UC San Diego
UC San Diego Previously Published Works

Title
Beneficial Effects of Cannabis on Blood—Brain Barrier Function in Human
Immunodeficiency Virus

Permalink
https://escholarship.org/uc/item/332126k4

Journal
Clinical Infectious Diseases, 73(1)

ISSN
1058-4838

Authors

Ellis, Ronald |
Peterson, Scott
Cherner, Mariana

Publication Date
2021-07-01

DOI
10.1093/cid/ciaad37

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/332126k6
https://escholarship.org/uc/item/332126k6#author
https://escholarship.org
http://www.cdlib.org/

Clinical Infectious Diseases : :
i iFY

Beneficial Effects of Cannabis on Blood-Brain Barrier
Function in Human Immunodeficiency Virus

Ronald J. Ellis,"” Scott Peterson,” Mariana Cherner,' Erin Morgan,' Rachel Schrier,’ Bin Tang,! Martin Hoenigl,' Scott Letendre,' and Jenny ludicello’

'University of California, San Diego, San Diego, California, USA, and “Sanford Burnham Prebys Medical Discovery Institute, La Jolla, California, USA

Background. Human immunodeficiency virus (HIV) infection leads to blood-brain barrier (BBB) dysfunction that does not
resolve despite viral suppression on antiretroviral therapy (ART) and is associated with adverse clinical outcomes. In preclinical
models, cannabis restores BBB integrity.

Methods. We studied persons with HIV (PWH) and HIV-negative (HIV-) individuals who had used cannabis recently. We
assessed 2 biomarkers of BBB permeability: the cerebrospinal fluid (CSF) to serum albumin ratio (CSAR) and CSF levels of soluble
urokinase plasminogen activator receptor (suPAR), a receptor for uPA, a matrix-degrading proteolytic enzyme that disrupts the
BBB. A composite index of the BBB markers was created using principal components analysis. Neural injury was assessed using
neurofilament light (NFL) in CSF by immunoassay.

Results.  Participants were 45 PWH and 30 HIV- individuals of similar age and ethnicity. Among PWH, higher CSF suPAR
levels correlated with higher CSAR values (r = 0.47, P < .001). PWH had higher (more abnormal) BBB index values than HIV- in-
dividuals (mean + SD, 0.361 + 1.20 vs —0.501 + 1.11; P = .0214). HIV serostatus interacted with cannabis use frequency, such that
more frequent use of cannabis was associated with lower BBB index values in PWH but not in HIV- individuals. Worse BBB index
values were associated with higher NFL in CSF (r = 0.380, P = .0169).

Conclusions. Cannabis may have a beneficial impact on HIV-associated BBB injury. Since BBB disruption may permit increased
entry of toxins such as microbial antigens and inflammatory mediators, with consequent CNS injury, these results support a poten-
tial therapeutic role of cannabis among PWH and may have important treatment implications for ART effectiveness and toxicity.

Keywords.  HIV; blood-brain barrier; cannabis; neuroscience; cerebrospinal fluid.

Even with effective suppression of viral replication, human
immunodeficiency virus (HIV) infection leads to abnormal
blood-brain barrier (BBB) function (“leaky” BBB) and
neuroinflammation. A leaky BBB may permit increased entry
into the central nervous system (CNS) of toxins, including cyto-
kines and chemokines, causing neuronal injury. This may lead
to adverse clinical outcomes, including neurocognitive impair-
ment. Blood-brain barrier dysfunction is evidenced by higher
cerebrospinal fluid (CSF)-to-serum albumin (CSAR) ratios
and upregulation of urokinase plasminogen activator (uPA), a
matrix-degrading proteolytic enzyme, and its receptor, uPAR,
disrupting the basal lamina around cerebral capillaries [1, 2].
The soluble form of uPAR, suPAR, is a biomarker of monocyte
activation and chronic inflammation [3], and positively correl-
ated with HIV-associated inflammation, neurocognitive impair-
ment, and non-AIDS events [4-6]. In CSF higher suPAR levels
are found in individuals with AIDS dementia complex [7, 8].
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More than 30% of persons living with HIV (PWH) use can-
nabis, and the prevalence is increasing with legalization across
the United States [9]. In animal and in vitro models, cannabin-
oids stabilize the BBB and reduce neuroinflammation [10-16].
One mechanism is via stimulation of tight junction proteins
such as claudin and zona occludens type 1 (ZO-1) [17-20]. This
is relevant for HIV. For example, the addition of CB2R agonist
in barrier-forming primary brain microvascular endothelial
cells (BMVECs) from individuals with HIV infection increased
transendothelial electrical resistance induced by LPS and in-
creased the amount of tight junction proteins (occludin and
claudin-5) present in membrane fractions [17]. No previous study
has evaluated BBB functions in PWH in relation to cannabis use.

As depicted schematically in Figure 1, we hypothesized that
an interaction between HIV serostatus and cannabis use such
as that in PWH with a leaky BBB, cannabis would improve BBB
permeability, but that this would not be the case in individuals
without HIV without a leaky BBB.

METHODS

Participants

Forty-five PWH and 30 individuals without HIV who had used
cannabis at least once within the past month were prospectively
enrolled in a cohort study at the University of California, San
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Proposed model of interaction between HIV and cannabis with respect to the blood—brain barrier. In the presence of elevated permeability associated with HIV,

cannabis reduces permeability and neuroinflammation but has no effect when the blood—brain barrier is intact in HIV. Abbreviations: CSAR, cerebrospinal fluid-to-serum
albumin ratio; CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; HIV+, HIV positive; HIV-, HIV negative; suPAR, soluble urokinase plasminogen activator receptor.

Diego. Recent users were selected to reduce potential bias due
to unmeasured confounding factors, since cannabis users are
different from nonusers in a variety of ways. Inclusion criteria
included a sufficient volume of CSF and plasma in storage at
-80°C to perform assays. Exclusions included abuse or de-
pendence on methamphetamine, alcohol, and other substances
within the past 18 months; significant CNS confounding condi-
tions such as history of AIDS-defining opportunistic infection
of the CNS; traumatic brain injury resulting in permanent neu-
rological deficits; and major, active psychiatric disorders such as
schizophrenia. All participants signed informed consent docu-
ments approved by the local institutional review board.

Blood-Brain Barrier Permeability Markers

We assessed CSF levels of suPAR using immunoassay-based
methods (Quantikine Human uPAR ELISA; R&D Systems), and
albumin was measured in serum at each site’s clinical laboratory
and in CSF ata reference laboratory using immunonephelometry.
A principal components analysis was used to create a composite
index of the 2 highly related BBB markers.

Additional Clinical and Laboratory Assessments

The standardized timeline follow-back substance-use interview,
which has been validated for use in clinical populations [21], was
used to estimate frequency of cannabis use over the past month, life-
time total quantity of cannabis use, and total lifetime days of cannabis
use. Comprehensive neuromedical assessments were performed.
These assessments included vital signs, neurological and physical
examination, collection of medical history including antiretroviral
(ARV) regimen, and collection of blood and CSE HIV serostatus
was documented by enzyme-linked immunosorbent assay (ELISA)
and confirmed by Western blot. Routine clinical assays, such as
blood CD4+ T-cell count and CSF total protein, were measured in

the Clinical Laboratory Improvement Amendments (CLIA)-cer-
tified laboratory at the University of California, San Diego Medical
Center. HIV RNA levels were measured in CSF and plasma by real-
time polymerase chain reaction with a lower quantification limit of
50 copies/mL (Abbott Diagnostics). Urine specimens were screened
for THC (tetrahydrocannabinol) by a 10-panel drug screen card
(Rapid Response; Biotechnostix Inc). Neurofilament light (NFL) in
CSF was measured using ELISA; values below the limit of detection
were assigned the lower quantitation limit.

Statistical Analysis

Demographics, medical history, and HIV disease characteris-
tics were summarized using means and standard deviations,
medians and interquartile ranges (IQRs), or counts and per-
centages as appropriate. Demographic data and cannabis use
over the past month were compared between PWH and indi-
viduals without HIV using independent-samples ¢ test for con-
tinuous variables and Fisher’s exact test for categorical variables.
Log,, transformations were applied to biomarker measures to
improve symmetry and normality of distributions. Correlations
among biomarkers were assessed using Pearson’s . A principal
components analysis was used to create a composite index of
the 2 highly related BBB markers explaining 75.5% of the var-
iance. Separate multivariable regressions were used to assess
the interaction effects between HIV serostatus and cannabis
use (ie, cannabis days used over the past month, lifetime days
of cannabis use, and lifetime total quantity of cannabis use) on
the BBB index and the impact of potential covariates. Additive
effects were tested when the interaction effect was not signif-
icant. Demographics (ie, age and ethnicity) were included in
multivariable models and retained as covariates if the P value
was less than 0.2 in backward model selection. Finally, the asso-
ciation of CSF NFL and BBB index was evaluated using linear
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regression. The HIV serostatus by BBB index interaction was
then included in the model to test the effect of HIV serostatus
on the relationship between NFL and BBB index. The results
were considered statistically significant at the 5% a level. JMP
Pro version 14 (SAS Institute Inc.) was used for all analyses.

RESULTS

Participant Characteristics

Participants were 45 PWH and 30 individuals without HIV. Table 1
shows demographic and clinical characteristics, including can-
nabis use frequency. Age and ethnicity were comparable between
the 2 groups. The proportion of women among PWH was sig-
nificantly higher than among individuals without HIV (16.7% vs
0%). Nadir and current CD4 were 350 (IQR, 213, 519) and 702
(479, 1057), respectively. Of PWH, 60.9% were virally suppressed.
Persons living with HIV had higher CSF albumin levels than those
without HIV (mean + SD: 17.4 + 8.09 vs 12.2 + 6.39; P = .0285).
Among PWH, CSF albumin (mg/dL) was above the upper limit of
normal, 25 mg/dL in 6 PWH (14.0%). Persons living with HIV had
higher CSF total protein than those without HIV (39.2 + 13.6 vs
28.8 £9.38; P =.0285). Persons living with HIV had worse CSAR
values (0.534 + 0.208 vs 0.387 + 0.233; P = .0353) and uPAR values
(2.91 £0.182 vs 2.80 + 0.199; P = .0626) than those without HIV.

Principal Components Analysis

Among all participants, log CSAR and log CSF suPAR were highly
correlated (r = 0.509, P = .0005). The principal components analysis
constructed a composite index of the 2 highly related BBB markers
that explained 75.5% of the variance; higher values indicated a leakier
BBB. Thus, the principal components analysis permitted the creation
of a reduced set of variables that was easier to analyze and interpret.
Both CSAR and uPAR were highly related to the BBB index (for
CSAR, r =0.869, P < .0001; for uPAR, r = 0.869, P < .0001).

Relationship of the Blood—Brain Barrier Index to Human Inmunodeficiency
Virus Serostatus and Clinical Characteristics

Persons living with HIV had higher (more abnormal) BBB
index values than individuals without HIV (0.361 =+ 1.20

Table 1. Demographic and Clinical Characteristics
Individuals
PWH Without HIV

(n=25) (n=18) P
Age (mean + SD), years 411 £12.7 377141 .26
Female, n (%) 5(16.7) 0(0.0) .0046
Non-Hispanic white, n (%) 24 (53.3) 10 (33.3) .083
Nadir CD4+ cells/uL, median [IQR] 370 (288, 453]
Current CD4+/uL, median [IQR] 660 [554, 767]
Virally suppressed, n (%) 23 (575)
On ART, n (%) 29 (67.4)
Days cannabis used in past month, 92, 30] 9.5[1.8,30] .97

median [IQR]

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; IQR, inter
quartile range; PWH, persons living with HIV.

vs —0.501 + 1.11; P =.0214). Persons living with HIV had
higher log,, CSAR than individuals without HIV (3.79 + 1.74
vs 2.78 + 1.44; P =.0490). Log,, suPAR levels were margin-
ally higher in PWH than in those without HIV (2.91 + 0.179
vs 2.80 +0.199; P =.0641). Within the HIV-positive group,
worse BBB index values were marginally associated with lower
nadir CD4 counts (r = —0.379, P = .0615), but not with current
CD4 (r=-0.00377, P =.986). Virally suppressed PWH had
nonsignificantly lower BBB index values than unsuppressed
PWH (0.177 + 1.313 vs 0.801 = 0.971; P =.236). Females
had nonsignificantly better BBB index values than males
(—0.329 + 1.02 vs 0.0254 + 0.821; P = .48). Within the whole
sample, greater BBB permeability was significantly associated
with older age and non-Hispanic white ethnicity (r = 0.3917,
P =.0094; 0.426 £ 0 610 vs —0.252 + 0.844; P = .0077).

Interaction Between Human Immunodeficiency Virus and Cannabis Use
Frequency

In a multivariable model, BBB index values were significantly
better in those with more frequent cannabis use over the past
month for PWH but not for those without HIV (interaction
P =.0294; HIV status P =.0148; for HIV+, r=—-0.273; 95%
confidence interval [CI], —.603, .137; P =.187; for HIV-,
r=0.422; 95% CI, —.0556, .743; P = .0809) (Figure 2). The as-
sociations of BBB index with estimated total lifetime days of
cannabis use in PWH and individuals without HIV were then
assessed using a multivariable model including HIV status, life-
time days of cannabis use, and their interaction. The main ef-
fects of HIV status and cannabis lifetime days were significant,

BBB integrity Factor

% 5 10 15 20 25 30
Cannabis Days Used Last 30
days

Figure 2. BBB index values were better in those with more frequent cannabis
use over the past month for PWH (black) but not for those without HIV (gray).
Abbreviations: BBB, blood—brain barrier; HIV, human immunodeficiency virus; PWH,
persons living with HIV.
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Figure 3. Worse BBB indices were associated with greater axonal injury as re-
flected in CSF NFL levels. Black, PWH; gray, individuals without HIV. Abbreviations:
BBB, blood-brain barrier; CSAR, cerebrospinal fluid-to-serum albumin ratio; CSF,
cerebrospinal fluid; HIV, human immunodeficiency virus; NFL, neurofilament light;
PWH, persons living with HIV; uPAR, urokinase plasminogen activator receptor.

while the interaction was not (P = .427). Additive effects were
tested and indicated that HIV infection was associated with
worse BBB index values (P =.00142), while lifetime days of
cannabis use was associated with better BBB index values
(P =.00581). Also, in a multivariable model, estimated lifetime
total quantity of cannabis use was associated with better BBB
index values (P =.0642) and HIV was associated with worse
BBB index values; the interaction was not significant (P = .288).
In addition, BBB index values were not associated with use of
other drugs, including methamphetamine (total quantity, cu-
mulative density, duration; all P > .10) and alcohol (total days,
total quantity, cuamulative density; all P > .10).

Confounding Evaluation

To adjust for potential confounders, we included in
multivariable models demographic factors that were sig-
nificantly correlated with BBB index values (age, ethnicity).
Gender and ethnicity were nonsignificant in the multivariable
model (P =.886 and .227). In backward model selection,
gender was included as a covariate in the final model, and eth-
nicity was removed.

Worse BBB indices were associated with greater axonal in-
jury as reflected in CSF NFL levels (Figure 3). This relation-
ship was not modified by HIV serostatus and the interaction
between HIV and BBB index was not significant. Persons
living with HIV had nonsignificantly higher levels of NFL than
the group without HIV (log , 2.66 + 0.665 vs 2.42 + 0.512;
P = .206).

DISCUSSION

This is the first report consistent with improved BBB function
with cannabis use in PWH. As expected, PWH had more ab-
normal BBB function than individuals without HIV. Multiple
parameters of increased cannabis use (frequency of recent use,
estimated total lifetime quantity, and estimated total lifetime
days of use) were associated with improved BBB function in
PWH but not in persons without HIV. Other drugs of abuse
did not affect BBB function. Higher levels of NFL, a marker of
axonal injury, were seen with poor BBB function.

Alterations of the BBB occur in the earliest stages of infec-
tion and persist throughout the infection [22, 23]. Several
mechanisms may contribute to impaired BBB function in HIV.
Inflammation in HIV has been shown to reduce BBB integrity
[24, 25]. Additionally, antiretroviral drugs can contribute to
BBB damage. For example, PWH exposed to rilpivirine showed
endothelial cell dysfunction [26]. Exposure of endothelial cells
to efavirenz can severely impact BBB integrity by decreasing
levels of tight junction proteins claudins-1/5, occludin, ZO-1,
and JAM-1. This results in an increase in permeability, a phe-
nomenon that has been shown both in vivo and in vitro [27-29].

Cannabis may improve BBB function by several mechan-
isms. One, discussed above, is upregulation of claudin and
occludin by cannabis, which has been demonstrated in an-
imal models and in human brain tissue [17-20] and should be
examined in future research. Additionally, reduced inflamma-
tion may be one mechanism by which cannabis restores BBB
function. Numerous studies have demonstrated anti-inflam-
matory effects of cannabis [30, 31]. Both in vitro studies and
animal models show that CB2R agonists are anti-inflamma-
tory and may be part of the general neuroprotective action of
the endocannabinoid system (ECS) by decreasing glial reac-
tivity [32]. In one study, heavy cannabis users had fewer inter-
leukin-23 and phorbol 12-myristate-13-acetate induced tumor
necrosis factor-a (TNF-a)-producing antigen-presenting cells
in blood [33]. In another, cannabis users had lower TNF- a
levels than nonusers [34].

The function of the BBB, in part, is to protect the brain paren-
chyma from circulating toxins. In the context of HIV, potential
toxins include ARV medications. The BBB plays a pivotal role in
the maintenance of the CNS. It controls the inflow of nutrients,
while at the same time actively pumps out metabolic byproducts
and toxic compounds [35-37]. Antiretroviral drugs can be neu-
rotoxic by off-target inhibition of mitochondrial polymerase vy,
the enzyme responsible for normal mitochondrial DNA and
other mechanisms [38-41]. This is important because disrup-
tion of the BBB may enhance entry of neurotoxic antiretrovirals
into the CNS. Our finding that BBB dysfunction was associated
with higher levels of axonal injury, as indexed by NFL, suggests
that BBB dysfunction may indeed have clinical consequences.

Limitations of this study include the small sample size.
We did not measure ARV or toxin concentrations in CSF
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to determine if increased levels correlated with BBB break-
down. We did not measure levels of exogenous cannabinoids
or endocannabinoids. Cerebrospinal fluid NFL levels were nu-
merically, but not statistically significantly, higher in PWH than
in those without HIV, differing from some previous reports.
However, CSF NFL levels can be elevated in a variety of condi-
tions other than HIV, some of which may have been present in
this cohort [42-44].

More frequent cannabis use may have a beneficial impact
on HIV-associated BBB injury. Since BBB can lead to HIV-
associated CNS injury, cannabinoids may have therapeutic
benefits in the CNS
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