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primary cultures of mouse brain microvascular endothelial cells (BBB). DTG
oral treatment also significantly upregulated proinflammatory cytokines and
chemokine (116, Il1, Tnfa, Ccl2) at the BCSFB in mice. We additionally ob-
served a downregulated mRNA expression of drug efflux transporters (Abccl,
Abcc4, and Abcbla) and tight junction protein (Cldn3) at the CP isolated from
mice treated with DTG. Despite the structural similarities, BTG only elicited
minor effects on the markers of interest at both the BBB and BCSFB. In sum-
mary, our current data demonstrates that DTG but not BTG strongly induced
inflammatory responses in a rodent BBB and BCSFB model. Together, these
data provide valuable insights into the mechanism of DTG-induced brain tox-
icity, which may contribute to the pathogenesis of DTG-associated neuropsy-
chiatric adverse effect.

KEYWORDS

1 | INTRODUCTION

Despite the implementation of combined antiretroviral
therapy (ART), which has significantly reduced the mor-
tality associated with human immunodeficiency virus
(HIV) infection, people living with HIV (PLWH) pres-
ent a high incidence of neuropsychiatric manifestations
and cognitive deficits." Side effects of antiretroviral drugs
(ARVs), particularly neuropsychiatric symptoms, have
been commonly reported with the use of ART without a
clear knowledge of the underlying mechanism.” In recent
years, emerging evidence also suggested an association be-
tween the use of ART and HIV-associated neurocognitive
disorders (HAND).? Considering the lifelong requirement
of ART treatment, it is essential to assess the potential
toxicity of commonly used ARVs in the central nervous
system (CNS).*

PLWH are particularly susceptible (~30%) to folate
(vitamin B9) deficiency, with incidence being highest
among those with neuropsychiatric effects.’ Dolutegravir
(DTG) or bictegravir (BTG) (integrase strand transfer in-
hibitors (INSTI)) - based ART, usually administered with
a nucleoside/nucleotide reverse transcriptase inhibitor
(NRTT) backbone of tenofovir alafenamide and emtric-
itabine, are the current recommended first-line therapy
owing to their great potency, high barrier to resistance,
and tolerability.® However, safety concerns such as high
incidence of neuropsychiatric adverse effect (NPAEs)
have been reported.” The 2018 Botswana surveillance
study identified an increased risk of neural tube defects
(NTD) associated with DTG exposure at conception.®
Given that maternal folate deficiency is the primary

antiretroviral drug toxicity, bictegravir, blood-brain barrier, blood-cerebrospinal fluid barrier,
brain inflammation, dolutegravir, folate transport

risk factor for NTD, several preclinical studies were con-
ducted to investigate the potential DTG-mediated alter-
ation of folate transport at the placental-fetal barrier,
revealing a potential inhibitory effect of DTG on folate
transp01rte1rs/recept01r.9’10

Developmentally folate is an essential micronutri-
ent that plays an critical role in one carbon metabolism,
thus affecting cellular functions including biosynthesis
of nucleic acid, amino acid homeostasis, epigenetics,
and redox defense.'’ Additionally folate is critical for
brain health across all age groups in part due to its
maintenance of S-adenosylmethionine, the high energy
methyl donor essential for transsulfuration reactions
maintaining cysteine/glutathione stores, drug (detoxi-
fication) and DNA (epigenetic) methylation reactions;
as well as synthesis of neurotransmitters.'* Consistent
with this, cerebral folate deficiency (CFD) is linked to
multiple adverse outcomes including developmental
delays, seizures, and progressive ataxia.'> Neurological
and psychiatric conditions including depression, de-
mentia, and demyelinating myelopathy have also been
reported as a result of CFD."* In addition to vitamin
deficiency, inborn errors of metabolism such as defi-
ciencies of enzymes (e.g. dihydrofolate reductase) and
defects in cerebral folate transport represent the pri-
mary causes of CFD." Pathological conditions such
as metabolic disease, immune alteration, and effects
of drugs can be the secondary causes.'® Although the
precise mechanism of such pathogenic effects remains
unclear, elevation of pro-inflammatory markers such as
interleukin-6 (IL-6), interleukin-8 (IL-8), and interfer-
on-y (IFN-y) is commonly associated with reductions in
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5-methyltetrahydrofolate (5-MTHF) within the cerebro-
spinal fluid (CSF).16-18

Folate transport into the mammalian brain is primar-
ily mediated by several members of the solute carrier
(SLC) superfamily of membrane-associated transport-
ers; reduced folate carrier (RFC/SLCI9AI) and proton-
coupled folate transporter (PCFT/SLC46A1), as well as
folate receptor alpha (FRa/FOLRI).' Cerebral trans-
fer of folates occurs actively at blood-brain interfaces,
primarily at the choroid plexus (CP) but also at the
blood-brain barrier (BBB).””*' Studies suggest that FRa
expressed along the basolateral (plasma) side of the CP
mediates endocytosis of folates. This process is coupled
through acidic endosome formation and subsequent
exocytosis to the CSF via FRa located at the apical (CSF)
side of the CP.>> The PCFT transporter is mainly found
in intracellular compartments colocalized with FRa,
and is responsible for folate transport out of acidified
endosomes into the cytoplasm.*®* FRa and PCFT are thus
crucial to cerebral folate delivery, as demonstrated in
human subjects developing CFD with loss-of-function
mutations to either FRa or PCFT.?* RFC, a bidirectional
transporter, is proposed to transport folates into the CSF
by a saturable mechanism at the CP apical surface.” In
comparison, due to the lack of FRa expression at the mi-
crovasculature endothelium (BBB) in humans, RFC and
PCFT are considered the major players in transporting
folate and folate derivatives such as SMTHF at the mi-
crovasculature endothelium as previously demonstrated
by our group and others.?>™*

The CP epithelium is the major source of CSF pro-
duction, providing the brain with an auxiliary protection
from the periphery in addition to the BBB.*>*! Similar to
the BBB, the expression of tight junction (TJ) proteins
includes zonula occludens-1 (ZO-1), occludin and clau-
dins (Cldn1, Cldn3) between adjacent cells at the CP ep-
ithelium, strictly regulating paracellular access of ions
and macromolecules.** Efflux transporters, particularly
the multidrug resistant proteins MRP1 and MRP4, are
highly expressed along the basolateral membrane of
the CP, further limiting the passage of xenobiotics.* P-
glycoprotein (P-gp) and Breast Cancer Resistant Protein
(BCRP) are expressed along the apical side of the CP epi-
thelium.**** Importantly, in addition to its physical and
biochemical barrier features, the CP is considered as an
immunological niche of the CNS by housing various
types of immune cells such as macrophages, T cells, and
dendritic cells within the stroma.*"*® Owing to the secre-
tory function of the CP, this tissue is essential in relaying
inflammatory signals to the CNS via the release of in-
flammatory factors such as IL6, IL18, TNFa, and others
into the CSF.>® As such, the CP has been shown to play
a pivotal role in the pathogenesis of cerebral infection,
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immune dysregulation, and micronutrient transport
defects in the brain.*”*® Notably, the inflammatory re-
sponse has been shown to be closely associated with loss
of TJ barrier function and transporter dysregulation, as
reported by others in various sites including astrocytes,
intestinal barrier, and BBB.>*™

Considering the prevalence of HIV-associated CNS
complications associated with the lifelong use of ART,
it is essential to evaluate any potential toxicity of com-
monly used ARVs in the CNS. Given that DTG has been
previously reported to elicit inflammatory responses in
several cell-based systems,“’43 and inhibit folate trans-
port at the placental-fetal barrier,”** we investigated
its effects at the CP and BBB. BTG, a second genera-
tion INSTT that was structurally derived from DTG, was
also investigated due to its potential for such effect.*’
Specifically, we assessed DTG and BTG for their ability
to trigger inflammation and dysregulate folate trans-
porters/receptor, ABC transporters, and tight junction
proteins at the CP and BBB, using in vitro, ex vivo, and
in vivo models.

2 | METHODS

2.1 | Reagents/materials

All cell culture reagents were of highest purity and ob-
tained from Invitrogen (Carlsbad, CA, USA), unless indi-
cated otherwise. Real-time quantitative polymerase chain
reaction (qPCR) reagents, including reverse transcription
cDNA kits and qPCR TagMan primers, were purchased
from Applied Biosystems (Foster City, CA, USA) and Life
Technologies (Carlsbad, CA, USA), respectively. qPCR
FastMix was purchased from Quantabio (Beverly, MA,
USA). All buffers were purchased from Sigma-Aldrich
(Oakville, ON, CA). Ficoll (Polysucrose 400) was obtained
from BioShop (Burlington, ON, CA) and PluriStrainer
30pm was purchased from PluriSelect Life Science (EI
Cajon, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-dip
henyltetrazolium bromide (MTT), primary rabbit poly-
clonal anti-SLC19A1 (RFC; AV44167), and anti-SLC46A1
(PCFT; SAB2108339) antibodies were purchased from
Sigma-Aldrich (Oakville, ON, Canada). Mouse monoclo-
nal anti-f actin (sc-47778) antibody was obtained from
Santa Cruz Biotechnology (Dallas, TX, USA). Anti-rabbit
or anti-mouse horseradish peroxidase-conjugated second-
ary antibodies and all ARVs (DTG, BTG, TAF, and FTC)
were purchased from Cedarlane Laboratories (Burlington,
ON, Canada). The LEGEND MAX™ Mouse IL-6 ELISA
Kit (431307), LEGEND MAX™ Mouse IL-23 (p19/p40)
ELISA Kit (433707), and LEGEND MAX™ Mouse IL-12
(433607) were purchased from BioLegend (San Diego, CA,
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USA). A mouse MIP-2 /CXCL2 ELISA Kit (RAB0128) was
purchased from Sigma-Aldrich (Oakville, ON, Canada).

2.2 | Cell cultures

Immortalized human cerebral microvessel endothelial
cell line (hCMEC/D3), an established model of human
BBB*® was generously provided by P.O. Couraud (Institut
Cochin, Department Biologie Cellulaire and INSERM,
Paris, France); primary cultures of mouse microvascu-
lar endothelial cells were kindly provided by Dr. Isabelle
Aubert (University of Toronto, ON, Canada). hCMEC/D3
cells (passage 29-36) were cultured in Endothelial Cell
Basal Medium-2 (Lonza, Walkersville, MD, USA), supple-
mented with vascular endothelial growth factor, insulin-
like growth factor 1, epidermal growth factor, fibroblast
growth factors, hydrocortisone, ascorbate, GA-1000,
heparin, and 2.5% fetal bovine serum (FBS), and grown
on rat tail collagen type I-coated plates. Primary cul-
tures of mouse (C57BL/6) brain microvascular endothe-
lial cells were cultured (passage 2—6) in complete Mouse
Endothelial Cell Medium (Cell Biologics Inc, Chicago, IL,
USA), supplemented with vascular endothelial growth
factor, endothelial cell growth supplements, heparin,
epidermal growth factor, hydrocortisone, L-glutamine,
antibiotic-Antimycotic Solution, and 5% FBS, and grown
on gelatin-coated plates. All cell lines were maintained in
a humidified incubator at 37°C with 5% CO, and 95% air
atmosphere with fresh medium replaced every 2-3days.
Cells were sub-cultured with 0.25% trypsin-EDTA upon
reaching 95% confluence prior to ARV treatment.

2.3 | Cellviability assay

Cell viability of hCEMC/D3 cells and primary cultures of
mouse brain microvascular endothelial cells in the pres-
ence of DTG or BTG (1000-10000ng/mL) was assessed
using the MTT assay. Following 24h of treatment, cells
were incubated for 2h at 37°C with a 2.5mg/mL MTT so-
lution in PBS. The formazan content in each well was dis-
solved in DMSO and quantified by UV analysis at 580 nm
using a SpectraMax 384 microplate reader (Molecular
Devices, Sunnyvale, CA). Cell viability was assessed by
comparing the absorbance of cellular reduced MTT in
ARV-treated cells to that of vehicle (DMSO)-treated cells.

2.4 | Mouse brain capillary isolation

Brain capillaries were isolated from male C57BL/6
(9-10weeks old) mice purchased from Charles River

Laboratories (Laval, QC, Canada) as described previously
by our laboratory.?’ Briefly, animals were anesthetized
by isoflurane inhalation and decapitated once a deep
anesthetic surgical plane was achieved. Brains were col-
lected immediately, cortical gray matter was removed
and homogenized in ice-cold isolation buffer (phosphate-
buffered saline (PBS) containing calcium and magnesium,
and supplemented with 5mM glucose and 1 mM sodium
pyruvate). Ficoll solution (30% final concentration) was
added to the brain homogenates, mixed vigorously and
centrifuged at 5800g for 20min at 4°C. The resulting pellet
of capillaries was re-suspended in 1% bovine serum albu-
min (BSA) and filtered through a 300 pm nylon mesh. The
filtrate containing the capillaries was passed through a
30 um PluriStrainer and washed with 20 mL PBS contain-
ing 1% BSA. Capillaries were harvested with 50mL ice-
cold isolation buffer and centrifuged at 1600g for 10 min.
The resulting pellet containing the capillaries was snap-
frozen in liquid nitrogen and kept at —80°C until further
analysis. All experiments, procedures, and animal care
were conducted in accordance with the Canadian Council
on Animal Care guidelines and approved by the University
of Toronto Animal Care Committee.

2.5 | Mouse CP tissue isolation

CP tissue was isolated from adult male C57BL6/N mice
(9-10weeks old). Animals were decapitated, and brains
were immediately removed. Isolated brains were placed
under a stereomicroscope in ice-cold isolation buffer (PBS
containing calcium, magnesium, and supplemented with
5mM glucose and 1 mM sodium pyruvate), with intact CP
tissues removed from the lateral, third, and fourth ventri-
cle and processed for further analysis.

2.6 | Gene expression analysis

The mRNA expression of genes of interest was quantified
using qPCR. Total RNA was isolated from cell samples
(hCMEC/D3, primary cultures of mouse brain micro-
vascular endothelial cells), isolated mouse brain capil-
laries and isolated mouse CP tissue using TRIzol reagent
(Invitrogen) and treated with DNase I to remove con-
taminating genomic DNA. RNA concentration (absorb-
ance at 260nm) and purity (absorbance ratio 260/280)
were assessed using NanoDrop One Spectrophotometer
(Thermo Scientific). A total amount of 2 pg of RNA was
then reverse transcribed to cDNA using a high-capacity
reverse transcription cDNA kit (Applied Biosystems)
according to the manufacturer's instructions. Specific
human or mouse primer for SLC19A1/Slc19a1 (RFC/Rfc;
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Hs00953344_m1/Mm00446220_m1), SLC46A1/Slc46al
(PCFT/Pcft; Hs00560565_m1/Mm00546630_m1), Folrl
(Froa; Mm00433355_m1), Il6 (I116; Mm00446190_m1),
14 (111p; MmO00434228_m1), Ccl2 (Ccl2; Mm00441242_
ml), Nos2 (iNos; MmO00440502_m1l), Cxcll (Cxcll;
MmO04207460_m1), Cxcl2 (Cxcl2; MmO00436450), Cxcl3
(Cxcl3; MmO01701838), I123a (1123a; Mm00518984), I112b
(1112b, MmO01288989), Abccl (Mrpl; Mm00456156_
ml), Abcc4 (Mrp4; MmO01226381_ml), Tjpl (Zo-1;
MmO01320638_m1), Ocln (Ocln; Mm00500912_m1), Cldn1
(Cldn1l; Mm01342184_m1), Cldn3 (Cldn3; Mm00515499_
s1); Abccl (Mrpl; MmO00456156_m1), Abcc4 (Mrp4;
MmO01226381_m1), Abcbla (P-gp; Mm00440761_ml),
and Abcg2 (Bcrp; Mm00496364_m1) were designed and
validated by Life Technologies for use with TagMan
qPCR chemistry. All assays were performed in triplicates
with the housekeeping gene for human/mouse cyclophi-
lin B (PPIB/Ppib; Hs00168719_m1/MmO00478295_m1),
or mouse glyceraldehyde-3-phosphate dehydrogenase
(Gapdh; Mm99999915_g1) as an internal control. For
each gene of interest, the critical threshold cycle (CT) was
normalized to PPIB//Ppib or Gapdh using the compara-
tive CT method. The difference in CT values (ACT) be-
tween the target gene and PPIB/Ppib or Gapdh was then
normalized to the corresponding ACT of the vehicle con-
trol (AACT) and expressed as fold expression (2724 to
assess the relative difference in mRNA expression for each
gene.

2.7 | Western blot analysis

Western blot analysis was performed according to our
published protocol with minor modifications.*® Briefly,
cell lysates of hCMEC/D3 cells and primary cultures of
mouse brain microvascular endothelial cells were ob-
tained using a modified RIPA buffer [50 mM Tris pH 7.5,
150mM NaCl, 1mM EGTA, 1 mM sodium o-vanadate,
0.25% (v/v) sodium deoxycholic acid, 0.1% (v/v) sodium
dodecyl sulfate (SDS), and 1% (v/v) NP-40, 200 pM PMSF,
0.1% (v/v) protease inhibitor]. Protein concentration of
the lysates was quantified using Bradford's protein assay
(Bio-Rad Laboratories) with BSA as the standard. Total
protein (50 pg) for each sample was mixed in Laemmli
buffer and 10% p-mercaptoethanol, separated on 10%
SDS-polyacrylamide gel, and electro-transferred onto
a polyvinylidene fluoride membrane overnight at 4°C.
The blots were blocked for 1h at room temperature in
5% skim milk Tris-buffered saline solution contain-
ing 0.1% Tween 20 and incubated with primary rabbit
polyclonal anti-SLC19A1 (RFC) antibody (1:250), rab-
bit polyclonal anti-SLC46A1 (PCFT) antibody (1:250),
and murine monoclonal anti-p-actin antibody (1:1000)
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overnight at 4°C. The blots were incubated for 1.5 h with
corresponding horseradish peroxidase-conjugated anti-
rabbit (1:5000) or anti-mouse (1:5000) secondary anti-
body. Protein bands were detected using an enhanced
chemiluminescence SuperSignal West Pico System
(Thermo Fisher Scientific) and autoradiographed onto
X-ray film.

2.8 | Quantification of cytokines
and chemokines using enzyme-linked
immunosorbent assay (ELISA)

Primary cultures of mouse brain microvascular endothe-
lial cell were treated with either DMSO (vehicle control),
DTG (2000ng/mL, 5000ng/mL) or BTG (3000ng/mL,
6000ng/mL) for 24h at 37°C. Following the treatment,
cell culture supernatants were collected, centrifuged at
1500rpm at 4°C for 10 min and stored at —80°C until the
day of analysis. The levels of 116, 1123, 1112, Cxcl2 in the cell
culture supernatant were quantified by LEGEND MAX™
Mouse IL-6, IL-23 (p19/p40) and IL-12 ELISA Kits and
Mouse MIP-2/CXCL2 ELISA Kit as per manufacturer's
instructions. Each kit consists of a 96-well strip plate that
is pre-coated with specific antibodies that were used to in-
vestigate the levels of 116, 1123, 1112 and Cxcl2. Absorbance
was read at 450nm using a SpectraMax 384 microplate
reader (Molecular Devices, Sunnyvale, CA).

2.9 | Invitro and ex vivo ARV treatment
Confluent hCMEC/D3 or primary mouse brain mi-
crovascular endothelial cell monolayers at a density
of 1.0 x10°/well grown on 6-well plates or T75 flasks
were treated with either DMSO (vehicle control),
DTG (2000ng/mL, 5000ng/mL) or BTG (3000ng/mL,
6000ng/mL) for a period of 24h or 48 h at 37°C. Isolated
mouse brain capillaries resuspended in 10mL isolation
buffer were also exposed to DMSO (vehicle control),
DTG (5000 ng/mL) or BTG (6000 ng/mL) for 5h at room
temperature. Doses of ARVs were chosen to correspond
to human therapeutic plasma levels.** At the desired
time interval, treated cells or brain capillaries were har-
vested using TRIzol lysis buffer or modified RIPA buffer
and processed for subsequent gene and protein analyses,
respectively.

2.10 | Invivo ARV treatment

Wild-type male C57BL/6 (9-10-week-old) mice were
purchased from Charles River Laboratories (Laval, QC,
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Canada). DTG, BTG, and backbone ARVs: tenofovir
alafenamide (TAF) and emtricitabine (FTC) in powder
form were added to peanut butter (PB) and mixed by hand
with a spatula for 10min to make a homogenous suspen-
sion. PB pellets (100.5 + 1.5mg in weight) were made to for-
mulate the concentration of the drug that was equivalent to
DTG at 5mg/kg/day; BTG at 5mg/kg/day or vehicle control
for study 1; TAF/FTC at 5/33.3mg/kg/day; DTG+ TAF/
FTC at 5+ 5/33.3mg/kg/day; BTG + TAF/FTC at 5+ 5/33.3
mg/kg/day or vehicle control for study 2. Doses of ARVs
were chosen to achieve human therapeutic plasma levels
in mice as previously reported.” Frozen pellets were then
stored at —80°C until use. Each mouse was single-housed
and was introduced to the taste of PB once daily for 5 con-
secutive days before the initiation of ARV treatment. After
5days of training, the average pellet consumption time was
<1 min. During the treatment, each mouse was dosed once
daily at 10:00am with one regular pellet (vehicle control)
or drug-containing pellet for 14 days. At 24h following the
last PB pellet administration, mice were subjected to capil-
lary isolation and CP tissue isolation for gene expression
measurement (study 1) or were perfused and subjected to
brain collection for subsequent quantification of folate lev-
els applying the microbiological assay (study 2).

211 | Sample extraction, tri-enzyme
extraction and folate microbiological assay

Brains were isolated 24 h after the last PB pellet administra-
tion and were snap frozen in 1% sodium ascorbate to pre-
vent oxidation of folates. Briefly, the frozen samples were
diluted x20 and homogenized in Wilson-Horne buffer (2%
sodium ascorbate in 50mM Hepes, 50mM N-cyclohexyl-2-
aminoethanesulfonic acid, and 0.2M 2-mercaptoethanol
[pH7.85]) and divided into 0.5-mL aliquots. A mixture
of sample extract (0.5mL), protease (0.5mL), and phos-
phate buffer (1mL with 1% sodium ascorbate [pH=4.1])
was incubated in a light-shielded water bath at 37°C for
2h. Following the incubation, the samples were boiled at
100°C for 10min to inactivate the protease and cooled on
ice following the addition of a-amylase (0.3 mL), rat serum
conjugase (0.25mL) and phosphate buffer (1mL with 1%
sodium ascorbate [pH=6.8]). The samples were then sub-
sequently incubated at 37°C for 2h and centrifuged at 5000
x g for 10min.*® The supernatant was collected and stored
at —80°C until folate microbiological assay. The folate mi-
crobiological assay was performed with the assistance of
Dr. Suzanne Aufreiter, in the Department of Nutritional
Sciences, University of Toronto, as described by Horne.”
Briefly the sample was diluted with 5mg/mL sodium ascor-
bate and was added to a 96-well microplate with assay me-
dium containing chloramphenicol-resistant Lactobacillus

rhamnosus and all the nutrients necessary for the growth
of L. rhamnosus, except for folate. The plate was then in-
cubated for 45h at 37°C, and the total folate concentration
was assessed by measuring the turbidity of the inoculated
medium at 590nm in a PowerWave microplate reader (Bio-
Tek Instrument). For each run, a standard growth curve of
the organisms was carried out. Three replicates were run for
each sample to ensure the generation of accurate results.
The calibration curve for this assay was generated using
5-methyltetrahydrofolate. Certified pig liver (13.3 mg folate/
kg; Pig Liver, BCR 487, IRMM, Geel, Belgium) was used to
assess the accuracy and reproducibility of the assay.>*

2.12 | Data analysis

In vitro experiments were repeated 3-5 times with cells
obtained from different passages. In each individual ex-
periment, each experimental point was repeated at least
3 times. Ex vivo experiments with isolated mouse brain
capillaries were repeated separately 3 times. In each indi-
vidual experiment, the brain capillaries were pooled from
6 animals per treatment group (n=18/group). The in vivo
experiments with isolated mouse brain capillaries and
CP tissues were repeated separately two times. The brain
capillaries were isolated and pooled from 6 animals' brain
tissues per treatment group (total n=12, 2 pools of 6 sub-
jects) from two independent experiments. The mouse CP
tissues were pooled from 3 animals per treatment group
(total n=12; 4 pools of 3 subjects) from two independent
experiments. For the in vivo study 2 assessing brain folate
levels by the microbiological assay, the samples were col-
lected from 5 animals per treatment group. Results are
presented as mean+SEM. All statistical analyses were
performed using Prism 6 software (GraphPad Software
Inc., San Diego, CA, USA). Statistical significance be-
tween two groups was assessed by two-tailed Student's
t test for unpaired experimental values. Multiple group
comparisons were performed using one-way analysis of
variance (ANOVA) with Bonferroni's post-hoc test. p <.05
was considered statistically significant.

3 | RESULTS

3.1 | Effects of DTG and BTG on cell
viability

Examination via MTT assay confirmed that the viability of
hCMEC/D3 cells and primary cultures of mouse brain mi-
crovascular endothelial cells was not significantly affected
by DTG (1000-10000ng/mL) or BTG (1000-8000ng/mL)
(Figure S1).
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3.2 | Effects of ARVs on folate
transporters/receptor expression in vitro
in hCMEC/D3 cells and in primary
cultures of mouse brain microvascular
endothelial cells

To examine the effect of first line INSTIs on folate trans-
porters in human BBB in vitro, hCMEC/D3 cells were
exposed to DTG at 2000ng/mL or 5000ng/mL and BTG
at 3000ng/mL or 6000ng/mL for 24 and 48h to assess
potential changes at the mRNA and protein level. At
5000ng/mL DTG significantly downregulated SLC19A1
and SLC46A1 mRNA expression by ~20% and ~30%, re-
spectively (Figure 1A). The dominant form of PCFT pro-
tein was detected in hCMEC/D3 at 63kDa. Consistent
with this, Western blot densitometric analysis revealed a
significant decrease in the protein expression of the major
glycosylated form of PCFT (63kDa) in hCMEC/D3 cells
treated with DTG at 2000 ng/mL or 5000 ng/mL, whereas
RFC protein expression remained unchanged following
DTG or BTG treatment (Figure 1B). BTG at 3000 ng/mL
induced a modest but significant upregulation of both
SLC19A1 and SLC46A1 mRNA expression (Figure 1A).
However, these mild changes at the mRNA expression
did not translate at the protein level (Figure 1B). As an-
ticipated, FOLRI mRNA expression was undetectable in
hCMEC/D3 cells. These findings are consistent with pre-
vious reports documenting the lack of this receptor at the
human BBB.”

To examine the effect of first line INSTIs on folate
transporter's expression in mouse BBB in vitro, primary
cultures of mouse microvascular endothelial cells were
exposed to DTG at 2000ng/mL or 5000ng/mL and BTG
at 3000ng/mL or 6000ng/mL for 24 and 48h to assess
changes at the mRNA and protein level. We observed a
significant and robust downregulation of Sic19a1 (~40%)
and Slc46al (~80%) mRNA expression with DTG at
5000ng/mL, however, no change was observed follow-
ing BTG treatment (Figure 2A). Folrl mRNA expression
was barely detectable in primary cultures of mouse brain
microvascular endothelial cells and was not further in-
vestigated. The densitometric analysis further revealed
a consistent and significant decrease in Rfc protein ex-
pression with DTG at 5000 ng/mL (Figure 2B). Strikingly,
though we observed a robust downregulation of Slc46al
gene expression by DTG at 5000ng/mL, no such change
was observed at the protein level (Figure 2B). Instead, our
immunoblotting data revealed a mild but significant de-
crease in Pcft protein expression following DTG treatment
at 2000ng/mL (Figure 2B). BTG treatment did not result
in any significant changes on protein expression of Rfc or
Pcft (Figure 2B).

Th|'IC-AA\SEBJourr1C|I

3.3 | Effects of DTG and BTG on folate
transporters/receptor expression ex vivo in
isolated mouse brain capillaries

The effect of DTG and BTG on folate transporters/recep-
tor at the BBB was additionally investigated ex vivo in
isolated mouse brain capillaries following 5h exposure
at room temperature. Exposure to DTG at 5000ng/mL
induced a significant reduction (~50%) in mRNA expres-
sion of Slc19al, Sle46a1, and Folrl (Figure 3A). BTG treat-
ment at 6000 ng/mL did not significantly alter the mRNA
expression of Slc46al and Folrl, whereas a~30% down-
regulation of Slc19a1 mRNA expression was observed fol-
lowing the 5h treatment (Figure 3B).

3.4 | Invivo effects of DTG and BTG
chronic exposure on folate transporters/
receptor expression at the CP and brain
capillaries isolated from C57BL/6 mice

To further investigate the chronic effect of DTG or BTG on
cerebral folate delivery pathways in vivo we next sought
to quantify mRNA expression of folate transporters/re-
ceptor (Slc19al, Sle46al, Folrl) at the CP tissue and brain
capillaries isolated from C57BL/6 mice orally treated with
PB pellets containing DTG (5mg/kg/day), BTG (5mg/kg/
day) or with the vehicle control (PB pellets with no drug)
for 14 days.

DTG chronic treatment resulted in a modest but sig-
nificant decrease in both Slc19al (~25%) and Slc46al
(~25%) mRNA expression with no change in Folrl ex-
pression at the mouse CP. In comparison, we did not
observe any significant alteration of folate transporters/
receptor following BTG treatment (Figure 4A). DTG
treatment additionally modestly but significantly re-
duced Slc19al mRNA expression (~15%) and induced
a more robust downregulation in Slc46al (~40%) and
Folrl (~25%) mRNA expression in mouse brain capil-
laries. BTG, on the other hand, had no effect on folate
transporters, but modestly downregulated Folrl mRNA
expression (~25%) at a comparable level as DTG in
mouse brain capillaries (Figure 4B).

3.5 | Invivo effects of DTG and BTG
chronic exposure on cerebral folate levels
in C57BL/6 mice

To examine the effect of DTG and BTG on cerebral folate
delivery, we treated the animals with the first line NRTIs
backbone (TAF/FTC) with DTG and/or BTG, to better
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FIGURE 1 mRNA and protein expression of folate transporters in hCMEC/D3 cells exposed to DTG (2000 ng/mL, 5000 ng/mL) or
BTG (3000 ng/mL, 6000 ng/mL) or vehicle (DMSO) control for 24h and 48 h. (A) mRNA expression of SLCI19A1 and SLC46A1 in cells
exposed to INSTISs relative to vehicle (DMSO) control was assessed by qPCR. Results are presented as mean relative mRNA expression

+ SEM normalized to the housekeeping human cyclophilin B gene from n =4 independent experiments. (B) Protein expression of RFC

and PCFT was assessed by immunoblotting analysis, using specific antibodies as described in the methods section. p-Actin was used as a

loading control. Representative blots and densitometric analysis are shown. Results are presented as mean relative protein expression +

SEM normalized to the DMSO control from n =3 independent experiments. One-way ANOVA with Bonferroni's post-hoc test analysis was

applied, *p <.05; **p <.01.

reflect the ARV regimen used in the clinic. A backbone
only group (without the co-administration of DTG or
BTG) was included to better characterize the effect of
DTG or BTG from the three-drug regimens. The data from

(Figure 5).

the microbiological assay did not reveal any significant
changes of the cerebral folate levels between the groups
following the 14-day ARV treatment in C75BL/6 mice
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(A)  INSTI treated primary cultures of mouse brain
microvascular endothelial cells mRNA expression (24h)
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FIGURE 2 mRNA and protein expression of folate transporters in primary cultures of mouse brain microvascular endothelial cells
exposed to DTG (2000ng/mL, 5000 ng/mL) or BTG (3000 ng/mL, 6000 ng/mL) or vehicle (DMSO) control for 24 h or 48h. (A) mRNA
expression of Slc19al and Slc46al in mouse cells exposed to INSTISs relative to vehicle (DMSO) control was assessed by qPCR. Results are
presented as mean relative mRNA expression + SEM normalized to the housekeeping mouse cyclophilin B gene from n=4 independent
experiments. (B) Protein expression of Rfc and Pcft was assessed by immunoblotting analysis, using specific antibodies as described in the
methods section. f-Actin was used as a loading control. Representative blots and densitometric analysis are shown. Results are presented
as mean relative protein expression + SEM normalized to the DMSO control from n =3 independent experiments. One-way ANOVA with

Bonferroni's post-hoc test analysis was applied, *p <.05; ***p <.01.

3.6 | Effectsof ARVson pro-inflammatory
cytokines and chemokines in vitro

in primary cultures of mouse brain
microvascular endothelial cells

To examine the effect of first line INSTIs on inflam-
matory responses at the BBB in vitro, primary cultures

of mouse brain microvascular endothelial cells were
exposed to DTG (2000ng/mL or 5000ng/mL) or BTG
(3000 ng/mL or 6000ng/mL) for 24h. The gene expres-
sions of pro-inflammatory cytokines Cxcll (~4 fold)
and Cxcl3 (~2.2 fold) were moderately but significantly
induced by DTG at 5000ng/mL but not 2000 ng/mL.
However, a significant and robust upregulation of Cxcl2
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FIGURE 3 mRNA expression of folate transporters/receptor in isolated mouse brain capillaries treated ex-vivo for 5h with DTG
(5000ng/mL) (A) or BTG (6000ng/mL) (B) relative to vehicle (DMSO) was assessed by qPCR. Results are presented as mean relative mRNA
expression + SEM normalized to the housekeeping mouse cyclophilin B gene from three independent capillary preparation experiments,
where each experiment contained brain capillaries pooled from 6 animals per group (total n=18, 3 pools of 6 subjects). Unpaired two-tailed
Student's t-test analysis was applied, ***p <.001; ****p <.0001.
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FIGURE 4 mRNA expression of folate transporters/receptor in mouse CP tissues (A) or brain capillaries (B) isolated from mice

orally treated with DTG (5 mg/kg/day), BTG (5 mg/kg/day) or vehicle control (PB pellet) for 14 days. The mRNA expression of Slc19a1,
Sle46al and Folrl genes was assessed by qPCR. Results are presented as mean relative mRNA expression + SEM from two independent
tissue preparations that are normalized to the housekeeping mouse Gapdh and cyclophilin B genes for CP tissues (total n=12, 4 pools of 3
subjects) and brain capillaries (total n=12, 2 pools of 6 subjects), respectively. One-way ANOVA with Bonferroni's post-hoc test analysis was
applied, *p <.05; **p <.01.
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FIGURE 5 Quantification of folate levels in brain tissues

of mice treated orally with ARVs. Mice were treated for 14 days
with either vehicle (regular PB pellet), or backbone, TAF/FTC
(5/33.3mg/kg/day), or DTG + TAF/FTC (5+ 5/33.3mg/kg/day),

or BTG + TAF/FTC (5+5/33.3 mg/kg/day). Folate levels were
quantified by a microbiological assay as described in Methods.
Data are presented for each individual animal and are expressed as
fold change compared to vehicle control, n=>5 per group. One-way
ANOVA with Bonferroni's post-hoc test analysis was applied.

(~20 fold) gene expression was observed with DTG ex-
posure at 5000ng/mL. Similarly, DTG treatment at
5000ng/mL but not 2000ng/mL strongly induced the
gene expression of pro-inflammatory cytokines II6 (~15
fold), 1123a (~65 fold) and Il112b (~40 fold) after 24 h. In
contrast, BTG treatment at therapeutic concentrations
did not significantly induce the mRNA expression of
any pro-inflammatory cytokines or chemokines exam-
ined (Figure 6A). Based on the mRNA expression data,
pro-inflammatory markers depicting significant changes
(116, 1112, 1123, Cxcl2) were further selected for ELISA
analysis. Our ELISA data showed that DTG treatment at
2000 ng/mL did not significantly alter 116, 1123 or Cxcl2
content in the cell culture supernatant when compared
to DMSO control, with a mild but significant increase
of 1112 (~3 pg/mL; ~1.5 fold compared to DMSO control)
observed after 24h. DTG at 5000 ng/mL mildly upregu-
lated 1112 (3.5pg/mL; ~1.7 fold), but robustly induced
116 (~3000pg/mL; ~100 fold), 1123 (~250pg/mL; ~10
fold), and Cxcl2 (~650 pg/mL; ~6 fold) content compared
to DMSO control. As expected, BTG treatment did not
significantly alter the levels of any pro-inflammatory
markers in the cell culture supernatant, except for a very
modest but significant change of I112 (2.5pg/mL; ~1.3
fold) (Figure 6B).

%A\SEBJourncl

3.7 | Effects of chronic exposure of
DTG and BTG in vivo on inflammatory
cytokines and chemokines expression
at the CP isolated from C57BL/6 mice

To investigate potential INSTIs-triggered inflammatory re-
sponses at the CP epithelium, we next sought to quantify
the mRNA expression of proinflammatory cytokines (116,
11§, Tnfa), oxidative stress marker (Nos2) and chemokines
(Ccl2, Cxcll, Cxcl2) in vivo. We observed a significant up-
regulation of 1l6 (~2.5 fold), Tnfa (~5 fold), and a robust
induction of 111 (~11 fold) and Ccl2 (~14 fold) mRNA ex-
pression following DTG treatment. BTG also significantly
upregulated the mRNA expression of 1l6 (~1.5 fold), Il1/
(~2fold), Ccl2 (~3 fold) and Tnfa (~2.5 fold), but to a much
milder level as compared to DTG. The mRNA expression
of Cxcll, Cxcl2, Nos2 was not detected in any samples
(Figure 7).

3.8 | Effects of chronic exposure of
DTG and BTG in vivo on ABC transporters
expression at the CP and brain capillaries
isolated from C57BL/6 mice

To further investigate whether INSTIs dysregulate ABC
transporters, the mRNA expression of two highly expressed
efflux transporters (Abccl, Abcc4) at the CP was quantified
at both CP and brain capillaries. Abcbla and Abcg2 mRNA
expression was additionally assessed at the CP. DTG treat-
ment elicited a downregulatory effect on the mRNA expres-
sion of ABC transporters including Abccl (~20%), Abcc4
(~40%) and Abcbla (~70%) at the CP, while BTG decreased
Abcc4 mRNA expression (~40%) without significantly af-
fecting Abccl or Abcbla mRNA expression. Neither DTG
nor BTG significantly affected the mRNA expression of
Abcg2 at the CP (Figure 8A). In contrast within brain cap-
illaries, we observed a robust and significant decrease of
Abccl mRNA expression by both DTG (~50%) and BTG
(~55%), and a modest but significant downregulation of
Abcc4 mRNA expression by DTG (~20%) and BTG (~20%)
(Figure 8B).

3.9 | Effects of chronic

exposure of DTG and BTG in vivo on TJ
proteins expression at the CP isolated from
C57BL/6 mice

To investigate whether INSTIs have any effect on the in-
tegrity of CP, we then quantified the mRNA expression of
TJ proteins at the CP following DTG and BTG treatment
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INSTI treated primary cultures of mouse brain microvascular endothelial cells
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FIGURE 6 mRNA and protein expression of pro-inflammatory cytokines and chemokines in primary cultures of mouse brain
microvascular endothelial cells exposed to DTG (2000ng/mL, 5000ng/mL) or BTG (3000 ng/mL, 6000 ng/mL) or vehicle (DMSO) control

for 24h. (A) mRNA expression of Cxcl1, Cxcl2, Cxcl3, 116, I123a and I112b in cells exposed to INSTIs relative to vehicle (DMSO) control was
assessed by qPCR. Results are presented as mean relative mRNA expression + SEM normalized to the housekeeping mouse cyclophilin B gene

from n=4 independent experiments. (B) Protein expression of 116, 1123, 1112, and Cxcl2 in the cell culture supernatants was assessed by ELISA

in cells exposed to INSTIs or vehicle (DMSO) control. Results are presented as the mean value of cytokines and chemokines + SEM from n=3

independent experiments. One-way ANOVA with Bonferroni's post-hoc test analysis was applied, *p <.05; **p <.01; ***p < .001; ****p < .0001.

in vivo. Neither DTG nor BTG had any significant effect
on Tjpl, Ocln, or Cldnl mRNA expression. However,
Cldn3 mRNA expression was modestly but significantly
downregulated by both DTG (~20%) and BTG (~20%) at
the CP (Figure 9).

4 | DISCUSSION

Despite the great efficacy of contemporary INSTI -
based ART, CNS complications remain a concern among
PLWH receiving such pharmacotherapy.” Consistent
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FIGURE 7 mRNA expression of inflammatory cytokines and chemokine in mouse CP isolated from mice orally treated with DTG
(5mg/kg/day), BTG (5mg/kg/day) or vehicle control (PB pellet) for 14 days. The mRNA expression of 116, Il15, Tnfa and Ccl2 genes was
assessed by qPCR. Results are presented as mean relative mRNA expression + SEM from two independent CP tissue preparations (total
n=12, 4 pools of 3 subjects) that are normalized to the housekeeping mouse Gapdh gene. One-way ANOVA with Bonferroni's post-hoc test

analysis was applied, *p <.05; ****p <.0001.

with this, HIV+ individuals appear susceptible to folate
deficiency, with such incidence being highest among
those exhibiting neuropsychiatric symptoms.>** In
2018, the Tsepamo study documented an increased risk
of NTD among HIV+ pregnant women who were pre-
conceptionally exposed to DTG.® Subsequently several
pre-clinical studies identified a potential inhibitory ef-
fect of DTG on folate transport at the placental-fetal
barrier as a potential explanation.”° Due to the similar
manifestation of INSTIs-associated CNS complications
and the CFD, we hypothesized that the use of DTG may
elicit an inhibitory effect on cerebral folate delivery
pathways, which could contribute to the pathogenesis
of INSTIs-related NPAEs. In this context, inflammatory
response has been suggested to be an important element
of cerebral folate levels dysregulation. Consistent with
this, elevated pro-inflammatory markers in the CSF are
commonly reported in the clinic in association with de-
creased folate levels in the CSF.'®'® Pre-clinical stud-
ies from our group have indeed reported inflammatory
and oxidative stress responses in the context of folate
deficiency, documenting elevated pro-inflammatory cy-
tokines and chemokines in primary cultures of mouse

mixed microglial and astrocytes and mouse brain tissues
exposed to folate deficient conditions.'” Thus, this study
aimed to assess the effects of DTG on the cerebral folate
delivery pathways as well as DTG potential induced in-
flammatory responses.

Cerebral folate delivery actively occurs at two major
blood-brain interfaces, the BCSFB and the BBB. The CP
representing the BCSFB, primarily mediates cerebral fo-
late delivery by the concerted effect of FRa and PCFT
expressed by the CP epithelial cells.”** In addition, CP
is responsible for the production of 60%-75% of the total
CSF.* Due to its specialized structure and secretory role,
the CP is considered as one of the immunological niches
in the CNS and plays an important role in relaying inflam-
matory signaling to the brain parenchyma upon immune
activation.”™® In recent years multiple studies reported a
toxic effect of ARVs in the CNS particularly at the BBB and
neurons.’® Due to the lack of robust in vitro models of CP
epithelium, little is known about the effect of ARVs at the
CP. To address this challenge, we used CP tissues isolated
from mice orally treated with INSTIs yielding clinical
therapeutic plasma concentrations®' to examine potential
INSTIs-induced toxicity at the CP.
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FIGURE 8 mRNA expression of ABC transporters in mouse CP tissues (A) or brain capillaries (B) isolated from mice orally treated with
DTG (5mg/kg/day), BTG (5mg/kg/day) or vehicle control (PB pellet) for 14 days. The mRNA expression of Abccl, Abcc4, Abcbla and Abcg2
genes was assessed by qPCR. Results are presented as mean relative mRNA expression + SEM from two independent tissue preparations
that are normalized to the housekeeping mouse Gapdh and cyclophilin B genes for CP tissues (total n=12, 4 pools of 3 subjects) and brain
capillaries (total n=12, 2 pools of 6 subjects), respectively. One-way ANOVA with Bonferroni's post-hoc test analysis was applied, *p <.05;
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FIGURE 9 mRNA expression of TJ proteins in mouse CP isolated from mice orally treated with DTG (5mg/kg/day), BTG (5mg/kg/day)
or vehicle control (PB pellet) for 14 days. The mRNA expression of Tjp1, Ocln, CldnI and Cldn3 genes was assessed by qPCR. Results are
presented as mean relative mRNA expression + SEM from two independent CP tissue preparations (total n=12, 4 pools of 3 subjects) that
are normalized to the housekeeping mouse Gapdh gene. One-way ANOVA with Bonferroni's post-hoc test analysis was applied, **p <.01.
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Apart from CP, the cerebral vascular endothelium
(BBB) serves as another route for brain folate deliv-
ery.”>7 Clinical reports showed patients presenting mild
neurological deficits with FRa and PCFT mutations at
the CP epithelium, suggesting that folate uptake effec-
tively occurs at the BBB.*® Due to the absence of FRa
at the human BBB according to the human proteomics
data, RFC and PCFT are suggested to be the major play-
ers in the folate transport at the human BBB.>® Like the
BCSFB, the BBB also plays a crucial role in the context
of brain inflammation.® The brain microvascular en-
dothelial cells and associated perivascular cells release
pro-inflammatory cytokines and chemokines in response
to immune activation, facilitating the trafficking of im-
mune cells and aggravating the neuroinflammation.®
BBB-related inflammatory response is widely implicated
in multiple neurological diseases including HAND.®'
To provide a comprehensive understanding of INSTIs-
induced changes on cerebral folate transport pathways
and inflammatory response, we then examined the effect
of INSTIs at the BBB using in vitro human and mouse
BBB models, ex vivo and in vivo isolated mouse brain
capillaries.

Our in vitro, ex vivo, and in vivo data reveal consis-
tent downregulation of Sic19al (Rfc) and Slc46al (Pcft)
expression at the mouse BBB treated with DTG, two
major transporters in regulating folate at the human BBB.
Immunoblotting data further confirm that DTG down-
regulates PCFT/Pcft and RFC/Rfc protein expression in
hCMEC/D3 cells and primary cultures of mouse brain mi-
crovascular endothelial cells at clinically relevant concen-
trations. These data corroborate previous findings from
our group demonstrating an inhibitory effect of DTG on
mRNA/protein expression of RFC and PCFT in human
placental cells and human placental tissue explants.”
Despite its highest affinity, FRa remained unchanged
at the CP epithelium in our animal study. Humans with
PCFT mutations also present neurological deficits due to
CFD." Therefore the downregulated Pcft expression ob-
served in DTG-treated mice at the CP is likely to affect
cerebral folate delivery by hindering folate export from
exosomes in the CSF and/or from acidified endosomes
within the CP epithelium.21 However, our second in vivo
study quantifying brain folate levels did not reveal any sig-
nificant changes in any of the C57BL/6 mice groups fol-
lowing 14-day treatment. This could most likely be related
to the absence of major changes in the expression of Fro.
However other explanations remain possible including: (i)
the high folate level in the brain compared to plasma,’’
which makes it difficult to identify potential mild changes
induced by ARVs, (ii) the 14-day treatment period, which
may have not been sufficiently long to induce changes
in cerebral folate levels, and/or (iii) the small number of

#\SEBJourml

animals used per group (n=>5), which limits the genera-
tion of potential statistical significance.

Due to the pivotal roles of the two major blood-brain
interfaces (BCSFB and BBB) in relaying inflammatory
signals in the brain, we examined the effects of DTG and
BTG on pro-inflammatory cytokine and chemokine ex-
pression at these barriers. This study demonstrates that
DTG but not BTG robustly induced the mRNA expres-
sion of pro-inflammatory cytokines (116, I123a, 1112b) and
chemokines (Cxcll, Cxcl2, Cxcl3) in primary cultures of
mouse brain microvascular endothelial cells. The ELISA
analyses based upon release from cell culture superna-
tants are in general agreement with that derived from
mRNA data, demonstrating that DTG (5000ng/mL) but
not BTG treatment robustly induced the expression of
pro-inflammatory cytokines and chemokines (Il6, 1112,
1123 Cxcl2) in the cell culture supernatants after 24h ex-
posure to the INSTIs. Our data are in agreement with
our recent published data demonstrating that DTG but
not BTG induced an inflammatory response in in vitro
human and mouse BBB models.** In parallel to the BBB,
our data showed that at the CP, a 14-day treatment of DTG
in C57BL/6 mice also resulted in a significantly robust el-
evation of pro-inflammatory cytokines and chemokines
(116, I11p, Tnfa and Ccl2), whereas BTG exhibited a modest
effect. Notably, due to the extensive cell-cell communica-
tion at the CP, studies on inflammatory response at the
BCSFB are generally limited. To overcome this challenge,
we herein directly isolated CP tissues from the animals
treated with DTG or BTG where cell-cell communication
such as leukocyte recruitment could actively occur.®®

Mrpl and Mrp4 are the two major efflux transporters
localized to the basolateral membrane of CP epithelial
cells, facilitating CSF-to-blood transport, and limiting the
drug entry from the systemic circulation into the CSF.%®
Notably, Mrpl and Mrp4 are also expressed at the baso-
lateral side of BBB in both human and rodents, and re-
sponsible for the brain-to-blood transport of xenobiotics.*
The dysregulation of membrane transporters at both brain
barriers can result in an alteration of drug disposition in
the CSF and brain.®® In our study, we demonstrated that
the chronic treatment of DTG in vivo significantly down-
regulated the gene expression of efflux transporters Abccl
and Abcc4 at both the CP and brain capillaries. Although a
downregulatory effect of Abcc4 but not Abccl gene expres-
sion was also observed with BTG treatment, the change
was milder compared to DTG. Our findings corroborate
the data from our recent study, which demonstrated
that DTG had a greater effect than BTG in dysregulat-
ing membrane associated transporters (P-gp, Berp) at the
mouse BBB in vitro, ex vivo, and in vivo. ¥ Additionally, we
demonstrated in this study that DTG treatment in vivo sig-
nificantly downregulated the gene expression of Abcbla
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(P-gp) at the CP, which also corroborates our recent study
showing a downregulatory effect of both DTG and BTG on
Abcbla and Abcg2 gene expression at the brain capillaries
in C57BL/6 mice.”

In addition to the ABC membrane associated trans-
porters, the barrier function of BCSFB is also highly reg-
ulated by TJ proteins expressed within the CP.%° In the
context of HIV infection, disruption in BCSFB could pro-
vide a facilitated path for viral invasion.®® In this study,
we found a modest downregulation in Cldn3 gene expres-
sion at the CP by both DTG and BTG in vivo, which is
in agreement with our previous results demonstrating a
downregulation of TJ proteins (Zo-1, Ocln and Cldn5) in
the BBB models used.*’ However, considering the modest
change, whether this effect leads to a BCSFB leakiness
needs to be further assessed.

Taken together, these data demonstrate for the first-
time that DTG but not BTG induced an inflammatory
response in a rodent BBB and BCSFB model. A 14 day-
DTG oral treatment in rodents downregulated the gene
expression of folate transporters/receptor at both brain
barriers. Despite this, such changes did not alter brain fo-
late levels in the animals. Despite the chemical structural
similarities, observed toxic effects were generally minor
with BTG treatment compared to DTG at both the BCSFB
and BBB. It is worth noting that, despite the unchanged
brain folate level in this animal study, the potential inhib-
itory effects of DTG on brain folate transport may become
more prominent among PLWH due to their susceptibility
to folate deficiency. Nonetheless, it is important to ad-
dress the limitations of our study. Due to the low yield
of CP and brain capillaries, the protein expression of fo-
late transporters/receptor, TJ proteins, ABC membrane
associated transporters, as well as pro-inflammatory
markers could not be examined. Additionally, the ob-
served changes in the expression of our markers may not
only occur in the brain microvascular endothelial cells
but may also reflect changes in other non-endothelial
cell populations (e.g., pericytes and astrocytes) which
are important components of the BBB and where folate
transporters are known to be expressed.”” However, our
current data provide valuable insights into the context of
ARV toxicity which can potentially contribute to ARV-
related NPAEs.

5 | CONCLUSION

This study demonstrates that DTG but not BTG signifi-
cantly induced an inflammatory response in a rodent
BCSFB and BBB model. These findings provide valuable
insights in the mechanism of DTG-induced brain toxicity,
which could potentially contribute to the high incidence
of NPAEs associated with the clinical use of DTG-based

ART. Considering the high incidence of CNS complica-
tions among PLWH on INSTI-based ART, additional re-
search is needed to examine the CNS toxicities of first line
ARVs, and their underlying mechanisms.
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