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Cannabinoid receptor

type 2 agonist JWH-133
decreases cathepsin B

secretion and neurotoxicity
from HIV-infected macrophages
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HIV-associated neurocognitive disorders (HAND) are prevalent despite combined antiretroviral
therapy (cART), affecting 52% of people living with HIV. Our laboratory has demonstrated increased
expression of cathepsin B (CATB) in postmortem brain tissue with HAND. Increased secretion of CATB
from in vitro HIV-infected monocyte-derived macrophages (MDM) induces neurotoxicity. Activation
of cannabinoid receptor type 2 (CB2R) inhibits HIV-1 replication in macrophages and the neurotoxicity
induced by viral proteins. However, it is unknown if CB2R agonists affect CATB secretion and
neurotoxicity in HIV-infected MDM. We hypothesized that HIV-infected MDM exposed to CB2R agonists
decrease CATB secretion and neurotoxicity. Primary MDM were inoculated with HIV-1,,, and treated
with selective CB2R agonists JWH-133 and HU-308. HIV-1 p24 and CATB levels were determined from
supernatants using ELISA. MDM were pre-treated with a selective CB2R antagonist SR144528 before
JWH-133 treatment to determine if CB2R activation is responsible for the effects. Neuronal apoptosis
was assessed using a TUNEL assay. Results show that both agonists reduce HIV-1 replication and CATB
secretion from MDM in a time and dose-dependent manner and that CB2R activation is responsible
for these effects. Finally, JWH-133 decreased HIV/MDM-CATB induced neuronal apoptosis. Our results
suggest that agonists of CB2R represent a potential therapeutic strategy against HIV/MDM-induced
neurotoxicity.

Neurocognitive disorders in HIV-positive people are still prevalent in the cART era, affecting approximately 52%
of this population’. The different manifestations of HAND include asymptomatic neurocognitive impairment
(ANTI), mild neurocognitive disorder (MND), and its more severe form, HIV-associated dementia (HAD). After
the cART era, the number of HAD cases have decreased, but milder forms of HAND (MND and ANI) are still
present!. However, the mechanisms by which cART-treated patients still develop these disorders are not com-
pletely understood. Immune cells such as macrophages play a major role in the neuroinflammation promoted
by HIV infection®. Our laboratory has found increased expression of a pro-inflammatory lysosomal enzyme,
cathepsin B (CATB), in postmortem brain tissue with HIV encephalitis (HIVE) and HAND?®. CATB is also
increased in plasma and monocytes of HIV-positive patients with HANDS. Increased secretion of CATB from
in vitro HIV-infected MDM and microglia leads to neuronal apoptosis, and it can be prevented by the specific
CATB inhibitor CA074 or an antibody>’-!!. After HIV infection of MDM, CATB increases its interactions
with serum amyloid P component (SAPC) in supernatants, promoting neuronal death®. Recently, we reported
that HIV-1 infection triggers CATB entry into neurons, cleavage of caspase 3, and decreased expression of

!Department of Microbiology and Medical Zoology, School of Medicine, Medical Sciences Campus, University
of Puerto Rico, San Juan, PR 00935, USA. 2Department of Pharmacology, University of Puerto Rico, Medical
Sciences Campus, San Juan, PR, USA. 3Department of Biology, University of Puerto Rico, Rio Piedras Campus,
Rio Piedras, PR, USA. “Department of Chemistry, University of Puerto Rico, Rio Piedras Campus, Rio Piedras,
PR, USA. *Department of Biology, University of Puerto Rico, Bayamén Campus, Bayamén, PR, USA. "email:
loyda.melendez@upr.edu

Scientific Reports |

(2022) 12:233 | https://doi.org/10.1038/s41598-021-03896-3 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-03896-3&domain=pdf

www.nature.com/scientificreports/

synaptophysin, promoting neuronal dysfunction and apoptosis'2 This effect was reversed by pre-treatment with
antibodies against CATB or SAPC. In search of mechanisms of CATB-induced neurotoxicity using quantitative
proteomics, we recently found that HIV/MDM-derived CATB and SAPC complex trigger apoptosis in neurons
using common mechanisms, which include Tubulin 1A and nuclear Lamin A protein expression deregulation
(Zenon et al., in press)™®. Lamin A is exclusively cleaved by effector caspase-6 to induce apoptosis'*™¢. Therefore,
CATB appears to induce apoptosis by affecting the nuclear membrane, and this was reverted by the addition of a
CATB antibody. These results might indicate that CATB induces neuronal apoptosis through a caspase-dependent
mechanism. Thus, targeting CATB and/or SAPC represents a potential therapeutic strategy against HAND that
should be evaluated in future in vivo studies.

New potential treatments that ameliorate the neuroinflammatory responses in HAND are urgently needed.
CB2R agonists have been proposed as potential therapeutic strategies against HAND'”"°. CB2R mediates anti-
inflammatory responses in the human brain®. This receptor is abundant in the periphery; mostly in immune cells
such as macrophages and B cells*!, and does not mediate the psychoactive effects of cannabinoids*>. Moreover,
some studies have shown increased expression of CB2R in in vitro HIV-infected macrophages and microglia and
in postmortem brain tissues of HIVE and HAND patients?**%. Similarly, simian immunodeficiency virus (SIV)
infection upregulates CB2R expression in T cells, brain resident macrophages, and microglia?®. CB2R agonist
Gpla reduced neuroinflammatory markers in a mouse model of neuroAIDS?. CB2R activation inhibits INFy-
induced microglial activation®. Activation of CB2R inhibits migration of macrophages and microglia to the che-
moattractant HIV-1 Tat and inhibits Tat-mediated adhesion of monocytes to the extracellular matrix proteins®-.
CB2R agonists prevent leukocyte infiltration into the brain and protect the blood-brain barrier integrity***'~.
Activation of CB2R inhibits HIV-1 replication in macrophages, microglia, and CD4 + T cells****-%*. CB2R activa-
tion reduces neurotoxicity to HIV-1 viral proteins Tat and gp120*’~*!. Therefore, CB2R represents a promising
target for new treatments against HAND'7'*2, However, the role of CB2R agonists in HIV/MDM-induced neu-
ronal death and CATB neurotoxic potential has not been previously studied. We hypothesized that HIV-infected
MDM exposed to CB2R agonists decrease CATB secretion and neurotoxicity. Our results indicate that CB2R agonist
JWH-133 reduces CATB secretion and neurotoxicity induced by HIV-infected macrophages.

Materials and methods

Cell culture, HIV-1,,, infection, and treatments. Peripheral blood mononuclear cells (PBMCs) were
isolated from healthy women blood donors as part of the NIH/NIGMS SC1 project: “Targeting monocyte/
macrophage cathepsin B interactome in HIV-1 neurocognitive disorders”, with approval from the University
of Puerto Rico-Medical Sciences Campus Institutional Review Board, Human Research Subjects Protection
Office (Protocol #0720116). Written informed consents were obtained from all participants. All the experiments
were conducted following institutional guidelines and regulations. The rationale for selecting women donors is
that HIV-infected MDM from women secrete higher levels of CATB compared to men (Supplementary Fig. 1).
PBMCs were cultured, and MDM were isolated by adherence after 7 days of culture in RPMI supplemented with
20% fetal bovine serum (FBS), 10% human serum, and 100U/mL pen/strep (Sigma; St Louis, MO). On day 7 of
culture, MDM were infected with the CCR5-tropic HIV-1,p, stock (University of Nebraska). HIV-1,p, strain
was originally isolated from PBMCs from a patient with AIDS*. HIV-1,,, stock was diluted to a multiplicity of
infection (MOI) of 0.1 in serum-free RPMI, and cells were incubated overnight at 37 °C, 5% CO,. On the next
day, supernatants were removed, cells were washed twice with serum-free RPMI, and treatments were prepared
in fresh MDM media and added to cultures, as described below.

For CB2R ligands (JWH-133, HU-308, and SR144528) dose-response curves experiments, MDM were cul-
tured in 6-well plates at a concentration of 5x 10° cells/well or in 24-well plates (in duplicates or single-well) at
a concentration of 2.5x 109 cells/well. After infection and removal of residual virus, cultures were treated with
CB2R agonists, JWH-133 or HU-308 (Tocris), at five different concentrations (0.1, 0.5, 1, 5, and 10 pM). These
ligands were selected based on a previous study that demonstrated that they are the most selective and have the
least off-target effects for studying CB2R activation*}; and the concentrations were selected based on previous
studies that assessed the effect of JWH-133 in HIV-1 replication in primary MDM at doses ranging from 0.1 to
10 uM?*%, Controls included vehicle-treated cells (DMSO: Hybri-Max™ sterile-filtered) (Sigma; St. Louis, MO)
and untreated cells. CB2R ligands were reconstituted in 100% DMSO at the maximum solubility recommended
by the company (JWH-133: 50 mM; HU-308: 100 mM; and SR144528: 100 mM). From the stock reconstitution,
serial dilutions in DMSO were prepared, aliquoted, and saved at — 20 °C as follows: For JWH-133, aliquots of
50 mM, 25 mM, 5 mM, 2.5 mM, and 0.5 mM were prepared for the treatments of 10 uM, 5 uM, 1 uM, 0.5 uM,
and 0.1 uM, respectively, to maintain the same volume of treatment at each condition; For HU-308 and SR144528,
aliquots of 100 mM, 50 mM, 10 mM, 5 mM, and 1 mM were prepared for the treatments of 10 uM, 5 uM, 1 puM,
0.5 uM, and 0.1 pM, respectively. Treatments were maintained until 12 days post-infection (dpi), removing
half of the media every 3 days and replacing it with fresh half media containing treatment. Supernatants were
collected and saved at — 80 °C to measure HIV-1 p24 and total CATB levels by ELISA. On day 12pi, media was
removed and saved at — 80 °C. Cells were washed twice with PBS 1X to remove traces of serum and treatments,
and cells were incubated with serum-free RPMI for 24 h at 37 °C, 5% CO,. On day 13pi, MDM supernatants
(for now on referred to as macrophage-conditioned media or MCM) were collected and saved at — 80 °C for the
neuronal apoptosis assay. Cell viability was assessed in MDM cultures at day 13pi. For the antagonist/agonist
co-administration experiments, MDM were cultured in 24-wells plates at a concentration of 2.5 x 10 cells/well.
After infection and removal of residual virus, cells were pre-treated with CB2R antagonist SR144528 (Tocris) at
1 uM for 1 h, followed by JWH-133 (Axon Medchem) treatment at 0.5 uM. Treatments were maintained, and
the co-administration was repeated at day 3pi, replacing half of the media and maintaining both treatments in
cultures until day 6pi. Supernatants from 3 and 6dpi were collected and saved at — 80 °C for determination of
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HIV-1 p24 and CATB levels. The concentration of 1 pM of SR144528 was selected because, in previous dose-
dependent studies, we determined that this was the maximum concentration with no effect on HIV-1 replication
(data not shown), CATB secretion (data not shown), and cell viability (Supplementary Fig. 2).

For the analysis of surface CB2R levels by Flow cytometry, we cultured PBMCs in non-tissue culture treated
T75 flasks at 30 x 10° cells/flask. After infection and removal of residual virus, cultures were maintained in plain
MDM media (untreated) until day 12pi, changing media every three days. MDM supernatants were collected for
the determination of productive HIV-1 replication using HIV-1 p24 ELISA. For the analysis of surface CB2R by
immunocytochemistry/immunofluorescence, MDM were cultured in 8-well Permanox® chamber slides (Thermo
Fisher Scientific) at a concentration of 2 x 10° cells/ well. After infection and removal of residual virus, MDM
were treated with JWH-133 at 0.5 uM. Treatments were maintained until day 12pi, exchanging media every three
days. Slides from days 3, 6, 9, and 12dpi were washed twice with PBS 1X and fixed with 4% paraformaldehyde
(PFA) in PBS 1X. For the intracellular CB2R expression experiment, uninfected and HIV-infected MDM were
cultured in T25 flasks at a concentration of 10x 10° cells/well. MDM were cultured for 12dpi, exchanging and
collecting media every three days. HIV-1 p24 levels were measured from MDM supernatants, and whole-cell
lysates were collected and saved at — 80 °C for Western Blot analyses. For cell viability experiments, MDM were
cultured in 96-well plates in triplicates/condition at a concentration of 2.5 x 10°/well. After infection and removal
of residual virus, MDM were treated with CB2R ligands as described above. At the end of cultures (13dpi),
cell viability was measured using an MTT assay. For the neuronal apoptosis assay, human neuroblastoma cells
(HTB-11; ATCC) were grown as previously described by our laboratory®. In summary, HTB-11 were plated in
8-well glass chamber slides at 2 x 10° cells/well and cultured in Eagles MEM (EMEM) with 10% FBS, 1% sodium
pyruvate and 1% non-essential amino acids. HTB-11 neurons were incubated at 37 °C, 5% CO, for 3-5 days
until 75-80% confluence was achieved.

Cell viability. MDM viability was assessed at day 13pi, as previously described by our laboratory®. In sum-
mary, we used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma; St Louis,
MO), following manufacturer instructions. PBMCs were cultured in 96-well plates at 2.5 x 10° cells/well in trip-
licates/condition. Metabolically active cells reduce MTT due to the action of dehydrogenases, generating NADH
and NADPH reducing equivalents. As a result, an intracellular purple formazan is produced, and it was meas-
ured by photometry using Varioskan Flash (Thermo Fisher Scientific). As a positive control, at day 12pi, we
incubated MDM with 1% Triton X-100 in serum-free RPMI for 24 h, and we measured cell viability at day 13pi.

Surface CB2R staining for flow cytometry. We analyzed surface CB2 receptor levels in MDM at day
12pi, which was the last day of exposure to the CB2R ligands. On day 12pi, media was collected and saved at
- 80 °C, and MDM were washed twice with PBS 1X. MDM were detached by incubating them with 10 mL
accutase solution (Sigma) for 30 min at 37 °C, 5% CO,. Then, 10 mL of MDM media were added to each flask
to neutralize the accutase. The detached MDM were transferred to a 50-mL tube, counted, and cell viability was
calculated using Turks and Trypan Blue dyes. Then, 5 x 10° MDM were transferred to round-bottom 5-mL poly-
styrene tubes (Corning Science, MX) and washed twice with PBS 1X to remove media. MDM were incubated
with an anti-human CB2R-Alexa Fluor® 647 conjugated antibody (R&D Systems) (1:100 in PBS 1X) for 1 h at
4 °C. MDM were washed three times with PBS 1X and fixed with paraformaldehyde (PFA) (0.5% in PBS 1X).
Surface CB2R levels were quantified and analyzed using Flow Cytometry.

Flow cytometry. Flow cytometry analyses were performed using a FACSAria cytometer (BD Biosciences,
CA). For data acquisition and multivariate analysis, we used FACSDiva and FlowJo software (BD Biosciences,
CA). MDM were first identified and gated in forward/side scatter dot plots. The fluorescence emission for CB2R-
Alexa Fluor® 647 antibody was detected in the FL4 photomultiplier through a 670/30 nm bandpass filter. Log
mode was used to acquire data on scatter parameters and histograms. We acquired ten thousand events for each
sample tube. To quantify surface levels of CB2R, we used the median peak channel from the histograms.

Immunocytochemistry/Immunofluorescence of surface CB2R. Slides of fixed MDM from days 3,
6,9, and 12dpi were washed twice with PBS 1X and incubated with blocking buffer (1% BSA and 1% goat serum
in PBS 1X) for 1 h in a humidity chamber, shaking at RT. MDM were incubated with a rabbit polyclonal antibody
raised against the N-terminal region of human CB2R (1:100; Cayman Chemical) in blocking buffer overnight,
shaking at 4°C. The next day, cells were washed five times with Tris-buffered saline (TBS 1X) and incubated with
a goat anti-rabbit Alexa Fluor® 546 secondary antibody (1:500 Thermo Fisher Scientific) in a blocking buffer for
1 h in a dark humidity chamber, shaking at RT. Cells were washed five times with TBS 1X and counterstained
with VECTASHIELD® Antifade Mounting Media with DAPI (Vector Laboratories). Fluorescence microscopy
was performed using a Nikon Eclipse E400, with camera SPOT Insight QE and Fluorescence X-cite Series 120
under an excitation wavelength of 546 nm and 405 nm for CB2R and nuclei, respectively. The magnification was
set at 20X. At least 3 different random pictures per condition were acquired. The mean fluorescence intensity
(MFI) values of CB2R were acquired using the NIS Elements Analysis software (Nikon).

Western blot. Western Blot analyses were performed as previously described by our laboratory'?, with the
following specifications. In summary, the total protein concentration of whole-cell lysates was measured by deter-
gent compatible protein concentration assay (DC; Bio-Rad, Hercules, California, USA), following manufacturer
instructions. Fifteen micrograms of intracellular proteins from MDM lysates were diluted with Laemli sample
buffer and applied to each well of 4-20% TGX Ready Gel 15-wells (Bio-Rad, Hercules, CA), and transferred
to 0.45 PVDF membranes (Bio-Rad). Membranes were blocked with 5% milk in TBS 1X and incubated with
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rabbit anti-human CB2R (1:200; Cayman Chemical) and a rabbit polyclonal anti-glyceraldehyde 3- phosphate
dehydrogenase (GAPDH; 1: 250; BIOSS, Woburn, Massachusetts, USA) shaking overnight at 4 °C, followed by
a goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:10,000; Sigma-Aldrich) for 1 h at
RT. Membranes were incubated with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific) for 5 min at RT. Membranes were stripped using mild stripping buffer (SDS/glycine; pH 2.2) twice
for 10 min, followed by washes with PBS 1X and TBS 1X twice for 5 min each. After stripping and blocking,
membranes were re-probed with a different primary antibody. Images were acquired and analyzed using a Gel
Doc XR + with ImageLab™software (Bio-Rad). The volume intensity of the CB2R band was normalized against
the respective volume intensity of the GAPDH band.

HIV-1 p24 and total CATB levels. We quantified HIV-1 p24 antigen levels in HIV/MDM supernatants of
days 3, 6, 9, and 12pi, using ELISA (Express Biotech International), following manufacturer instructions. Total
CATB levels were determined from MDM supernatants at days 3, 6, 9, and 12pi using ELISA (R&D Systems),
following manufacturer instructions. The optical densities of HIV-1 p24 and total CATB were determined by
photometry using a Varioskan Flash microplate reader (Thermo Fisher Scientific).

Neuronal apoptosis. Neuronal apoptosis was determined using In Situ Cell Death Detection Kit, which
is also known as TUNEL (TdT-mediated dUTP-X nick end labeling) (ROCHE?®), as previously described by
our laboratory®. In summary, HTB-11 cells were rinsed with PBS 1X and exposed to MCM diluted 1:4 in plain
EMEM with and without a CATB inhibitor, CA074 (Sigma-Aldrich, 10 uM). Then, HTB-11 were washed twice
with PBS 1X and fixed with 4% PFA for 1 h. Fixed neurons were permeabilized with 0.1% TritonX-100 in PBS
1X for 10 min on ice. Neurons were incubated with a TUNEL reaction mix for 1 h in a dark humidity chamber
at 37 °C. Neurons were washed three times with PBS 1X and covered with VECTASHIELD® Antifade Mounting
Media with DAPI (Vector Laboratories). As a positive control, we incubated neurons with recombinant DNase
I (30 U/MI) for 10 min at RT to induce DNA breaks. As a negative control, we incubated neurons with the label
solution without the TdT enzyme. Fluorescence microscopy images were acquired using a Nikon Eclipse E400
microscope, containing a camera SPOT Insight QE and Fluorescence X-cite Series 120. The excitation wave-
lengths were 405 nm and 488 nm for visualization of total nuclei and apoptotic nuclei, respectively. The magni-
fication was set at 20X. At least three random pictures were acquired and analyzed per condition. The number
of apoptotic nuclei was counted and divided by the number of total nuclei, and the percentage of apoptosis was
determined. Quantifications and analyses were performed using the NIS Elements Analysis software (Nikon).

Statistical analysis. We used Graph Pad Prism 6.0 software for statistical analyses. Prior to the comparison
of groups, normal distribution was tested. For the analysis of CATB levels between women and men donors, the
Mann Whitney test was used. For analysis of CB2R levels, we used two-tailed Wilcoxon-rank tests for single
comparisons in Flow Cytometry and Western Blot results and Two-way ANOVA with Tukey’s multiple compari-
sons test for temporal expression. For analyses of cell viability, we used Two-way ANOVA, and Sidak’s multiple
comparisons test or Friedman with Dunn’s multiple comparisons test against NT controls. To analyze the differ-
ences in neuronal apoptosis between the groups, we used One-way ANOVA with Tukey’s multiple comparisons
test. For the analysis of HIV-1 p24 and CATB levels in response to treatments, we used paired or unpaired t-tests
or Wilcoxon-rank tests, when appropriate, to compare each treatment concentration against its vehicle control
at each time-point or the uninfected control vs. the HIV-infected control. For co-administration experiments,
Friedman with Dunn’s post-test was used. A significant difference was considered at p <0.05.

Results

HiV-infected MDM maintains CB2R expression at day 12pi. Since MDM were exposed to CB2R
agonists until day 12pi, we wanted to determine if CB2R was still being expressed at this endpoint. MDM from
day 12pi were detached from culture flasks, stained with anti-human CB2R antibody, and levels of CB2R were
quantified using Flow Cytometry. Surface CB2R expression was observed in both uninfected and HIV-infected
MDM at day 12pi (Fig. 1a). However, no significant differences in CB2R levels were observed between both
groups (p=0.5000) (Fig. 1b). These results correlated with intracellular CB2R expression levels measured by
western blot, where no significant differences were observed between the groups (p=0.1250) (Fig. 1c,d). These
results indicate that HIV-infected MDM keep expressing surface and intracellular CB2R at day 12pi. However,
donor-to-donor differences in CB2R expression levels were observed.

CB2R agonists decrease HIV-1replication and CATB secretion from MDM.  Previous studies from
our laboratory have demonstrated that increased CATB secretion from HIV-infected MDM at day 12pi leads
to neurotoxicity>’-'°. Therefore, HIV-infected MDM were treated with CB2R selective agonists JWH-133 or
HU-308 at five different concentrations (0.1, 0.5, 1, 5, and 10 uM), and treatments were maintained until day
12pi. On day 12dpi, media was removed, and MDM were exposed to untreated serum-free media for 24 h to
collect MCM at 13dpi for the neuronal apoptosis assay. Cell viability was assessed at the end of cultures (13dpi).
None of the concentrations of CB2R agonists had a significant effect on HIV-infected MDM viability (Supple-
mentary Fig. 2). JWH-133 significantly decreased HIV-1 p24 levels at days 6, 9, and 12pi in a dose-dependent
manner (Fig. 2a). JWH-133 significantly decreased CATB levels as early as 3dpi at concentrations of 0.5 uM
(p=0.0248) and 1 uM (p=0.0071), and this effect was sustained until day 12pi (Fig. 2b). A visual dose-dependent
decrease in CATB levels was observed at day 9pi; however, it did not reach statistical significance at any of the
concentrations. On the other hand, HU-308 decreased HIV-1 p24 levels at day 6pi at a concentration of 5 uM
(p=0.0174), but this effect was lost over time (Fig. 2c). Additionally, HU-308 decreased CATB levels at day 3pi at
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Figure 1. HIV-infected MDM keep expressing surface CB2R at day 12pi. MDM were labeled with a fluorescent
CB2R monoclonal antibody (FL4 channel) conjugated with Alexa Fluor® 647 and then analyzed by flow
cytometry. (a) Representative histograms of extracellular staining show significant differences in fluorescence
intensities from HIV + (dark histogram) and uninfected (grey histogram) on the expression of CB2R compared
with the nonfluorescent MDM (unshaded histograms to the left. (b) A graphic representation of surface CB2R
levels per donor is shown. Panels a and b are representative of three different donors (n=3). An unstained
control was included as a technical negative control and is representative of 1 donor (n=1). (c) Representative
images of intracellular levels of CB2R and GAPDH expression using Western Blot. Images were cropped from
the same blot after stripping and reprobing with a different antibody and were acquired using different exposure
times. Full-length blots are presented in Supplementary Fig. 4 (d) A graphic representation of intracellular CB2R
levels per donor is shown. Figures ¢ and d are representative of four different donors (n=4).

a concentration of 10 uM (p =0.0242), but this effect was lost over time (Fig. 2d). These results suggest that there
are agonist-specific effects on HIV-1 replication and CATB secretion.

In our experiments, we observed MDM cultures with increased (p=0.0209) or decreased (p=0.0299) CATB
secretion after HIV infection at day 12pi compared to uninfected controls (Supplementary Fig. 3). In a recent
study, we demonstrated that CATB secretion from HIV-infected MDM was associated with oxidative stress®.
Additionally, in recent studies we have demonstrated that MDM cultures with increased CATB secretion after
HIV infection induce significant neuronal apoptosis, whereas MDM cultures with decreased CATB secretion
after HIV infection fails to induce significant neuronal apoptosis (Zenon et al., in press). Thus, we analyzed the
effect of JWH-133 in MDM cultures with increased CATB secretion. Results show that in MDM with increased
CATB secretion after HIV infection (p =0.0209), JWH-133 treatment at 0.5 uM (p=0.0387) and 1 uM (p=0.0159)
showed a significant decrease in total CATB levels in comparison to HIV-infected untreated control (Supple-
mentary Fig. 3a). The JWH-133 agonist at 0.5 pM was selected for the next experiments because this was the
minimum concentration that showed a significant decrease in CATB and HIV-1 p24 levels at day 12pi. In sum-
mary, these results suggest that the JWH-133 agonist was more effective than HU-308 in decreasing HIV-1 p24
and CATB levels in a dose and time-dependent manner”.

JWH-133 prevents HIV-induced increase in surface CB2R expression and induces oscillating
expressions over time.. We analyzed the temporal surface expression of CB2R in HIV-infected MDM in
the absence or presence of JWH-133 treatment at 0.5 pM. Results showed that HIV infection increased surface
CB2R expression at day 3pi (p=0.0357) (Fig. 3). A visual increase was observed in HIV-infected MDM at day
9pi compared to uninfected controls; however, it did not reach statistical significance (p=0.3948). Treatment
with JWH-133 prevented the HIV-induced increase in surface CB2R expression levels at day 3pi (p=0.0332).
In terms of differences in temporal expression, uninfected MDM showed trends towards significant oscillations
over time, as shown in the graph. HIV-infected MDM showed no significant changes in CB2R expression over
time, and JWH-133 treatment induced significant oscillations of CB2R expression in HIV-infected MDM over
time (3dpi vs. 6dpi: p=0.0097; 6dpi vs. 9dpi: p=0.0067; 9dpi vs. 12dpi: p=0.0131). These results suggest that
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Figure 2. CB2R agonists treatment decrease HIV-1 replication and CATB secretion from MDM. MDM were
infected with HIV-1 and treated with CB2R agonists, JWH-133 and HU-308. HIV-1 p24 and CATB levels were
measured from supernatants of days 3, 6, 9, and 12pi by ELISA. (a) Temporal HIV-1 p24 levels in supernatants
of HIV-infected MDM treated with JWH-133. (b) Temporal CATB secretion levels in supernatants of HIV-
infected MDM treated with JWH-133. Figures a and b are representative of at least four different donors

(n=at least 4). (c) Temporal HIV-1 p24 levels in supernatants of HIV-infected MDM treated with HU-308. (d)
Temporal CATB secretion levels in supernatants of HIV-infected MDM treated with HU-308. Figures ¢ and

d are representative of at least six different donors (n=at least 6). Graphs are presented using the mean and

the + standard error of the mean (SEM). *p <0.05, **p <0.01 vs. vehicle control at its respective time-point.

HIV-1 infection increases surface CB2R expression in a time-dependent manner, and this effect is prevented
by JWH-133 treatment. Also, JWH-133 treatment induces significant CB2R expression oscillations over time.

JWH-133 decreases HIV-1 replication and CATB secretion through CB2R activation. To deter-
mine if JWH-133 decreases HIV-1 replication and CATB secretion through CB2R activation, after removal of
residual virus, MDM were incubated with a CB2R antagonist SR144528 at 1 uM for 1 h before JWH-133 treat-
ment at 0.5 uM. On day 3pi, half of the media was collected, and co-administration of ligands was repeated and
maintained until day 6pi. Supernatants from days 3pi and 6pi were used for the determination of HIV-1 p24 and
total CATB levels. These time-points were selected because 3dpi was the minimum day at which a significant
decrease in CATB levels was observed following JWH-133 treatment (Fig. 2b), and day 6pi was the minimum
day at which the effect in decreasing HIV-1 p24 was observed (Fig. 2a). Results showed that JWH-133 decreased
HIV-1 p24 levels at day 6pi (p=0.0050), and pre-treatment with SR144528 reversed this effect (p=0.0075)
(Fig. 4a). JWH-133 decreased CATB levels at day 3pi (p=0.0139) and pre-treatment with SR144528 at 1 uM
reversed JWH-133 effect (p=0.0037) (Fig. 4b). These results suggest that JWH-133 decreases HIV-1 replication
and CATB secretion through CB2R activation. Results from HIV-1 replication are consistent with previous stud-
ies that determined that JWH-133 decreases HIV-1 replication from primary MDM through CB2R activation.?®

JWH-133 decreases HIV/MDM-induced neuronal apoptosis and CATB neurotoxic poten-
tial. Previousstudies in our laboratory have demonstrated that MCM from HIV-infected MDM with increased
CATB levels induces significant neuronal apoptosis compared to uninfected controls®’~1°. This effect is reversed
by the addition of a CATB inhibitor (CA074) or a CATB antibody to the MCM of HIV-infected MDM>”-1°. Thus,
MCM from HIV-infected MDM cultures with increased CATB levels compared to uninfected controls (Sup-
plementary Fig. 3a) were used to determine the effect of JWH-133 on HIV/MDM-induced neuronal apoptosis
and CATB neurotoxic potential. Neuroblastoma cultures were exposed to MCM from HIV-infected MDM for
24 h in the presence or absence of CA074. Neuronal apoptosis was assessed by TUNEL assay. MCM from HIV-
infected MDM that were treated with JWH-133 significantly decreased the percentage of apoptotic neurons
compared to MCM from HIV-infected untreated (p=0.0468) and vehicle-treated (p=0.0391) MDM (Fig. 5).
A significant reduction in neuronal apoptosis was observed in the JWH-133 + CA074 condition compared to
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Figure 3. JWH-133 prevents HIV-induced increase in surface CB2R expression and induces oscillating
expressions over time. MDM were cultured in 8-well chamber slides, infected with HIV-1,,, and treated

with JWH-133 at 0.5 uM. Slides were fixed at days 3, 6, 9, and 12dpi. Cells were stained with an anti-CB2R
antibody (red) and nuclei were stained with DAPI (blue). At least 3 different random pictures per condition
were acquired. Representative immunofluorescence images are shown. Graphs are presented using the

mean * standard error of the mean (SEM). This figure is representative of three different donors (n=3). *p <0.05,
©p<0.01.

MCM from HIV-infected MDM that were treated with vehicle (p=0.0409) or untreated (p=0.0252). However,
no significant differences were observed between JWH-133 and JWH-133 + CA074 MCM (p =0.5669), suggest-
ing that treating HIV-infected MDM with JWH-133 is sufficient to decrease CATB-mediated neurotoxicity to
a maximum level. Our results suggest that JWH-133 decreases HIV/MDM-induced neuronal apoptosis and
CATB neurotoxic potential.

Discussion

In this study, we demonstrated that CB2R agonist JWH-133 decreased HIV/MDM-induced neuronal death
and CATB neurotoxic potential by decreasing CATB secretion from HIV-infected MDM. The mechanism by
which JWH-133 decreased CATB secretion was through CB2R activation. JWH-133 decreased HIV-1 replica-
tion in MDM through CB2R activation by day 6pi. These results are consistent with previous studies that have
demonstrated that JWH-133 treatment decreases HIV-1 replication after day 4pi****. CB2R agonists, JWH-133
and HU-308, decreased HIV-1 replication and CATB secretion from HIV-infected MDM in a time and dose-
dependent manner. However, JWH-133 was more effective than HU-308 at maintaining a chronic downregu-
lation of HIV-1 replication and CATB secretion in MDM. We hypothesize that continuous administration of
HU-308 leads to CB2R desensitization in HIV-infected MDM through an unknown agonist-specific mechanism.
Further studies are needed to confirm these hypotheses.

This is the first study that evaluates the effect of CB2R agonists against HIV/MDM-induced neuronal death.
Additionally, this is the first study that evaluates temporal surface CB2R expression in HIV-infected MDM in
the presence or absence of a CB2R agonist. We demonstrated that HIV-infected MDM increases surface CB2R
expression at day 3pi and that it is prevented by JWH-133 treatment. Similar results were observed at day 9dpi;
however, not to a significant level. This HIV-induced increase in surface CB2R levels is consistent with a previous
study in primary HIV-infected MDM, which reported a 2.28-fold increase in surface CB2R levels over uninfected
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Figure 4. JWH-133 decreases HIV-1 replication and CATB secretion through CB2R activation. MDM were
cultured in 24-wells plates and infected with HIV-1,p,. After removal of residual virus, cells were treated with
CB2R antagonist SR144528 (SR: 1 uM) for 1 h, followed by JWH-133 (JWH) treatment at 0.5 uM. Treatments
were maintained for 6dpi, exchanging half of the media at day 3pi and repeating the co-administration protocol.
HIV-1 p24 and CATB levels were measured in HIV-infected MDM supernatants using ELISA. HIV-1 p24 and
CATB levels were normalized against its vehicle control per donor. (a) HIV-1 p24 levels in HIV-infected MDM
after co-administration of CB2R ligands. This figure is representative of at least eight different donors (n=38). (b)
CATB levels in HIV-infected MDM after co-administration of CB2R ligands. This figure is representative of ten
different donors (n=10). Graphs are presented using the mean + standard error of the mean (SEM). *p <0.05,
**p<0.01.

MDM at day 7pi**. These results are supported by other studies that have demonstrated a time-dependent
increase in CB2R expression in macrophages following an inflammatory insult**-*’. JWH-133 induced significant
oscillations of surface CB2R levels over time. These results suggest that there is a time-dependent regulation of
surface CB2R expression after HIV-1 infection of MDM and JWH-133 treatment. We hypothesize that constitu-
tive activity, internalization, and recycling of CB2R in the absence of JWH-133 is responsible for the trends in
surface expression oscillations in uninfected MDM, as previous studies have demonstrated in HEK-293 stably
expressing CB2R*. On the other hand, we speculate that HIV-1 is preventing the constitutive internalization of
CB2R by an unknown mechanism. However, after JWH-133 treatment, agonist-induced internalizations and
recycling could explain the significant oscillations observed in this group. This hypothesis was formulated based
on previous studies that have demonstrated that CB2R can be recycled back to the surface after agonist-induced
internalization*®*’. Further in vitro and in vivo studies on CB2R internalization and recycling are needed to
evaluate these hypotheses.

We hypothesize that the intracellular mechanism by which JWH-133 decreases CATB secretion from HIV-
infected macrophages after activation of CB2R is by reducing oxidative stress. This hypothesis is formulated
based on a recent study in our laboratory in which we demonstrated that dimethyl fumarate, an antioxidant,
decreases oxidative stress and CATB secretion from HIV-infected MDM’. Moreover, CB2R activation inhibits
oxidative stress in macrophages®*2. Since CATB plays a significant role in HIV/MDM-induced neuronal death,
the decreased CATB levels after JWH-133 treatment could have led to a decreased neurotoxicity. Other studies
have focused on the effect of CB2R ligands against the neurotoxicity of HIV-1 viral proteins. These studies dem-
onstrated protective effects of CB2R activation against HIV-1 gp120-induced synapse loss, impaired neurogen-
esis, and neuronal death®~*. Also, a recent study demonstrated that CB2R activation protects from Tat-induced
neuronal degeneration and death following fatty acid amide hydrolase inhibition, an enzyme that metabolizes our
main endocannabinoid anandamide*'. However, other studies have not found neuroprotective effects of CB2R
activation against GABAergic neurotransmission impairment, excitability, and death®*>%,

Current studies in our laboratory are focused on understanding the mechanisms associated with CATB secre-
tion from macrophages as well as the mechanisms of its neurotoxicity. Future studies will explain if JWH-133
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Figure 5. JWH-133 decreases HIV/MDM-induced neuronal apoptosis and CATB neurotoxic potential.
Uninfected and HIV-infected MDM were untreated or treated with vehicle and JWH-133 (0.5 uM) for

12dpi. On day 13pi, MCM from donors that had increased CATB secretion after HIV-1 infection compared

to the uninfected control were used to determine the effect of JWH-133 treatment in HIV/MDM-induced
neuronal apoptosis and CATB neurotoxic potential. (a) Representative immunofluorescence images of human
neuroblastoma cells that were exposed to MCM in the presence or absence of the CATB inhibitor, CA074. Cyan
fluorescence indicates TUNEL positive cells (apoptotic neurons), whereas nuclei stained with DAPI are shown
in blue. DNase and No TUNEL were included as positive and negative controls, respectively. (b) Cyan and blue
nuclei were counted in at least 3 random fields per condition and results are shown as %Apoptotic Neurons. This
figure is representative of four different donors (n=4). Graphs are presented using the mean and the + standard
error of the mean (SEM). *p <0.05.

decreases CATB secretion by reducing oxidative stress. HIV-1,p, CCR5-tropic strain was selected for this study
as it is a macrophage-tropic strain that has been used in all our previous studies that demonstrate increased CATB
secretion and neurotoxicity>’~'°. Highly cytopathic CXCR4-tropic virus strains were not considered for these
studies because a recent study demonstrated that HIV-1 infection of MDM with CXCR4-tropic virus induces
productive HIV-1 replication in MDM until day 7pi, and then it decreases drastically until it is not detected
at day 10pi due to viral-induced cell death®. Thus, we hypothesize that highly cytopathic CXCR4-tropic virus
will not allow us to maintain sufficient viable macrophages in culture until the time-point where HIV-infected
macrophages induce CATB-induced neuronal death (day 12pi), as demonstrated by previous studies in our
laboratory®.

In summary, CB2R activation reduces HIV-1 replication and CATB secretion from HIV-infected MDM.
However, differences between agonists in terms of time and effective concentration were observed. JWH-133
decreased HIV/MDM-induced neuronal death and CATB neurotoxic potential. These results are important
because they reveal new aspects of CB2R ligands that contribute to the development of effective strategies against
HAND. In conclusion, our findings suggest that CB2R agonists represent a potential therapeutic strategy against
HIV/MDM-induced neuronal death. However, long-term in vivo studies are needed to validate these in vitro
findings and evaluate the effectiveness of CB2R agonists against HIV-induced neurotoxicity and HAND.

Scientific Reports | (2022) 12:233 | https://doi.org/10.1038/s41598-021-03896-3 nature portfolio



www.nature.com/scientificreports/

Data availability

Most of the data generated or analyzed during this study are included in this published article. All datasets
generated during and/or analyzed in the current study are available from the corresponding author on reason-
able request.

Received: 20 October 2019; Accepted: 9 December 2021
Published online: 07 January 2022

References
1. Heaton, R. K. et al. HIV-associated neurocognitive disorders persist in the era of potent antiretroviral therapy: Charter study.
Neurology https://doi.org/10.1212/WNL.0b013e318200d727 (2010).
2. Hong, S. & Banks, W. A. Role of the immune system in HIV-associated neuroinflammation and neurocognitive implications. Brain
Behav. Immunity https://doi.org/10.1016/j.bbi.2014.10.008 (2015).
3. Sillman, B., Woldstad, C., Mcmillan, J. & Gendelman, H. E. Neuropathogenesis of human immunodeficiency virus infection.
Handb. Clin. Neurol. 152, 21-40 (2018).
4. Delery, E. C. & MacLean, A. G. Chronic viral neuroinflammation: Speculation on underlying mechanisms. Viral Immunol. 32,
55-62 (2019).
5. Rodriguez-Franco, E. J. et al. Dysregulation of macrophage-secreted cathepsin B contributes to HIV-1-linked neuronal apoptosis.
PL0oS ONE https://doi.org/10.1371/journal.pone.0036571 (2012).
6. Cantres-Rosario, Y. et al. Cathepsin B and cystatin B in HIV-seropositive women are associated with infection and HIV-1-associated
neurocognitive disorders. AIDS 27, 347-356 (2013).
7. Zenodn, E, Segarra, A. C., Gonzalez, M. & Meléndez, L. M. Cocaine potentiates cathepsin B secretion and neuronal apoptosis from
HIV-infected macrophages. J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-014-9563-z (2014).
8. Cantres-Rosario, Y. M. et al. Interacting partners of macrophage-secreted cathepsin B contribute to HIV-induced neuronal apop-
tosis. AIDS 29, 2081-2092 (2015).
9. Rosario-Rodriguez, L. J., Colén, K., Borges-Vélez, G., Negron, K. & Meléndez, L. M. Dimethyl fumarate prevents HIV-induced
lysosomal dysfunction and cathepsin B release from macrophages. J. Neuroimmune Pharmacol. 13, 345-354 (2018).
10. Lépez, O. V. et al. Sigma-1 receptor antagonist (BD1047) Decreases cathepsin B secretion in HIV-infected macrophages exposed
to cocaine. J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-018-9807-4 (2019).
11. Zenon, E et al. HIV-infected microglia mediate cathepsin B-induced neurotoxicity. J. Neurovirol. 21, 544-558 (2015).
12. Cantres-Rosario, Y. M. et al. HIV infection induces extracellular cathepsin B uptake and damage to neurons. Sci. Rep. https://doi.
0rg/10.1038/s41598-019-44463-1 (2019).
13. Zenon, C. et al. Quantitative proteomics analyses of neuronal cells exposed to HIV-1 infected MDM supernatants with high
cathepsin B secretion. P. R. Health Sci. J. 38, 67 (2019).
15. Ruchaud, S. et al. Caspase-6 gene disruption reveals a requirement for lamin A cleavage in apoptotic chromatin condensation.
EMBO . 21, 1967-1977 (2002).
15. Shahzidi, S. et al. Lamin A/C cleavage by caspase-6 activation is crucial for apoptotic induction by photodynamic therapy with
hexaminolevulinate in human B-cell lymphoma cells. Cancer Lett. 339, 25-32 (2013).
16. Sieprath, T. et al. Sustained accumulation of prelamin A and depletion of lamin A/C both cause oxidative stress and mitochondrial
dysfunction but induce different cell fates. Nucleus 6, 236-246 (2015).
17. Purohit, V., Rapaka, R. S. & Rutter, J. Cannabinoid receptor-2 and HIV-associated neurocognitive disorders. J. Neuroimmune
Pharmacol. https://doi.org/10.1007/s11481-014-9554-0 (2014).
18. Rom, S. & Persidsky, Y. Cannabinoid receptor 2: Potential role in immunomodulation and neuroinflammation. J. Neuroimmune
Pharmacol. 8, 608-620 (2013).
19. Rizzo, M. D. et al. Targeting cannabinoid receptor 2 on peripheral leukocytes to attenuate inflammatory mechanisms implicated
in HIV-associated neurocognitive disorder. J. Neuroimmune Pharmacol. 15, 780-793 (2020).
20. Benito, C. et al. Cannabinoid CB, receptors in human brain inflammation. Br. . Pharmacol. https://doi.org/10.1038/sj.bjp.07075
05 (2008).
21. Munro, S., Thomas, K. L. & Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature https://
doi.org/10.1038/365061a0 (1993).
22. Miller, A. M. & Stella, N. CB, receptor-mediated migration of immune cells: It can go either way. Br. J. Pharmacol. https://doi.org/
10.1038/sj.bjp.0707523 (2008).
23. Cosenza-Nashat, M. A. et al. Cannabinoid receptor expression in HIV encephalitis and HIV-associated neuropathologic comor-
bidities. Neuropathol. Appl. Neurobiol. https://doi.org/10.1111/j.1365-2990.2011.01177.x (2011).
24. Ramirez, S. H. et al. Attenuation of HIV-1 replication in macrophages by cannabinoid receptor 2 agonists. J. Leukoc. Biol. 93,
801-810 (2013).
25. Benito, C. et al. A glial endogenous cannabinoid system is upregulated in the brains of macaques with simian immunodeficiency
virus-induced encephalitis. J. Neurosci. https://doi.org/10.1523/J]NEUROSCI.3923-04.2005 (2005).
26. Gorantla, S. et al. Inmunoregulation of a CB2 receptor agonist in a murine model of neuroaids. J. Neuroimmune Pharmacol. 5,
456-468 (2010).
28. Ehrhart, J. et al. Stimulation of cannabinoid receptor 2 (CB2) suppresses microglial activation. J. Neuroinflammation https://doi.
org/10.1186/1742-2094-2-29 (2005).
28. Raborn, E. S. & Cabral, G. A. Cannabinoid inhibition of macrophage migration to the trans-activating (Tat) protein of HIV-1 is
linked to the CB2 cannabinoid receptor. J. Pharmacol. Exp. Ther. https://doi.org/10.1124/jpet.109.163055 (2010).
29. Fraga, D,, Raborn, E. S., Ferreira, G. A. & Cabral, G. A. Cannabinoids inhibit migration of microglial-like cells to the HIV protein
tat. J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-011-9291-6 (2011).
30. Raborn, E. S., Jamerson, M., Marciano-Cabral, E. & Cabral, G. A. Cannabinoid inhibits HIV-1 Tat-stimulated adhesion of human
monocyte-like cells to extracellular matrix proteins. Life Sci. https://doi.org/10.1016/;.1fs.2014.04.008 (2014).
31. Ramirez, S. H. et al. Activation of cannabinoid receptor 2 attenuates leukocyte-endothelial cell interactions and blood-brain barrier
dysfunction under inflammatory conditions. J. Neurosci. https://doi.org/10.1523/J]NEUROSCI.4628-11.2012 (2012).
32. Fujii, M. et al. Cannabinoid type 2 receptor stimulation attenuates brain edema by reducing cerebral leukocyte infiltration following
subarachnoid hemorrhage in rats. J. Neurol. Sci. https://doi.org/10.1016/j.jns.2014.04.034 (2014).
33. Wang, Z., Li, Y., Cai, S., Li, R. & Cao, G. Cannabinoid receptor 2 agonist attenuates blood-brain barrier damage in a rat model of
intracerebral hemorrhage by activating the Racl pathway. Int. J. Mol. Med. https://doi.org/10.3892/ijmm.2018.3834 (2018).
34. Rock, R. B. et al. WIN55,212-2-mediated inhibition of HIV-1 expression in microglial cells: Involvement of cannabinoid receptors.
J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-006-9040-4 (2007).
35. Costantino, C. M. et al. Cannabinoid receptor 2-mediated attenuation of CXCR4-tropic HIV infection in primary CD4+ T cells.

PLoS ONE https://doi.org/10.1371/journal.pone.0033961 (2012).

Scientific Reports | (2022) 12:233

https://doi.org/10.1038/s41598-021-03896-3 nature portfolio


https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.1016/j.bbi.2014.10.008
https://doi.org/10.1371/journal.pone.0036571
https://doi.org/10.1007/s11481-014-9563-z
https://doi.org/10.1007/s11481-018-9807-4
https://doi.org/10.1038/s41598-019-44463-1
https://doi.org/10.1038/s41598-019-44463-1
https://doi.org/10.1007/s11481-014-9554-0
https://doi.org/10.1038/sj.bjp.0707505
https://doi.org/10.1038/sj.bjp.0707505
https://doi.org/10.1038/365061a0
https://doi.org/10.1038/365061a0
https://doi.org/10.1038/sj.bjp.0707523
https://doi.org/10.1038/sj.bjp.0707523
https://doi.org/10.1111/j.1365-2990.2011.01177.x
https://doi.org/10.1523/JNEUROSCI.3923-04.2005
https://doi.org/10.1186/1742-2094-2-29
https://doi.org/10.1186/1742-2094-2-29
https://doi.org/10.1124/jpet.109.163055
https://doi.org/10.1007/s11481-011-9291-6
https://doi.org/10.1016/j.lfs.2014.04.008
https://doi.org/10.1523/JNEUROSCI.4628-11.2012
https://doi.org/10.1016/j.jns.2014.04.034
https://doi.org/10.3892/ijmm.2018.3834
https://doi.org/10.1007/s11481-006-9040-4
https://doi.org/10.1371/journal.pone.0033961

www.nature.com/scientificreports/

36. Williams, J. C. et al. Delta(9)-tetrahydrocannabinol treatment during human monocyte differentiation reduces macrophage sus-
ceptibility to HIV-1 infection. J. Neuroimmune Pharmacol. Off. J. Soc. Neuroimmune Pharmacol. 9, 369-379 (2014).

37. Kim, H. J,, Shin, A. H. & Thayer, S. A. Activation of Cannabinoid type 2 receptors inhibits HIV-1 envelope glycoprotein gp120-
induced synapse loss. Mol. Pharmacol. https://doi.org/10.1124/mol.111.071647 (2011).

38. Hu, S., Sheng, W. S. & Rock, R. B. CB2 receptor agonists protect human dopaminergic neurons against damage from HIV-1 gp120.
PLoS ONE https://doi.org/10.1371/journal.pone.0077577 (2013).

39. Avraham, H. K. et al. The cannabinoid CB2 receptor agonist AM1241 enhances neurogenesis in GFAP/Gp120 transgenic mice
displaying deficits in neurogenesis. Br. J. Pharmacol. https://doi.org/10.1111/bph.12478 (2014).

40. Zhang, X. & Thayer, S. A. Monoacylglycerol lipase inhibitor JZL184 prevents HIV-1 gp120-induced synapse loss by altering
endocannabinoid signaling. Neuropharmacology https://doi.org/10.1016/j.neuropharm.2017.10.023 (2018).

41. Hermes, D. J. et al. Neuroprotective effects of fatty acid amide hydrolase catabolic enzyme inhibition in a HIV-1 Tat model of
neuroAIDS. Neuropharmacology https://doi.org/10.1016/j.neuropharm.2018.08.013 (2018).

42. Persidsky, Y. et al. HIV-1 infection and alcohol abuse: Neurocognitive impairment, mechanisms of neurodegeneration and thera-
peutic interventions. Brain Behav. Immun. 25, 1-20 (2011).

44. Gendelman, H. E. et al. Efficient isolation and propagation of human immunodeficiency virus on recombinant colony-stimulating
factor 1-treated monocytes. J. Exp. Med. 167(4), 1428-1441 (1988).

44. Soethoudt, M. et al. Cannabinoid CB2 receptor ligand profiling reveals biased signalling and off-target activity. Nat. Commun.
https://doi.org/10.1038/ncomms13958 (2017).

45. Mukhopadhyay, S. et al. Lipopolysaccharide and cyclic AMP regulation of CB2 cannabinoid receptor levels in rat brain and mouse
RAW 264.7 macrophages. J. Neuroimmunol. 181, 82-92 (2006).

46. Teixeira-Clerc, E et al. Beneficial paracrine effects of cannabinoid receptor 2 on liver injury and regeneration. Hepatology https://
doi.org/10.1002/hep.23779 (2010).

47. Zheng, ]. L. et al. Cannabinoid receptor type 2 is time-dependently expressed during skin wound healing in mice. Int. J. Legal Med.
https://doi.org/10.1007/s00414-012-0741-3 (2012).

48. Grimsey, N. L., Goodfellow, C. E., Dragunow, M. & Glass, M. Cannabinoid receptor 2 undergoes Rab5-mediated internalization
and recycles via a Rabl1-dependent pathway. Biochim. Biophys. Acta Mol. Cell Res. 1813, 1554-1560 (2011).

50. Chen, X. et al. Involvement of-arrestin-2 and clathrin in agonist-mediated internaliza-tion of the human cannabinoid CB2 recep-
tor. Curr. Mol. Pharmacol. 7, 67-80 (2014).

50. Han, K. H. et al. CB1 and CB2 cannabinoid receptors differentially regulate the production of reactive oxygen species by mac-
rophages. Cardiovasc. Res. https://doi.org/10.1093/cvr/cvp240 (2009).

51. Hao, M. X. et al. The cannabinoid WIN55,212-2 protects against oxidized LDL-induced inflammatory response in murine mac-
rophages. J. Lipid Res. https://doi.org/10.1194/jlr.M001511 (2010).

52. Giacoppo, S. et al. Cannabinoid CB2 receptors are involved in the protection of RAW264.7 macrophages against the oxidative
stress: An in vitro study. Eur. J. Histochem. https://doi.org/10.4081/ejh.2017.2749 (2017).

53. Xu, C. et al. Cannabinoids occlude the HIV-1 tat-induced decrease in GABAergic neurotransmission in prefrontal cortex slices.
J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-016-9664-y (2016).

54. Xu, C. et al. Endocannabinoids exert CB 1 receptor-mediated neuroprotective effects in models of neuronal damage induced by
HIV-1 Tat protein. Mol. Cell. Neurosci. https://doi.org/10.1016/j.mcn.2017.07.003 (2017).

55. Borrajo, A. et al. Different patterns of HIV-1 replication in MACROPHAGES is led by co-receptor usage. Medicina (Lithuania)
55,297 (2019).

Acknowledgements

This research was supported in part by grants from the National Institutes of Health (NIH) under award number
F99NS113455 (LJRR) from the National Institute of Neurological Disorders and Stroke; R25-GM061838 (LJRR
and GBV), and SC1IGM11369-01 (LMM) from National Institute of General Medical Sciences (NIGMS), and
U54MD007600 (LMM) from National Institute of Minority Health and Health Disparities (NIMHHD). We
thank the Hispanic Alliance for Clinical and Translational Research (“The Alliance”) grant U54GM 133807 from
NIGMS for the clinical support in obtaining samples from HIV-seronegative donors, and the National Institute of
Allergy and Infectious Diseases (NIAID) of the NIH for their partial support in obtaining the Nikon Eclipse E400,
with a camera SPOT Insight QE and Fluorescence X-Cite Series 120 used in immunofluorescence. The content is
solely the responsibility of the authors and does not necessarily represent the official views of the NIH. We also
thank the University of Puerto Rico School of Medicine and Biomedical Sciences Deanships for their support.

Author contributions

Experimental design, data analysis, and manuscript preparation were performed by L.JR.R,, Y.G., and LM.M.
Experiments were performed by L.JR.R,, Y.G., L.A.G.R,, L.J.C.I, J.C.C.R, and G.B.V. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-03896-3.

Correspondence and requests for materials should be addressed to L.M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:233 | https://doi.org/10.1038/s41598-021-03896-3 nature portfolio


https://doi.org/10.1124/mol.111.071647
https://doi.org/10.1371/journal.pone.0077577
https://doi.org/10.1111/bph.12478
https://doi.org/10.1016/j.neuropharm.2017.10.023
https://doi.org/10.1016/j.neuropharm.2018.08.013
https://doi.org/10.1038/ncomms13958
https://doi.org/10.1002/hep.23779
https://doi.org/10.1002/hep.23779
https://doi.org/10.1007/s00414-012-0741-3
https://doi.org/10.1093/cvr/cvp240
https://doi.org/10.1194/jlr.M001511
https://doi.org/10.4081/ejh.2017.2749
https://doi.org/10.1007/s11481-016-9664-y
https://doi.org/10.1016/j.mcn.2017.07.003
https://doi.org/10.1038/s41598-021-03896-3
https://doi.org/10.1038/s41598-021-03896-3
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports | (2022) 12:233 | https://doi.org/10.1038/s41598-021-03896-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Cannabinoid receptor type 2 agonist JWH-133 decreases cathepsin B secretion and neurotoxicity from HIV-infected macrophages
	Materials and methods
	Cell culture, HIV-1ADA infection, and treatments. 
	Cell viability. 
	Surface CB2R staining for flow cytometry. 
	Flow cytometry. 
	ImmunocytochemistryImmunofluorescence of surface CB2R. 
	Western blot. 
	HIV-1 p24 and total CATB levels. 
	Neuronal apoptosis. 
	Statistical analysis. 

	Results
	HIV-infected MDM maintains CB2R expression at day 12pi. 
	CB2R agonists decrease HIV-1 replication and CATB secretion from MDM. 
	JWH-133 prevents HIV-induced increase in surface CB2R expression and induces oscillating expressions over time.. 
	JWH-133 decreases HIV-1 replication and CATB secretion through CB2R activation. 
	JWH-133 decreases HIVMDM-induced neuronal apoptosis and CATB neurotoxic potential. 

	Discussion
	References
	Acknowledgements


