016; Mast et
al. 2014).

Our finding that drug concentrations in the brain tissue are >75% unbound for most ARVs is
important to understand drug efficacy and toxicity. For example, ATZ has been shown to
cause neuronal toxicity, both in pig-tail macaques (with the same dosage regimen of ATZ
used in this study), as well as in an in-vitro system of human cells (Robertson et al. 2012).
The unbound brain tissue concentrations of ATZ measured in our study (38 ng/g to 418
ng/g) were at least two-fold higher than the total ATZ concentrations that caused neuronal
toxicity in the human in-vitro system, potentially explaining the macaque toxicity finding.
Our data are the first that can be used to make this connection since previous analyses relied
on CSF concentrations of ATZ which are low (5-21 ng/mL) (Best et al. 2009). High
concentrations in the human brain tissue may also explain the reported clinical cases of CNS
toxicity due to ATZ (Martina 2013).

We also demonstrated that for most ARVSs, the 1Qgg was <1 in all of the animals. For RAL,
the 1Qgg in the one animal where we could measure unbound brain tissue concentration was
0.07. Even when using total brain tissue concentrations, the 1Qgg of RAL was <1 for six of
the remaining seven animals. We also show that despite a high degree of protein binding in
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the brain tissue, EFV still achieved an 1Qgq of >1, in all eight animals. This suggests that by
the 1Q method, free EFV brain tissue concentrations may be high enough to achieve efficacy.

The results above were based on tissue homogenate LC-MS/MS analysis. However, the
results of our MSI analysis indicated that there was heterogeneity in EFV distribution into
the brain tissue that led to a different estimation of surrogate efficacy. In uninfected NHPs,
EFV had a relatively heterogeneous distribution across brain tissue, accumulating up to 3-
fold higher in the cerebellar WM versus GM. This widespread EFV distribution may be a
function of neuronal binding to CYP46A1(Anderson et al. 2016; Mast et al. 2014), as
described above. In the case of infected NHPs, the brain tissue concentrations were 7-fold
lower, which made it more difficult to detect regional differences in drug localization.
Interestingly, despite all animals having EFV concentrations >1Cgq by LC-MS/MS analysis,
none of the areas (particularly GM) where we detected microglial cells or CD4+ T-cells
(targets for HIV infection/replication) contained EFV at concentrations >ICgg by MSI
analysis. Rather, preferential accumulation of EFV was in the WM. These preliminary
results indicate the potential for suboptimal coverage of active EFV within the brain tissue
despite high 1Qs as measured by tissue homogenate. Future experiments imaging viral
replication in the CNS along with drug concentrations should be performed to understand
the clinical implications of these findings.

There were a few limitations to this investigation. Sex differences in the plasma PK of
laboratory animals have been observed with several classes of anti-infective and CNS-acting
drugs (Czerniak 2001). Although we were unable to secure male humanized mice for this
study, we evaluated the CNS distribution of ARVs in male and female NHPs and did not find
any substantive differences in CSF or brain tissue concentrations on the basis of sex.
Another limitation of this study is the missing information on ICgq values against the RT-
SHIV strain of virus for several of the ARVs in our analysis. As mentioned earlier, in case of
the NRTIs and NNRTIs, using the 1Cqq for the clinical HIV-1 isolates was a reasonable
estimate (Witrouw et al. 2004). Finally, the 1Cqq values against RT-SHIV were 20-fold
(RAL), 100-fold (MVC), and 1,000-fold (ATZ) higher than against clinical HIV-1 isolates. If
unbound exposures in the human brain tissue approximate the NHP exposures, MVC, ATZ,
and RAL would achieve 1Qgg =1 in the human brain.

From the results presented in this study, ARV penetration into the brain tissue relative to
plasma was 10- to 100-fold higher in the NHPs compared to the humanized mice and was
only preserved across all three species for RAL. In the NHPs, the brain tissue concentrations
of ARVs were 10- to 1000-times higher than in the CSF, and could not be estimated by CSF
concentrations for most ARVs except for EFV. Because of these findings, the CSF may not
be a reliable surrogate for brain tissue concentrations. Except for EFV, all ARVs were >75%
unbound in the brain tissue but only EFV had protein-unbound concentrations in the brain
tissue >1Qgg in all the animals. However, our IR MALDESI investigations found that EFV
poorly colocalized with HIV-target cells in the brain as a result of preferential accumulation
in the WM. These results show that despite a high concentration of free drug, lack of
adequate EFV coverage at the target cells of interest may contribute to HIV persistence in
the brain (Mukerji et al. 2018) and should be investigated further.
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a) Antiretroviral brain tissue:plasma penetration ratio in humanized-mice and nonhuman

primates.

Only the brain tissue:plasma penetration ratio of RAL was preserved across all three species
(p=0.6). MVC penetration did not differ between the BLT mice and nonhuman primates

(p=1.0) and ATZ penetration did not differ between the hu-HSC-RAG and BLT mice

(p=0.8). For all other ARVs, the order of brain tissue penetration ratio was NHP>BLT>hu-
HSC-RAG. Boxes represent 1st and 3rd quartile with median line. Whiskers represent 10th
and 90th percentile and filled circles represent outliers. The BLT mice were not dosed with

EFV due to toxicity issues.

b) Concentration of active metabolites of tenofovir and emtricitabine in the brain tissue of
humanized mice and nonhuman primates.
FTC-tp was not detected in the brain tissue of any of the animal models. Median brain tissue
concentrations of tenofovir diphosphate (TFV-dp) were 10-fold higher in the hu-HSC-RAG

mice compared to the BLT mice (14371 fmol/g vs 1443 fmol/g, p=0.29). TFV-dp
concentration in the NHP brain was 34840 fmol/g.
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a) Antiretroviral concentrations in the CSF and brain tissue of nonhuman primates.

ARV concentrations are shown in the CSF (stripes) and brain tissue (solid fill) of NHPs.
Brain tissue concentrations were higher than CSF for all ARVs (p<0.001). Boxes represent
1st and 3rd quartile with median line. Whiskers represent 10th and 90th percentile. Open
circles represent outliers.
b) Correlation analysis between antiretroviral concentrations in the brain tissue and
cerebrospinal fluid in rhesus macaques.

Significant correlation between brain tissue and CSF concentration was only noted for
efavirenz (r=0.91; p<0.001). Black open circles — uninfected animals and red open circles —
RT-SHIV-infected animals. Legend: CSF — cerebrospinal fluid.
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Figure 3.
90% inhibitory quotients for antiretrovirals and metabolites in the brain tissue of nonhuman

primates.

EFV had the highest 1Qgg values in the nonhuman primates, which was above 1 for all 8
animals. In case of TFV, TFV-dp, FTC, MVC, and ATZ none of the animals had 1Qgg above
1. Boxes represent 1st and 3rd quartile with median line. Whiskers represent 10th and 90th
percentile. Dot-plot overlay represents individual values; open circles represent values that
were derived from the unbound brain tissue concentrations while the grey filled circles
represent values that derived from the total brain tissue concentrations.

Xenobiotica. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srinivas et al. Page 19

CHOLESTEROL EFAVIRENZ
1.0

Hu-HSC-RAG
Humanized mouse 109
0.8
0.7
i 0.6
Uninfected Amount of EFV
i 0.5 per gram (ng/g)
0.4
0.3
0.2
SHIV-infected
NHP 0.1
0.0
Figure 4.

Mass-spectrometry imaging of cholesterol and the amount of efavirenz per volumetric pixel
in the brain tissue of preclinical species.

The cholesterol heat maps shown on the left-pane are used to indicate morphological
differences in the brain tissue between the white matter and the grey matter. The heme
distribution maps shown in the middle-pane were used as a marker of blood contamination
in the brain tissue samples. The efavirenz heat maps shown on the right-pane are masked
with the heme distribution maps to show efavirenz response outside of the blood
contamination. The efavirenz distribution maps are scaled to the total ng/g concentration of
efavirenz per volumetric pixel.

(@) In the humanized mice, efavirenz distribution was detected in only one infected hu-HSC-
RAG mouse, but was distributed homogeneously throughout the brain tissue. The heme
distribution in this animal indicated that there was some blood contamination which
accounted for 30% of the total efavirenz response in the brain tissue (b) In the cerebellum
tissue of uninfected NHPs, clear preferential distribution of efavirenz was noted in the white
matter compared to the grey matter. Heme distribution in the uninfected NHPs was minimal,
accounting for ~1% of the total efavirenz response (c) In the RT-SHIV-infected animals,
86% lower concentrations of efavirenz was detected in the brain tissue, which made
detection of distribution differences more challenging. Heme distribution in the RT-SHIV-
infected NHPs was minimal, accounting for ~1% of the total efavirenz response. Legend:
WM - white matter, GM — grey matter, NHP — nonhuman primate.
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FrC=76%, FrC (EFV>IC50) = 2.6%

FrC=59%, FrC (EFV>ICS0) = 3.3%

Overlay between efavirenz MSI and CD11b+ cell distribution in the cerebellum tissue in (a)
uninfected and (b) RT-SHIV-infected animals.
Distribution of EFV and CD11b+ cells in the cerebellum and the overlay of distribution are
shown in (a) uninfected and (b) RT-SHIV-infected animals. In the far-left panel, brighter
colours represent higher concentration of EFV. In the panel second from the left, light colour
represents greater density of cells, increasing form light blue to yellow. In the panel second
from the right, overlay between EFV MSI and cell distribution is shown. In far-right panel,
only the target cells containing detectable EFV or EFV above ICs are shown. Fractional
coverage of the CD11b+ cells with detectable EFV was higher in the uninfected animals
compared to the RT-SHIV infected animals. Coverage with EFV concentration >1Csq was
only 3% regardless of infection status.
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